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Resumo

Introdugao: A degeneragdo macular relacionada a idade (DMRI) € uma das principais
causas de cegueira em todo o mundo. A Tomografia de Coeréncia Optica (OCT)
emergiu como uma ferramenta central no manejo da DMRI, permitindo a visualizagao
de biomarcadores fundamentais, como fluidos retinianos, integridade da zona
elipsoide e do epitélio pigmentar da retina. Recentemente, a inteligéncia artificial (1A)
trouxe avancgos significativos na precisdo do diagndstico, previsdo da progressao da
doenca e na personalizagao de tratamentos.

Objetivos: O objetivo deste trabalho foi avaliar o uso de algoritmos de |A para
quantificar biomarcadores retinianos em pacientes com DMRI neovascular e analisar
a correlacado entre os volumes de fluido em cada compartimento e os desfechos
visuais e anatdmicos em uma coorte europeia e em uma coorte brasileira.

Métodos: No primeiro trabalho foi realizada a anélise automatizada de imagens de
OCT utilizando o algoritmo de |IA (Fluid monitor, Retlnsight, Vienna) para quantificacao
dos fluidos intrarretinianos (FIR), sub-retinianos (FSR) e descolamento do epitélio
pigmentar da retina (DEP), e desenvolvido um modelo baseado em machine learning
para predizer a necessidade de tratamento, acuidade visual (AV) e desfechos
anatémicos. No segundo trabalho, foi realizada a quantificacdo automatizada baseada
em |IA dos fluidos retinianos e foi realizada a segmentagcdo automatizada da zona
elipsoide (ZE) utilizando um conjunto de redes neurais na arquitetura U-net, com o
proposito de correlacionar o impacto do volume basal dos fluidos retinianos e do DEP
com a perda da integridade dos fotorreceptores. No terceiro trabalho, foi utilizado o
mesmo algoritmo de quantificacdo dos fluidos retinianos em uma coorte brasileira,
tendo sido correlacionado os volumes basais com desfechos visuais e anatdmicos ao
final de 2 anos. As analises estatisticas utilizaram modelos preditivos, modelos de
regressao linear e regressao longitudinal para avaliar a correlagao entre os fluidos em
cada compartimento com a AV, a integridade da ZE e progressao de atrofia macular
(AM) e fibrose sub-retiniana (FS).

Resultados: Os resultados dos trés estudos mostraram que as ferramentas de
monitoramento de biomarcadores da OCT baseada em IA foram eficazes para o
acompanhamento de pacientes com DMRI tanto na coorte europeia quanto na
brasileira. Com os algoritmos empregados, foi possivel observar a correlagao entre

volumes elevados de FIR e DEP com afinamento e perda da integridade da ZE e



desfechos visuais piores, além de maior progressdo para AM e FS. Observou-se
também correlagao entre FSR com melhores desfechos visuais, e menor progressao
de atrofia. FSR, entretanto, apresentou correlagdo com maior necessidade de
injegdes intravitreas de anti-angiogénicos.

Conclusdées: Algoritmos baseados em |A mostraram-se promissores na
monitorizacdo da DMRI neovascular, com potencial de predizer desfechos, refinar o

diagnodstico e auxiliar abordagens personalizadas destes pacientes.

Palavras-chave: Degeneragdo macular relacionada a idade; anti-VEGF; inteligéncia
artificial; neovascularizagdo coroideana; deep learning; drusas; atrofia geografica;

fibrose subretiniana; tomografia de coeréncia optica.



Abstract

Introduction: Age-related macular degeneration (AMD) is one of the leading causes
of blindness worldwide. Optical Coherence Tomography (OCT) has emerged as a
central tool in AMD management, allowing visualization of key biomarkers such as
retinal fluids, ellipsoid zone integrity, and retinal pigment epithelium. Recently, artificial
intelligence (Al) has brought significant advancements in diagnostic accuracy, disease
progression prediction, and personalized treatment approaches.

Objectives: This study aimed to evaluate the use of Al algorithms to quantify retinal
biomarkers in patients with neovascular AMD and analyze the correlation between fluid
volumes in each compartment and visual and anatomical outcomes in a European
cohort and a Brazilian cohort.

Methods: In the first study, automated OCT image analysis was performed using an
Al algorithm (Fluid monitor, RetInsight, Vienna) to quantify intraretinal (IRF), subretinal
(SRF) fluids, and retinal pigment epithelium detachment (PED), and a machine
learning-based model was developed to predict the need for treatment, visual acuity
(VA), and anatomical outcomes. In the second study, automated Al-based
quantification of retinal fluids was conducted, and automated segmentation of the
ellipsoid zone (EZ) was performed using an ensemble U-net convolutional network,
with the purpose of correlating the impact of baseline volumes of retinal fluids and PED
with the loss of photoreceptor integrity. In the third study, the same algorithm for retinal
fluid quantification was used in a Brazilian cohort, and baseline volumes were
correlated with visual and anatomical outcomes after 2 years. Statistical analyses used
predictive models, linear regression models, and longitudinal regression to evaluate
the correlation between fluids in each compartment with VA, EZ integrity, and
progression to macular atrophy (MA) and subretinal fibrosis (SF).

Results: The results of the three studies showed that Al-based OCT biomarker
monitoring tools were effective in monitoring AMD patients in both the European and
Brazilian cohorts. With the used algorithms, it was possible to observe a correlation
between elevated IRF and PED volumes with thinning and loss of EZ and poorer visual
outcomes, as well as greater progression to MA and SF. A correlation was also
observed between SRF and better visual outcomes, and lower MA progression.
However, SRF showed a correlation with an increased need for intravitreal anti-

angiogenic injections.



Conclusions: Al-based algorithms proved promising in the monitoring of neovascular
AMD, with potential to predict outcomes, refine diagnosis, and support personalized

approaches for these patients.

Keywords: Age-related macular degeneration; artificial intelligence; anti-VEGF,;
choroidal neovascularization; deep learning; drusen; geographic atrophy; optical

coherence tomography; subretinal fibrosis.



LISTA DE ABREVIATURAS E SIGLAS

AG atrofia geografica

AM  atrofia macular

BCVA best correct visual acuity

CNN convolutional neural network

DEP descolamento do epitélio pigmentar da retina
DL  deep learning

DMRI degeneragdo macular relacionada a idade
EPR epitélio pigmentar da retina

FDA Food and Drug Administration

FIR  fluido intrarretiniano

FRB! Fight Retinal Blindness!

FS  fibrose sub-retiniana

FSR fluido sub-retiniano

GANs generative adversarial network

A inteligéncia artificial

IRIS Intelligent Research in Sight

ML  machine learning

MNV neovascularizagdo macular

OCT tomografia de coeréncia dptica

OCT-A angio-tomografia de coeréncia 6ptica
OPTIMA Laboratério de Analise de Imagens Oftalmologicas
SRHM material hiper-refletivo subretiniano
TREND Treat and Extend clinical trial

VEGF fator de crescimento vascular endotelial

ZE  zona elipsoide



SUMARIO

TINTRODUGAOD ...ttt 13
2 REVISAO BIBLIOGRAFICA ........ooooeeeoeeeeeeeeeeeeeeeee et 14
2.1 Modelos de inteligéncia artificial na OCT ........ouvviiiiiiiiiiie e 17
2.2 1A em OCT na DMRI N€OVASCUIAr ........ccoovuuiiiiieece e 18
BOBUETIVOS ...ttt e et e e et eeeeaaeaaeaeeeaseanaaannnes 21
4 MATERIAL E METODOS ........ooooioiiieeeeeeeeeeeee e 21
BRESULTADOS ...ttt e e e e e e e e e e s e e s e s et aneareeeeaaeaeeas 23
STt I 5 (T o RO 24
ST 4 T o 31
TR (T o R PP 41
BDISCUSSAOD ... ettt en e 63
T CONCLUSAOD ...ttt 67
BREFERENCIAS ... 67

APENCICES ...ttt an e, 79



13

1 INTRODUGAO

A inteligéncia artificial (IA) abrange uma ampla gama de técnicas dentro da ciéncia da
computagao, executando tarefas que tradicionalmente sao realizadas por humanos.’
O termo machine learning (ML) € usado para descrever uma ramificacdo da IA, que
foi descrita pela primeira vez por Arthur Samuel em 1959 como a combinagéao de
ciéncia computacional e conceitos matematicos usados para realizar tarefas
especificas.? Algoritmos de ML passam por pelo menos duas etapas de
desenvolvimento: uma primeira etapa de treinamento, em que o algoritmo aprende a
extrair informagdes a partir de conceitos introduzidos por humanos, (por exemplo: o
modelo aprende a reconhecer e caracterizar drusas, para entdo ser capaz de
diagnosticar DMRI) e uma segunda etapa em que o algoritmo é testado em um
conjunto de dados desconhecido para avaliar o desempenho.®* Entre essas técnicas
de ML, o deep learning (DL) se destaca por desenvolver redes neurais artificiais
profundas, com multiplos niveis de abstracdo, onde as caracteristicas especificas da
tarefa ndo séo pré-definidas por engenheiros humanos, mas podem ser aprendidas
diretamente a partir dos dados. O algoritmo é treinado a partir de um banco de dados
grande e pode ser diretamente testado em outro banco de dados desconhecido,
gastando menos tempo nesse processo de aprendizagem.*® A performance do
algoritmo de DL melhora quanto maior a quantidade de dados apresentadas,
enquanto nos algoritmos de ML a performance melhora a partir da qualidade das
informagdes manualmente inseridas no treinamento.

A integracédo da IA no campo da medicina também nao € um fenébmeno recente. O
MYCIN, desenvolvido na década de 1970 na Universidade de Stanford, foi o primeiro
algoritmo criado para auxiliar no diagnostico e tratamento de infecgdes bacterianas.®
Desde entdo, a quantidade de algoritmos automatizados se multiplicou e sistemas
mais avangados baseados em IA foram desenvolvidos, incluindo as escalas de
predicdo de risco que atualmente s&o utilizadas na pratica clinica.”~® A aplicagéo de
algoritmos automatizados em Oftalmologia ganhou significativa atencgao,
principalmente nos ultimos 5 anos, devido a utilizagado de grandes conjuntos de dados
digitais provenientes de imagens na pratica clinica. A retina se destacou como o
campo mais promissor para a aplicagédo da IA devido ao grande potencial das imagens
multimodais utilizadas para diagndstico e monitoramento de doengas que podem

afetar a visdo de forma permanente.
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A degeneracao macular relacionada a idade (DMRI) € uma das principais causas de
perda visual em todo o mundo e é descrita como uma interagdo de elementos
metabolicos, funcionais, genéticos e ambientais.’®' A DMRI avangada ¢
caracterizada por lesdes que comprometem a macula, como a atrofia geografica (AG)
na DMRI ndo exsudativa ou a neovascularizagdo macular (MNV) na DMRI
neovascular.’? Nas Uultimas duas décadas, houve avangos significativos nas
ferramentas de diagndstico por imagem. A tomografia de coeréncia optica (OCT) de
dominio espectral tornou-se a modalidade de imagem padrao-ouro na DMRI. A OCT
possibilitou a captagao de milhées de pixels por imagem e o uso da |IA pode auxiliar
na extragdo maxima de informacgdes de forma imediata.’® Os algoritmos baseados em
IA tém o potencial de quantificar biomarcadores com precisdo, auxiliar no diagnostico,
prever a progressao da doenga e auxiliar nas decisdes de tratamento tanto para fins
de estudos académicos quanto na pratica clinica. Deve-se enfatizar que o objetivo
dessas novas tecnologias € uma otimizagao no suporte médico ao tratamento ao invés

de substituicao de profissionais oftalmologistas.

2 REVISAO BIBLIOGRAFICA

Estima-se que 288 milhdes de pessoas sejam afetadas pela DMRI até 2040.'* Cerca
de 10-15% de todos os casos de DMRI avangam para DMRI neovascular e muitas
vezes sofrem uma perda visual rapida e devastadora. Sendo assim, o advento do
tratamento da DMRI neovascular por meio do uso intravitreo de inibidores do fator de
crescimento endotelial vascular (VEGF) em 2006 foi um evento marcante no
monitoramento da doenca.'™'® No entanto, a meia-vida desses medicamentos
biolégicos € curta e, no contexto do tratamento continuo da DMRI, pode onerar de
forma importante o paciente e o sistema de saude.'” Estudos clinicos como PULSAR,
TENAYA e LUCERNE analisaram a eficacia do tratamento com anti-VEGF em
regimes com intervalos mais prolongados para tentar minimizar este problema.’®19
Além disso, os primeiros inibidores do sistema de complemento intravitreo foram
aprovados pelo 6rgao regulatério americano “Food and Drug Administration” (FDA)
em 2023 para tratar pacientes com atrofia macular (AM). Essa nova terapia representa
uma evolugao importante no tratamento desses pacientes, entretanto, pode trazer

uma sobrecarga adicional significativa para os sistemas de saude ja saturados.?®
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O acompanhamento das patologias retinianas atualmente depende, principalmente,
de parametros dicotdmicos significando a avaliagdo subjetiva da presenca ou
auséncia de biomarcadores especificos. Uma abordagem binaria muitas vezes
subestima a dinamica dos biomarcadores e a natureza complexa de todas as
condigdes retinianas, incluindo a DMRI. As abordagens multimodais, cada vez mais
utilizadas na pratica clinica, levam a uma enorme quantidade de informacdes para
cada paciente em cada visita. No entanto, variagdes sutis como o crescimento da area
de atrofia na AM ou o volume e a flutuagdo do fluido na DMRI neovascular sao
parametros dificeis de quantificar e comparar com os métodos tradicionais. Além
disso, novos biomarcadores sub-clinicos estdo se tornando cada vez mais relevantes,
como a perda da camada de fotorreceptores consistente com a atenuagao da zona
elipsoide (ZE). Portanto, ferramentas avangadas de detecg¢ao e quantificagao por IA
podem auxiliar de maneira rapida e confiavel o estadiamento clinico da doenga na

DMRI atrofica, assim como na neovascular.

A deteccao precoce é fundamental no manejo das doengas retinianas, pois permite
uma intervengcdo oportuna em caso de conversdo para estagios da doenga que
ameacem a visdo. A avaliagdo multimodal por imagens ainda é o padréao-ouro para
identificar biomarcadores retinianos. Historicamente, a retinografia colorida
desempenhou um papel importante no rastreamento das doencas da retina por ser
uma técnica nao invasiva e pela maior disponibilidade de dispositivos nos consultérios,
incluindo o surgimento de dispositivos portateis ou uso de smartphones para adquirir
essas fotografias.?! Devido a menor complexidade desta modalidade de imagem,
algoritmos menos complexos sao capazes de analisar e detectar biomarcadores como
drusas, hemorragias e mobilizagdo de pigmento e classificar o olho seguindo uma
escala multi-classe (sem DMRI, precoce, intermediaria ou avangada).??2® Um estudo
prévio mostrou que a sensibilidade e especificidade da triagem de DMRI intermediaria
e avangada baseada em I|A wusando retinografia foi de 93,2% e 88,7%,
respectivamente.?* A autofluorescéncia surgiu como uma modalidade de imagem nao
invasiva capaz de detectar a emissao de luz de fluoréforos como a lipofuscina, e
melhor identificar lesbes como pseudo-drusas e atrofia.?> Foram desenvolvidos
algoritmos baseados em |A aplicados as imagens de autofluorescéncia, com o
potencial de segmentar automaticamente as lesGes maculares na AG.?® No entanto,

os equipamentos de autofluorescéncia ndao estdo sempre presentes nas clinicas
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oftalmoldgicas. Além disso, as interpretagcdes de padrbes de depdsitos peri-lesionais
podem ser subjetivas e nem sempre se correlacionarem de forma direta com a
progressao da lesao atréfica, uma vez que as estruturas neurosensoriais, tais como
os fotorreceptores, ndo sao representadas pelo exame de autofluorescéncia.

A OCT é uma ferramenta de imagem também nao invasiva capaz de visualizar
microestruturas oculares em alta resolugcao por meio de interferometria de baixa
coeréncia.?” Ela fornece cortes transversais da retina, usando ondas de luz para criar
imagens tridimensionais dos tecidos internos do olho.?® A quantidade de informagdes
obtidas de uma imagem de OCT aumenta de forma exponencial ao usar |A, devido a
analise pixel a pixel.?° A utilizagao de algoritmos robustos em imagens de OCT tem o
potencial de diagnosticar e prever estagios avangados de doengas retinianas, bem
como avaliar resposta ao tratamento e resultados visuais na DMRI. De Faw et al., do
grupo Google, apresentaram o uso de algoritmos automatizados baseados em
imagem de OCT na triagem de doencas retinianas e determinando a necessidade de
encaminhamento terapéutico no hospital Moorfields Eye, em Londres. Um dos
algoritmos apresentou recomendagdes de encaminhamento que atingiu ou excedeu
o desempenho dos profissionais em saude ocular para uma série de doencgas
retinianas.3? Esses resultados devem ser avaliados dentro do contexto testado, mas
levantam uma possibilidade que pode aumentar a acessibilidade em saude ocular em
areas de desequilibrio entre profissionais de saude e pacientes. A utilizacdo de
algoritmos baseados em IA para a deteccéo de fluido retiniano em pacientes com
DMRI também foi comparado com profissionais em saude ocular e mostrou maior
precisao, reforgando o poder dessas ferramentas de medi¢do automatizadas.?’

A angiotomografia de coeréncia 6ptica (OCT-A) é uma tecnologia que possibilitou
visualizar a microvasculatura da retina de forma n&o invasiva e detalhada, tendo sido
cada vez mais utilizada no diagnostico e acompanhamento de doengas retinianas. A
utilizacdo de algoritmos de IA em imagens de OCT-A permite a segmentagao
automatizada de vasos sanguineos, quantificagdo de areas de ndo perfusdo, bem
como mensuracdo da area de neovascularizacdo com alta precisdo e rapidez.3?
Essas informagdes podem auxiliar na melhor caracterizagao das diferentes MNV na
DMRI e sua aplicagdo em doengas vasculares como a retinopatia diabética tém

ganhado cada vez mais importancia.
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A utilizacao de analises post-hoc constituem uma opgado comum para validar e refinar
os algoritmos de IA, utilizando dados previamente coletados em um estudo ja
encerrado. Entretanto, a utilizagdo de banco de dados de vida real de larga escala,
como o do projeto Intelligent Research in Sight (IRIS),3® uma iniciativa da Academia
Americana de Oftalmologia criada para promover pesquisas colaborativas e baseadas
em grandes volumes de dados oftalmoldgicos, se tornam ferramentas ainda mais
atraentes na avaliagdo prospectiva de sistemas de IA devido a diversidade
populacional e, portanto, maior possibilidade de generalizagdo. No entanto, uma
limitagcao para utilizar esses bancos de dados internacionais esta no fato de que no
IRIS e em outros bancos de dados de vida real, a coleta de imagens ainda nao foi
integralizada a sistemas automatizados de |A, e além disso, a variabilidade de
equipamentos e padrées de varredura utilizados representara& um obstaculo

importante na realizagdo de uma analise de imagem uniforme.3*

2.1 Modelos de inteligéncia artificial na OCT

As analises de imagens de OCT baseadas em IA geralmente dependem de diferentes
métodos de DL, incluindo redes neurais convolucionais (CNNs). As CNNs exploram o
fato de que os valores dos pixels adjacentes na imagem sao correlacionados e se
destacam na extragdo de caracteristicas hierarquicas das imagens, tornando-as
particularmente eficazes para a vasta quantidade de dados de imagem de alta
resolugdo presentes na OCT.3® No contexto da DMRI, os algoritmos de DL podem
detectar automaticamente estruturas retinianas relevantes e realizar diversas tarefas,
como segmentacdo das camadas da retina, identificagdo de focos hiper-refletivos e
quantificagéo de fluidos.3¢ A segmentagdo de camadas retinianas é um passo critico
na extracdo de informagdes das imagens de OCT. Os algoritmos de segmentagéo
alimentados por IA empregam técnicas como U-Net, uma arquitetura de CNN
adaptada para tarefas como a segmentagcdo de camadas retinianas. De fato, uma
segmentacgao precisa ajuda a identificar alteracdes tipicas da doenga como a perda
da integridade da ZE, definida como segmentagdo descontinua da area entre o topo
da ZE e a borda externa da zona de interdigitacédo, e a ruptura da camada do EPR,
permitindo o diagnostico e avaliagdo da progresséo da doenga.3"-3

As redes adversarias generativas (generative adversarial network-GANs) sao um

método de aprendizado profundo que consiste em duas redes neurais, um gerador e
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um discriminador, trabalhando automaticamente em conjunto para produzir dados
sintéticos de alta qualidade. Na analise das imagens de OCT na DMRI, as GANs
podem auxiliar na ampliacdo de dados, diminuindo o desafio de conjuntos de dados
desbalanceados, e para treinar modelos que identificam anormalidades na OCT sem
a necessidade de segmentagdo manual, que demanda um longo periodo de tempo.3®
As imagens geradas por GANs também podem ser aplicadas para a redugao de ruidos
nas imagens de OCT.40

A capacidade do modelo de fundagao de analisar vastos conjuntos de dados para o
reconhecimento de variagbes sutis pode desempenhar um papel importante na
deteccdo precoce de doencas retinianas. Um modelo de fundacdo baseado em
aprendizado n&o supervisionado por humanos (auto-supervisionado) foi recentemente
descrito como capaz de treinar em imagens retinianas nao padronizadas e mostrar
um desempenho satisfatorio na detecgéo de doengas oculares e previsao de doengas
sistémicas com base em imagens retinianas. Além disso, esses modelos prometem
democratizar o acesso a algoritmos de |A na area meédica e acelerar sua

implementacgdo na pratica clinica, fornecendo um recurso publicamente disponivel.*!

2.2 1A em OCT na DMRI neovascular

A espessura macular central € uma ferramenta de medigdo automatizada, ha anos
disponivel nos aparelhos de OCT e amplamente utilizada como desfecho e/ou guia
para decisdes de tratamento em muitos ensaios clinicos.4>43 No entanto, a
mensuragao da espessura macular ndo distingue entre camadas neurossensoriais,
compartimentos de fluidos retinianos e descolamentos do epitélio pigmentar. Além
disso, muitas vezes as alteragdes ndo estdo perfeitamente alinhadas ao centro da
macula doente. Estudos anteriores mostraram uma correlagao fraca entre espessura
macular e acuidade visual, bem como entre espessura macular e volumes de fluidos

retinianos.4445

Os algoritmos baseados em IA desenvolvidos para OCT na DMRI envolvem a
identificacdo de biomarcadores como drusas, pontos focais hiper-refletivos, material
hiper-refletivo sub-retiniano (SRHM), quantificacdo de volume de fluido intrarretiniano
(FIR), fluido subretiniano (FSR) e o descolamento do epitélio pigmentar da retina

(DEP), e segmentacdo das camadas retinianas. Recentemente, a segmentacéo e
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mensuragdo da espessura da ZE e da camada nuclear externa da retina
(contemplando os segmentos internos dos fotorreceotores) tém ganhado destaque no
monitoramento da DMRI.341246 Apesar da importancia de todos os biomarcadores de
alta ordem na classificacdo e progressdo da doenca, analises post-hoc do estudo
TREND (Treat and Extend) e do conjunto de dados Fight Retinal Blindness! (FRB)
usando DL e ML mostraram que o fluido retiniano ainda é o biomarcador anatdémico
mais importante para prever a atividade da doenga, a demanda de tratamento e os
resultados visuais na DMRI neovascular.#’# De fato, analises recentes mostraram
que ndo apenas a localizagao do fluido é importante para a progressao da doenga,
mas a flutuagcdo e dindmica dos fluidos em cada compartimento tem um impacto
significativo nos resultados.*® Maior volume de FIR e maior DEP foram associados a
piores resultados visuais, apesar de FIR ser o tipo de fluido com resposta mais rapida
a terapia anti-VEGF. FSR mostrou uma resolugao mais lenta, intuitivamente levando
a um maior numero de inje¢des durante o primeiro ano em um regime pro-re-nata, no
entanto, nenhuma correlacdo significativa com piores resultados visuais foi
encontrada.*”4%%0 A presenca de FSR predominante fora do 1 mm central da févea
pode ter relagdo com esse achado. Isso sinaliza a necessidade de reavaliagdo no
acompanhamento dos pacientes em tratamento com anti-VEGF, incluindo uma
correlagao rigorosa entre estrutura/fungcado. No longo prazo, os volumes de fluido
retiniano e a acuidade visual sdo correlacionados, indicando um processo
neurodegenerativo concomitante. Além disso, apesar do tratamento "regular”, a
maioria dos pacientes com DMRI neovascular esta propensa a desenvolver fibrose
sub-retiniana (FS) e atrofia macular (AM) ao longo do tempo.5'-%2 Maiores quantidades
e flutuagdes no volume de fluido, a presenca de material hiperrefletivo sub-retiniano e
o tipo de neovascularizagao foram correlacionados com o desenvolvimento de atrofia
ou fibrose.495354 A interrupgdo da ZE e a perda do EPR também foram fortemente
correlacionadas com o desenvolvimento de atrofia macular.®® Esses achados sugerem
que uma avaliacdo detalhada das mudancas na ZE associadas ao comportamento
dos fluidos retinianos podem auxiliar na compreensao dos desfechos tardios.
Algoritmos de |A desenvolvidos para avaliar qualitativamente, quantitativamente e
espacialmente os fluidos nos tecidos retinianos e sub-retinianos tem o potencial de

permitir uma analise refinada dos efeitos desses fluidos nos desfechos clinicos.
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Apesar da maior énfase dada a quantificacéo dos fluidos retinianos, objetivo do estudo
dessa tese, algoritmos baseados em IA capazes de detectar e quantificar outros
biomarcadores na DMRI estdo em constante desenvolvimento. Para o diagnédstico da
DMRI e possivel progressao da doenga em estagios iniciais, as drusas continuam
sendo o biomarcador de referéncia. Sendo assim, varios algoritmos capazes de
segmenta-las e quantifica-las na OCT com alta acuracia foram desenvolvidos.%65" A
evolugdo da DMRI inicial e intermediaria para estagios avangados como a
neovascularizacio e atrofia constituem material de constante estudo, afim de tentar
evitar esse desfecho desfavoravel. A presenga de pontos hiper-refletivos na retina
esta relacionada com a progressidao da DMRI intermediaria para AG.%® Apesar da
fisiopatologia dessas lesbes ndo serem completamente compreendida, na DMRI
esses pontos estdo relacionados com células da microglia, depdsitos de lipidios,
migragéo do EPR e fotorreceptores.>® Bogunovic et al descreveu um algoritmo de DL
para segmentar os pontos hiper-refletidos a fim de predizer a evolugio da doenga.®’
A presenca de SHRM esta associada a neovascularizagcdo na DMRI e a quantificagao
automatizada de SHRM nos dados do estudo OSPREY evidenciou uma associagao
entre o desfecho visual e a diminuicdo do volume de SHRM durante o

acompanhamento.®

Como mencionado previamente esses algoritmos possibilitam a analise rapida de um
volume de dados muito grande, provenientes da gigantesca quantidade de pixels
oferecidas pela OCT. Para que estes avangos sejam definitivamente incorporados a
pratica clinica, entretanto, € fundamental que sejam criteriosamente validados em
amostras representativas de pacientes com DMRI. Idealmente estas amostras devem
incluir pacientes com caracteristicas diversas, incluindo etnia, localizagado geografica
e achados presentes em amostras de vida real, achados estes que frequentemente
sdo excludentes para pacientes de estudos multicéntricos. Diante desses fatos
impdem-se estudos que utilizem IA para a avaliagdo de pacientes com estas
caracteristicas. O objetivo desta tese €, assim, contribuir para a avaliacao e validagao
de algoritmos de |IA que analisem os efeitos dos fluidos retinianos nos desfechos

clinicos de pacientes com DMRI tratados com medicamentos anti-VEGF.
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3 OBJETIVOS

O objetivo principal deste trabalho foi avaliar o uso da ferramenta de
quantificacdo do fluido retiniano na OCT, baseada em IA, no acompanhamento de

pacientes com DMRI neovascular.

Os objetivos de cada estudo foram:

- Prever a acuidade visual, os resultados morfologicos e as necessidades de
tratamento com o anti-VEGF na DMRI, usando a quantificagdo de fluidos por IA em

uma coorte de vida real.

- Quantificar a perda de ZE durante a terapia anti-VEGF e correlacionar esses
achados com a atividade da doenga usando algoritmos baseados em inteligéncia

artificial.

- Avaliar a correlagcado entre quantidade de fluido e acuidade visual, bem como a
progressao da doenca para estagios mais avangados da doenca como FS e AM

testando o algoritmo em uma coorte brasileira.

4 MATERIAL E METODOS

Foram avaliados retrospectivamente dados clinicos e imagens da OCT de
pacientes do banco de dados do FRB! Registry de Zurique, (que € um banco de dados
internacional dedicado ao monitoramento de resultados clinicos em pacientes
portadores de doengas retinianas, como a DMRI e o edema macular diabético) e de
uma coorte de pacientes atendidos em um hospital oftalmoldgico terciario,o Instituto
da Viséo de Belo Horizonte, Brasil de 2012 a 2022. Dados demograficos e do exame
oftalmolégico registrados em prontuario médico foram coletados. Os dados clinicos
colhidos contemplaram acuidade visual, que quando adquirida com tabela de Snellen
foi posteriormente convertida para ETDRS, biomicroscopia e fundoscopia. As imagens
da OCT dos pacientes foram transferidas post-hoc para o Laboratério de Analise de
Imagens Oftalmicas (OPTIMA) da Universidade de Medicina de Viena em um formato
pseudonimizado (formato em que identificadores diretos, como nomes, data de

nascimento e numeros de identificagcdo, foram substituidos por pseuddnimos,
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protegendo a identidade dos individuos) para, entdo, serem realizadas as analises
baseadas em IA.

As analises apresentadas nesse estudo foram realizadas em conformidade com a
declaracdo de Helsinque e foi obtida aprovacéo pelos respectivos Comités de Etica
da Universidade de Medicina de Viena (EK Nr: 1246/2016) e da Universidade Federal
de Minas Gerais (CAAE: 58850622.4.0000.5149). O parecer consubstanciado do
comité de ética esta anexado a essa tese na se¢ao de apéndice.

A deteccgao e a quantificacao dos fluidos foram realizadas em cada B-scan de cada
imagem de OCT com um método de segmentacao baseado em DL. Foram incluidas
nos trés estudos dessa tese imagens de OCT do Heidelberg Spectralis, Heidelberg
Engineering, Alemanha, com padréo de varredura de pelo menos 19 B-scans. Cada
pixel foi classificado com uma CNN em varias escalas e recebeu uma probabilidade
de pertencer a uma das quatro classes: pano de fundo, retina, FIR ou FSR. Além
disso, o DEP foi identificado como uma regido entre o EPR e a membrana de Bruch,
que foi segmentada automaticamente usando os algoritmos de referéncia de lowa.%’
Os desfechos de AM e FS foram avaliados pelo médico responsavel em cada visita e
coletados dos prontuarios. Essa avaliagao foi baseada em fundoscopia, imagens de
OCT, fotografia de fundo de olho e autofluorescéncia, quando disponiveis.??

A presenca de AM e FS no baseline foi critério de exclusao para os 3 estudos. A perda
do EPR associada a perda de fotorreceptores da retina com mais de 250 ym de
diametro, detectada na area central de 3 mm, foi excluida como AM. Imagens de OCT
mostrando material hiper-refletivo multilaminar compacto situado acima ou abaixo do

EPR na area central de 3 mm foram excluidas como FS.62

A metodologia envolvida em cada estudo esta descrita em detalhes nos respectivos
artigos anexados a essa tese. As analises estatisticas foram realizadas de acordo com
0 objetivo de cada estudo. Modelos de regresséao linear multivariavel e modelo de
regressao longitudinal em painel foram utilizados para correlacionar o volume de fluido
com a melhor acuidade visual corrigida, afinamento e perda da ZE e desenvolvimento
de AM e SF. A comparagao entre o impacto do volume de fluidos na macula por
subgrupo (grupo de volume mais alto versus grupo de volume mais baixo) na perda
da ZE foi realizada usando testes de Wilcoxon rank-sum com intervalos de confianga

obtidos por bootstrap. Para todos os testes estatisticos, um valor de p abaixo de 0,05
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foi considerado significativo. Os testes utilizados e a metodologia de cada estudo

estdo detalhadamente descritos nos respectivos artigos.

5 RESULTADOS

Os resultados desta tese foram reportados no formato de 3 artigos principais. Os
resultados de cada um dos estudos serdo brevemente pontuados apods o artigo
anexado a esta tese. O artigo 1 intitulado “Approved Al- based fluid monitoring to
identify morphological and functional treatment outcomes in neovascular age-
related macular degeneration in real- world routine (FRB!)”, foi publicado no
British Journal of Opthalmology doi: 10.1136/ bjo-2022-323014.
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ABSTRACT

Aim To predict antivascular endothelial growth factor
(VEGF) treatment requirements, visual acuity and
morphological outcomes in neovascular age-related
macular degeneration (nAMD) using fluid quantification
by artificial intelligence (Al) in a real-world cohort.
Methods Spectral-domain optical coherence
tomography data of 158 treatment-naive patients with
nAMD from the Fight Retinal Blindness! registry in Zurich
were processed at baseline, and after initial treatment
using intravitreal anti-VEGF to predict subsequent
1-year and 4-year outcomes. Intraretinal and subretinal
fluid and pigment epithelial detachment volumes

were segmented using a deep learning algorithm
(Vienna Fluid Monitor, RetInSight, Vienna, Austria). A
predictive machine learning model for future treatment
requirements and morphological outcomes was built
using the computed set of quantitative features.
Results Two hundred and two eyes from 158 patients
were evaluated. 107 eyes had a lower median (<7) and
95 eyes had an upper median (=8) number of injections
in the first year, with a mean accuracy of prediction

0f 0.77 (95% C1 0.71 to 0.83) area under the curve
(AUCQ). Best-corrected visual acuity at baseline was the
most relevant predictive factor determining final visual
outcomes after 1year. Over 4years, half of the eyes had
progressed to macular atrophy (MA) with the model
being able to distinguish MA from non-MA eyes with a
mean AUC of 0.70 (95% C1 0.61 to 0.79). Prediction for
subretinal fibrosis reached an AUC of 0.74 (95% Cl 0.63
t0 0.81).

Conclusions The regulatory approved Al-based fluid
monitoring allows clinicians to use automated algorithms
in prospectively guided patient treatment in AMD.
Furthermore, retinal fluid localisation and quantification
can predict long-term morphological outcomes.

INTRODUCTION

Age-related macular degeneration (AMD) is a
leading cause of legal blindness in developed coun-
tries with a profound impact on quality of life in
affected individuals.! Despite substantial advances
in diagnostic and therapeutic modalities in neovas-
cular AMD (nAMD), worldwide vision loss

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Spectral-domain optical coherence tomography
(OCT) is the imaging gold standard in the
management of neovascular age-related
macular degeneration (nNAMD). Artificial
intelligence (Al) provides a highly precise
quantification of all retinal fluid compartments
based on OCT scans.

WHAT THIS STUDY ADDS

= This study provides robust evidence that a
validated and regulatory-approved automated
Al-based fluid monitoring tool is able to predict
antivascular endothelial growth factor (VEGF)
treatment requirements in a 1-year follow-up
and forecast late-stage outcomes in nAMD
patients in a real-world cohort.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The results from our study are a promising
step towards OCT-guided prediction of optimal
treatment intervals in anti-VEGF therapy of
nAMD and identification of limitations of long-
term treatment.

increased by 23% for blindness and 24% for severe
vision loss between 2005 and 2015, compromising
900 million individuals in total.” Retinal fluid is
a critical biomarker in the assessment of nAMD
disease activity and resolution of retinal fluid by
intravitreal vascular endothelial growth factor
(VEGF) inhibition represents the current standard
of care.>* However, no therapeutic regimen estab-
lished in clinical practice fully satisfied therapeutic
standards while avoiding over and undertreat-
ment. Furthermore, real-world studies evaluating
anti-VEGF therapy in nAMD have reported fewer
anti-VEGF injections and worse visual outcomes
compared with clinical trials.’

Artificial intelligence (AI) with deep-learning-
based image segmentation methods provides a
highly precise and reproducible quantification
of all retinal fluid compartments on a pixel base
level.® 7 Fluid images are conventionally analysed
using parameters such as central retinal thickness

BM)
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(CRT) or binary qualitative (p e or abs of

PN

B scans of naive nAMD with a

flud). However, detailed quantitative measurements of retinal
fluid and localisation in each compartment are being recognised
as clinically relevant biomarkers in nAMD." Recently developed
Al algorithms precisely measure fluid volumes based on optical
coherence tomography (OCT) B-scans, specifying the amount
mddynmcoumofmndﬂmd(l&?) subretinal flund
during long-term follow-up.**

However, while fluid responds to tmely therapy with effi-
cent resolunion followed by stabilisation or even improvement
invimnl-mity(VA),othu‘-- seen during the di
progr are per and advancing in such as
mhrauophy(‘MA)mdmbnuulﬁbrm(Sﬂ The triggers

mxmmumofalyeufdlw-upmdmudmthaﬂxbmepco(
ranibizumab were included. Exclusion criteria were defined as
ungradable scans and/or presence of MA or SF at baseline. Two
hundred and thirty-five eyes were automarically included. Here-
after, a manual validation was performed by the authors (VM
and PF) to exclude patients with other concomitant macular
disease or presence of MA and SF at baseline unstated in the
routinely collected dara. Thirry-three eyes were excluded ar
this stage, 1 with angioid streaks, 1 with vitreo-macular trac-
tion, 1 with macular hole and 30 with perifoveal fibrosis and/
or perifoveal atrophy. The final sample consisted of 202 eyes
from 158 panents (figure 1). Sp«ml—domamOCT(Sp«tnlu
HRA-Q-OC‘!' Haddlnq Heidelberg, Germany)

dMApcdwphvuologymnnunchc'mdSFuuho dry
bymulnb:umnlm&’— ' Moreover, a lesion
can lly become fibronc d imal anti- VEGF treat-
ment.’* The pt«bmon of late nAMD stages by fluid-based
hmrhr&nnﬁcmnatmhnngncmp«doﬁmpmm
ndmmmmnnupumthmnlmm
There are few studies using Al to predict anti-VEGF treat-
ment burden, most of them using data from clinical mials.*” **
The purpose of our study is to investigate the value of the first
medical device regulstion (MDR) (European Union) 2017/745
approved Al-based fluid itoring tool to predict anti- VEGF
trearment requirements, VA and late-stage morphological
outcomes in nAMD patients in a real-world cohort.

METHODS

Participants

This study represents a post hoc analysis of the Fight Retinal

Blindness! Registry (FRB!) data from the Department of

Ophthalmology at the University Hospital Zunich, Switzerland.
Four hundred and thirty eyes from 215 consecunve patients

with nAMD were initially evaluated and ally filtered

using the following inclusion and exclusi cmenaonly

-

Number of patients: 215
Numebr of eyes: 430
Number of scans: 20590

e

Number of patients: 158
Numebr of eyes: 202
Number of scans: 8222

were p d at baseline and after the first two initial
nnnVEGF txuzmenu (processed on the day of the third injec-
tion) to predict the subsequent l-year treatment requirement.
Initial treatment was defined as 2 monthly injections in this anal-
ysis, and not 3 monthly injections usually described as a loading
dose due ro inhomogeneous follow-up intervals beyond the third
injection, as common in a real-world practice cohort, Patient’s
uummr&uqmnqwndumndimompoups: one with
higher retreatment fr s, defined a3 more than seven
m]xnommduumomhspmod,md:hodutmmd:
lower ies defined as equal or less than soven
injections in the l’mdnpclod A 4-year follow-up analysis
was done to predict SF or MA. The negative samples were eyes
that did nor present MA or SF in the OCT scans in the fourth-
year follow-up.

Determination of VA, MA and SF

VA was recorded as the number of Jetters read on the logarithm
of the minimum angle of resolution VA charr. VA score was
considered the best reading whether uncorrected, corrected or

pinhole ¥

/

Automatically excluded:

*Non treatment naive: 40 eyes (18
patients)

*Follow-up less than one year: 133
eyes (15 patients)

*Eyes with GA and fibrosis at baseline:
22 eyes (9 patients) /

L
~

=

/

Manually excluded:
*Eyes with GA, fibrosis, and other
concomitant macula disease at
baseline (e.g vitreous traction, macula
hole): 33 eyes (15 patients)

4

Figure 1  Automatically and manually patient’s exchusion aiteria. GA, geographical atrophy.

2
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Figure 2 Examples of fibrosis and macula atrophy
time, respectively. (A): Baseline. (8): After 4 years of follow up of the
patient in (A). (C): Baseline. (D): After 3 years of follow-up of the patient
n{C).

development over

MA and SF were graded by the attending physician at each
visit on a standardised chart into FRB! d . This
was based on either OCT images, funduscopy, fundus phorog-
raphy and on fundus autofluorescence images when available **
Reanal pigment epithelium (RPE) loss with associated retinal
photoreceptor loss more than 250 pim in diameter detected at the
central 3 mm area were excluded as MA. OCT umages showing
a compact multilaminar hyperreflective matenal situated above
or below the RPE in the central 3 mm area was excluded as SF.*
Figure 2 shows examples of SF and MA development over time.

Automated quantification of retinal fluld

IRF, SRF and PED were segmented using a deep learning convo-
lutional neural network (Vienna Fluid Monitor, RecInSight,
Vienna, Austria), which has been validared extensively inter-
nally and externally and has been published previously.’® The
Al-based algorithm segments the rerina in a pixel-wise manner
and localises the fud pixels between the subcategonies IRF, SRF,
PED and normal tissue. The number of assigned pixels to each
flmd subcategory can be computed into an estumation of flud
volumes in nanoliters and their respective location.

To compute CRT, rerinal layers were segmented with 2 ytph-
theoretic approach using the lowa Reference Algorithms ** We
defined the boundanies of the CRT to be the mternal limiting
membrane and the surface of the RPE. Subsequently, a set of
quantitatve features consisting of CRT and fluid compartments
were computed across the three central subfields (1mm, 3mm
and 6mm) to describe retmal pathomorphology both quannita-
avely and spatially.

Finally, using the computed set of features, several predictive
models were built using 2 machine leaming classifier and were
evaluated wath a 10-fold patient-level cross-validation. For this
purpose, random forest models were built for treatment require-
ments during follow-up, VA, contecutive SF and MA develop-
ment. Random forest was grown with 2000 trees, minimum
node size of 1 and € features randomly ‘JAS" did
at each split of a tree. Finally, class welghung was performed
according to their prevalence.

Development of the prediction

For every OCT volumetric raster scan, with at least 19 B-scans, a
total volume of IRF, SRF and PED in the central 1 mm, 3 mm and
6 mm were computed. Additionally, CRT was assessed resulung
in a total of 10 structural features per OCT volume. The features
extracted from the baseline OCT were concatenated with those
of the OCT after initial trearment, and further concarenated the
difference between the OCT features at those two nme points.
Finally, best-corrected VA (BCVA) at baseline and after initial
treatment as well as the difference were included. Thus, 30
structural features and 3 functional features were used as the
33-dimensional vector inpur to the prediction models.

RESULTS

Prediction of treatment requirement

Two hundred and two eyes from 158 patients were evaluated for
a l.year period following the mmtal trearments (months 3-15
from baseline), correlating fluid bi kers with resulting treat-
ment patterns based on OCT images. The treamment mrervals
ranged from 4 to 13 weeks over 1lyear after the initial treac-
ments. A total of 107 eyes had a lower median frequency with
7 or less mjections, and 95 eyes had an upper median of 8 or
more injections over the 12 months period. The model ident-
fied the two groups (lower and upper median) based on number
of imjections with a mean accuracy of 0.77 (95% CI 0.71 to
0.83) area under the curve (AUC) (figure 3). The senuiivity and
specificity were 0.61 and 0.84, respectively. Detailed analysis of
bromarkers for predicting treatment requirement confirmed that
the amount of SRF after initial treatments and at baseline and in
the central 3mm area were the two most important predictive
factors, respectively (figure 4A). PED in the central 6mm and
3 mm areas also played a role for an increased number of injec-
tions during the first year.

Development of MA and SF
For predicting MA and SF, the analysis was extended to 4 years
of follow-up. One hundred and thirty eyes from 104 patients
were graded for MA development over 4years whereof 61
eves (46,996) developed MA. The model was able to accurately
dutmgm:hMAﬁ'omnon MA eyes about 70% of the time, mean
accuracy of 0.70 (95% CI 0.61 ro 0.79) AUC. Arrophy des velop-
ment was more related to functional features: VA after the two
loading doses and at baseline, respectively, followed by morpho-
logacal features: IRF m the central 3 mm after loading injections
and in the central Imm at baseline (figure 4B). SRF had less
relevance as a biomarker predicning developing central atrophy,
however, if present in the central 1 mm and at baseline SRF may
increase the nisk

SF developed in 34 of 134 eyes from 109 patients (25%) within
4years. The model was able to accurately predict SF abour 74%
of the ime, mean accuracy of 0.74 (95% C1 0.€3 to 0.81) in the
AUC (figure 4C). The gradings for MA and SF were extracred
from the FRB! records and graded by the treating physician. The
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presence of each feature was graded independently from each
other. Retinal fluid volumes in the entire central 6 mm area were

found ro be important i developing SF. IRF in the central 6mm
area at baseline was the most important predictor identified. VA
after loading doses also proved ro be relevans, followed by the

mn IRF volumes at baseline and after the mitial treatment.
SRF showed to be less critical than IRF for the development of
SF.

Prediction of VA development

For prediction of VA during 1year of follow.up, we
andpdthcmdamphmonOZey«&omlSSpmmnm
mean and SD of BCVA for the difference berween prediction and

0.4
False positive rate (1-Specificity)
Figure 3 Receiver operating characteristic curve snalysing area under the curve (AUC) for predicting treatment needs.

0.6 0.8 1

First, there is a versial deb ng experts about the
of different fluid compartments within the retina.

Partnicularly regarding SRF, the correl between tr
frequency and the impact of SRF quantity in the central macular
npon was previously highlighted in a randomised controlled
trial (RCT) analysis.™® The FLUID study (Aconxpu'uon of
treatment regi using izumab: Int e [resoh of
intra- and subretinal fluid] vs relaxed [resolution of primanly
intraretinal fluid] treatment) concluded based on conventional
central CRT values thar SRF must not be targeted to reach SRF
reduction while accurate SKF volume quanufication using Al
proved that with increasing SRF amounts BCVA loss will occur.
In contrast to the FLUID results, the current real-world study

ground truth in this analysis were 0.1 and 9.2 1
nvdy'ﬂ:ed:maebemenBCVAntbmhmnuddwrmnd
treatment was the most important parameter to predict 1-year
vimnlmmVAubm]innwndnmnkvmxindividud
feature with good prognostic accuracy in the sutomated analysis,
since the prediction had a high correlanion with the VA measure-
ments obrained in practice (figure 5). Correlation coefficient was
0.77 and R-squared was 0.57.

DISCUSSION
This study prowid idence that a validated and regulatory-
approved d Al algonithm for macular fhud quanafica-

mnpm&nm@nﬁmxmdmmlpncuamduabkm
predict in a l-year follow-up and fore-
uuduhu-:ng'mm logical devel of nAMD in a

X

4-year follow-up based on conventional OCT images.

inf that SRF in the central macula 13 the key factor to
pndm the number of anti-VEGF injections performed in clin-
ical practice to control disease activity in a 1-year follow-up.
Yet, the face that clinicians are used to recognise and treat SRF
does not necessarily imply that SRF extincrion is needed for
superior outcomes, bur merely reflects ‘rrear all fluid" proto-
cols. Despite reflecting a higher number of injections, the
presence of SRF ar baseline has been related ro better visual
outcomes when compared with IRF and PED.* It has been
observed that not only fluid location, but also the dynamics
of fluid flucruation play a crucial role in the development of
end-stage comphications in nAMD.** Moreover, the presence
of PED in the central 1mm and 3 mm areas was additional key
predicrors of trearment frequency in our study, however, with
less impact than SRF and a stronger correlation with worse
visual ourcomes.

4

MaresV, et al. 8¢ J Ophthalmed 2023,0:1-7. cok10.1136/b40- 2022323014

‘wbukdoo Aq
peald (995061) BuuaA NPeW Aexgr 18 £202 'Z JGOR0 U0 /wod kg ofq/. diuy woy pepeoumoq “€Z0Z Jequades 62 U0 #L0EZE-ZZ02-0//0E LL 01 S8 paysignd 18I owreydo g



28

Clinical science

¢ e epione
Figure 4 Ten-most important features for the prediction of (A)
treatment requirement in 1-year follow up, (B) geographical atrophy
development in 4 years follow-up and (C) fibrosis development in
4 years follow up. BSL, baseline; VA, visual acuity; DIFE, difference
between baseline and after initial treatment; IRF, intraretinal fluid; AIT,
after initial treatment (4 weeks after two anti-VEGF injections); PED,
pigment epithelial detachment; SRF, subretinal fluid; VEGE, vascular
endothelial growth factor; BCVA, best-corrected visual acuity AIT, after
initial treatment (4 weeks after two anti-VEGF injections); BOVA, best-
corrected visual acuity; BSL, baselne; DIFF, difference between baseline
and after initial treatment; IRE, intraretinal fluld; PED, pigment epithelial
detachment; SRE subretinal fluid; VA, visual acuity; VEGE vascular
endothelial growth factor.

As previowsly postulated, VA were domi ‘y‘

influenced by VA ar baseline and after initial rrearment.”™™*
Chinical mials such as the CATT smudy and previous published

-:pu demo this association, however, without
aton of Q\.ud 1 Ina ptmons paper, we d.m-
serated thar flusd v in each compartment impact BCVA

mndependently of the drug and regimen with more fluid for each
compartment leading to more visual loss.™* Other studies showed
that it is mostly IRF which reduces retinal function, as compared
with SREF, yet this impact also depends on the volume. Although
there is sall no clear explanation for this common association,
we believe that retinal fluid volumes play an important role in
the loss of photorecepror integrity and thar the latrer is scrongly
correlated with visual outcomes. Further studies are needed to
better address these associations.
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Figure 5 Scatter plot showing a close correlation of automated
measurement with the ground truth measurement of best-corrected
visual acuity (BCVA), VA, visual acuity,

The lack of early functional recovery shows the importance
of timely intervention at the beginning of the neovascular devel-
opment with a rapid reduction of MNV activity to enable bene-
ficial functional response to anu-VEGF trearment in the visual

prognosis. The stic predominance of VA compared
with the individual fluid condirion at first presentation related
to VA outcome is therefore not contradictory to the postulate
that fluid is the event that initiates wision loss. The literature
provides convincing evidence that VA loss occurs in presence
of MNV and that retinal funcuon may be wreverubly
lost within weeks of delayed referral and treatment *™** We have
shown a right correlation of IRF and BCVA loss and parricu-
larly persistent funcuional deficit when IRF persists duning the
loading dose referred to as degenerative fluid rather than active
exudagion.’
&eqnenda compared with RCT. The lower number of anti-
VEGF injections poses the risk of an undertreatment resulting in
poorer visual outcomes in nAMD.** The fluid monitor tool was
able to distinguish these two groups of higher and lower retreat-
mntn&dapnonmdsug«uaf\mmond benefir when used
in routine clinical prac

mmmdeohedmnonofCRTfmdeiu,aumiquan—
titative measurement for reanal fluid, ar 12 months increased
hnearly with an increas b omeEGFmpcnormaVA
unp(md concmnndy 7 Our group provided proof of prin-
npbdutmmlﬂmdvolmmumnwndbyl\lbscdmhm
more precise par for evaluating di ivity in nAMD
than CRT.*

We found 25.3% of eyes developing SF after 4years of
follow-up. SF development has been dexribed in an even
higher percentage (40%9—45%6) in nAMD patients from a 2 years
follow-up RCT.* This difference could be related to more
restrictive eligibility criteria and specific reading centre skalls to
analyse each image in clinical trials. In our study, the presence
of IRF in the central 6mm of the macula at baseline was the
major £ lated to SF develop This finding relates to
using Al for capruring overall disease actvity in nAMD, while

Mares V, et of. 8¢ J Ophthaimol 2023,0:1--7. dot 10. 1136/bjo-2022.323014
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Os principais resultados desse estudo foram descritos a seguir:

e Foram avaliados 202 olhos de 158 pacientes.

e 107 tiveram uma média mais baixa (<7) e 95 olhos tiveram uma média mais
alta (=8) de injec¢des intravitreas para o tratamento no primeiro ano - precisao
média da previsao de 0.77 (95% CI 0.71 to 0.83) area sob a curva ROC (AUC).
(Figura 3 do artigo 1)

e FSR apds o inicio do tratamento e no baseline foram os dois principais
biomarcadores preditivos de resposta ao tratamento. (Figura 4 do artigo 1)

e A melhor acuidade visual corrigida no baseline foi o fator preditivo mais
relevante para determinar os resultados visuais apds 1 ano.

e Ao longo de 4 anos, 46,9% dos olhos progrediram para atrofia macular (AM),
tendo o modelo sido capaz de distinguir olhos com AM de olhos sem AM com
AUC de 0,70 (IC 95% 0,61 a 0,79).

e O desenvolvimento da atrofia esteve mais relacionado com as carateristicas
funcionais: acuidade visual apds as duas doses de carregamento e no baseline,
respectivamente, seguido de carateristicas morfolégicas: FIR nos 3 mm
centrais apos o tratamento inicial e no 1 mm central no baseline (Figura 4 do
artigo 1).

e A predicdo de FS atingiu uma AUC de 0.74 (95% CI 0.63 to 0.81). FIR foi o

principal biomarcador de evolugao para FS. (Figura 4 do artigo 1)

Para uma melhor compreensao do impacto do FIR, FSR e DEP na acuidade visual
e na evolugao para atrofia macular, seria desejavel analisar também informacdes
sobre a integridade estrutural da retina neurosensorial ao longo do
acompanhamento. Considerando estas demandas, um novo estudo foi planejado,
com o objetivo de avaliar a eventual correlacdo do volume de fluido em diferentes
compartimentos da retina com a integridade dos fotorreceptores e EPR. O artigo 2
a seguirintitulado “Correlation of retinal fluid and photoreceptor and RPE loss
in neovascular AMD by automated quantification, a real-world FRB! Analysis”

publicado recentemente na Acta Ophthalmologica.
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Abstract

Purpose: To quantify ellipsoid zone (EZ) loss during anti-VEGF therapy for ne-
ovascular age-related macular degeneration (nAMD) and correlate these find-
ings with nAMD disease activity using artificial intelligence-based algorithms.
Methods: Spectral domain optical coherence tomography (Spectralis,
Heidelberg Engineering) images from nAMD treatment-naive patients from
the Fight Retinal Blindness! (FRB!) Registry from Ziirich, Switzerland were
processed at baseline and over 3 years of follow-up. An approved deep learn-
ing algorithm (Fluid Monitor, RetInSight) was used to automatically quan-
tify intraretinal fluid (IRF), subretinal fluid (SRF) and pigment epithelial
detachment (PED). An ensemble U-net deep learning algorithm was used to
automated quantify EZ integrity based on EZ layer thickness. The impact of
fluid volumes on EZ thickness and late-stages outcomes were calculated using
Wilcoxon rank-sum tests, a linear mixed model and a longitudinal panel regres-
sion model.

Results: Two hundred and eleven eyes from 158 patients were included. The
mean+SD EZ loss area in the central 6mm was 1.81+2.68mm” at baseline and
reached 6.21£6.15mm? at month 36. Higher fluid volumes (top 25%) of IRF
and PED in the central | and 6mm of the macula were significantly associated
with more advanced EZ thinning and loss compared to the low fluid volume
subgroup. The high SRF subgroup in the linear regression model showed no
statistically significant association with EZ integrity in the central macula;
however, the longitudinal analysis revealed an increased EZ thickness with no
additional loss.

Conclusions: Intraretinal fluid and PED volumes and their resolution pattern
have an impact on alteration of the underlying EZ layer. Al-supported quanti-
fications are helpful in quantifying early signs of macular atrophy and provid-
ing individual risk profiles as a basis for tailored therapies for optimized visual
outcomes.

KEYWORDS
anti-VEGF, artificial intelligence, geographic atrophy. image analysis, machine learning,
neovascular AMD, optical coherence tomography, photoreceptor, retina
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1 | INTRODUCTION

Optical coherence tomography (OCT) is the gold standard
image modality for diagnosing and evaluating disease
activity in neovascular age-related macular degeneration
(nAMD) (Schmidt-Erfurth et al., 2017). Acquiring OCT
volumes with high resolution enables a highly accurate
identification of biomarkers for retinal diseases including
not only fluid volumes, but also precise photoreceptors
layers segmentation (Schmidt-Erfurth & Waldstein, 2016;
von der Emde et al., 2023). Each OCT volume contains
enormous amounts of data. Thus, artificial intelligence
(Al)-based algorithms working as a tool to analyse many
relevant biomarkers on OCT images open a new horizon
for a more precise diagnostic and treatment approach in
nAMD (Coulibaly et al., 2023; Keenan et al., 2021).

Anti-angiogenic therapy and in particular, anti-
vascular endothelial growth factor (Anti-VEGF) are the
current standard of care for nAMD (Jaffe et al., 2019).
However, better results are more frequently seen carly
after treatment initiation and some patients may still
have poor control of disease activity despite persistent
treatment on the long-term (Nguyen et al., 2019). These
findings show the variability in treatment response and in
disease activity among different individuals. Moreover,
real-world data compared to clinical trials have a higher
variability in treatment outcomes since inclusion/exclu-
sion criteria are less strict. In addition, treatment reg-
imens, as well as retreatment decisions, are dependent
on the treating ophthalmologist instead of a strict study
protocol (Kiss et al., 2020).

Currently, there is an ongoing discussion about the
contribution of intraretinal fluid (IRF), subretinal fluid
(SRF) and pigment epithelium detachment (PED) in de-
veloping degeneration of the photoreceptors and retinal
pigment epithelium (RPE) in nAMD leading to macu-
lar atrophy (MA) and/or subretinal fibrosis (SF) (Riedl,
Vogl, Mai et al., 2022; Riedl, Vogl, Waldstein et al., 2022;
Roberts et al., 2022). It has been postulated that worst
functional outcomes in nAMD show a higher correla-
tion with IRF (Riedl, Vogl, Mai et al., 2022; Riedl, Vogl,
Waldstein et al., 2022); however, any robust correlation
between fluid volumes and visual outcome should con-
tain information about the structural integrity of the neu-
rosensory retina. Previous studies showed a strong and
direct correlation between visual acuity and the integrity
of outer retinal hyperreflective bands and retinal pig-
ment epithelium (Coscas et al., 2015; Ried] et al., 2020).
Long-term follow-up is essential to better understand
disease progression and poorer outcomes despite anti-
VEGF treatment. The CATT study showed a cumulative
proportion of SF increasing from 32% to 56%, and of MA
increasing from 12% to 38% from year | to year 5 under
standardized anti-VEGF protocols (Daniel et al., 2018;
Grunwald et al., 2017). Previous studies showed that pho-
toreceptor damage may be the first step towards RPE
degradation and subsequently poor late stage outcomes
in AMD (Orlando et al., 2020). Progressive alterations
of the ellipsoid zone (EZ) integrity and fluid volumes
can now be automated and precisely quantified on OCT.
Thus, this study is a proof-of-concept of Al-based EZ

integrity quantification and its association with retinal
fluid volumes at baseline in real-world nAMD patients
over 3years of follow-up.

2 | METHODS AND MATERIALS

2.1 | Participant inclusion and grading
Thisstudy presentsa post hoc analysis of the Fight Retinal
Blindness! Registry (FRB!) data including the respective
OCT images from a single centre (Zurich, Switzerland).
The study was conducted in compliance with the decla-
ration of Helsinki and approval of the respective insti-
tutional review boards. Patients with ungradable scans,
concomitant retinal sight-threatening disease and/or
presence of MA or SF at baseline, as originally graded
by the FR B! investigators, were excluded. Medical records
regarding demographic data and best-correct visual acu-
ity (BCVA) were reviewed. BCVA was measured using
Snellen charts and converted to letters on the logarithm of
the minimum angle of resolution (logMAR) visual acuity
chart. Spectral-domain (SD) OCT (Spectralis, Heidelberg
Engineering) images were processed at baseline and dur-
ing the 3-year follow-up period. The OCT volumes were
not standardized; however, the analysed images had to
include at least 19 B-scans per volume. Treatment deci-
sions, including regimen and drug of choice (ranibizumab
or aflibercept) had been made by the attending physician.
To evaluate the impact of fluid on EZ integrity loss dur-
ing follow-up, a high fluid volume subgroup was defined
for each compartment (IRF, SRF and PED) including
patients with the highest 25% quartile of fluid volume at
baseline in the central 6mm. The remaining 75% of pa-
tients were classified as the low fluid volume subgroup
for each respective fluid compartment (Schmidt-Erfurth
etal., 2023).

2.2 | Automated quantification of retinal
fluid and EZ segmentation

Macular fluid was automatically segmented and quan-
tified using an extensively validated Al algorithm
(Fluid Monitor, RetInSight) (Schlegl et al., 2018). The
algorithm is approved by the medical device regulation
(MDR) (EU) 2017/745 and uses a convolutional neural
network (CNN) to identify retinal fluid on a pixel-level
in each compartment (Schlegl et al., 2018). Absolute
volume quantities were computed in nanolitres (nL)
(I nL=0.001 mm3) within the central 1and 6 mm macu-
lar fields. PED was defined as a segmented region be-
tween the retinal pigment epithelium (RPE) and Bruch's
membrane with a height>200pum, or alternatively, a
width>400pm, as originally defined by professional
reading centres (Vienna, Wisconsin, Duke) (Schmidt-
Erfurth et al., 2023). Figure 1 shows a segmentation of
PED. EZ integrity was defined as continued segmen-
tation of the area between the top of the EZ and the
outer boundary of the interdigitation zone. Automated
segmentation of EZ thickness was performed by a
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FIGURE 1
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Automated segmentation of intraretinal fluid (red), subretinal fluid (yellow) and pigment epithelial detachment (blue), and

ellipsoid zone (EZ) thickness. EZ thickness is reliably segmented when the fluid volume is below the threshold of 60 nL in the central 6mm.

previously reported ensemble of U-Net-based fully CNN
delineating layers on each individual B-scan of the entire
SD-OCT volume (Orlando et al., 2020; Riedl. Vogl, Mai
et al., 2022; Riedl, Vogl, Waldstein et al., 2022).

From the voxel-level binary segmentation, an en-face
EZ thickness map was calculated, providing a thickness
value for each single A-scan. In a postprocessing step, EZ
integrity loss was defined as a discontinuity of the pre-
viously described segmented layer. For the automated
EZ quantification, OCT scans with fluid volume over
60nL in the central 6mm area or over 10nL in the cen-
tral Il mm area were excluded. Figure | shows examples of
segmentation with less than 60 nL of fluid in the macula.
High fluid volumes will distort adjacent structures to a
level that the EZ layer cannot be reliably segmented on
OCT. The following time points were used in the analy-
sis: month 3 (M3), M6, M12, M15, M24, M27 and M36.
Spatiotemporal correlation of fluid volumes in nL with
EZ loss in mm’ and pm was performed to identify early
signs of atrophy development and progression in nAMD
in dependence on the fluid compartments and their re-
spective volume.

2.3 | Statistics and mathematical analysis

Data were split between high (top 25%) and low (bottom
75%) of the macular fluid volumes groups in each compart-
ment at baseline. A comparison between high versus low
macular fluid volumes impact on EZ loss was performed
using a Wilcoxon rank-sum tests with bootstrapped confi-
dence intervals. EZ thickness and integrity loss and their
association with the development of MA and/or SF were
calculated using a linear mixed model in which the fixed
effects were the time points and development of MA or SF
within the 36 months. The random effect in these calcu-
lations was patient (eye). A longitudinal panel regression
model was also performed to correlate fluid volumes to
EZ thickness and EZ loss. For all statistical tests, a p-value
below the significance level 0.05 was considered significant.

3 | RESULTS

Four hundred and thirty eyes from 215 treatment-naive
patients were initially evaluated. Ungradable scans,
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and eyes with other concomitant macular disease
and/or presence of geographic atrophy or fibrosis at
baseline were excluded. The final sample consisted
of 211 eyes from 158 patients with nAMD. The mean
number of injections were 18.57+8.74 over the 3 years
of follow-up.

3.1 | EZ thickness and EZ integrity loss
measurements

There was a progressive increase in the EZ loss area
during follow-up. In the total cohort, the mean=SD
of EZ loss area in the central 6mm at baseline was
1.81+2.68mm”’, increased to 4.88+54mm” after initial
treatment (month 3), reached 5.19+5.43 mm? at month 24
and 6.21+6.15mm? at month 36.

There was a continuous thinning of the EZ layer
(measured from top of the ellipsoid zone to the outer
boundary of the interdigitation zone) during follow-up.
The mean EZ thickness in the central 6mm at baseline
was 26.9+4.7um, decreased to 22.71£5.77 pm at month 3,
reaching 22.04+5.38 pm at month 24 and 21.4=5.8 pm at
month 36 as shown in Table 1. No significant change in
EZ integrity loss area was detected in the central I mm
from baseline to month 36.

Overall, the continuous thinning on the EZ layer was
followed by a progressive loss of its integrity from month
6 until month 36 (Figure 2). Related visual acuity showed
more impressive improvement from baseline to month 3,
and then maintained a modest improvement until month
15. Thereafter, a progressive worsening on visual acuity
was noted (Figure 2). The Spearman correlation between
EZ loss and visual acuity at month 36 was moderate to
high with —0.61 (»<0.0001).

3.2 | Fluid correlation with EZ affection

At baseline, SRF was present in 87.68% and IRF was
present in 60.19% of all scans. The median volumes
of SRF and IRF at baseline in the central 6mm were
133.38nL (interquartile range [IQR]: 7.79-441.71) and
1.18 nL (IQR: 0-80.5), respectively. Higher fluid volume
subgroup (top 25%) of IRF in the central 1 and 6mm of
the macula were significantly associated with more EZ
thinning in the analysed time points (p=0.001, 95%CI

TABLE 1
and months 3, 6, 12, 24 and 36.

2.51-8.85 and p=0.01 95%CI 0.44-5.17 at month 36,
respectively). Higher volume of PED in the central |
and 6mm also showed significant association with EZ
thinning in the analysed time points (p=0.003, 95% CI
2.12-8.85, p=0.001, 95% CI 2.14-6.27, respectively, at
month 36). Higher IRF volume subgroup also showed a
significant correlation with the EZloss area in the central
I mm (p=0.0002, 95% CI —5.45 to —1.96 at month 36).
However, after Bonferroni correction, this correlation
was not significant in the central 6mm. High PED
volumes in the central 6 mm were significantly correlated
with EZ loss in the analysed time points (p=0.0001, 95%
CI —5.46 to —2.25 at month 36). In contrast, high volume
of SRF showed no statistically significant association
with EZ thinning in the central 1 and 6mm or EZ loss
in the central Imm during follow-up (p=0.94, 95% CI
—3.40 to 3.89; p=0.18, 95% CI —0.49 to 3.84: and p=0.64,
95% CI =147 to 2.40, respectively, at month 36). These
correlations are shown in Figure 3.

A longitudinal panel analysis confirmed a signifi-
cant correlation between PED volume and EZ thinning
(p=0.01), as well as with an increase in the area of EZ
loss within the central 6mm (p=0.004). IRF showed a
clear correlation with EZ thinning in the central | mm
(p=0.01), which was not statistically significant in the
central 6mm, but still showed a trend towards a thinning
effect (p=0.05). The difference may be due to the fact
that most of the IRF is present within the central 1 mm
and the effect may be less when the entire 6mm area is
included. Regarding EZ loss, IRF volume showed no
significant correlation with EZ loss in the central 1 and
6 mm. SRF was significantly correlated with an increase
in EZ thickness and showed a negative correlation with
the area of EZ loss (p<0.001 and p=0.002, respectively).

3.3 | EZloss with development of macular
atrophy (MA) and subretinal fibrosis (SF)

Despite regular treatment in clinical practice, 34.1% (72
eyes) converted to late stages of the disease (MA and SF)
over 3years of follow-up. Thirty-six eyes developed MA,
10 eyes developed SF and 26 eyes developed combined
MA and SF. When analysing the impact of EZ behaviour
during the late-stage outcomes in this cohort, we found
that eyes which developed MA and SF (converters to
late-stage of nAMD) had a significant correlation with

Ellipsoid zone loss, EZ thickness, subretinal fluid, intraretinal fluid and pigment epithelium detachment changing at baseline

BSL 6mm M3 6mm M6 6mm MI12 6mm M24 6mm M36 6mm
EZ ons(umz) 1.81+2.68 4.88+54 4.56+543 4.21£445 5.19+543 6.21%6.15
Mean EZ thickness (pm) 26.9+4.76 22.71£5.97 2271543 22.74£4.96 2.04x5.38 21.45+5.82
Median SRF (nL) 133.38 (IQR 0.99(IQR 3.89 (IQR 3.64 (IQR LS (IQR 1.29 (IQR
7.79-441.71) 0.05-17.18) 0.13-23.75) 0.33-30.8) 0.0-14.95) 0.17-16.87)
Median IRF (nL) 1.18 (IQR 0.0-80.5) 0.0(IQR 0.0 (IQR 0.13 (IQR 0.0 (IQR 0.29 (IQR
0.0-1.83) 0.0-5.06) 0.0-5.43) 0.0-23.28) 0.0-8.05)
Median PED (nL) 0.0 (IQR 0.0-720.27)  0.0(IQR 0.0 (IQR 0.0 (IQR 0.0(IQR 0.0(IQR
0.0-405.31) 0.0-755.04) 0.0-503.11) 0.0-678.3) 0.0-750.66)

Abbreviations: BSL, baseline; EZ, ellipsoid zone: IRF, intraretinal fluid; M, month; nL, nanolitre; PED, pigment epithelium detachment: SRF, subretinal fluid;

pm, micometre.
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FIGURE 2 The plots show a continuous thinning on the ellipsoid zone (EZ) (a), a progressive increase in the EZ loss area (b) and a decrease

in visual acuity particularly after month 15 ().
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FIGURE 3 A comparison between higher fluid volume subgroup (top 25%) in each compartment (intraretinal and subretinal fluid and

pigment epithelial detachment) and bottom 75% fluid volume subgroup regarding ellipsoid zone (EZ) thickness and EZ loss during follow-up.
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faster progression of the EZ loss area (steeper curve
slope) in the central 1 and 6mm (p=0.01 and p=0.001,
respectively). Furthermore, EZ thinning in the central
Imm was significantly correlated with MA and SF
development (p=0.04), but this was not seen on the
central 6mm (p=0.50).

4 | DISCUSSION

High-resolution optical coherence tomography (OCT) is
a non-invasive imaging modality with close correlation
with retinal histology (Cheng et al., 2018). The detailed
analysis of OCT scans may provide an accessible
opportunity to analyse the behaviour of the neurosensory
layers in vivo during AMD progression. As observed in
both trials and clinical practice, late-stage outcomes in
nAMD involving photoreceptor damage persist despite
continued treatment with anti-VEGF. The presence of
fluid remains a significant contributing factor in these
outcomes. Our overall results showed a progressive
decrease in EZ thickness and a progression in EZ loss
in close correlation with visual acuity changes after
6months and thereafter (Figure 2). Although macular
atrophy origins remain unclear, photoreceptor integrity
loss is clearly a key feature in the early stage of atrophy
development, and therefore, an important biomarker
of disease progression (Riedl, Vogl, Mai et al., 2022;
Riedl, Vogl, Waldstein et al., 2022). The effect of ageing
on the retinal tissue is heterogeneous and closely related
with areas of higher energy demands. Thus, the macula
and specially the outer retina and choroid are major
targets in age-related retinal diseases (Elsner et al., 2022;
Zouache, 2022). Photoreceptor and posterior RPE
degradation with development of macular atrophy is
important for long-term results of visual acuity in non-
neovascular AMD as well as in nAMD.

In this cohort, SRF was the most prevalent fluid
component at baseline and 87.68% of all scans had SRF
while 60.19% had IRF in the central 6mm. These rates
are similar to related data from clinical studies with even
larger populations such as the HARBOR trial (Sadda
et al., 2022). The larger amount of total retinal fluid
present at baseline can cause distortions in the outer ret-
inal bands as well as transitory worsening of visual acu-
ity. Therefore, the quantification of EZ integrity loss at
baseline and its correlation with visual acuity may be not
reliable at this time point. Yet, a follow-up quantification
of EZ thickness and the comparison between the higher
and lower fluid volume subgroups can be more reliably
performed from month 3 to month 36.

The direct correlation between retinal fluid volumes
and visual acuity may be unreliable, due to varying pre-
existing damage to the underlying neurosensory com-
partment. However, EZ loss and visual acuity are closely
related which was demonstrated in this study. A progres-
sive EZ loss followed by a continuous decrease in visual
acuity after month 15 was observed. Therefore, photo-
receptor layer analysis on OCT can be used not only as
a biomarker in intermediate AMD (Zekavat et al., 2022)
and GA, but also in nAMD. Furthermore, a binary clas-
sification of presence or absence of ellipsoid zone does

not completely meet the actual interest in automated
quantification of outer retinal bands on OCT.

Photoreceptor thinning has been described preced-
ing their complete loss in histological studies, never-
theless the pathophysiology remains unclear (McHugh
et al., 2019; Riedl, Vogl, Mai et al., 2022; Riedl, Vogl,
Waldstein et al., 2022). Yet, photoreceptor thinning has
also been correlated with loss of visual function using
microperimetry measurements in drusen areas (Acton
et al.,, 2012). The possibility of real-time correlation of
retinal fluid behaviour and neurosensory disease pro-
gression is clearly providing a missing link in the un-
derstanding of fluid/function correlation. In real world,
automated segmentation is mandatory, since manually
segmentation and quantification of retinal layers and
fluid volumes are time consuming and not realistic in
clinical routine.

Currently, automated tools such as central retinal
thickness (CRT) have been used in clinical practice as
a marker of disease activity or recurrence and to guide
treatment decisions in nAMD. However, this measure-
ment does not provide any detailed information about
location and extension of disease-specific activity, and
also presented a weak correlation with visual acuity
and fluid volumes (Nanegrungsunk et al., 2022; Pawloff
et al., 2022). Previous studies have postulated that the
severity of CRT fluctuation is related with visual acuity
outcomes (Chakravarthy et al., 2021: Lai and Lai, 2021;
Sheth et al., 2022); thus, an automated tool capable
of measuring and analysing fluid fluctuation in each
compartment for each patient during follow-up may
provide more accurate and personalized information
about functional and anatomical outcomes. The com-
parison between high and low fluid volume subgroups
showed that the central macula is particularly vulner-
able to damage caused by high IRF volumes, leading
to EZ thinning and loss. This is in accordance with
previous analysis in the FRB! Registry dataset that in-
dicates higher IRF volumes associated with increased
atrophy onset (Nguyen et al., 2021). Since photorecep-
tor damage may be the first step to RPE degradation
and persistent macular atrophy (Orlando et al., 2020),
this analysis becomes crucial. The longitudinal anal-
ysis confirmed statistically significant correlation be-
tween IRF and EZ thinning in the central I mm. In the
central 6mm area, p=0.05, indicating a trend that did
not reach statistical significance. Regarding IRF and
EZ loss correlation, the longitudinal analysis showed
no statistically significant correlation. Since the IRF
volumes are mainly located in the central macula, both
models presented more significant damage in the I mm
area.

The subgroups analysis showed that high SRF vol-
umes were neither significantly associated with EZ
thinning in the central 1 or 6mm, nor with EZ loss.
Interestingly, the longitudinal panel analysis suggests
that SRF correlates with an increase of EZ thickness
and presented a negative correlation with EZ loss.
Supporting this finding, previous analysis have shown
that inactive persistent SRF volumes may be toler-
ated and may also be related to better visual outcomes
(Bogunovi¢ et al., 2022; Guymer et al., 2019). However,
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when the residual volume of SRF is higher and ac-
tively increases, it does lead to worse visual acuity
outcomes (Grechenig et al., 2021; Sadda et al., 2022).
Furthermore, there might be an increase in the number
of injections needed to achieve disease control in the
first year of follow-up (Bogunovi¢ et al., 2022; Mares
et al., 2023). Higher PED volumes in the central 1 and
6mm of the macula were also significantly associated
with EZ thinning and integrity loss during follow-up.
Schuman et al. (2009) have demonstrated an associa-
tion of large drusen with the loss of photoreceptor and
outer segments in 2009 and so, it is expected that in
larger PEDs that would also be noted.

The relentless progression of photoreceptor degen-
eration in nAMD despite regular treatment remains a
clinical unmet need. In previous studies, IRF has been
linked to deteriorating visual acuity outcomes and the
onset of atrophy (Reiter et al., 2023; Riedl, Vogl, Mai
et al., 2022; Riedl, Vogl, Waldstein et al., 2022). Our
analysis comparing EZ behaviour on eyes that devel-
oped late stages of nAMD such as atrophy and fibro-
sis, during a 3-year follow-up with those that did not,
supported previous findings in the literature. A faster
increase of the EZ loss area in both the central 1 mm
and 6mm area were found to be significantly associ-
ated with further development of clinical signs of at-
rophy and/or fibrosis. Thus, understanding the impact
of retinal fluid volumes on the outer retina segments
may be the key to better understand and maybe prevent
late-stage outcomes of nAMD. In times of the first
pharmacological treatments for GA being approved,
combination therapies may be an option, although
having to take into account MNV formation under GA
therapy.

A possible association of fluid compartment, MNV
type and late-stage outcomes in nAMD has been sug-
gested in the literature (Ernest et al., 2020). Type 3 MNV
has been more frequently associated with IRF and mac-
ular atrophy. Type I MNV showed predominantly SRF
and a protective effect for macular atrophy has been pos-
tulated (Fukuyama et al., 2022). In our analysis, MNV
type showed no significant correlation with increased
EZ thinning and/or loss during follow-up. However, type
3 MNV was presented in only six cases, and this must be
noted as a limitation, thus no final conclusions can be
taken from such a small subgroup.

This is a retrospective real-world study and therefore
has some inherent limitations such as retrospective chart
analysis, non-standardized treatment decisions and dif-
ferent scan mode imaging between different patients and
within patients and between all visits.

However, this is a large sample size of treatment-naive
patients, from the well-curated FRB! Registry platform,
which offers high-quality data from routine disease man-
agement (Gillies et al., 2014). Furthermore, OCT images
were collected from one single device (OCT Spectralis,
Heidelberg Engineering) avoiding technical variability
among device types. Yet, the Al algorithms used in the
analysis were previously tested, human ground truth
was provided and the tools were validated. EZ auto-
mated segmentation was only possible in the absence of
large fluid volumes or with low amounts of fluid at the

[Acta Ophibsimolosca il
defined timepoints (less than 60nL in the 6mm area, as
described in the methods). Neovascular AMD comes
with the dilemma of a fast, devastating and usually irre-
versible loss of retinal function without treatment (Kiss
et al., 2020). Retinal fluid particularly intraretinally may
cause permanent damage to the EZ in the central mac-
ula with resulting irreversible visual loss. Interesting is
also the notion that PED is associated with a decline of
EZ integrity. As demonstrated in this study, volumes and
location of retinal fluid compartments are important for
neurosensory layer anatomy and, consequently, for vi-
sual outcomes. Prompt detection of photoreceptor early
changes associated with fluid dynamics may be the most
impactful method to optimize anti-VEGF treatment
and try to prevent long-term visual loss due to nAMD.
Advanced OCT image analysis shed more light into the
complex patterns of nAMD and AMD in general. A pre-
cise quantitative analysis of fluid by type and volume in
nAMD and knowing about the pathognomonic impact
of fluid on EZ and RPE as correlate for visual function
may empower health care providers to develop a compre-
hensive approach to vison-saving therapy. The portfolio
of relevant biomarkers and parameters guiding thera-
peutic strategies is increasing as we speak and is ready to
be used in the hands of thousands of ophthalmologists
treating millions of patients which are threatened by a
blinding disease. In times of Al-based precision mea-
surements, fluid volumes and neurosensory destruction
can be visualized in every individual patient to improve
his/her outcome and throughout populations to under-
stand the associations of markers of nAMD and AMD
disease in general. Macula-wide EZ integrity assessment
work is certainly a most useful candidate endpoint to
monitor nAMD treatment and progression.
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Os principais resultados desse segundo artigo estdo descritos a seguir:

e Foram analisados 211 olhos de 158 pacientes com DMRI neovascular.

+

¢ No geral, houve um aumento significativo na area de perda da ZE, de 1,81
2,68 mm?2 no inicio do estudo para 5.19 + 5.43 mm? no més 3 e atingiu 6,21
6,15 mm? no més 36. (Figura 1, artigo 2)

e Houve também um afinamento continuo da ZE ao longo dos 3 anos de
acompanhamento. A espessura média dos fotorreceptores nos 6 mm centrais
na linha de base era de 26,9 £ 4,7 ym, diminuiu para 22,71 £ 5,77 um no més
3, atingindo 21,4 £ 5,8 ym no més 36. (Figura 1, artigo 2).

e Maiores volumes de FIR e DEP foram significativamente associados ao
afinamento e perda da ZE ao longo do acompanhamento de 3 anos. Maior
volume de FSR néo foi correlacionado com o afinamento ou a perda da ZE nas
regides centrais de 1 mm e 6 mm.

e Como esperado, a perda da ZE esteve relacionada a reducdo na acuidade
visual. Foi possivel identificar uma clara correlagdo na Figura 1, particularmente
apds 15 meses de acompanhamento. A analise estatistica também mostrou
uma correlagdo de Spearman de -0,61 no més 36. (Figura 1, artigo 2)

e Maiores volumes basais de FIR e DEP tiveram maior probabilidade de
desenvolver AM e FS ao final do acompanhamento, quando comparados com

o subgrupo de menor volume.

A analise longitudinal, utilizando modelo de regressdao em painel, confirmou uma
correlagao significativa entre o volume do DEP e o afinamento ou perda da ZE, nos 6
mm centrais da macula (p=0,01, p=0,004 respectivamente). O FIR teve uma
correlacdo clara com o afinamento da ZE quando analisado 1 mm central (p=0,01) e
indicou uma forte tendéncia de afinamento (p=0,05) nos 6 mm, apesar do p nao ter
sido estatisticamente significativo. A diferenca pode ser atribuida ao fato de que a
maior parte do FIR esta presente na regido central da macula, e o efeito pode ser
menor quando toda a area de 6 mm é incluida. Em relacédo a perda de ZE, o volume
de FIR ndo mostrou correlacao significativa nas regides centrais de 1 mm e 6 mm.
Houve uma correlagdo estatisticamente significativa do FSR com um aumento da
espessura da ZE e menor area de perda de ZE (p<0,001 e p=0,002, respectivamente).

A |A foi util para a quantificagdo dos fluidos em nanolitros, bem como para mensurar
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a espessura da ZE em micra. Mudancgas sutis nesses parametros seriam dificilmente
vistas, quantificadas e comparadas sem o auxilio dos algoritmos.

Expandindo a pesquisa no intuito de avaliar o funcionamento do algoritmo de
quantificagdo automatizada de fluido retiniano numa coorte brasileira de vida real, bem
como avaliar a resposta dos pacientes dessa coorte ao tratamento durante 2 anos de
acompanhamento, desenvolvemos um estudo envolvendo pacientes com DMRI
neovascular atendidos em um hospital terciario de Belo Horizonte. O artigo abaixo
intitulado “Automated fluid monitoring to enhance patient follow-up with
neovascular age-related macular degeneration (nAMD) in the Brazilian

population”, fruto dessa analise, estd em revisdo com os co-autores.

Artigo 3

Automated fluid monitoring to enhance patient follow-up with neovascular age-related

macular degeneration (hnAMD) in the Brazilian population

Virginia Mares'?, Gregor S. Reiter’, Aniel Feitosa?, Markus Gumpinger', Hrvoje Bogunovic’,
Ursula Schmidt-Erfurth®, Marcio B. Nehemy?’

1) Laboratory for Ophthalmic Image Analysis, Department of Ophthalmology and Optometry, Medical
University of Vienna, Vienna, Austria

2) Department of Ophthalmology, Federal University of Minas Gerais, Belo Horizonte, Brazil
*Both senior authors contributed equally

Abstract:

Purpose: To investigate the efficacy of an automated medical device regulation (MDR)-
approved fluid monitoring tool in enhancing the monitoring of neovascular age-related
macular degeneration (nAMD) patients in a Brazilian cohort.

Methods: This is a retrospective real-world study performed in a tertiary center in Brazil,
including patients with nAMD in a treat-and-extend treatment regimen. Spectral-domain
optical coherence tomography (Spectralis, Heidelberg Engineering, Germany) images were
processed at baseline and over 2 years of follow-up. Demographic and clinical data were
collected. An MDR-approved deep learning algorithm (Fluid Monitor, RetInSight, Austria) was
used to automatically quantify intraretinal fluid (IRF), subretinal fluid (SRF) and pigment
epithelial detachment (PED). A longitudinal panel regression model and Log-Rank test were
performed to assess the correlation between fluid volumes and treatment frequency, visual

outcomes, macular atrophy (MA) and subretinal fibrosis (SF) development.
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Results: Ninety-nine eyes from 84 patients were included, whereof 66.7% were female,
mean age was 76.5 + 9.8 years. Fifty-eight eyes were treatment naive. Higher fluid volumes
of IRF, SRF and PED in the 6mm area were correlated with worse visual outcomes over a 2-
year follow-up (p=0.01, p=0.002, p<0.001, respectively). Elevated IRF and PED volumes
were significantly associated with an increased risk of SF development (p<0.001 for IRF in 1
and 6 mm, and p=0.02 for PED in both compartments), while the higher SRF subgroup was
significantly associated with SF only in the central 6 mm, p=0.049. MA development showed
no significant correlation with higher IRF, SRF nor PED in this analysis. Higher SRF volume
correlated with a greater number of required intravitreal injections over 2-years.
Conclusion: This study demonstrated the efficacy of using an Al-based fluid monitoring tool
to analyse nAMD activity and late-stage outcomes in a Brazilian cohort. Fluid dynamics in
each compartment impacts differently functional and anatomical outcomes. Further studies
that highlight the significance of using newly validated technologies across diverse

populations worldwide is still necessary.

Introduction:

Age-related macular degeneration (AMD) stands as one of the leading cause of irreversible
vision impairment worldwide, particularly affecting individuals aged 50 and older.%*%* Among
its subtypes, neovascular AMD (nAMD) presents a major threat to vision due to the rapid
progression and for its macula targeting location. Macular neovascularization is responsible
for fluid leakage into intraretinal and subretinal space and the advent of intravitreal anti-
VEGF therapy was a paradigm shift for controlling disease activity.5>% Optical coherence
tomography (OCT) has become the primary imaging device for detecting and monitoring
retinal fluid.®” A retrospective study performed in a large tertiary center in London, the
Moorfields Eye Hospital, showed more than 10-fold increase in numbers of anti-VEGF
injections from 2009 to 2019, with nAMD being the foremost condition on injections demand,
and consequently, the inherent costs.®® In Brazil, the prevalence of AMD and its treatment
mirrors the global trend. A previous study using the Brazilian public health system database
showed an increase of 1.088% in prevalence of anti-VEGF injections in the country from
2010 to 2019.%° Yet, anti-VEGF injections still represent an important burden to public and
supplementary health care systems worldwide, and with the ageing population and the
advent of anti-complement intravitreal therapy for geographic atrophy the numbers may rise
significantly.”"!

Brazil is a multi-ethnic continental country with over 200 million people and is one of the few
countries worldwide to offer a free universal coverage health care system to all its citizens,
covering from primary to tertiary care.”> More than 75% of the population relies exclusively

on this system to access clinical appointments, exams, and surgical procedures, including
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ophthalmology care.” Furthermore, the distribution of eye care professionals in the country
is not uniform across the vast and diverse population. The last census reported by the
Brazilian Ophthalmology Council (CBO) from 2021 showed a clear concentration of eye
doctors in the southeast region, with a median of 20.2 ophthalmologists per 100,000
inhabitants, while in the northern region, for example, the median density was 6.9
ophthalmologists per 100.000 inhabitants.”* The dynamic nature of retinal diseases such as
nAMD demands close monitoring of patients to detect early signs of disease recurrence,
treatment demand, and/or progression to late stages such as macula atrophy (MA) and
subretinal fibrosis (SF), which can be challenging to patients and to the health system.” Yet,
a combination of large population, unbalanced resources and high monitoring demand may
pose a significant challenge to the eye care health system and professionals in a daily
practice.

In the past recent years, there has been a notable increase of artificial intelligence (Al)-based
tools capable of identify and quantify retinal imaging biomarkers.® The integration of deep
learning algorithms in AMD patients follow-up is promising for enhancing decision-making
processes and optimizing treatment strategies.”®’® One limitation of the recent published
studies regarding Al-based technology is the predominance of Caucasian population in
validating and testing the algorithms, which can lead to a lack of generalization of the results.
The Brazilian society was initially formed by a confluence of European, African and
Indigenous ethnicities.”® Currently, according to the Brazilian Institute of Geography and
Statistics (IBGE), the population can be classified, based on ethnicity as white, black, brown
(multiracial), indigenous and yellow (east Asian). The purpose of this study is to investigate
the use of an automated medical device regulation (MDR)-approved fluid monitoring tool to
enhance nAMD patients control in a real-world Brazilian cohort.

Methods:

Participants

This is a retrospective study performed in a tertiary center in Minas Gerais, Brazil, including
patients with nAMD treated in a treat-and-extend regimen with Aflibercept or Ranibizumab
over 2 years of follow-up. The study was conducted in compliance with the declaration of
Helsinki and had approval from the institutional review board (CAAE
58850622.4.0000.5149). Patients’ informed consent was exempted because of the
retrospective nature of this study using fully anonymized retinal images. Electronic medical
records regarding age, sex, best-corrected visual acuity (BCVA), number of injections, and
presence of MA or SF were collected. Anonymized spectral-domain (SD)-OCT (Spectralis,
Heidelberg Engineering, Germany) images were segmented at baseline and every visit
during 2 years of follow-up. Patients with ungradable scans, less than 1 year follow-up, visual

acuity worse than 20/200 in Snellen chart at baseline, history of cataract surgery during the
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follow-up period, concomitant retinal sight-threatening disease such as advanced glaucoma,
epiretinal membrane or vitreo-macular traction, and/or presence of central MA or SF at
baseline were excluded. The OCT volumes were not standardized, however the analysed
images had at least 19 B-scans per volume. To evaluate the impact of retinal fluid volumes in
each compartment at baseline in the number of injections and final BCVA the patients were
divided into two groups. The highest 25% quartile of fluid volume in each compartment
(intraretinal fluid [IRF], subretinal fluid [SRF], and pigment epithelial detachment [PED]) at
baseline in the central 6 mm were classified as high fluid volume subgroup. The remaining
75% of patients were classified as low fluid volume subgroup for each respective fluid
compartment.*7:8081

Visual acuity, macular atrophy and subretinal fibrosis determination

BCVA was tested every visit using Snellen chart and converted to early treatment of diabetic
retinopathy study (ETDRS) score. MA and SF were graded from the attending physician and
extracted from the medical records. This assessment was based on either OCT images,
fundoscopy, fundus photography and on fundus autofluorescence images when available.
Further, all the included baseline OCT images were analysed by a retinal specialist (VM) to
exclude baseline central MA and SF, in case it was not mentioned in the chart, for the MA
and SF development analysis. Retinal pigment epithelium (RPE) loss with associated retinal
ellipsoid zone loss more than 250 ym in diameter detected in the central 3 mm area were
excluded as MA. OCT images showing a compact multilaminar hyperreflective material
situated above or below RPE, with indistinct RPE layer, in the central 3 mm area was
excluded as SF.82 Subretinal hyperreflective material (SHRM) was not excluded.
Automated quantification of retinal fluid

IRF, SRF and PED volumes within the central 1 mm and 6 mm macular subfields were
automatically segmented and quantified using the MDR-certified deep learning algorithm
(Fluid Monitor, RetInSight, Vienna, Austria) in all time points. The algorithm uses a
convolutional neural network (CNN) to identify retinal fluid in each compartment and PED on
a pixel-level (Figure 1). The number of assigned pixels can be computed into an estimation
of fluid volumes in nanoliters (1 nL=0.001 mm?3) and their respective compartments. 368
Statistical analysis and fluid function correlation

Statistically significant Lagrange Multiplier Breusch-Pagan and Chow test demonstrated that
a longitudinal time-series data analysis would be better suited to correlate fluid volume in
each compartment with BCVA over a 2-year follow-up. Panel regression with fixed or random
effect model was chosen based on Hausman and Sargent-Hansen chi-squared test for each
variable. A Log-Rank test with Kaplan Meier curve was used to analyse the correlation
between fluid volumes in both subgroups in each compartment and new onset MA and SF,

as well as MA and SF development over treatment naive and pre-treated patients. Spearman



45

correlation was used to analyse the association between fluid volume in each compartment
at baseline and number of intravitreal injections after 12 and 24 months.

Results

Ninety-nine eyes from 84 patients with nAMD were included, whereof 56 (66.7%) patients
were female, mean age was 76.5 + 9.8 years and 58 eyes (58.5%) were treatment-naive
(Table 1). In the central 1 mm area fluid volumes measurements showed IRF with a median
of 0 (IQR 0-11.26), SRF presented a median of 1.84 (IQR 0-19.49) and PED with a median
of 44.91 (IQR 16.66-102.45). In the central 6mm area, the median of IRF volume was 1.04
(IQR 0.0 - 61.94), SRF was 66.54nL (IQR 1.98-292.8) and PED achieved 446.24nL (IQR
135.7-1025.6).

The overall behavior of each of the 99 eyes included in this analysis regarding BCVA over
the follow-up time is shown in the supplementary material. As demonstrated in the IQR
numbers, the highest 25% quartile in each compartment at baseline in the central 6 mm
corresponded to eyes with IRF = 61.94nL, SRF = 292.85nL and PED = 1025.65nL. These
baseline volumes are higher than reported in a previous analysis from a European cohort.%
The statistically significant chow test showed that a multivariate regression analysis with
fixed timepoints would not be the most appropriate method for assessing visual acuity
impairment in this cohort. Therefore, a panel regression analysis was performed showing
that higher IRF and PED volumes subgroup in the central 6 mm had a statistically significant
impact on the LogMar BCVA measurements, meaning worsening of BCVA over 2 years of
follow-up (p=0.01, p<0.001 respectively). Higher SRF volume subgroup was significantly
correlated with worse BCVA when fluid volume was higher than 19.49 (Q3) in the central 1
mm, (p=0.02), as shown in figure 2.

To further analyze late-stage outcomes, SF and MA development, 11 eyes were excluded
after imaging evaluation due to presence of MA or SF in the central 3 mm at baseline. Of 88
eyes, 16 (18.1%) developed MA and 21 eyes (23.8%) developed SF over the 2 years of
follow up. The higher IRF and PED subgroups showed increased risk of developing SF when
compared to the lowest 75% subgroups. IRF analysis showed a hazard ratio (HR) of 6.6
(IC95% 2.8 - 15.5) and p<0.001 in the central 1 mm and HR of 6.6 (IC95% 2.8 - 15.9) and
p<0.001 in the central 6 mm area of the macula. PED showed HR of 2.5 (1C95%1.1 -5.9)
and p=0.02 for the central 1 mm, and HR of 2.6 (IC95% 1.1 - 6.1), p=0.02 for the central 6
mm, as shown in Figure 3. The higher SRF subgroup in the central 6 mm was significantly
associated with SF, HR of 2.3 (IC95% 1.0 - 5.3), p=0.049 but this was not significantly in the
central Tmm analysis. Regarding MA, higher fluid volumes did not show statistically
significant correlation with its development in any of the compartments (Figure 4). However,
higher IRF (> 61.94nL in the central 6 mm) presented a decreased in average survival time
until atrophy development from 22.7 months (95%CI: 21.7 - 23.7) to 19.8 months (95%CI:
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16.8 - 22.7), p=0.07 in the Log-Rank test. The overlap within the Cls across volume
subgroups and p>0.05 associated with a small sample size makes it difficult to determine
whether this result is clinically meaningful. However, this result fits previous findings that
strongly correlate type Il MNV, which is known to have predominantly more IRF, with MA
development.?® Furthermore, the development of MA and SF showed no significant
difference between treatment naive and pre-treated patients in this cohort.

Overall, the mean number of injections per eye was 5.9 + 2.6 over 12 months and 13.6 + 4.2
over 24 months. An analysis between the total volume of IRF, SRF and PED and treatment
needed (number of injections) using Spearman test showed that SRF has a positive, despite
weak, correlation on increased number of intravitreal injections after 12 months (r=0.3,
p=0.02 in the central 1mm and r=0.38, p<0.001 in the central 6mm) and 24 months (r=0.2,
p=0.01 in the central 1mm and r=0.2, p=0.02 in the central 6mm). IRF and PED were not
significantly correlated with the number of injections. When comparing between higher and
lower SRF subgroups using a t-test, the results was consistent with previous analysis*®-8
showing that higher 25% of SRF was associated with higher mean number of injections after
12 months (mean 7.1 £ 2,7, while lower 75% mean of 5.4 £ 2,4) and 24 months (mean 15.0 £
4.4, while lower 75% mean of 13.0 + 3.9), p=0.005 and p=0.04 respectively.

Discussion

Al-based technologies have been described with the potential to bridge some gaps between
patients and health care providers with cost-effective and scalable solutions such as
automated disease screening, biomarkers segmentation, and risk prediction for late stages
outcomes.30488687 Minas Gerais is the second most populous state in Brazil with a total
population of 20,539,989 inhabitants.® It is located in the Southeast, the most populous
macro-region and responsible to the highest concentration of ophthalmologists in the
country. However, despite the increased number of ophthalmologists, inside of the state
there is also an important unbalance of personal and material resources in the health care
system by microregions. Furthermore, Minas Gerais’ ethnical distribution (self-declared) in
the last census showed that the state population is composed by 46.76% brown (multiracial),
41.08% white, 11.84% black, 0.16% indigenous and 0,15% east Asian population.® Thus, a
study that effectively used an Al-based fluid monitor in a real-world sample from a Latin
population highlights the importance of testing newly algorithms worldwide.

This cohort is composed of patients in a treat-and-extend regimen, whereof 41.5% were non-
treatment naive. Visual acuity at baseline is the most important predictor to BCVA in a long
term follow-up, however, retinal fluid is still the most important biomarker in visual and
anatomical outcomes, as well as for retreatment decisions in nAMD.®° Thus, the volume,
location, and its fluctuation play an important role in disease progression.”” The results from

our analysis demonstrated that higher fluid volumes in all three compartments were
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significantly corelated with worsening BCVA. According to the literature, IRF and PED have
been more associated with visual impairment. The topographic distribution of fluids with IRF
more concentrated in the central fovea and SRF more distributed across the macular region
may contribute to this statement.®” A previous analysis conducted in the Caucasian
population of the FRB! Ziirich dataset showed that only IRF was associated with worse
BCVA, however in the cited study fluid volumes were quantified after initial treatment and
SRF volume in this present cohort is significantly higher.®° Furthermore, individual responses
to available treatment needs to be also taken into consideration. Regarding SRF behaviour
there is an open question if a correlation with better visual outcomes is pertinent,®% or even
if a residual tolerable volume threshold can be settle. Previous analysis using data from the
FLUID study showed that tolerating SRF had similar BCVA after 24 months of follow up than
those treated in order to dry out the fluid.®* On the other hand, a post hoc analysis also in the
FLUID study data using the SRF-tolerant arm showed that 50% of the eyes with residual
SRF increased the volume in the central 1 mm at the consecutive visit. The increase in SRF
in the central mm was correlated with significant decrease in BCVA in the next visit when
compared with the non-tolerant group.®® In addition, SRF fluctuation was found to be
correlated with worse photoreceptor integrity in the OCT on the analysis from the OCTAVE
clinical trial dataset, and there is a positive correlation between photoreceptor integrity and
visual outcomes. %

The limited period of follow-up associated with the exclusion criteria of presence of MA and
SF in the central 3 mm area at baseline likely underestimates the rate of MA and SF
development in this cohort when compared to the literature.®~*° Furthermore, treat-and-
extend regimen usually presents higher treatment frequency than pro-re-nata (PRN) which
could also be associated with lower rates of these late-stage outcomes. Our results showed
that higher IRF and PED volumes were associated with increased risk of developing SF.
SRF was also associated with SF, but only when analysing the whole 6mm area. Fluid
location may play a role in this finding since, as mentioned, SRF is often more present
parafoveal than centrally.'® Higher fluid volumes in any compartment did not show
statistically significant correlation with MA development. MA pathophysiology remains
unclear, however, previous findings showed that almost 100% of eyes with previous non-
foveal atrophy will evolve to central atrophy over 10-years of follow-up.®® This findings
demonstrates the multifactorial components of MA development, possibly including genetic
factors.

In this study we have founded a mean number of injections per eye of 5.9 over 12 months
and 13.6 over 24 months. A previous report using DATASUS database showed a way lower
number of 2.37 (1.35-3.43) as an annual median of injection in Brazilian public health care

from 2014 until 2020.7 It is important to state that although anti-VEGF drugs were approved
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by the Brazilian federal agencies since 2007, only in 2018 the treatment was incorporated
into the guideline of the Brazilian public health system, which surely impacted the median
reported in this database over the years. Furthermore, if the supplementary system numbers
were included, the real mean number of injections in the Brazilian population per year would
significantly increase and probably get closer to what was founded in this study and it is
reported in the literature worldwide.

In a daily basis clinical practice, anti-VEGF treatment can follow monthly, treat-and-extend or
PRN regimens. In the PRN regimen, the decision is mainly driven by the dichotomous
parameter of presence or absence of retinal fluids. In this study, higher SRF volume proved
to be the most important driving force for an increased number of injections at one and two
years. Previous studies from our group have also shown that SRF was the most important
anatomic biomarker for predicting treatment need,**® despite not being the most impactful
fluid compartment in worse anatomical and visual outcomes. Certainly, IRF is actively treated
in all regimens, since is the fluid compartment with the strongest correlation with worse
BCVA and late-stage outcomes. Nevertheless, it seems to present a faster response to anti-
VEGF treatment. Until now, PED is not an isolated target to anti-VEGF therapy, despite
some previous studies have shown an anatomical response to the treatment and possible
visual improvement.'! Our study showed an association of higher volumes of PED with
worse visual outcomes and faster development of SF, however further prospective studies
are necessary to address this question.

The ageing population has continuously increased AMD prevalence and, consequently also
increased anti-VEGF intravitreal injections demand.®® Despite all effort in the nAMD research
subfield, the available treatments demand continuous monitoring and injections, which
means a high burden for the patient and for the health care system. The DATASUS report
showed that OCT and anti-VEGF procedures were mainly done in the Southeast macro-
region (87%). As previously stated, the higher population concentration in this area certainly
contributes to this finding, but a higher density of professional ophthalmologists is another
contributor to these statistics.”#%

This study has inherent limitations for being a retrospective analysis performed on real-world
patients and with only 2-years duration which is however in accordance with many
randomized controlled trials. First, treatment was not standardized, despite mainly followed a
treat-and extend regimen. Second, the images were not acquired specifically for this
analysis, but as a clinical routine, thus number of B-scans are not uniform. However, a
minimum of 19-Bscan was performed, which showed to be reliable for fluid quantification.
Finally, there are other biomarkers such as SHRM and ellipsoid zone segmentation with a
strong impact on visual acuity outcomes in AMD, which should be considered for future

investigations in a prospective manner.
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The possibility of monitoring patients using a real-time automated tool and assisting non-
retinal specialists’ doctors can shorten some gaps regarding the health care unbalance
between regions. This study investigates the multifaceted landscape of nAMD in a tertiary
center in the Southeast Brazil, considering the country’s epidemiology and particular context,
pointing the potential benefits of Al-driven technologies on patient’s care. Further studies that
highlight the significance of using newly validated technologies, especially deep learning

algorithms across diverse populations worldwide is still necessary.

Table 1: Demographic data from the 99 eyes from 84 patients included in the study.

Variable Frequency
N %
Gender Male 28 33.3
Female 56 66.7
Age Mean £ SD 76.5+9.8
Eye Unilateral 69 821
Bilateral 15 17.9
Treatment naive Yes 58 58.5
No 41 41.5
Injections (12 Mean + SD 59+26
months)
Injections (24 Mean + SD 13.6+4.2
months)
Macular atrophy Yes 16 18.2
development
during follow-up
No 72 81.8
Subretinal fibrose Yes 21 23.9

development
during follow-up
No 67 76.1
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Figure 1: Automated segmentation of intraretinal fluid (red), subretinal fluid (yellow) and

pigment epithelial detachment (blue).

Figure 2: BCVA over time in the higher 25% and lower 75% volume subgroup in the central
6mm of the macula during follow-up. SRF correlation was statistically significant when fluid

volume in the central 1mm was included in the model. The dotted lines graphic showed that
when fluid volumes in the central Tmm was above 19.49 (Q3) the worst BCVA in the higher

fluid volume subgroup (>292.85nl) was clearer to be seen.
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Figure 3: Kaplan-Meier survival curve showing significant higher subretinal fibrosis
development in the higher fluid volume subgroup. Hazard ratio (HR), Intraretinal fluid (IRF),

subretinal fluid (SRF) and pigment epithelial detachment (PED).
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Figure 4: Kaplan-Meier survival curve of macular atrophy development did not show
statistically significance difference between the two groups. Intraretinal fluid (IRF), subretinal

fluid (SRF) and pigment epithelial detachment (PED).
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Supplementary material: Visual acuity variation curve on each of the 99 eyes over the follow-

up time.
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Os principais resultados desse trabalho estdo resumidos abaixo:

Foram estudados 99 olhos de 84 pacientes.

Volumes basais mais altos de FIR, FSR e DEP no baseline nos 6 mm centrais
da macula mostraram impacto significativo na piora da acuidade visual ao longo
de dois anos.

16 olhos (18,1%) desenvolveram AM e 21 olhos (23,8%) desenvolveram e FS
em dois anos.

Subgrupos com maiores volumes de FIR e DEP apresentaram maior risco de
desenvolver FS tanto no 1 mm central quanto nos 6 mm centrais.

O subgrupo com alto volume de FSR teve maior risco de desenvolver FS
apenas nos 6 mm centrais.

Nao houve diferenca significativa entre os grupos em relagéo a ocorréncia de
AM.
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e O volume de FSR apresentou correlagédo estatisticamente significativa com o
aumento de inje¢cdes necessarias para o controle da doencga ao longo dos 2

anos de acompanhamento.

6 DISCUSSAO

Os estudos desenvolvidos durante a elaboracdo desta tese fornecem evidéncias de
que o algoritmo de monitoramento de fluido automatizado, o Fluid monitor, da
Retlnsight, Vienna, Austria, baseado em IA e aprovado pelo 6rgao regulamentador de
equipamentos médicos da Unido Européia (Medical Device Regulation) oferece
ferramentas uteis para o acompanhamento de pacientes com DMRI neovascular na
pratica clinica. Além disso, a quantificagcdo e a localizacdo automatizadas dos FIR,
FSR e DEP podem ser utilizadas para predizer o prognostico visual e anatémico,
necessidade de tratamento e tendéncia a desenvolvimento de estagios avangados da

doenca.

Apesar dos avangos substanciais no diagnostico e tratamento para DMRI, a
prevaléncia estimada de comprometimento visual leve ou grave devido a essa doenga
aumentou globalmente em 10% entre 2000 e 2020.'°? Além disso, a cegueira
relacionada a DMRI € um problema crescente diante do progressivo envelhecimento
populacional. Sendo assim, o investimento em tecnologias de alta precisdo para
monitoramento da DMRI tanto na sua forma neovascular quanto na forma néao

neovascular representa um tépico de extremo interesse da comunidade cientifica.

O primeiro artigo dessa tese destaca o potencial de ferramentas baseadas em IA na
identificacao de padrdes de fluidos e criacdo de modelos preditivos que podem estimar
nao apenas a necessidade de tratamentos futuros, mas também desfechos
morfologicos tardios, como AM e FS. Um estudo desenvolvido pelo nosso grupo
anteriormente elaborou um modelo preditivo para desfechos visuais e necessidade de
tratamento aplicados a uma coorte padronizada do ensaio clinico TREND.*" A
aplicacdo de um modelo preditivo huma coorte de vida real, com as limitacbes

inerentes a esse tipo de estudo, incluindo menor padronizagédo do numero de cortes
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porimagem de OCT e a heterogeneidade no acompanhamento dos pacientes permitiu
testar a segmentacgao do algoritmo e demonstrar a efetividade do modelo. Esse estudo
identificou os 10 principais biomarcadores, funcionais e anatémicos, relacionados ao
maior numero de tratamento e maior progressao para estagios mais avangados da
doenga (Figura 4, artigo 1)*8. Como previamente mencionado, o volume de FSR esta
mais relacionado a uma maior quantidade de injecbes necessarias para “secar’ a
retina. O segundo biomarcador mais importante foi o DEP. Entretanto, ja foi
previamente publicado na literatura que o DEP responde de forma insatisfatéria ao
tratamento com anti-VEGF, ndo sendo um bom indicador, de forma isolada, para o
tratamento.931% Na predicdo para o desenvolvimento de AM, os principais
biomarcadores foram funcionais (acuidade visual ap6s o tratamento inicial e no
baseline, respectivamente) seguido pelo FIR. Respostas piores apds o tratamento
inicial podem estar relacionadas a um dano prévio aos fotorreceptores que, por sua

vez, podem preceder o desenvolvimento de atrofia.

Além disso, a ndo recuperacao funcional, muitas vezes presente apds o inicio do
tratamento com anti-VEGF, mostra o potencial de agressividade da atividade
neovascular e a importancia de uma intervengéo imediata para o melhor prognostico
visual. A literatura fornece provas convincentes de que o volume de fluido retiniano se
correlaciona com acuidade visual e de que a funcdo retiniana pode ser
irreversivelmente perdida em semanas em caso de atraso no encaminhamento e no
tratamento do paciente.*819%.196 Sobre o desenvolvimento de FS, o FIR foi o
biomarcador que mostrou uma correlacao mais forte. A correlagao estreita entre o FIR
e a perda de acuidade visual e, em particular, com o desenvolvimento de FS foi

também evidenciada nos artigos subsequentes desta tese.

Apesar da maior demanda de tratamento, o volume do FSR nem sempre apresenta
correlagdo com o resultado funcional final.*® Sabemos que o tratamento com inje¢des
intravitreas de anti-VEGF mensais representa uma sobrecarga financeira para o
sistema de saude publico e suplementar, bem como uma sobrecarga financeira e
emocional para os pacientes. Individualizar esse tratamento pode representar uma
oportunidade de diminuir o numero de inje¢des, mantendo o controle adequado da
doenca para determinados casos. Entretanto, esse acompanhamento de forma

precisa (em nanolitros) e personalizada se torna inviavel de forma manual na rotina
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diaria atribulada das clinicas oftalmoldgicas. A quantificagdo automatizada de fluidos
retinianos, como a utilizada nos estudos desta tese, pode auxiliar no monitoramento
individualizado dos pacientes de forma a melhor compreender a dindmica da doenca
e individualizar o esquema de tratamento no intervalo de poucos minutos. Um estudo
prospectivo, realizado pelo nosso grupo nos ultimos 3 anos, mostrou a viabilidade da
aplicagao desse modelo no dia-a-dia clinico do ambulatério de macula do Hospital
Geral de Viena e teve os resultados iniciais apresentados no congresso anual da
ARVO 2024 (Association for Research in Vision and Ophthalmology). 76107

Embora ainda nao exista uma explicacao clara que faca a corelagao direta entre fluido
e acuidade visual, acreditamos que os volumes de fluido retiniano desempenham um
papel importante na perda de integridade dos fotorreceptores e que esta ultima esta
fortemente correlacionada com os resultados visuais. Sendo assim, o estudo
reportado no artigo 2 foi realizado de forma a enfatizar a relagao entre os volumes de
FIR, FSR e DEP com a integridade da ZE. Os resultados mostraram que volumes
maiores de FIR e DEP foram significativamente correlacionados com o afinamento e
a perda da ZE o que impacta a integridade dos fotorreceptores e consequentemente
compromete desfechos visuais. O FSR, por outro lado, ndo apresentou correlagéo
significativa com o afinamento da ZE, sugerindo até um efeito protetor em
determinados contextos. Essa observacado € relevante pois corrobora a hipétese,
previamente discutida na literatura, de que o FSR pode, em alguns casos, ndo ser tao
prejudicial e contribuir para melhores resultados visuais a longo prazo. Entretanto, o
volume de FSR e a sua flutuagdo podem ser a chave para melhor compreender

quando ele se torna uma ameaca a visao.

Entendendo a necessidade de generalizagcao dos algoritmos de IA, foi desenvolvido o
estudo 3 que teve como foco uma andlise longitudinal utilizando o Fluid Monitor em
uma coorte brasileira de pacientes com DMRI neovascular. Os resultados mostraram
que volumes mais altos de FIR, DEP e FSR nos 6mm centrais da macula
correlacionaram-se com pior desfecho visual e maior risco de desenvolvimento de FS.
Esses achados se correlacionam parcialmente com os resultados encontrados na
coorte do FRB! de Zurique. Entretanto na coorte europeia o subgrupo de maior
volume de FSR néo foi correlacionado com piora da AV. Para melhor discutir essa

diferenca nos resultados, € importante ressaltar que a quantidade de fluido intra e
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subretiniano e volume do DEP no baseline da coorte brasileira foram
consideravelmente mais altos. Sendo assim, essa diferenca nos resultados reforca a
importancia de se avaliar o impacto dos fluidos retinianos por volume e por
compartimento. Como citado anteriormente, e reforgado nos resultados dessa analise,
pode haver um possivel limiar de tolerancia para o FSR, mas que necessita de estudos

adicionais, prospectivos para a sua comprovacao.

Uma vez analisado o real valor da IA, e a sua validagdo como ferramenta segura e util
para o manejo da DMRI neovascular, amplia-se grandemente o leque da sua
aplicacdo. A sua utilidade para o diagndstico e acompanhamento da forma atrofica da
DMRI tem sido confirmada por publicagdes recentes, incluindo os estudos do nosso
grupo. E muito provavel que ela possa também desempenhar um papel muito
importante no monitoramento domiciliar da DMRI, assim como de outras afecg¢des
retinianas. Ela podera ainda ser de grande auxilio no planejamento de ensaios
clinicos, permitindo, por exemplo, otimizar o processo de recrutamento e de selegao
dos pacientes. As discussdes desses tdpicos, assim como as novas aplicagdes da IA,

embora muito relevantes, fogem ao escopo deste trabalho.

Naturalmente, a implementagéo de algoritmos baseados em IA no diagnéstico e
tratamento da DMRI apresenta limitagbes. A demanda por grandes conjuntos de
dados para treinar modelos de IA pode introduzir vieses, ja que certas populagdes ou
variagbes nas caracteristicas da doengca podem estar sub-representadas. As
consideragdes éticas em torno da privacidade do paciente, segurancga dos dados e a
interpretabilidade das decisbes de |A também levantam preocupacdes e devem estar
em conformidade com diferentes 6rgaos reguladores em cada nag¢ao. Outro aspecto
a ser considerado sao modelos de reembolso adequados em caso de sistemas de
saude suplementar. A diversidade de dispositivos, o constante langamento de novos
equipamentos e as variagdes nos protocolos de imagem em diferentes abordagens

clinicas podem dificultar o desenvolvimento de algoritmos universalmente aplicaveis.

Esta tese contém trechos traduzidos do artigo de revisao, escrito pela prépria autora
e co-autores durante a elaboragao da tese. Este artigo, intitulado “Al-based support
for optical coherence tomography in age-related macular degeneration” , foi

recentemente publicado e esta anexado a essa tese como apéndice.%
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7 CONCLUSAO

Os modelos baseados em IA podem ser ferramentas uteis no acompanhamento
individualizado da progressao da DMRI utilizando a quantificagdo de biomarcadores

clinicos e subclinicos na pratica clinica.

O FSR é um forte fator preditivo da necessidade de tratamento, mas nem sempre esta

significativamente relacionado com a piora da BCVA.

O FIR é o fator preditivo mais importante da perda de visao e do desenvolvimento de
FS. Volumes maiores de DEP também foi correlacionada com piores resultados

visuais e com o desenvolvimento mais rapido de FS.

O volume mais elevado de FIR e DEP no baseline (subgrupo com 25% mais fluido
nos dois compartimentos) foi associado ao afinamento e perda mais avangadas da ZE
nos 1 mm e 6 mm centrais da macula, quando analisados os pontos temporais

selecionados.

A identificacao de sinais precoces de atrofia na pratica clinica € um passo importante

para um tratamento preciso e personalizado, minimizando o risco de sub-tratamento.

O algoritmo Fluid monitor, Retlnsight, Viena, mostrou eficacia na segmentacgéo e
quantificacdo do fluido retiniano na coorte brasileira. Ainda sdo necessarios mais
estudos que enfatizem a importancia do uso de tecnologias recentemente validadas,

especialmente algoritmos de DL em diversas popula¢gdes em todo o mundo.
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Abstract

Artificial intelligence (Al) has emerged as a transformative technology across various fiekds, and its applications

in the medical domain, particularly In ophthalmology, has gained significant attention. The vast amount of high-
resolution image data, such as optical coherence tomography (OCT) Images, has been a driving force behind Al
growth in this field. Age-related macular degeneration (AMD) is one of the keading causes for blindness in the
world, affecting approximately 196 milion people wordwide in 2020. Multimodal imaging has been for a long time
the gold standard for diagnosing patients with AMD, however, currently treatment and follow-up In routine disease
management are mainly driven by OCT imaging. Al-based algorithms have by their predsion, reproducibility and
speed, the potential to reliably quantify biomarkers, predict disease progression and assist treatment dedisions in
dlinical routine as well as academic studies, This review paper aims to provide a summary of the current state of Al
in AMD, focusing on its applications, challenges, and prospects,

Keywords Age-related macular degeneration, Anti-VEGF, Artificial intelligence, Choroidal neovascularization, Deep
learning, Drusen, Geographic atrophy, Optical coherence tomography

Introduction

Artificial intelligence (Al) spans a wide range of tech.
niques within computer science, executing tasks that
were traditionally performed by humans [1}. Machine
learning (ML) is a branch of Al firstly described by
Arthur Samuel in 1959 as the combination of computa-
tional science and mathematical concepts used to per-
form specific tasks without being explicitly programmed
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[2]. Deep learning (DL) is a dass of machine learning
techniques dedicated towards developing artificial neu-
ral networks with multiple levels of abstraction in which
task-specific features are not prespecified by human
engineers, but they are learned directly from data using
a general-purpose learning procedure [3). The integra-
tion of Al into the field of medicine is not a recent phe-
nomenon. The MYCIN system was developed at Stanford
University in the 1970s to assist in diagnosing and treat-
ing bacterial infections [4]. From there, the amount of
automated algorithms multiplied and more advanced Al-
based systems were developed including risk prediction
scales that are currently used in clinical practice [5-7].
Al has emerged as a transformative technology across
various fields, and its applications in ophthalmology have
gained significant attention due to the availability of large
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digital datasets from retinal imaging. The exponential
growth of interest from the scientific community can be
easily identified when analysing the raising numbers of
publications in recent years. Using “artificial intelligence”
and “ophthalmology” as keywords in PubMed there are
3187 publications from 1900 to 2023, 2820 (88%) of them
were published in the last 5 years.

Due to the large potential of multi-modal imag-
ing utilized for diagnostics and monitoring of vision-
threatening conditions in clinical routine, the retina
emerged as the most promising field for application of
AL Age-related macular degeneration (AMD) is one of
the leading causes of severe visual loss worldwide and
is described as a multifactorial interaction of metabolic,
functional, genetic, and environmental factors [8, 9].
Late-stage AMD is characterized by vision-impairing
lesions in the macula such as geographic atrophy (GA)
in non-exudative AMD or macular neovascularization
(MNV) in neovascular AMD (nAMD) [10]. Over the past
20 years, there were significant advances in diagnostic
tools, ultimately spectral-domain (SD) optical coherence
tomography (OCT) has become the gold standard imag-
ing modality in AMD [11, 12]. 10-15% of all AMD cases
advance to nAMD and often suffer from fast progressing
devastating visual impairment. Thus, the introduction of
intravitreal vascular endothelial growth factor (VEGF)
inhibition in 2006 for treating nAMD was a landmark
event in disease management [11, 12]. However, the half-
lives of these biological drugs are short and in the con-
text of chronic treatment over lifetime, may represent
an important burden to the patient and to the health
care system [13, 14]. Clinical trials such as PULSAR,
TENAYA and LUCERNE analyzed treatment efficacy of
more extended regimens in order to address this problem
[15, 16]. Furthermore, the first intravitreal complement
system inhibitors were approved by the US Food and
Drug Administration (FDA) in 2023 to treat patients with
GA, [17] representing an additional burden on already
stressed health care systems.

Fortunately, efficient Al algorithms relying on high
resolution imaging have the potential to reduce time
effort and improve quality standards in evaluating disease
activity in clinical practice. OCT images are character-
ized by their high-resolution depiction of retinal struc-
tures, containing many millions of pixels in each volume,
providing the most critical parameters for guiding treat-
ment decisions in AMD [18]. This review paper aims to
provide an overview of the current state of Al in OCT
in AMD focusing on its applications, challenges, and

prospects.
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Al In retinal Imaging

Before the advent of Al-based tools, management of
retinal pathologies relied mostly on dichotomous param-
eters, meaning subjective assessment of presence or
absence of specific biomarkers. A binary approach often
underestimates biomarker dynamics and the intricate
nature of all retinal conditions, including AMD. The
multi-modal approaches lead to an enormous amount
of information for each patient at each visit. However,
traditional methods struggle to capture the subtle varia-
tions in pathology, such as atrophy progression, fluid
volume and fluctuation. Moreover, novel biomarkers of
relevance are subclinical in nature such as photorecep-
tor layer loss consistent with the ellipsoid layer attenua-
tion. Hence, advanced Al detection tools are needed to
reliably inform the clinician about the state of the disease
in GA. Nevertheless, the ageing population causes a con-
tinuous growth in the prevalence of AMD worldwide,
demanding novel strategies capable of screening as well
as precisely following disease progression in a faster and
reliable manner. Al enables a prompt analysis by quan-
tifying various parameters, that are usually challenging
to assess comprehensively by humans in a busy clinical
practice [19, 20].

Early detection is paramount in managing retinal dis-
eases as it allows for timely intervention in case of con-
version to sight-threatening stages of the disease. For
example, the presence of large confluent drusen, sub-
retinal drusenoid deposits, refractile deposits, large and
central pigment epithelial detachment (PED) and vitel-
liform material on intermediate AMD were described
as phenotype precursors for GA development [21, 22].
Multimodal imaging is a praised gold standard to identify
retinal biomarkers. Historically, color fundus photogra-
phy (CFP) played an important role in screening due to
its non-invasive and fast acquisition and broader avail-
ability of devices, including the recent emergence of por-
table handheld devices or applications on smartphones.
Due to lower complexity of this imaging modality poten-
tially less intricate algorithms are able to automatically
analyze the images [23]. Al-based technology applied on
CFP enables the detection of biomarkers such as drusen,
haemorrhages and pigment abnormalities and may clas-
sify the eye following a binary (referable or non-referable)
or multi-class scale (no AMD, early, intermediate, or
advanced AMD) [24, 25]. A previous study showed sensi-
tivity and specificity of Al-based screening for intermedi-
ate and advanced AMD using CFP achieving 93.2% and
88.7%, respectively [26]. However, limitations including
real-world applicability and generalizability as well as
demonstrating the long-term benefits on functional out-
comes still need further prospective studies. So far, CFP
has not been able to provide other than descriptive epi-
phenomena of AMD.
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Fundus autofluorescence (FAF) emerged as a non-
invasive imaging modality able to detect light emission
from fluorophores such as lipofuscin, supposedly present
within the outer segment of photoreceptors and the RPE.
This property allowed FAF to further distinguish retinal
lesions such as pseudo-drusen and atrophic regions [27].
Usually, blue-light FAF (488 nm excitation wavelength)
is most commonly used for imaging AMD, however lon-
ger wavelengths, such as green or near infrared, have
shown advantages in detecting subtle changes. Recently,
Al-based algorithms applied on FAF imaging were devel-
oped with the potential of automated segment macu-
lar lesions in GA [28, 29]. However, FAF devices are not
readily available in dlinical practices. Furthermore, the
perilesional patterns such as diffusely or focal granular,
branching or reticular lipofuscin deposits can be subjec-
tively interpreted and do not reliably correlate with GA
lesion progression as neurosensory structures such as
photoreceptors are not depicted by FAF.

The amount of information increases by millions due to
the pixel-wise extraction when using Al on OCT images
[30, 31]. OCT is a non-invasive real-time high-resolution
imaging tool of the retina, which, combined with robust
algorithms, has the potential to diagnose retinal disease
and predict advanced stages, treatment response and
visual outcomes in AMD [32].

De Faw et al. from the Google group presented the
use of automated algorithms in the triage of retinal dis-
eases at Moorfields Eye hospital, determining therapeutic
referral need of a patient’s condition. One of the algo-
rithms presented referral recommendations reaching or
exceeding the performance of eye care professionals for
a range of sight-threatening retinal diseases [33]. The use
of this technology on screening and referral pathways
may open a cost-effective solution and could increase
accessibility in areas of imbalance between caregivers
and patients.

Since safety is a key issue in the Al field, the perfor-
mance of human specialists and algorithms are compared
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to test and validate automated algorithms. For detection
of retinal fluid in AMD patients, an Al-based algorithm
showed higher accuracy than eye care professionals, [34)
reinforcing the power of these automated measurement
tools.

Post hoc analyses offer a good opportunity to validate
and refine Al algorithms. However, the utilization of
large-scale datasets, such as the Intelligent Research in
Sight (IRIS) Registry, may be instrumental in prospec-
tively evaluating Al systems in real-world scenarios [35].
The integration of Al with big real-world datasets not
only facilitates the validation of Al technologies, but also
contributes to the evolution of precision medicine by tai-
loring interventions based on the complexities observed
in diverse patient populations. Nevertheless, in IRIS,
image collection has not yet been integrated into Al and
the variability of multiple devices and scan patterns used
will present an important obstacle in performing a uni-
form image analysis.

Al techniques In OCT analysis

Al-based OCT analysis typically rely on different DL
methods including convolutional neural networks
(CNNs) and generative adversarial networks (GANs).
CNNs in particular have been at the forefront of Al-
driven image analysis in ophthalmology and in retina
[36]. They exploit the fact that adjacent pixel values in the
image are correlated and they excel at extracting hierar-
chical features from images, making them particularly
effective for the vast amount of high-resolution image
data present on OCT. In the context of AMD, CNNs can
automatically learn and detect relevant retinal features
to perform diverse tasks, such as layer segmentation and
fluid quantification (Fig. 1) [37]. For example, Mishra
et al. used CNNs to develop a shortest-path algorithm
of 11 retinal layers, drusen and subretinal drusenoid
deposits in SD-OCT based on probability maps (Fig. 2)
[38]. Transfer learning, which involves fine-tuning pre-
trained CNN models on OCT data, has proven beneficial

Neural network

vl neuralr

Fig. 1 Cornolut ekwith an

der-decoder architecture to identify intraretinal fluid (green) and subeetinal fluid (bluc). The retinal tissue

is marked in red Reproduced with permission from Schlegl et al, 2022 (37]. (For interpretation of the references to calor in s figure legend, the reader

is referred to the Web version of thas article)
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Fig. 2 Deep leaming utilizing a short-path approach for sagmenting retinal layers. Orange boxes reprasant training steps and gray boxes represent evalu-

ation steps. Reproduced with permission from Mishea et al,, 2020 [38]

for small datasets by leveraging knowledge gained from
larger related datasets.

Layer segmentation is a critical step in extracting ana-
tomical structures from OCT images. Al-powered seg-
mentation algorithms employ techniques like U-Net,
a convolutional network architecture tailored for seg-
mentation tasks. Indeed, a precise segmentation aids in
identifying disease-specific features such as photorecep-
tor integrity, defined as continued segmentation of the
area between the top of the ellipsoid zone and the outer
boundary of the interdigitation zone, and RPE layer dis-
ruption, enabling more accurate diagnosis and disease
progression assessment [39-41],

Furthermore, GAN is a deep learning method that
consist of two neural networks, a generator, and a dis-
criminator, automatically working in tandem to produce
high-quality synthetic data. In OCT analysis for AMD,
GANs can aid in data augmentation for addressing the
challenge of imbalanced datasets and for training mod-
els to detect abnormalities on OCT without the need for
manual labelling [42]. GAN-generated images can also
be applied for super-resolution and denoising in OCT
images [43].

The foundation model’s ability to leverage vast datas-
ets for nuanced pattern recognition can play an impor-
tant role in the early detection of retinal diseases [44].
A self-supervised learning-based foundation model was
recently described as capable of training on unlabelled
retinal images and showing satisfactory performance in
detecting ocular disease and predicting systemic disease

based on retinal imaging. Furthermore, it holds promise
for democratizing access to medical Al and advancing
clinical implementation by providing a publicly available
resource for further research and applications [44].

Al In OCT In Intermediate AMD
Patients with early and intermediate AMD frequently
show few to no symptoms. The speed of progression to
advanced stages varies widely, hence it is of great impor-
tance to accurately identify key biomarkers and to pre-
dict the patient’s conversion, as vision loss occurs only
in advanced stages with foveal destruction. Since early
interventions with intravitreal therapies are more ben-
eficial in preserving visual function of patients, there is
a strong drive towards early detection of converters [45].
Multiple prognostic markers have been identified preced-
ing conversion to advanced AMD indluding demograph-
ics, genotype and structural features. For example, the
location, volume and size of drusen indicated the pro-
gression to nAMD, whereas outer retinal thinning led to
GA [46]. However, the features are confluent suggesting a
common mechanism among the different types of AMD.
Subretinal drusenoid deposits (SDD) have been shown
to be a significant biomarker, associated with a higher
risk for developing type 3 MNYV, outer retinal atrophy
and GA [47, 48]. Therefore, it is desirable to automatically
quantify them and implement in predictive progression
models. However, segmentation of SDD can be challeng-
ing. A previous study showed an overall substantial inter-
reader agreement regarding the presence of SDD, but a



Mares et al. International Joumal of Reting and Vitreous

slight and moderate inter-reader agreement for presence
of type 1 and type 2 SDD on selected OCT B-scans [49].
Furthermore, a larger difference between human graders
and Al was reported for SDD when compared to drusen
[38]. With targeted efforts in this field, automated SDD
detection is advancing.

The ongoing PINNACLE trial consisting of multimodal
imaging including over 400.000 OCT images from AMD
patients with a follow-up of up to 3 years is conducted
to characterize and validate biomarkers for conversion
and, as secondary outcome, develop predictive risk mod-
els [50]. Recently, a DL dassifier was developed using
data from the PINNACLE study identifying normal eyes
and the onset of early and intermediate AMD, GA and
nAMD automatically. It consists of a two-stage CNN cat-
egorizing disease stages with an AUC of 0,94 in a real-
world test set [51]. Based on multiple risk factors for
conversion identified, ML algorithms were developed to
predict nAMD or GA conversion in fellow eyes of nAMD
patients [52, 53]. Using the HARBOR trial dataset, an
algorithm showed that converters to nRAMD present dif-
ferent patterns than GA converters such as thickening
of the RPE drusen complex, increased drusen area, HRF
and outer nuclear layer (ONL) thickening in areas with
hyperreflective foci. GA-converters on the other hand
show global ONL thinning, RPE and inner segment/
outer segment junction (IS/OS) thinning and hyperre-
flective foci in the ONL. This predictive model achieved
an AUC of 0.68 with 0.46 specificity and 0.80 sensitivity
for nAMD and a higher AUC of 0.80 with 0.69 specificity
and 0.80 sensitivity for GA prediction [53].

Alin OCT in nAMD

Automated tools for guiding anti-VEGF therapy in
nAMD is not new. Central subfield thickness (CST) is an
automated measurement tool, widely used as endpoint
and guide for treatment decisions in many clinical trials
[14, 54]. However, this parameter does not provide any
detailed information about location and extension of dis-
ease-specific activity and is often not adequately aligned
in diseased macula. Furthermore, it does not distinguish
between neurosensorial layers, retinal fluid compartment
and pigment epithelial detachments. Previous studies
have shown a weak correlation between CST and visual
acuity as well as between CST and retinal fluid volumes
[55, 56]. Moreover, in recent dinical studies compar-
ing durability of the novel substances CRT values were
used in various and irreproducible combinations mak-
ing an objective comparison of the novel therapeutics
impossible.

The most recent Al-based algorithms developed for
OCT involve biomarkers such as fluid volume quanti-
fication in each compartment (intra- and subretinal),
fibrovascular PED, subretinal hyperreflective material
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(SRHM) and hyperreflective foci [10, 19]. Despite the
importance of all high-order biomarkers on disease clas-
sification and progression, [57, 58] post hoc analysis from
TREND study and from the Fight Retinal Blindness! data-
set using DL and ML showed that retinal fluid is still the
most important anatomical biomarker for predicting dis-
ease activity, treatment demand and visual outcomes in
nAMD (59, 60]. Indeed, recent analysis showed that not
only the location of fluid is important for disease pro-
gression, however the dynamic fluctuation of each reti-
nal fluid has a high impact on the outomes [61]. Volumes
and changes in volumes of retinal fluid have a substan-
tial impact on vision outcome. Higher IRF and PED were
associated with worse visual outcomes, despite IRF being
the fluid type with faster response to anti-VEGF therapy.
SRF showed slower resolution, intuitively leading to an
increased number of injections during the first year in
a pro-re-nata regimen, however no significant correla-
tion with worse functional outcomes was found presum-
ably due to the predominant location of SRF outside of
the central 1 mm of the fovea [59, 60, 62]. This highlights
the notion that traditional treatment patterns have to
undergo a reality check by a rigorous structure/function
correlation. In long-term follow up, retinal fluid volumes
and visual acuity are not generally, but individually cor-
related, indicating a concomitant neurodegenerative
process [63). Furthermore, despite “regular” treatment,
most of nAMD patients are prone to develop subretinal
fibrosis and macular atrophy with time [64, 65]. Higher
amounts of fluid, particularly volume fluctuations, the
presence of subretinal hyperreflective material and MNV
type revealed to be correlated with atrophy or fibrosis
development [61, 66-68]. Photoreceptor loss and RPE
loss were strongly correlated with development of macu-
lar atrophy [69]. Thus, to better understand late anatomi-
cal outcomes, early changes on the photoreceptor layers
in association with fluid behaviour may be further inves-
tigated through precise in vivo measurments [70]. Fur-
thermore, there is still an open question if SR, overall or
dependent on its dynamics, might be protective against
macula atrophy development in patients with nAMD
[71].

OCT angiography (OCTA) represents a powerful non-
invasive technology able to analyse choroidal and reti-
nal vessels, incdluding MNV characteristics in nAMD. A
previous study analysing MNV characteristics using
OCTA found a correlation between higher vessel tortu-
osity within the MNV area and worse visual outcomes
as well as stronger trend to atrophic changes, despite
lower exudation at baseline [72]. In the other hand, Sul-
zbacher et al. reported no significant correlation between
OCTA patterns such as vessels density of the neovascu-
lar lesion and BCVA [73]. An automated and precise tool
applied to choroidal flow, vessel density and other MNV
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characteristics may open new perspectives on vascular
biomarkers.

Home monitoring OCT

Home monitoring OCT has emerged as an innovative
technological paradigm aimed at optimizing the surveil-
lance of individuals affected by chronic sight-threatening
pathologies, notably those requiring recurrent monitor-
ing and fast intervention, such as nAMD [74]. Home
screening tests for nAMD are not a novelty. Amsler grid
and preferential hyperacuity perimetry has been previ-
ously proposed to detect metamorphopsia as an early
sign of choroidal neovascularization in AMD patients
[74, 75). The current development of an Al-based fluid
monitoring algorithm implemented on a home OCT
device (The Notal Vision Home OCT system) showed
promising results with feasible self-scan rates. This tech-
nology is not yet available on the market, however it
showed feasibility in early detection of biomarkers and
advanced stages of AMD such as neovascularization [76].
Home monitoring OCT may bring advantages includ-
ing a decreased number of visits to the eye hospital and
close monitoring of disease progression. However, there
are challenges such as quality of data acquisition, safety
of data transfer and integration of the acquired data into
a local healthcare system. A previous economic evalua-
tion based on a simulation showed that a home visual-
field monitoring system for early CNV detection was
cost-effective compared with scheduled examinations
alone on patients at risk of developing nAMD [77]. Fur-
ther cost-effective simulations should be conducted for
new devices. Additionally, the concomitant escalation in
data volume stemming from increased imaging moni-
toring frequencies is a major issue. Also, compliance has
always prevented reliable and long-term self-monitoring
in chronic disease. Shared-care as already implemented
in Great Britain with community-based monitoring
“around the corner” by fully equipped opticians may be
a more realistic model, particularly if supported by stan-
dardized Al-based detection tools.

Al In geographic atrophy

GA is characterized by degeneration of the photorecep-
tors and RPE, accompanied by degeneration of the sub-
jacent choriocapillaris, leading to irreversible vision loss
[78, 79]. The literature mentions that GA affects around
5 million people worldwide, [80] however this number
might be underestimating the total number of patients,
as it primarily accounts for fovea-centered lesions. Con-
sequently, it overlooks a significant spectrum of the dis-
case in earlier stages all arising from the perifoveal arca
and being non-symptomatic. The diagnosis of GA was
initially based on fundus photography [81]. Blue-light
fundus autofluorescence (FAF) emerged as a valuable
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tool in diagnosing GA, since the degeneration of the
RPE results in a clearly demarcated area of hypo-auto-
fluorescence. Near-infrared reflectance (NIR) imag-
ing, which has a longer wavelength, has also provided a
benefit for visualization of GA lesions with lower inter-
ference caused by the macular luteal pigments |28, 82].
Therefore, the number, location and size of GA lesions as
well as other disease-specific biomarkers could be mea-
sured easier with FAF [83]. Therefore, FDA and European
Medicines Agencies accepted FAF-based measurements
of changes in GA area as anatomical endpoint in the
ecarly clinical trials [84, 85]. Availability of high-resolution
three-dimensional OCT imaging together with Al tools
detecting the pathognomonic neurosensory, yet subclini-
cal features not accessible to human spedialists by retinal
images alone, but accurately visualized on OCT-based Al
analysis represent the novel horizon of precision medi-
cine [28, 29, 86].

In dinical practice, OCT devices are widely available
and are the gold standard in monitoring AMD. SD-OCT
provides a more detailed information of the condition
of the outer retinal layers, including the degeneration
of photoreceptors in the lesions’ active junctional zone
[47, 87). Therefore, OCT might provide more insights
into progression patterns due to the detailed visualiza-
tion of photoreceptor alteration. In a post-hoc analysis
of the FILLY phase 2 clinical trial data set, findings from
OCT imaging were consistent with FAF results measur-
ing the RPE defect. Both imaging modalities could prove
the superiority of treated patients regarding RPE loss,
but only three-dimensional assessment in OCT was able
to reveal carly superior maintenance of photoreceptor
integrity with complement inhibition [88]. To precisely
measure these parameters, a DL algorithm segmenting
A-scan regions on SD-OCT was dinically validated and
tested using study datasets as well as real world images
(Fig. 3) [88]. The GA monitor computes topographic
maps and measurements of RPE and photoreceptor
integrity loss based on 3D imaging and is accessible by a
simple upload of a standard OCT image to the Heidel-
berg engineering Spectralis AppWay [41]. In the con-
secutive phase 3 studies, Oaks and Derby, high statistical
significance with p<0.0001 was provided demonstrating
that disease activity, i.e. GA growth correlated with the
ratio between photoreceptor integrity loss and RPE loss,
i.e. the PR/RPE loss ratio. The PR/RPE ratio also strongly
determined the level of therapeutic benefit in the study
results qualifying as a most reliable clinical parameter for
treatment indications in GA (Fig. 4) [89, 90].

As the question remains unclear which patients should
be treated, clinidans search for predictors of discase
activity. For this purpose, a validated algorithm was used
to predict topographic progression of GA by analysing
RPE loss, photoreceptor integrity and hyperreflective foci
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Fig. 3 Geographic atrophy (GA) lesion from two patients at baseline (BSL) (upper row) and at month 12 (lower row) from OAKS clinical trial dataset auto-
mated segmented with the Al-based GA monitor Retinal pigment epithelium (RPE) loss (blue) and photoreceptor integrity loss (green) are shown as en
face visualizations (left) and example B-scans (nght). RPE koss extends into regions of peeexisting PR loss

(HRF) [53]. Higher progression rates of GA were associ-
ated with atrophies closer to the fovea, HRF at the junc-
tional zone and thinner photoreceptor layers. These tools
could help in identifying progression patterns, which
would support clinicians to better identify patients, who
would benefit from a potentially life-long treatment.

Al-based OCT tools In clinical trials

Despite the previously mentioned potential of using Al
in dlinical practice, another evident application pertains
to the recruitment processes in clinical trials for AMD.
Developing a new drug presents a financial challenge,
attributable to regulatory requirements, extensive data
collection and usually prolonged timelines associated
with dinical trials. The use of ML and DL models exhibit
substantial promise in accelerating the enrolment of par-
ticipants who are more likely to present faster progression
to advanced stages of the disease, may present stronger
response to specific novel therapies, and demonstrate a
reduced likelihood of premature withdrawal from a trial
[91]. An efficient selection process can increase sample
size and consequently the detection of statistically signifi-
cant differences between groups on a trial [53]. On the
other hand, selecting patients with higher disease activity
and possibly stronger response to a specific therapy could
improve patient enrolment in clinical trials. Additionally,
automated algorithms can assess morphological end-
points in a precise and reliable manner, most importantly
in real-time for all clinical sites providing highest image
quality as the images immediately undergo analysis
control. Especially in GA, functional endpoints such as
best-corrected visual acuity are frequently insufficient to

describe all aspects of visual impairment [83]. Structural
biomarkers are less influenced by patient compliance
than functional endpoints. Clinical trials have been per-
formed to study how disease activity assessment is influ-
enced and supported by Al-based enrichment of OCT
images. RAZORBILL (NCT04662944), Notal Vision
Home OCT study (NCT04642183), and a prospective
study using fluid monitoring (NCT05093374) are exam-
ples of ongoing trials using automated segmentation of
retinal fluid volumes. A clinical trial using a DL algorithm
on OCTA (NCT05969418) to analyze neovascular mem-
brane vessel characteristics has started and as previously
mentioned in this review the PINNACLE clinical trial
cohort is being conducted for Al-based segmentation
of early atrophy and fluid-related biomarkers on OCT
(NCT04269304). Less intricate algorithms based on CFP
segmentation are also under investigation for screening
purposes such as iPredict (NCT04863391) and VeriSee
AMD (NCT05593913).

The limitations of Al-based algorithms

The implementation of Al-based algorithms in AMD
diagnosis and treatment comes with the known limita-
tions of innovative approaches. The demand of large
datasets for training Al models may introduce biases, as
certain demographics or variations in disease character-
istics may be underrepresented. The ethical consider-
ations surrounding patient privacy, data security, and the
interpretability of Al decisions also raise concerns and
must comply with different regulations in each nation.
Another aspect to consider are adequate reimbursement
models. Furthermore, the diversity of devices, launch of
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Fig. 4 Example of 2 lesions with gecgraphic atrophy and different PR/RPE loss ratios. PR loss is marked in green and RPE loss in red. (a) shows a lesion
with a small PR/RPE loss ratio and (b) a lesion with a large PR/RPE loss ratio at baseline. Letters (c) and (d) show the respective lesions at month 12 with
significantly faster growth in the lesion with the higher ratio (d). Reproduced with permission from Schmidt-Erfurth et al,, 2023 [90]

new imaging machines, and variations in imaging proto-
cols across different clinical settings can hinder the devel-
opment of universally applicable algorithms. While Al
in retinal images holds promise, addressing these limita-
tions is crucial to realizing its full potential in enhancing
diagnostic accuracy and ensure its effective and ethi-
cal integration into clinical practice. The overwhelming
introduction of OCT imaging hand-in-hand with anti-
VEGF therapy using OCT hardware as a “fluid meter”
clearly serves as a potent role model for the introduction

of OCT-based Al analysis in times of GA management,
an even bigger responsibility, 20 years later.

Conclusion

Al-based models can strongly benefit clinical practice
and research in AMD. Multimodal imaging, the con-
ventional standard for diagnosing patients with AMD, is
being replaced by OCT imaging. Furthermore, DL and
ML algorithms showed the potential of reliably quan-
tifying biomarkers, predicting disease progression and
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assisting treatment decisions. The next steps have to be
taken for bringing Al from clinical research to its clearly
needed application in everyday clinical practice, however,
ongoing advances in the field are steadily narrowing this
w.
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