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Drusenoid pigmentepitelavløsning og aldersrelatert makuladegenerasjon 

 

Evaluering av behandling, det naturlige sykdomsforløp, og bruken av kunstig intelligens 

til å identifisere og visualisere sykdommen 

 

Tematisk tittel  Store avleiringer under den gule flekken i øyet 

Behandling, naturlig forløp og kunstig intelligens 

 

Pasienter med aldersrelatert makuladegenerasjon og væskeansamling (serøs 

pigmentepitelavløsning) eller avleiring av fettstoffer (drusenoid 

pigmentepitelavløsning) i den gule flekken i øyet har en høy risiko for utvikling av et 

endestadium av sykdommen med tap av sanseceller eller nydannelse av blodårer, og tap 

av synsfunksjon. I den første studien i avhandlingen testet vi behandling mot 

nydannelse av blodårer ved serøs og drusenoid pigmentepitelavløsning. Noen studier 

kunne indikere at behandling stabiliserte sykdommen selv om nydannelse av blodårer 

ikke kunne påvises, men det fantes ingen randomiserte kontrollerte studier som hadde 

testet dette. Vi tenkte at pasientene kunne ha nydannelse av blodårer som ikke kunne 

påvises med dagens bildeteknologi. De fleste pasientene som hadde serøs 

pigmentepitelavløsning ble ikke inkludert i studiet på grunn av at de hadde nydannelse 

av blodårer, de resterende pasientene hadde drusenoid pigmentepitelavløsning. Etter at 

studien var startet kom det ny kunnskap om en bildeteknologi som kunne identifisere 

forstadiene til et endestadium av sykdommen som det ikke finnes behandling for, og da 

75% av pasientene i studien hadde dette stoppet vi videre inkludering og behandling. På 

grunn av et lite antall studiedeltakere kunne vi ikke konkludere om behandlingseffekt. 

Studiedeltakerne som allerede var inkludert ble fulgt i 2 år, og både de som hadde fått 

behandling og de som ble observert mistet synsfunksjon og hadde progresjon mot et 

endestadium av sykdommen med totalt bortfall av sanseceller i den gule flekken. 

Erfaringene fra denne studien viste at kunnskapen om pasienter med drusenoid 

pigmentepitelavløsning ikke var tilstrekkelig med dagens bildeteknologi, og dette var 

grunnlaget for den andre studien i avhandlingen.  



 

ii 
 

I den andre studien i avhandlingen fulgte vi pasienter som hadde drusenoid 

pigmentepitelavløsning med den nye bildeteknologien og målte synsfunksjon. Vi tenkte 

at store drusenoide pigmentepitelavløsninger hadde en negativ påvirkning på 

synsfunksjonen og sansecellene i netthinnen. 1-års resultatene viste en sammenheng 

med økende størrelse på drusenoide pigmentepitelavløsninger og redusert syn og tap av 

sanseceller også før utvikling av endestadium av sykdommen. Dette arbeidet er 

publisert i et velrenommert tidsskrift. 

I den tredje studien i avhandlingen trente vi en kunstig intelligens til å skille 

aldersrelatert makuladegenerasjon fra friske i tredimensjonale bilder av netthinnen. Den 

kunstige intelligensen ble ikke instruert i hva som kunne være sykdomstegn i bildene, 

og dette måtte den lære selv. Ved hjelp av en ny visualiseringsmetode kunne vi få 

innblikk i hva den kunstige intelligensen identifiserte som sykdom, og på denne måten 

kan det være mulig å oppdage nye sykdomstegn. Visualiseringsmetoden viste oss at den 

kunstige intelligensen brukte etablerte kjennetegn ved identifisering av sykdom, men 

også ikke fullt så etablerte kjennetegn som nervefiberlaget i netthinnen og 

blodårehinnen.  

Den første studien i avhandlingen var en randomisert kontrollert studie. Den andre 

studien rapporterte 1-års resultatene fra en større observasjonsstudie av pasienter med 

aldersrelatert makuladegenerasjon og drusenoid pigmentepitelavløsning i helse Midt-

Norge og helse Vest med 5 års planlagt oppfølgingstid. Den tredje studien var et 

samarbeid med institutt for datateknologi og informatikk for å utvikle og teste en 

kunstig intelligens til å identifisere og visualisere aldersrelatert makuladegenerasjon. 
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Summary 
 

Patients with age-related macular degeneration (AMD) and serous or drusenoid pigment 

epithelial detachments (PEDs) have a high risk of progression to geographic atrophy, 

choroidal neovascularization, and a loss of visual function. The abundance of lipids and 

proteins constituting drusenoid PEDs makes it challenging to visualize the choroidal 

blood circulation and probably also the choroidal neovascularization with the imaging 

technology available today. Case reports and studies have shown that treatment of 

serous and drusenoid PEDs with anti-vascular endothelial growth factor (anti-VEGF) or 

photodynamic therapy (PDT) could stabilize or improve visual function in the absence 

of choroidal neovascularization on angiography. There were none randomized 

controlled trials that had tested treatment with anti-VEGF or PDT for serous or 

drusenoid PEDs, and this was the foundation for our first study. However, most of the 

patients with serous PEDs were ineligible because of CNV, and one patient had a 

misdiagnosis and was excluded from statistical analysis because of central serous 

chorioretinopathy. In addition, new studies described precursors of end-stage 

geographic atrophy on spectral-domain optical coherence tomography (SD-OCT), and 

because 75 % of the included patients were in the progression of atrophy, further 

inclusion and treatment were stopped. The ability to describe atrophy on SD-OCT years 

before they were visible on color fundus photography made it evident that the 

knowledge about the natural history of drusenoid PEDs with today’s imaging 

technology was insufficient, and the prospective observational Norwegian Pigment 

Epithelial Detachment Study (NORPED) was formed. The 1-year result showed that 

there was progressive atrophy with a decrease in best-corrected visual acuity and central 

retinal thickness during the earlier growth phase of drusenoid PEDs, and none 

developed choroidal neovascularization. A large amount of data was gathered with 

multimodal imaging in the NORPED study, some of which are better suited for machine 

learning. SD-OCT volumes have an abundance of information that could potentially 

represent new features of AMD. With the collaboration of the Department of Computer 

Science, we developed a deep learning model to detect AMD, and through the 

adaptation of a novel high-resolution visualization method, show the points of interest 
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in the images associated with the disease. The deep learning model identified AMD and 

controls with high performance. Known image regions associated with AMD such as 

drusen, the photoreceptor layers, and the retinal pigment epithelium layer were points of 

interest in the SD-OCT image associated with AMD. Interestingly, the retinal nerve 

fiber and choroid layer were also points of interest, and their association with AMD 

remains to be determined. High-resolution visualization methods in deep learning do 

not only provide feedback to the clinician but might also increase our knowledge of the 

disease. 
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Figure 1 Multimodal imaging of a drusenoid pigment epithelial detachment.  

(A) Multicolor image. (B) Near-infrared reflectance image. (C) Optical coherence 

tomography scan. (D) Fundus autofluorescence image. (E) Fluorescein angiography 

image. (F) Indocyanine green angiography image. (G) Optical coherence tomography 

angiography scan. Scale bar = 200 μm. (Tvenning et al. 2020). CC BY-NC-ND 4.0. 

 

1. Introduction 
 

Drusenoid pigment epithelial detachment (DPED) is an uncommon manifestation of 

age-related macular degeneration (AMD) with an excessive accumulation of soft drusen 

material and fluid inside Bruch’s membrane under the retinal pigment epithelium (RPE) 

(Figure 1C) (Cukras et al. 2010). Patients with DPEDs have a high risk of losing visual 

acuity due to choroidal neovascularization (CNV) and central geographic atrophy 

(Roquet et al. 2004; Cukras et al. 2010). The drusenoid material partially blocks 

visualization of the underlying choroidal vasculature (Figure 1E-G) (Arnold et al. 

1997), and probably also CNVs. Our hypothesis for the first study in this thesis was that 

treatment with anti-vascular endothelial growth factor or in combination with 

photodynamic therapy (PDT) and triamcinolone acetonide could be beneficial in 

patients with large pigment epithelial detachments (PED) and no visible CNV on 

angiography. This study was designed to include both patients with DPEDs and serous 
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PEDs secondary to AMD. However, most patients with serous PEDs were ineligible 

because of CNV, and one patient had a misdiagnosis and was excluded from statistical 

analysis because of central serous chorioretinopathy. The remaining patients had DPED. 

During the first year of the study, descriptions of spectral-domain optical coherence 

tomography (SD-OCT) findings that preceded central geographic atrophy on color 

fundus photography were published (Wu et al. 2014). An interim analysis of our six 

months data showed that 75% of our included patients were in the progression of 

atrophy, and further inclusion and treatment of patients were stopped. We believed that 

the patients were too far in the progression of atrophy to justify the potential risk of 

treatments. In addition, treatments with PDT could hasten the progression of atrophy, 

and the role of anti-vascular endothelial growth factor (anti-VEGF) in the progression of 

atrophy remains to be determined. The included patients were followed for two years, 

and their progression of atrophy on SD-OCT was described.   

The possibility to find precursors on SD-OCT many years before the development of 

central geographic atrophy on color fundus photography was the foundation for our 

observational study, the Norwegian Pigment Epithelial Detachment study (NORPED). 

Finding precursors of central geographic atrophy in eyes at risk of developing this 

endpoint are the first steps for future treatment trials. The NORPED study has a planned 

follow-up period of 5 years and aims to describe the natural history of DPEDs in central 

and western Norway. Our hypothesis for the second study, as previously suggested by 

Mrejen et al. (Mrejen et al. 2013), was that the increasing DPED volume, and 

subsequent distance to the choriocapillaris, would be associated with progressive outer 

retinal atrophy and a decrease in best-corrected visual acuity (BCVA) and central retinal 

thickness. Multimodal images were obtained of patients in the NORPED-study, and this 

abundance of information, particularly in the SD-OCT volumes, is suited for analysis by 

artificial intelligence and deep learning (Schmidt-Erfurth et al. 2018). Deep learning 

models have shown performance equal to or better than human experts in the field in 

diagnosing retinal disease on color fundus photography or SD-OCT images (Ting et al. 

2017; De Fauw et al. 2018; Kermany et al. 2018). The deep learning models are not 

instructed in what parts of an image represent disease, and they extract these features 

out of the diseased images compared to the control images (Schmidt-Erfurth et al. 

2018). With our third study, we wanted to understand what parts of an SD-OCT image 
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that were important in the identification of AMD. The most commonly used 

visualization methods in deep learning are of low-resolution, or they alter the 

architecture of the models, potentially limiting their performance. We modified a novel 

visualization method capable of showing precise points of interest associated with AMD 

in the SD-OCT images (Mopuri et al. 2019).  

Thus, with three different studies and designs, we have tried to evaluate treatment, 

observe the natural history of the disease with new technology, and utilize artificial 

intelligence to detect AMD and visualize the SD-OCT image regions associated with 

the disease.  

The next sections of this chapter intend to establish the background and knowledge 

available of DPEDs at the start of the first study. In addition, to understand DPED 

pathophysiology, we will look at the physiology and aging of the macula, the 

pathophysiology of AMD, and previously attempted and current treatments. Artificial 

intelligence, deep learning, and visualization methods will be explained, with current 

applications and previous studies on AMD.  

 

1.1 Physiology and aging of the macula 

 

In the human macula, the rods outnumber the cones. Cones are responsible for sharp 

and color vision, while the rods are responsible for night and peripheral vision. The 

perifovea is predominantly rods, while the fovea constitutes only cones (Curcio et al. 

1990). Rods and cones are highly metabolically active and require the support of RPE 

and Müller cells to recycle vitamin A to regenerate photopigments (Muniz et al. 2007).  

Müller cells are macroglial cells that span the retina from the ganglion cell layer to the 

outer retina, where they envelop retinal neurons, rods, and cones (Reichenbach &  

Bringmann 2013). In animal studies, these cells phagocytize outer-segment discs (Long 

et al. 1986) and transport docosahexaenoic acid to photoreceptors (Politi et al. 2001). 

Docosahexaenoic fatty acids have a high concentration in retinal phospholipids and are 

vital for visual function by modulating the rhodopsin content and shape of the discs and 

photoresponses (Jastrzebska et al. 2011; Shindou et al. 2017). The cones and rods 
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regenerate chromophores of photopigments through two cycles. All-trans retinol of the 

rods is recycled to 11-cis-retinal in the RPE, while all-trans retinol from the cones is 

recycled by the Müller cells in animal studies (Muniz et al. 2007). The Müller cells are 

active in normal retinal physiology, but also all types of retinal degeneration. Waste 

products, nutrients, water, ions, and other molecules are transported through Müller 

cells between retinal neurons and blood vessels. Importantly, they have a symbiotic 

relationship with retinal neurons in their column and provide homeostatic and metabolic 

support (Bringmann et al. 2006; Reichenbach &  Bringmann 2013). Müller cells have a 

1:1 ratio to cones in the macula of macaque monkeys, in addition to a variable number 

of rods and retinal neurons, which might be similar in humans, and essential for cone-

mediated vision (Ahmad et al. 2003; Bringmann et al. 2006). Müller cells become 

activated by pathogenic stimuli, and these cells are neuroprotective while secreting 

neurotrophic factors, growth factors, and antioxidants, but can also contribute to 

degeneration and gliosis (Bringmann et al. 2009). Müller cells are also an intracellular 

reservoir for the carotenoid xanthophyll pigments lutein and zeaxanthin that are the 

most likely precursors for soft drusen and basal linear deposits in AMD (Powner et al. 

2010). 

The RPE is a cuboidal monolayer adjacent to rod and cone photoreceptors and is a 

multifunctional and indispensable component in the maintenance of neuroretina 

homeostasis. It has a proximity to the highly vascularized capillary bed of the choroid 

layer and forms a part of the outer blood-retina barrier through tight-junctions (Peyman 

&  Bok 1972). The RPE regulates nutrients and waste product transport to and from the 

retina (Boulton &  Dayhaw-Barker 2001). Specifically, the RPE transports ions and 

water from the retina to the choroid, secrete antioxidants, absorb high-energy light, 

maintains attachment of the retina, process and transport retinoids, and phagocytose rod 

and cone outer segments (Bok 1993; Boulton &  Dayhaw-Barker 2001). The RPE cell 

does not under normal circumstances renew itself by cell division. With aging, there is 

RPE cell death, and the remaining RPE cells lose melanin granules, accumulate 

intracellular phototoxic lipofuscin, deposits basal deposits on or within Bruch’s 

membrane, and form drusen (Boulton &  Dayhaw-Barker 2001).  



13 
 

Bruch's membrane is a five-layered connective tissue between the choriocapillaris and 

the RPE, and nutrients and waste products must traverse this membrane to maintain 

retinal homeostasis. With aging, Bruch’s membrane undergoes lipidization, cross-

linking, calcification, and subsequent thickening that is thought to predispose to the 

deposition of drusen material in AMD (Pauleikhoff et al. 1990; Curcio et al. 2001). 

With aging and also in the presence of advanced AMD (central geographic atrophy 

and/or CNV), a relative sparing of cones compared to rods occurs (Gao &  Hollyfield 

1992; Litts et al. 2016), probably because of the symbiotic support system with Müller 

cells, that unlike the RPE cells does not primarily rely on the choriocapillaris.  

 

1.2 Age-related macular degeneration 

 

1.2.1 Definition  

 

In the Age-Related Eye Disease Study Research Group (AREDS), AMD was clinically 

defined in four different AREDS categories (Age-Related Eye Disease Study Research 

Group 2001) (Table 1). Ferris et al. proposed later, after a consensus meeting, a 5-stage 

clinical AMD classification scale based on the risk of progression: 1) No apparent aging 

changes: no drusen and no AMD pigment abnormalities, 2) normal aging: only druplets 

(small drusen ≤ 63 µm) and no AMD pigment abnormalities, 3) early AMD: medium 

drusen ≥ 63 µm ≤ 125 µm and no AMD pigment abnormalities, 4) intermediate AMD: 

large drusen ≥ 125 µm and/or any AMD pigment abnormalities, 5) advanced AMD: 

CNV and/or geographic atrophy (Ferris et al. 2013). 

 

1.2.2 Epidemiology and risk factors  

 

AMD accounts for 5.9% of blindness worldwide, and the proportion increases to over 

14% in high-income countries with an older population (Bourne et al. 2014; Flaxman et 

al. 2017). The global prevalence of blindness because of AMD in 1990 was reduced  
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 First eye Second eye 
 Drusen size Drusen Area Pigment 

abnormalities 
 

     
1 None or <63µm 

 
 

<125µm in 
diameter circle 

None Same as the first eye 

2 <63µm or 
≥63µm to 
<125µm, or 
none if pigment 
abnormalities 
 

≥125µm in 
diameter circle 

Absent or 
present, but no 
geographic 
atrophy 

Same as the first eye 
or category 1 

3 ≥63µm to 
<125µm or 
≥125µm. None 
required if 
central 
geographic 
atrophy. 
 

≥360µm diameter 
circle if soft 
drusen, ≥656µm 
if soft drusen are 
absent 

Absent or 
present, but 
central 
geographic 
atrophy absent 

Same as the first eye 
or category 1 and 2 

4 Same as 
category 3 

Same as category 
3 

Same as 
category 3 

CGA, CNV, or 
visual acuity <20/32 
due to AMD. 

Table 1 Age-Related Eye Disease Study Group (AREDS) categories                  
AMD, age-related macular degeneration; CGA, central geographic atrophy; CNV, 
choroidal neovascularization. 

 

 

from 0.24 % (2.247.000 people) to 0.10 % (1.960.000 people) in 2015, maybe because 

of the introduction of anti-VEGF. However, the number of people affected did not 

change proportionally because of the increase of the elderly in the population (Flaxman 

et al. 2017). 

After the introduction of anti-VEGF therapy to treat CNV associated with AMD, the 

incidence of legal blindness had a 50% reduction in Denmark from 2000 to 2010 (Bloch 

et al. 2012). The projected number of people with AMD in 2020 is 196 million, with a 

projected increase to 288 million by 2040 (Wong et al. 2014).  

Aging is the most significant risk factor for AMD, followed by heredity and smoking 

(Thornton et al. 2005; Chakravarthy et al. 2010). The largest intraocular risk factors for 
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progression to advanced AMD are the size and location of drusen and RPE 

abnormalities (Joachim et al. 2015).  

 

1.2.3 Pathophysiology 

 

AMD is a vascular-metabolic-inflammatory disease (Seddon et al. 2016; Copland et al. 

2018; Curcio 2018b). It is defined histologically by the presence of basal linear deposits 

primarily composed of lipoproteins secreted by the RPE, and basal laminar deposits 

(Figure 2) (Sarks et al. 2007; Wang et al. 2010). Focal aggregations of basal linear 

deposits constitute soft drusen (Sarks et al. 2007).  

The development of soft drusen and basal linear deposits in AMD is not fully 

understood. However, the macula is highly metabolically active, requiring the support 

of both RPE and Müller cells for normal function, recycling of photopigments, and 

removal of waste products. The disturbance of this homeostasis forms the basis for 

understanding the disease processes of AMD and drusen formation. 

An essential anatomical location for AMD is Bruch's membrane. Bruch's membrane has 

increased resistance to fluid with age (Ethier et al. 2004), and importantly also an 

impaired macromolecule (including lipoprotein) transport (Moore &  Clover 2001). Soft 

drusen and basal linear deposits are thought to deposit within Bruch’s membrane after 

impaired transport over an aged Bruch's membrane-choriocapillaris endothelium (Sarks 

1980). The deposition of basal linear deposits and soft drusen material on Bruch’s 

membrane constitute the "Oil Spill on aging Bruch's membrane" theory (Curcio 2018b).  

After the discovery of extracellular deposits in the subretinal space on SD-OCT, named 

subretinal drusenoid deposits, new theories about the pathophysiology of AMD has 

emerged. Subretinal drusenoid deposits appear to be distributed where the density of rod 

photoreceptors is highest (Zweifel et al. 2010b; Zarubina et al. 2016), while drusen and 

basal linear deposits are more abundant in the central macula where there is a cone 

photoreceptor dominance.  
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Figure 2 AMD by the layers. BrM consists of the ICL, EL, and OCL. Soft drusen and 

BLinD are two forms (lump and layer) of the same AMD-specific extracellular deposit. 

BLamD is a thickening of the RPE-BL. Basal mound is soft druse material within 

BLamD. Subretinal drusenoid deposit localizes to the subretinal space (between 

photoreceptors and RPE). RPE cells contain melanosomes, lipofuscin and 

melanolipofuscin, and mitochondria that provide signals for color fundus photography, 

fundus autofluorescence, and OCTs. Abbreviations from inner to outer: ONL, outer 

nuclear layer; ELM, external limiting membrane; IS, inner segments of photoreceptors; 

OS, outer segments of photoreceptors; R, rods; C, cones; L, lipofuscin; M, melanosome; 

ML, melanolipofuscin; Mt, mitochondria; Mu, Müller glia; circles, lipoprotein particles. 

(Curcio 2018b).  CC BY-NC-ND 4.0. 

 

This discovery has led to a hypothesis that soft drusen biogenesis might be from the 

cone photoreceptors because of the different topography of subretinal drusenoid 

deposits and soft drusen (Figure 3) (Curcio et al. 2013; Curcio 2018a). 

The main component of soft drusen in Bruch's membrane is large lipoproteins that are 

secreted by the RPE. The most abundant fatty acid in lipoproteins is linoleate (Wang et 

al. 2009), which is derived from diet, and not docosahexaenoate that is derived from  
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Figure 3 Topography of human macular photoreceptors, retinal pigment epithelium, 

XP, and BLinD/soft drusen. Dotted lines indicate the limits of the 6-mm-diameter 

macula. Stippled rectangles indicate the optic nerve head. Green downward arrows 

indicate the annulus of deepest rod loss in aging. The lateral extents of XP and 

BLinD/soft drusen are drawn to scale on the eccentricity axis and not-to-scale on the y-

axis. (Curcio 2018a). CC BY-NC-ND 4.0. 

 

outer segments (Curcio 2018b). The RPE and Müller cells recycle docosahexaenoate 

back to the photoreceptors (Bazan et al. 1992). 

It is thought that the lipoproteins in soft drusen have two sources, from plasma proteins 

delivering lipophilic nutrients, and phagocytized outer segments. The lipoproteins are 

thought to enable offloading of unneeded lipids from the retina to the systemic 

circulation, thereby avoiding lipotoxicity (Curcio 2018b). The leading candidate of the 

origin to the fatty acid linoleate in lipoproteins is the delivery of the Xanthophyll 

pigments, through the RPE, to the Müller cells that support cone photoreceptors, which 

replenish from the diet (Curcio 2018a).  

Xanthophyll pigments have been hypothesized to be a marker for Müller cell protection 

and enhancement of foveal cone visual function (Curcio 2018a). However, the 
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Xanthophyll pigments are probably also the primary source of peroxidizable and 

cytotoxic lipids in soft drusen lipoproteins. 

AMD has genetic associations with the immune system (CFH and CFI), to a protein 

found in the retina whose function remains to be determined (ARMS2), and high-

density lipoprotein cholesterol in the blood and their metabolism (LIPC, LPL, and 

ABCA1) (Chen et al. 2010; Grassmann et al. 2017; Toomey et al. 2018).  

The immunological aspects in AMD development and progression are still not 

understood but may be important therapeutic targets to halt the progressive atrophy of 

RPE and photoreceptors (Copland et al. 2018). The eye has an immune privilege, which 

is maintained by the blood-retinal barrier and blood-aqueous barrier and has a tolerance 

of foreign antigens because of local immunosuppressive factors (Ambati et al. 2013). 

However, with aging, there is accumulative oxidative stress to retinal and choroidal 

tissues that result in para-inflammation to maintain homeostasis, and if dysregulated, it 

can contribute to an inflammatory component in the pathogenesis of AMD (Anderson et 

al. 2002; Chen &  Xu 2015). There is an accumulation of retinal microglia or infiltrating 

monocytes in the subretinal space or at the choroid-RPE interface in AMD (Gupta et al. 

2003). Many of the proteins in the complement system have been identified in drusen 

(Anderson et al. 2002), and complement pathway components have also been found to 

be locally expressed by cells in the choroid and in the RPE (Anderson et al. 2010). The 

strong genetic association to the innate immune system, particularly with CFH, are 

associated with AMD (Klein et al. 2005; Fritsche et al. 2014). CFH is an inhibitor of the 

complement cascade (Rodriguez de Cordoba et al. 2004), and the amino acid 

substitution in the CFH gene at position 402 (CFHY402H) might increase the immune 

response in AMD (Shaw et al. 2012). AMD patients homozygous for CFHY402H have 

also been found to have elevated levels of pro-inflammatory C - reactive protein in the 

choroid (Johnson et al. 2006). Another study has found increased levels of aged CD56+ 

CD28- T cells in the peripheral blood in person with AMD compared to aged controls 

(Faber et al. 2013), suggesting that the adaptive immune system may play a part in the 

pathogenesis of AMD.  
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The exact mechanism of CNV formation in AMD is still not fully understood. VEGF 

has been found in surgically excised CNV membranes in patients with age-related 

macular degeneration (Frank et al. 1996). The primary contributor to the production of 

VEGF is the RPE as a response to heterogeneous stressors (Ambati &  Fowler 2012). 

The complement components C3a and C5a induce VEGF expression in vitro and in 

vivo (Nozaki et al. 2006), and cultured human RPE cells (ARPE-19) secrete VEGF after 

oxidative stress and subsequently reduced regulation of the complement cascade 

(Thurman et al. 2009). The role of macrophages in the formation of CNV is unclear, and 

studies on animal models have found both pro-angiogenic and protective effects of 

macrophages (Skeie &  Mullins 2009). However, macrophages have been found in 

human CNV membranes (Lopez et al. 1991), and they have also been found to express 

VEGF (Grossniklaus et al. 2002). 

The RPE cells ontop of drusen progress towards atrophy, and the drusenoid material in 

turn regress. The tension of oxygen is reduced by 30-50% at the apex of drusen, 

depending on drusen height and distance to choriocapillaris (Stefánsson et al. 2011).  

RPE atop drusen might migrate anteriorly to seek oxygen from retinal capillaries, 

apparent as intraretinal hyperreflective foci on SD-OCT (Curcio et al. 2017), or these 

hyperreflective foci might represent dead or dying RPE.  

Drusen have been shown to have a cubic growth rate over time (Schlanitz et al. 2017), 

and some drusen can regress without visible progression to advanced AMD 

(Complications of Age-Related Macular Degeneration Prevention Trial Research Group 

2006; Schlanitz et al. 2017).  However, there is convincing evidence that soft drusen 

and DPEDs facilitates RPE and photoreceptor atrophy, with rods being the most 

vulnerable in the early phases of the disease. This process is affected by distance to 

choriocapillaris, lipotoxicity, hypoxia, immunoreactivity, and a loss of nutrients (Curcio 

2018b).  
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1.2.4 Drusenoid pigment epithelial detachments   

 

DPEDs are a high-risk manifestation of AMD but a relatively uncommon presentation 

with only 3.2 % of AMD patients in the AREDS trial presenting with DPEDs ≥ 350 µm 

(Cukras et al. 2010). DPEDs are thought to be caused by the confluence of soft drusen 

(Casswell et al. 1985; Abdelsalam et al. 1999), and in part by the accumulation of fluid 

caused by the hydrophobicity of Bruch’s membrane (Bird 1991; Arnold et al. 1997), 

and are often found in the central macula (Casswell et al. 1985). The size-criterion of 

DPEDs varies in the literature from 350 µm to 1 disc diameter (Roquet et al. 2004; 

Cukras et al. 2010; Alexandre de Amorim Garcia Filho et al. 2013).    

The retrospective study of DPEDs in the prospective AREDS trial showed that within 

five years, 42% progressed to advanced AMD, with 19% developing central geographic 

atrophy and 23% CNV (Cukras et al. 2010). A retrospective study with DPEDs found 

that in 12 eyes with a follow-up of more than ten years, 25% developed CNV, and 75% 

developed geographic atrophy (Roquet et al. 2004). In contrast, patients in the AREDS 

trial with only small drusen, some intermediate drusen or pigment abnormalities had 

only a 1.3% probability of developing advanced AMD over five years (Age-Related 

Eye Disease Study Research Group 2001).  

DPEDs appear yellow on clinical examination, often with a stellate pattern of brown 

pigment, and are often indistinguishable from nearby drusen (Mrejen et al. 2013). On 

fluorescein angiography (FA), the fluorescence is markedly reduced in areas with 

drusen probably because of the low fluid content in the sub-RPE space and the blocking 

effect of drusen material of the choriocapillaris (Casswell et al. 1985). The fluorescence 

increases over time without late leakage called “staining.” There can be focal areas of 

hypofluoresence caused by pigment epithelium abnormalities called “blocking,” and 

areas of hyperfluoresence caused by atrophy of the RPE called “window defects.” On 

ICGA, the choroidal vessels are hypofluorescent in the presence of drusen and can be 

markedly obscured in the presence of DPEDs (Arnold et al. 1997). ICGA has better 

visualization of the choroidal circulation since the RPE does not so readily block the 

signal, and because indocyanine green is mainly protein bound and does not diffuse out 
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of the fenestrated choriocapillaris, which would obscure visualization of CNV. ICGA is 

better than FA in diagnosing occult CNV (Type 1 CNV, under the RPE) in the presence 

of serous PEDs (Yannuzzi et al. 1992; Gass 1994). In DPEDs with no CNV, ICGA will 

appear hypofluorescent in the early and late phases, with no “hotspot” or “plaque” 

within or at the border of the DPED (Mrejen et al. 2013). 

The exclusion of CNV on multimodal angiography in DPEDs can be challenging, and 

treatment is controversial (Baba et al. 2012). DPEDs can have no findings on FA, 

ICGA, and SD-OCT angiography that indicates CNV, despite rather extensive changes 

seen on SD-OCT, including subretinal fluid and intraretinal cysts (Roquet et al. 2004). 

However, subretinal fluid might also be degenerative and associated with acquired 

vitelliform lesions (Mrejen et al. 2013). Case series and case reports have suggested a 

potential treatment benefit of anti-VEGF or PDT. Ritter et al. treated twelve avascular 

drusenoid and serous PEDs with anti-VEGF and reported stabilization of BCVA after 

one year, but with heterogeneous anatomical outcomes (Ritter et al. 2010). Another 

prospective case series treated six patients with anti-VEGF, which led to the 

stabilization of BCVA and improvement in two patients (Gallego-Pinazo et al. 2011). 

Another case report showed regression of DPED and improvement of BCVA after PDT 

(Lee &  Kim 2008). Drusen regression and improvement or stabilization of vision have 

also been reported following argon laser photocoagulation of extensive soft drusen and 

DPEDs (Sarks et al. 1996). 

 

1.2.5 Geographic atrophy   
 

In the AREDS study, drusen were present in 100% of later diagnosed areas of 

geographic atrophy, implicating drusen as the origin of this endpoint (Klein et al. 2008). 

Geographic atrophy is defined in color fundus photography as a sharply demarcated 

round hypopigmented area (Figure 4A), with visible choroidal vasculature, of at least ≥ 

175 µm in diameter (Bird et al. 1995). In fundus autofluorescence imaging, the same 

areas are hypofluorescent because of the loss of RPE cells and lipofuscin (Figure 4B) 

(von Ruckmann et al. 1997).  
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Figure 4 Central geographic atrophy on (A) color fundus photography showing a 
sharply demarcated oval hypopigmented area in the fovea with visible choroidal 
vasculature. (B) The corresponding area on fundus autofluorescence with 
hypofluoresence because of the loss of retinal pigment epithelium and lipofuscin.  

 

Geographic atrophy in AMD usually starts in the perifovea, and patients may maintain 

good visual acuity until the fovea is affected (Sarks et al. 1988). The growth of 

geographic atrophy on color fundus photography and fundus autofluorescence is 

typically faster towards the periphery of the macula than towards the fovea and varies 

considerably between patients (Holz et al. 2014). 

In the Beaver Eye Dam and Geographic Atrophy Progression Studies, eyes with 

multifocal lesions had a higher growth rate and involvement of the fovea compared to 

those with just one area of geographic atrophy (Klein et al. 2008; Schmitz-Valckenberg 

et al. 2016). Lesions with banded or diffuse fundus autofluorescence patterns grow 

more rapidly than those with focal or no pattern (Schmitz-Valckenberg et al. 2016). 

The high-resolution SD-OCT findings of geographic atrophy and the perilesional loss of 

the photoreceptor lines, outer nuclear layer, and descent of the outer plexiform layer had 

also been described (Fleckenstein et al. 2010). Drusen height was found to be associated 

with an increased risk of focal atrophy (Ouyang et al. 2013), and drusen height was 

associated with a focal loss of the overlying photoreceptor layer (Schuman et al. 2009).    
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1.2.6 Treatment 

 

Non-neovascular AMD 

There is currently no available treatment for non-neovascular AMD. However, the 

AREDS study showed, for AMD patients in AREDS category 3 and 4, that treatment 

with oral supplements of anti-oxidants and zinc reduced the probability of progression 

to advanced AMD from 28% for the placebo group to 20% for the treatment group 

(Age-Related Eye Disease Study Research Group 2001). Five years after the trial ended, 

there was still a beneficial effect of the AREDS formulation; however, only for the 

development of CNV and not geographic atrophy (Chew et al. 2013). The AREDS2 

trial did not show an added benefit of adding lutein + zeaxanthin, docosahexaenoic acid 

+ eicosapentaenoic acid, or both to the original AREDS formulation (The Age-Related 

Eye Disease Study 2 Research Group 2013). However, smokers could substitute the 

carotenoid in the original AREDS formulation with lutein and zeaxanthin, because of 

the increased risk of lung cancer with beta-carotene (The Age-Related Eye Disease 

Study 2 Research Group 2013).  

The regression of drusen has been reported to follow thermal laser macular 

photocoagulation. A retrospective study of 27 patients and 42 eyes with progressive 

visual loss, extensive drusen, and no CNV on angiography were treated with thermal 

laser photocoagulation. 52% had stabilization of vision and regression of drusen after an 

average of 3 years of follow-up (Wetzig 1988). Another study treated 12 patients (10 

with extensive drusen) with thermal laser photocoagulation that had a high-risk of 

progressing to advanced AMD. After 12 months, one patient improved by one line in 

visual acuity, seven patients were stable and one worsened by four lines due to CNV, 

and nine of the patients had drusen regression (Guymer et al. 1997).  Nine patients with 

a follow-up of more than 12 months retained 20/30 vision or better, except one that 

developed geographic atrophy. A small randomized controlled trial of 30 patients with 

bilateral extensive confluent drusen and pigment abnormalities have shown that thermal 

laser photocoagulation of temporal drusen facilitates macular drusen regression in 29 of 

the 30 treated eyes, compared to only 2 of the 30 control eyes (Figueroa et al. 1997). In 
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the same study, after three years, 17% of the treated eyes improved in visual acuity, and 

33% remained stable compared to no improvement and 50% remaining stable in the 

untreated control group. Another small randomized controlled trial of 38 patients 

showed that drusen were significantly reduced in eyes with thermal laser 

photocoagulation compared to an increase in the control group (Frennesson &  Nilsson 

1998). However, a large randomized controlled trial that included 1052 participants 

evaluated thermal laser photocoagulation of patients with ≥ 10 large drusen ≥ 125 µm 

failed to demonstrate a difference in BCVA and progression to advanced AMD between 

groups (Complications of Age-Related Macular Degeneration Prevention Trial Research 

Group 2006).  

Rheopheresis (extracorporeal plasma filtration) has also been tried to treat non-

neovascular AMD. The plasmapheresis treatment eliminates high-molecular-weight 

plasma proteins and aims to reduce plasma viscosity, resulting in improvement in the 

microcirculation (Pulido et al. 2005). In an interim analysis of the MIRA-1 randomized 

controlled study, there were favorable visual outcomes in the treatment group (Pulido et 

al. 2005). However, analysis of the 1-year results did not show a difference between 

groups in the intention to treat analysis, but only in the modified per-protocol analysis 

(Pulido et al. 2006). The validity of the results was questioned as 37% of the treated, 

and 29% of the placebo cases did not meet inclusion criteria; in addition, SD-OCT or 

multimodal angiography was not routinely obtained to exclude CNV. Small randomized 

controlled trials have since found a benefit with reduction of the DPED area and 

increase of BCVA for the treatment groups (Koss et al. 2009; Rencova et al. 2011; 

Blaha et al. 2013). However, there have been no large randomized controlled trials since 

the MIRA-1 study to determine the efficacy of the somewhat invasive treatment with 

Rheopheresis.  

Treatment with cholesterol-lowering drugs has also been evaluated in non-neovascular 

AMD. One study suggests that human-derived ARPE-19 cells synthesize and secrete 

apoB100 lipoproteins and that cultures treated with statins have inhibited secretion by 

reducing cellular cholesterol  (Wu et al. 2010). In a double-masked randomized 

placebo-controlled trial, 114 AMD patients received either simvastatin 40mg/day or 
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placebo, and those with intermediate AMD showed a two-fold decrease in the risk of 

progression compared to controls (Guymer et al. 2014). 

 

Neovascular AMD 

Laser photocoagulation was the first available treatment for CNV associated with 

AMD, but only for well-defined lesions that spared the center of the macula (Virgili &  

Bini 2007).  In the randomized controlled TAP trial evaluating the treatment of 

predominantly classic CNV (type 2 CNV on SD-OCT above the RPE) with PDT, the 

treatment group had a lower percentage of ≥ 15 early treatment diabetic retinopathy 

study (ETDRS) letters loss compared to the placebo group after 1 and 2 years of follow-

up (Gass 1994; Bressler 1999; Bressler 2001). The randomized controlled VIP trial 

evaluated the treatment of type 1 CNV with PDT showed that the treatment group had a 

significantly lower percentage of patients losing ≥ 15 ETDRS letters compared to the 

placebo group after two years of follow-up (Verteporfin In Photodynamic Therapy 

Study Group 2001). However, PDT treatment carried a risk of severe visual loss, with 

4.4% of patients in the VIP trial losing > 20 ETDRS letters compared to pre-treatment. 

Even though treatment with laser and PDT could reduce the risk of losing visual acuity 

in neovascular AMD, it was not until after the introduction of anti-VEGF therapy that 

patients started gaining some of their lost visual function. The first study that evaluated 

treatment with anti-VEGF (bevacizumab) was a study by Michels et al. in 2005 that 

successfully treated nine patients with systemic anti-VEGF for subfoveal CNV with 

improvement in visual function, SD-OCT, and disappearance of leakage on 

angiography (Michels et al. 2005). The randomized controlled phase 3 trial called 

Minimally classic/occult trial of the anti-VEGF antibody Ranibizumab in the Treatment 

of Neovascular Age-Related Macular Degeneration (MARINA), showed the superiority 

of intravitreal injections with 0.3mg and 0.5mg of Ranibizumab with a gain of 6.3 and 

7.2 ETDRS letters, respectively, compared to the loss of 10.3 ETDRS letters in the 

placebo group (Rosenfeld et al. 2006). Another randomized controlled trial (ANCHOR) 

compared monthly Ranibizumab 0.3 mg or 0.5 mg with sham PDT therapy to sham 

injections with PDT therapy for predominantly classic CNV. The anti-VEGF treatment 
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groups had an increase of 8.5 and 11.3 ETDRS letters compared to a loss of 9.5 ETDRS 

letters in the PDT group (Brown et al. 2006). Because of the high cost of Ranibizumab 

injections, the randomized controlled trials, CATT and LUCAS, have shown that 

Bevacizumab is non-inferior to Ranibizumab, which has made Bevacizumab the first-

line of treatment in many countries (Martin et al. 2011; Berg et al. 2015). Additional 

anti-VEGF agents have become available, and Aflibercept has shown to be non-inferior 

to Ranibizumab with bi-monthly intravitreal injections, after a loading dose (Heier et al. 

2012).   

The long term effect of anti-VEGF treatment has been evaluated in the SEVEN-UP 

study. This study showed that after a mean of 7.3 years since the MARINA and 

ANCHOR studies, there was geographic atrophy present in 98% of eyes, and its 

progression and size were significantly associated with a decrease in visual acuity 

(Bhisitkul et al. 2015). The Fight Retinal Blindness Study group observed 1212 eyes 

with neovascular AMD using the treat and extend regimen with a mean follow-up time 

of 53.5 months. Mean visual acuity was higher than baseline mean visual acuity for six 

years, and by year seven, it was 2.6 ETDRS letters lower than baseline for the 131 eyes 

(11%) still being followed. During the first five years, 53% discontinued therapy due to 

deterioration of vision because of geographic atrophy or subretinal fibrosis (Gillies et al. 

2015).  
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1.3 Artificial Intelligence  

 

In many disciplines of medicine, imaging has become increasingly important for the 

diagnosis and management of diseases. The sheer amount of images and information 

available makes every patient a big-data challenge and opportunity (Obermeyer &  Lee 

2017). The image-heavy disciplines of radiology, pathology, dermatology, and 

ophthalmology are especially suited for the application of artificial intelligence (Jiang et 

al. 2017). 

 

1.3.1 History and Definitions 

 

Artificial intelligence is a branch of computer science, originating from a workshop by 

John McCarthy in 1956. The idea behind artificial intelligence is that humans can 

describe any form of information in such a precise way that computers can do it. Arthur 

Samuel created in 1959 machine learning, where computer algorithms can extract 

generalized principles from data, resulting in mathematical models with detailed rules of 

a given dataset. 

Artificial neural networks are an evolution of machine learning, where layers of neurons 

process information from an input to an output layer. It was not until after the 

development of deep neural networks in 2012 that the performance truly increased 

(Krizhevsky et al. 2012). In deep neural networks, multiple intermediate layers are 

positioned between the input and output layer, and each layer can transform the signal 

input to a more abstract and higher-level representation. Deep neural networks were the 

beginning of a new subfield in artificial intelligence called deep learning (LeCun et al. 

2015). In deep learning, the neural network can extract the differentiating features of the 

conditions in the dataset and use them for classification (Figure 5). The most suitable 

deep learning architecture for imaging data is convolutional neural networks (CNN) 

(Lecun et al. 1998). CNNs resemble the organization of the visual cortex, where each 

neuron process data only from its receptive subfield.  
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Figure 5 Illustration of the principal difference between the classic machine learning 

models and the deep learning ones. Instead of learning to classify an input image from 

hand-engineered features deep learning models are learning to both extract features and 

classify from the input directly, hence allowing for fully “end-to-end” learning. 

(Schmidt-Erfurth et al. 2018). CC BY-NC-ND 4.0. 

 

The convolutional layers are a set of mathematical filters that extract features from an 

image that are successively stacked to create progressively more sophisticated and 

descriptive features (from simple lines and edges to an intricate image). Deep learning 

models trained with sufficiently large datasets can, in this way, recognize visual 

patterns. In 2015, deep learning models exceeded human-level performance at 2D 

image classification of 1.2 million images into 1000 categories in the annual ImageNet 

Large Scale Visual Recognition Competition (He et al. 2015; Russakovsky et al. 2015).  

 

1.3.2 Deep learning and age-related macular degeneration 
 

In ophthalmology, high-resolution color fundus photography in the 1990s and SD-OCT 

images in the 2000s have been used for the diagnosis and follow-up of disease, resulting 

in large image-databases. SD-OCT has become the gold standard in the management of 

most macular diseases, including AMD (Schmidt-Erfurth et al. 2017). An SD-OCT 
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image is obtained with 20.000-52.000 axial-scans per second, with a  resolution of 5-7 

µm, enabling a detailed assessment of pathology (de Boer et al. 2003). The ever-

increasing number of SD-OCT images is an untapped pool of information, with about 

60 million voxels per volume that can train deep learning models for classification, 

segmentation, and prediction tasks (Schmidt-Erfurth et al. 2018). 

Most studies using deep learning models in ophthalmology utilize pre-trained 

architectures (AlexNet, Inception, VGGnet, ResNet) from past ImageNet competition 

winners with transfer learning (Apostolopoulos et al. 2016; Lee et al. 2017; Kermany et 

al. 2018; Lu et al. 2018; Motozawa et al. 2019; Perdomo et al. 2019). Transfer learning 

has the advantage of increasing performance on smaller datasets, but it limits them to 

2D image classification. One study has trained two deep learning models from scratch 

to segment 3D SD-OCT images that were utilized by a second model for the 

classification of multiple macular diseases (De Fauw et al. 2018). 

 

1.3.3 Performance 
 

Deep learning models have, during the recent years, shown high performance in 

classifying retinal disease on both fundus photography and SD-OCT-images, 

comparable to or better than experts in the field.  

A study trained and validated a deep learning model on nearly 500.000 color fundus 

photographs and obtained area under the receiver operator curves (AUC) of 93.6%, 

94.2%, and 93.1% for detecting referable diabetic retinopathy, glaucoma suspects, and 

AMD, respectively (Ting et al. 2017). Another study trained on 2D SD-OCT images 

and had similar performance as six ophthalmologists in diagnosing CNV, diabetic 

macular edema, drusen, and normal with an AUC of 99.9% (Kermany et al. 2018). 

Another deep learning model trained on over 100.000 central 2D SD-OCT images that 

distinguished AMD from control cases with AUC of 97.5% when all SD-OCT scans 

from the same patient were used (Lee et al. 2017). De Fauw et al. trained two deep 

learning models on a wide range of macular disease from 14.884 3D SD-OCT volumes. 

The first of the two models segmented 3D SD-OCT images that were classified by the 



30 
 

second model. The AUC from the validation dataset of 997 patients was 99.2%, and the 

deep learning model (5.5% error rate) performed comparable to the two best retina 

specialists (6.7% and 6.8% error rates) and significantly outperformed the other six 

experts (>7.3% error rate) (De Fauw et al. 2018). Another deep learning model trained 

on 25.134 2D SD-OCT images to detect macular holes, subretinal fluid, cystoid macular 

edema, and epiretinal membranes obtained an AUC of 98.4% and performed 

equivalently to or better than two retina specialists (Lu et al. 2018). 

 

1.3.3 Visualization of the “black box” in deep learning 
 

Several authors have highlighted the need for visualization methods to understand the 

results of the deep learning models (Lu et al. 2018; Ting et al. 2019). Even though deep 

learning models have a performance comparable to or better than experts in the field, 

the clinicians must understand which image features were used in the diagnosis. 

Through visualization methods, it is possible to gain some insight into which parts of an 

image that were important for the diagnosis. Visualization methods currently used 

display low-resolution heat maps (Lee et al. 2017; Kermany et al. 2018), or alter the 

CNN architecture (Perdomo et al. 2019), potentially limiting its performance (Mopuri et 

al. 2019). A new visualization method called CNN fixations was adapted for our study. 

This method is capable of displaying high-resolution points of interest that were 

important for the diagnosis (Mopuri et al. 2019) in addition to lower resolution heat 

maps. The CNN fixations method does not alter the CNN architecture and has not 

previously been utilized to visualize the points of interest important for the diagnosis of 

retinal disease.  
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2. Aims  
 

The aims of this thesis were to evaluate treatment, observe the natural history with 

today’s new technology, and find possible disease features of AMD and DPED. These 

aims resulted in three different studies of AMD patients with DPEDs.  

 

 

1. To test treatment with anti-VEGF, PDT, and triamcinolone acetonide in AMD 

patients with AMD and serous or drusenoid PEDs without identifiable CNV on 

angiography. 

 

2. To study the natural history of DPEDs with multimodal imaging and investigate 

the association of DPED volume on visual function and retinal atrophy.  

 

 

3. To train and validate a deep learning model on SD-OCT volumes from AMD 

cases and controls, and through the adaptation of a novel visualization method, 

learn the precise image regions used in the identification of AMD.  
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3. Material and methods 
 

3.1 Study designs  

 

Paper I 

The first study, “Treatment of large avascular retinal pigment epithelium detachments in 

age-related macular degeneration with aflibercept, photodynamic therapy, and 

triamcinolone acetonide,” was a randomized controlled trial that started in April 2014 

with a planned follow-up period of two years. The study was registered at 

Clinicaltrials.gov: NCT01746875.  

 

Paper II 

The second study, “Drusenoid pigment epithelial detachment volume is associated with 

a decrease in best-corrected visual acuity and central retinal thickness. The Norwegian 

Pigment Epithelial Detachment Study (NORPED) report no.1”, reports the one-year 

results from a prospective, observational, multicentre study that included patients from 

March 2016 to December 2017, with a planned follow-up period of five years. The 

study is an ongoing research collaboration with the University hospitals of Bergen and 

Stavanger. 

 

Paper III 

The third study, “Retinal nerve fibre and choroid layers are signified as age-related 

macular degeneration by deep learning in classification of spectral-domain optical 

coherence tomography macular volumes,” evaluated the performance of a deep learning 

model to detect AMD on two different datasets, and through the adaptation of a novel 

visualization method learn the image features used in the identification of the disease. 

The study was a collaboration with the Department of Computer Science, Norwegian 

University of Science and Technology. 
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3.2 Study populations 

 

Paper I 

 

Patients with large serous PEDs or DPEDs without suspicion of CNV were referred 

from other eye departments and ophthalmologists in the Central Norway Health Region 

to the eye department at St.Olavs Hospital.  

The included patients were older than 50 years with treatment-naïve AMD, subfoveal 

PED ≥ 1500 µm, BCVA from ≤20/32 to ≥20/400, and no visible CNV on fluorescein 

angiography (FA) or indocyanine green angiography (ICGA). Patients with subfoveal 

fibrosis, central geographic atrophy, or concurrent eye disease that could affect BCVA 

were excluded.  

PEDs that did not show leakage on FA or “hotspots” or “plaques” on ICGA were 

defined as avascular. The PEDs that appeared yellow on clinical examination, with 

primarily hyperreflective contents on SD-OCT (Cirrus HD-OCT, Carl Zeiss Meditec 

AG, Jena, Germany), staining on FA, and hypofluoresence on ICGA, were defined as 

DPEDs. PEDs with hyporeflective contents on SD-OCT, pooling on FA, and 

hypofluoresence on ICGA were defined as serous PEDs.  

The fundus and angiographic images (Zeiss FF 450 plus, Carl Zeiss Meditec AG, Jena, 

Germany) were reviewed and graded by two retina specialists, and pseudonymized 

images were sent to an external retina specialist to ensure a correct diagnosis of 

avascular PED.  

 

Paper II 

 

Patients with large DPEDs were referred to the University Hospital of Trondheim, 

Bergen, and Stavanger. Patients examined with the Spectralis HRA-OCT (Heidelberg 

Engineering GmbH, Heidelberg, Germany) in Trondheim and Bergen were included in 
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this study. This was done because the semi-automatic segmentation program Rev 

Analyzer (ADCIS SA, Saint-Contest, France) that was used for calculation of DPED 

volume only was compatible with the Spectralis HRA-OCT. 

Included patients were ≥ 50 years of age, had a DPED ≥ 1000 µm, and BCVA ≥ 20/400. 

Eyes with previous vitrectomy, concurrent corticosteroid therapy, previous intravitreal 

anti-VEGF injections or PDT, subfoveal fibrosis, central geographic atrophy, CNV on 

FA or ICGA, glaucoma with central visual field defects, diabetic macular edema, 

proliferative diabetic retinopathy, and uveitis were excluded.  

PEDs that appeared yellow on clinical examination, predominantly hyperreflective 

contents on SD-OCT, staining on FA, and hypofluoresence on ICGA were defined as 

DPEDs (Casswell et al. 1985; Arnold et al. 1997). SD-OCT angiography (Cirrus HD-

OCT, Carl Zeiss Meditec AG, Jena, Germany) was also obtained at every study visit to 

exclude CNV. 

Baseline FA and ICGA images obtained with Spectralis HRA-OCT were 

pseudonymized and sent to an external reading center to ensure a correct diagnosis of 

avascular DPED.  

 

Paper III 

 

The study was conducted on the Age-Related Eye Disease 2 (AREDS2) Ancillary SD-

OCT (A2A SD-OCT) study and NORPED datasets. These datasets contained images 

from patients with intermediate or advanced AMD in the A2A SD-OCT study and 

early, intermediate (DPEDs), or advanced AMD in the NORPED dataset.  

The A2A SD-OCT study dataset 

(http://people.duke.edu/~sf59/RPEDC_Ophth_2013_dataset.htm) included patients 50-

85 years of age with intermediate AMD and drusen ≥ 125 µm in both eyes, or one 

eligible eye and advanced AMD in the fellow eye. Exclusion criteria were previous 

vitreoretinal surgery and other ophthalmological diseases. In the dataset, there was an 

age-matched control group with no signs of AMD (Farsiu et al. 2014). The SD-OCT 
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system used in the A2A-study was from Bioptigen, inc (Morrisville, NC, USA), with 

1000 A-scans per B-scan and 100 B-scans per volume.  

The NORPED dataset is described for paper II. However, the fellow eyes were included 

regardless of previous therapy and stage of AMD. An unmatched control group of 

hospital staff recruited from the eye department at St.Olavs Hospital was also included. 

The SD-OCT system used was from the Spectralis HRA-OCT, with the follow-up 

mode, a dense scan pattern of 49 B-scans, and eye-tracking enabled. Each line in the B-

scan consisted of 18-30 averaged scans with the automatic real-time function.  

 

3.3 Randomization and masking (Paper I) 

 

Stratified randomization on the presence of drusenoid PED was performed by a web-

based randomization system developed and administered by Unit of Applied Clinical 

Research, The Faculty of Medicine, Norwegian University of Science and Technology, 

Trondheim, Norway. The nurses measuring the primary outcome BCVA were blinded 

to group allocation; other forms of masking were not used. 

   

3.4 Intervention (Paper I)  

 

The intervention consisted of 3 monthly intravitreal injections of aflibercept 

2mg/0.05mL (Eylea; Regeneron Inc., Tarrytown, NY, USA), and three additional 

monthly injections if the PED persisted at three months. At the six and nine months 

study visits, patients were treated with triple-therapy that consisted of half-fluence PDT 

in combination with aflibercept 2mg/0.05mL and triamcinolone acetonide 4mg/0.1ml 

(Triesence; Alcon lab Inc., Forthworth, TX, USA) if the PED had not completely 

resolved. Half-fluence PDT was chosen to reduce the risk of chorioretinal atrophy 

(Newman 2016).  
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3.5 Outcome measures (Paper I and II)  

 

3.5.1 Best-corrected visual acuity  

 

BCVA was measured using ETDRS charts in an illuminated cabinet (ESV3000; Good-

Lite, Elgin, IL, USA) at 4 m, with an automatic adjustment of 85 cd/m2. Room lighting 

was dimmed until 90-110 lux was measured in front of the cabinet. Refraction was done 

at baseline and yearly by a physician or optician. A trained nurse in Paper I measured 

BCVA, and for paper II the same physician carried out all measurements of BCVA 

during follow-up. 

 

3.5.2 Spectral-domain optical coherence tomography measurements  

 

Paper I: Maximum DPED-height and diameter were measured on five different scans 

centered in the fovea, and the mean of the three highest measurements was used. The 

automatic segmentation of the RPE and Bruch’s membrane and calculation of volume is 

inaccurate with the software in Cirrus HD-OCT (Ho et al. 2015), and other 

segmentation programs were not readily available. However, after manual segmentation 

and subtracting of total retinal and PED volume, measured from the internal limiting 

membrane to Bruch’s membrane, with retinal volume, measured from the internal 

limiting membrane to the RPE, the DPED-volume could be calculated (Figure 6). 

Central retinal thickness was automatically obtained after the manual segmentation of 

the RPE and the internal limiting membrane layers.  
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Figure 6 Manual segmentation and volume measurement of retinal pigment epithelium 

detachment from macular cube 512x128 scans.  (A) Segmentation of internal limiting 

membrane and retinal pigment epithelium. (B) Segmentation of the internal limiting 

membrane to the fit line of the retinal pigment epithelium. (Tvenning et al. 2019). CC 

BY-NC 3.0. 

 

Paper II: The volumes of DPED and intraretinal hyperreflective foci were calculated 

with a semi-automatic segmentation program (ReV Analyzer version 3.0.5; ADCIS SA, 

Saint-Contest, France) (Figure 7). For each scan, the DPED and intraretinal 

hyperreflective foci were semi-automatically delineated, which enabled calculation of 

their volumes.  

Subfoveal DPED height, diameter, and central retinal thickness were measured with the 

caliper available in the Spectralis HRA-OCT viewing software (Spectralis Viewing 

Module version 6.0.9.0; Heidelberg Engineering GmbH, Heidelberg, Germany). The 

mean of the three centremost scans, centered in the middle of the fovea guided by SD-

OCT, was used for statistical analysis. The DPEDs were classified as subfoveal if they 

were within the innermost guiding circle of the ETDRS grid available in the Spectralis 

Viewing module. Central retinal thickness was measured from the internal limiting 

membrane to, but not including, the RPE. DPED height was measured from the outer 

aspect of the RPE to Bruch’s membrane. The SD-OCT images were in the 1:1 µm 

format during measurements.  
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Figure 7 Semi-automatic segmentation and calculation of drusenoid pigment epithelial 

detachment and intraretinal hyperreflective foci volumes on spectral-domain optical 

coherence tomography scans. The green areas represent a drusenoid pigment epithelial 

detachment and drusen, and the brown areas represent intraretinal hyperreflective foci.  

 
3.5.3 Grading of atrophy on spectral-domain optical coherence tomography 
 

The consensus of atrophy meeting (CAM) group defined complete RPE and outer 

retinal atrophy (cRORA) as; 1) region of hypertransmission of at least 250 µm in 

diameter in any lateral dimension, 2) zone of attenuation or disruption of the RPE of at 

least 250 µm diameter, 3) evidence of overlying photoreceptor degeneration (Sadda et 

al. 2018). Features of photoreceptor degeneration included all of the following: loss of 

interdigitation zone, ellipsoid zone, and external limiting membrane, and thinning of the 

outer nuclear layer, which also could be identified by a descending outer plexiform 

layer. The criteria for incomplete RPE and outer retinal atrophy (iRORA) were not 

established, but for Paper I, we defined iRORA as 1) criteria for cRORA not met, 2) 

hypertransmission and a discontinuous RPE band, and 3) evidence of some 

photoreceptor degeneration. Guymer et al. published the next CAM report describing 

iRORA as a pre-print in 2019, and it was evident that the photoreceptor degeneration 

for the iRORA definition was the same as for cRORA, but the size of < 250 µm 

distinguished it from cRORA (Guymer et al. 2020). Thus, the CAM defined criteria for 

iRORA were used for Paper II. For paper II, we also defined complete outer retinal 

atrophy (cORA) as 1) evidence of photoreceptor degeneration and 2) intact or 

discontinuous RPE (Figure 8). 
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Figure 8 Pathological findings and classification of atrophy in drusenoid pigment 

epithelial detachments on optical coherence tomography scans.  

(A) Retinal layers, 

intraretinal 

hyperreflective foci, and 

acquired vitelliform 

lesion.  

(B) Incomplete retinal 

pigment epithelium and 

outer retinal atrophy 

(iRORA).  

 

(C) Complete outer 

retinal atrophy (cORA) 

and thickening of the 

retinal pigment 

epithelium.  

 

(D) Complete retinal 

pigment epithelium and 

outer retinal atrophy 

(cRORA), intraretinal 

cysts, and subretinal 

drusenoid deposits.  

 

Scale bar = 200 μm. 

 

  

(Tvenning et al. 2020). CC BY-NC-ND 4.0. 
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Figure 9 Simplified illustration of a 3D deep learning model. The spectral-domain 

optical coherence tomography (SD-OCT) volume seen to the left is the input to the deep 

learning model. Under feature learning, the model learns to extract specific features in 

the SD-OCT volume through convolutional and pooling layers. The blue boxes 

represent filtered versions of the SD-OCT volume. The faded blue boxes deeper into the 

image represents all the filtered version of the SD-OCT volume created from the 

learned filters of each convolutional layer. The compact set of features coming out of 

the feature learning section is flattened out and given to a final neural network 

performing the classification. The classification section of the deep learning model can 

be viewed as clusters of neurons where all neurons in one layer are connected to all 

neurons in the next. The final output of the network is put through a sigmoid function 

that makes the output a probability between 0 and 1. 

 

3.6 The deep learning model  (Paper III) 

 

OptiNet is a (2+1)D deep learning model (LeCun et al. 2012; Tran et al. 2018), a variant 

of 3D, and was trained from scratch without transfer learning. Transfer learning is the 

use of pre-trained parts from other deep learning architectures. The deep learning model 

learns the image features that differentiate AMD from controls by itself and uses these 

features to make a classification (Figure 9). Each convolutional layer learns filters that 

extract specific information from the SD-OCT volumes. The first layers learn simple 

features such as lines and edges, and consecutive layers build upon simple features to 

find more complex features deeper into the CNN. The CNN reduces the information it 
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needs to handle by reducing the size of the filtered SD-OCT volumes, also known as 

max-pooling (Scherer et al. 2010). The model ends up with a decimal number between 

0 and 1, where 1 indicates 100% certainty of AMD. 

Ten independent OptiNet models were trained and validated on the A2A and NORPED 

datasets, respectively. For calculation of OptiNet’s performance, the output value was 

thresholded such that 0.5 and higher was AMD, and a value lower than 0.5 was a 

control. 

Visualization was performed through computing points of interest and heat maps. The 

technique called CNN fixations reveals what the model signifies as AMD in the SD-

OCT volume (Mopuri et al. 2019). (2+1)D convolution was handled by expanding the 

general concept from Mopuri et al. The points of interest were calculated for 1D 

convolution and then for 2D convolution while transforming the locations’ 

dimensionality according to the implementation of (2+1)D convolution. Heat maps were 

created that illustrates the densities of the points of interest in the SD-OCT scan. A 

retina specialist evaluated the location of the points of interest in the SD-OCT scans, 

and their presence in each retinal layer and feature of AMD selected by OptiNet was 

registered. 

 

3.7 Statistical methods 

 

Paper I 

The sample size for statistical analysis with ANCOVA was calculated with a pre-post 

correlation of 0.8, 90 % power, α = 5 %, and an expected difference of 50% between 

groups in pigment epithelium detachment volume. The data used for this calculation 

was based on a previous study (Ritter et al. 2010). The required sample size was 

estimated to be 22 in each group, 48 in total with a 10 % dropout. However, the sample 

size was not calculated on the primary outcome BCVA, but on a DPED volume 

reduction of 50%, that we expected would lead to stabilization or improvement in 

BCVA. After a discussion in the research group, it was decided that a sample size of 60 

patients would be enough to detect a clinically meaningful difference and account for 
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some of the uncertainty in the standard deviation and pre-post correlation used in the 

calculation.  

A marginal model with restricted maximum likelihood estimation was used to account 

for the correlated data with multiple measurements over time. Unstructured or 

exponential covariance structures were used. All statistical models had age, baseline 

value, group, time, and the interaction of group and time as predictors. The p-values 

were Sidak adjusted because of multiple comparisons. Model fit was evaluated with 

Akaike’s information criterion and likelihood ratio tests. Residuals were checked for 

normality with histograms and Q-Q plots. Fischer's exact test was used to compare 

categorical outcomes. Two-tailed P-values <0.05 were considered statistically 

significant.  

 

Paper II 

Linear mixed models were used for statistical analysis. The eyes of patients were nested 

within patients with repeated measurements to account for the correlated eye data (Ying 

et al. 2017). Fixed effects were calculated with restricted likelihood estimation. As 

described by Nakagawa and Schielzeth, R2 for the fixed effect(s) and the full models, 

including random effects, were calculated and named R2 marginal and R2 conditional, 

respectively (Nakagawa &  Schielzeth 2013). The normal distribution of the residuals 

was evaluated with histograms and Q-Q plots. Only observations of DPEDs in the 

growth phase were included in the statistical models, which excluded 3 of 188 

observations, due to foveal cRORA or cORA. Akaike’s information criterion was used 

to evaluate model fit.  

 

Paper III 

The scientific computing package (SciPy), in the programming language Python 3, was 

used to calculate mean AUC, accuracy, sensitivity, specificity, negative predictive 

value, and positive predictive value for the ten independent models trained and 
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validated on the A2A and NORPED datasets. Descriptive statistics were also obtained 

with Stata 15.1.  

 

3.8 Ethics 

 

Paper I and II 

 

These studies were approved by the Regional Committee for Medical and Health 

Research Ethics Central Norway (2012/1743). The ethical basis for randomized 

controlled trials is the individual or preferably collective uncertainty about the 

therapeutic effects of each arm in a trial (Freedman 1987). Endophthalmitis and retinal 

detachment are rare, but potential sight-threatening complications following intravitreal 

injections. Anti-VEGF injections might also accelerate the formation of geographic 

atrophy (Gemenetzi et al. 2017) and increase the risk of RPE-tears, resulting in sudden 

vision loss (Chang et al. 2007). PDT therapy can result in acute severe vision loss 

(Verteporfin In Photodynamic Therapy Study Group 2001) or RPE-tears (Goldstein et 

al. 2005), and it can increase the risk of chorioretinal atrophy (Newman 2016). A rise in 

intraocular pressure and cataract formation are potential complications following 

intravitreal injections with steroids, but these can be managed with medications or 

cataract surgery. Despite these risks, these patients did not have any treatment options, 

and the disease is relentless, with a high risk of loss of visual function. No previous 

randomized controlled trials had been conducted, and there was not enough previous 

evidence to conclude if treatment would have been beneficial. Another ethical 

consideration was the decision to stop further inclusion and treatment of patients when 

the study was underpowered to detect a potential treatment benefit. However, in light of 

the new knowledge about the SD-OCT findings preceding geographic atrophy, and that 

our study participants appeared to be on this route, our research group found it unethical 

to continue the study. The prospective observational study of DPEDs had few ethical 

considerations and was approved after alterations made on the first application. 
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Informed consent was obtained from all study participants, and the studies followed the 

tenets of the Declaration of Helsinki.  

 

 

Paper III 

 

The use of anonymized SD-OCT images from the study participants in the NORPED 

study was approved after a new application to the Regional Committee for Medical and 

Health Research Ethics Central Norway (2012/1743), and a new informed consent was 

obtained from all study participants. The anonymized A2A SD-OCT study dataset had 

been made freely available online by Farsiu et al. (Farsiu et al. 2014), and four 

institutional review boards approved their use of the SD-OCT images from the A2A 

SD-OCT study. Informed consent had been obtained from all subjects in that study.  

 

3.9 Financial support  

 

The studies and thesis have been made possible by the Dam Foundation 

(2016/FO80635). The authors have no financial disclosures. 
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4. Results 
 

4.1 Paper I 
 

Fourteen patients with AMD and PED ≥1500 µm in diameter were referred from April 

2014 to February 2015. Four out of these patients were ineligible because of CNV and 

serous PED (2), fibrovascular PED (1), and DPED (1). One patient was ineligible 

because of adult-onset foveomacular vitelliform dystrophy. Nine patients were included 

in the study, with five randomized to the treatment group. However, one of the patients 

in the treatment group was excluded from statistical analysis because of the 

disappearance of bilateral serous PEDs after tapering of systemic corticosteroid therapy 

and likely central serous chorioretinopathy. The remaining eight study participants had 

DPED. Furthermore, after an interim analysis of 6 months' data, the inclusion and 

treatment of patients were stopped because SD-OCT images showed that 75% of the 

study participants were in the progression of atrophy (Figure 10). The patients in the 

treatment group received six monthly injections with Aflibercept. Two patients received 

both treatments of triple-therapy (Figure 10, ID: 2 and 3), one patient received one 

treatment (Figure 10, ID: 7), and one patient did not (Figure 10, ID: 5). The patients 

were followed for 12 months, and three in each group had a follow-up of 24 months. 

 

4.1.1 Primary outcome 

 

After 24 months of follow-up, estimated means of BCVA decreased by 4.2 ETDRS 

letters and 20.8 ETDRS letters in the treatment and observation groups, respectively 

(Figure 11A). The difference between groups during follow-up was not statistically 

significant (P=0.140, 95% CI -5.3, 38.6).  
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Figure 10 Grading of GA by OCT.           

Notes: (i) Photoreceptor degeneration. (ii) Attenuation or disruption of RPE. (iii) 

Hypertransmission. (iv) Descending outer plexiform layer. (v) Scrolled up RPE. (vi) 

Subretinal drusenoid material.  Abbreviations: CNM, criteria for iRORA/cRORA not 

met; cRORA, complete RPE and outer retinal atrophy; ID, patient number; iRORA, 

incomplete RPE and outer retinal atrophy; RPE, retinal pigment epithelium; OCT, 

optical coherence tomography; GA, geographic atrophy. (Tvenning et al. 2019). CC 

BY-NC 3.0. 
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Figure 11 Estimated means of BCVA, PED volume, height and diameter, and CRT from 

6 to 24 months.  

Notes: (A) BCVA; the rightmost y-axis corresponds to Snellen equivalent. (B) PED 

volume. (C) PED height. (D) PED diameter. (E) CRT. The error bars represent 95% CIs 

(n=22 observations on eight patients).  

Abbreviations: BCVA, best-corrected visual acuity; CRT, central retinal thickness; 

ETDRS, Early Treatment Diabetic Retinopathy Study; mo., months; PED, pigment 

epithelium detachment. (Tvenning et al. 2019). CC BY-NC 3.0. 

 

4.1.2 Secondary outcomes 

 

After 24 months of follow-up, the estimated means of DPED volume increased by 0.13 

mm3 and decreased by 0.13 mm3 in the treatment and observation groups, respectively 

(Figure 11B). The difference between groups during follow-up was not statistically 

significant (P=0.433, 95% CI -0.40, 0.91). The increasing age of patients predicted a 

decrease in DPED volume (P=0.043, 95% CI -0.07, -0.001). A large DPED at baseline 

predicted a larger follow-up DPED volume (P<0.001, 95% CI 1.53, 2.20). 
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DPED height decreased by 88 µm and 73 µm in the treatment and observation groups, 

respectively (Figure 11C). The difference between groups during follow-up months was 

not statistically significant (P=0.842, 95% CI -169, 138). 

DPED diameter decreased by 544 µm and 856 µm in the treatment and observation 

groups, respectively (Figure 11D). The difference between groups during follow-up was 

not statistically significant (P=0.603, 95% CI -863, 1487). A larger baseline DPED 

diameter and follow-up time predicted a decrease in DPED diameter (P=0.022 and 

P=0.044, respectively). 

Central retinal thickness decreased by 20 µm and 23 µm in the treatment and 

observation group, respectively (Figure 11E). The difference between groups during 

follow-up was not statistically significant (P=0.852, 95% CI -23, 28). The increasing 

age of patients and follow-up duration were significant predictors of decreasing central 

retinal thickness (P<0.001 and P=0.019, respectively). A larger baseline central retinal 

thickness value predicted a larger follow-up value (p<0.001).  

 

4.1.3 Progression of atrophy 
 

At baseline, 38% of patients had atrophy (defined as iRORA or cRORA) that increased 

to 75%, 71% (one excluded because of RPE-tear), and 86% after 6, 12, and 24 months 

of follow-up. One patient in the treatment group and two patients in the observation 

group progressed to cRORA after 24 months of follow-up. A decrease in DPED volume 

was significantly associated with the development of cRORA (Fisher’s exact test, 

P=0.029).  

 

4.1.4 Safety outcomes 

 

None of the patients in the treatment group developed endophthalmitis or retinal 

detachment following intravitreal injections. The intraocular pressure following 

intravitreal injections with triamcinolone acetonide did not need treatment. One patient 
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was diagnosed with CNV after the first triple therapy and subsequently developed an 

RPE-tear after the second triple therapy with full-fluence PDT. The standard full-

fluence PDT has shown a reduced risk of moderate and severe vision loss in treatment 

of type 1 CNV in AMD (Verteporfin In Photodynamic Therapy Study Group 2001), 

which was the reason the abovementioned patient received this treatment after 

development of CNV after half-fluence PDT. 

 

4.2 Paper II 

 

Forty-four patients and 66 eyes with DPED were included in the study. During the first 

year, three patients and four eyes were lost to follow-up. Two eyes (3%) had a reduction 

in DPED volume. One of these eyes progressed to subfoveal cRORA, and the other 

progressed to complete outer retinal atrophy with subfoveal thickening of the RPE layer 

on SD-OCT. At baseline, three eyes (5%) had extrafoveal iRORA, which increased to 

six (10%) by 12 months. None of the eyes developed CNV.  

 

4.2.1 Best-corrected visual acuity  

 

BCVA and DPED volume 

In the linear mixed model, BCVA decreased by 4.0 ETDRS letters for every increase in 

DPED volume by 1.0 mm3 (95% CI, -7.0 to -1.0, p = 0.008) (Figure 12A). BCVA 

decreased by 0.4 ETDRS letters for every patient-year (95% CI, -0.6 to -0.2, p <0.001). 

The subfoveal location reduced BCVA by 5.5 ETDRS letters (95% CI, -10.6 to -0.3, p = 

0.036), and presence of acquired vitelliform lesions reduced BCVA by 5.6 ETDRS 

letters (95% CI, -8.1 to -3.1, p <0.001). The volume of intraretinal hyperreflective foci, 

the presence of foveal subretinal fluid and intraretinal cysts, subretinal drusenoid 

deposits, and follow-up duration were not significant predictors of BCVA. The fixed 

effects in the statistical model predicted 40% of the variance in BCVA (R2 marginal), 

and the whole model, including random effects, predicted 83% (R2 conditional).  
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Figure 12 The associated decrease in best-corrected visual acuity (BCVA) with 

increasing drusenoid pigment epithelial detachment (DPED) volume, foveal diameter, 

and height.  

(A) BCVA and DPED volume. (B) BCVA and foveal DPED diameter. (C) BCVA and 

foveal DPED height. Statistical analysis; linear mixed models. The lines represent linear 

predictions. Scatterplots of BCVA and DPED volume, diameter, and height. The 

marginal coefficient of determination (R2m) is the proportion of the variance in BCVA 

predicted by the fixed effects of DPED volume, diameter, and height. N = 185 

observations, 66 eyes and 44 patients. A p-value <0.05 was considered statistically 

significant. (Tvenning et al. 2020). CC BY-NC-ND 4.0. 

 

BCVA and DPED diameter 

BCVA decreased by 2.1 ETDRS letters for every increase in foveal DPED diameter by 

1000 µm (95% CI, -3.5 to -0.6, p = 0.005) (Figure 12B). BCVA decreased by 0.4 

ETDRS letters for every patient-year (95% CI, -0.6 to -0.1, p = 0.003). The presence of 

acquired vitelliform lesions reduced BCVA by 5.6 ETDRS letters (95% CI, -8.1 to -3.1, 

p <0.001), and the presence of subretinal drusenoid deposits increased BCVA by 3.5 

ETDRS letters (95% CI, 0.4 to 6.6, p = 0.027). The volume of intraretinal 

hyperreflective foci, the presence of foveal subretinal fluid and intraretinal cysts, and 

follow-up duration were not significant predictors of BCVA. The fixed effects in the 

statistical model predicted 35% of the variance in BCVA (R2 marginal), and the whole 

model, including random effects, predicted 84% (R2 conditional). 
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Figure 13 The associated decrease in central retinal thickness (CRT) with increasing 

drusenoid pigment epithelial detachment (DPED) volume, foveal DPED diameter, and 

height. (A) CRT and DPED volume. (B) CRT and foveal DPED diameter. (C) CRT and 

foveal DPED height. Statistical analysis; linear mixed models. The lines represent linear 

predictions. Scatterplots of CRT and DPED volume, diameter, and height. The marginal 

coefficient of determination (R2m) is the proportion of the variance in CRT predicted by 

the fixed effects of DPED volume, diameter, and height. N = 185 observations, 66 eyes 

and 44 patients. A p-value <0.05 was considered statistically significant. (Tvenning et 

al. 2020). CC BY-NC-ND 4.0. 

 

BCVA and DPED height 

BCVA decreased by 1.8 ETDRS letters for every increase in foveal DPED height by 

100 µm (95% CI, -3.0 to -0.5, p = 0.005) (Figure 12C). BCVA decreased with 0.3 

ETDRS letters for every patient-year (95% CI, -0.6 to -0.1, p = 0.005). The presence of 

acquired vitelliform lesions reduced BCVA by 6.1 ETDRS letters (95% CI, -8.6 to -3.6, 

p <0.001). The volume of intraretinal hyperreflective foci, the presence of foveal 

subretinal fluid and intraretinal cysts, subretinal drusenoid deposits, and follow-up 

duration were not significant predictors of BCVA. The fixed effects in the statistical 

model predicted 36% of the variance in BCVA (R2 marginal), and the whole model, 

including random effects, predicted 82% (R2 conditional). 
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4.2.4 Central retinal thickness  

 

Central retinal thickness and DPED volume 

Central retinal thickness decreased by 26.7 µm for every increase in DPED volume by 

1.0 mm3 (95% CI, -44.4 to -9.0, p = 0.003) (Figure 13A). Patient age, subfoveal location 

of DPEDs, the volume of intraretinal hyperreflective foci, the presence of acquired 

vitelliform lesions, foveal subretinal fluid, and intraretinal cysts, subretinal drusenoid 

deposits, and follow-up duration were not significant predictors of central retinal 

thickness. The fixed effects in the statistical model predicted 10% of the variance in 

central retinal thickness (R2 marginal), and the whole model, including random effects, 

predicted 95% (R2 conditional). 

 

Central retinal thickness and DPED diameter 

Central retinal thickness decreased by 13.1 µm for every increase in foveal DPED 

diameter by 1000 µm (95% CI, -19.5 to -6.6, p <0.001) (Figure 13B), and the presence 

of subretinal fluid in the fovea led to an increase in central retinal thickness of 8.8 µm 

(95% CI, 0.4 to 17.3, p = 0.042). Patient age, the volume of intraretinal hyperreflective 

foci, the presence of acquired vitelliform lesions, intraretinal cysts, subretinal drusenoid 

deposits, and follow-up duration were not significant predictors of central retinal 

thickness. The fixed effects in the statistical model predicted 8% of the variance in 

central retinal thickness (R2 marginal), and the whole model, including random effects, 

predicted 95% (R2 conditional). 

 

Central retinal thickness and DPED height 

Central retinal thickness decreased by 20.2 µm for every increase in foveal DPED 

height by 100 µm (95% CI, -26.6 to -13.7, p <0.001) (Figure 13C). Patient age, the 

volume of intraretinal hyperreflective foci, the presence of acquired vitelliform lesions, 

foveal subretinal fluid, intraretinal cysts, subretinal drusenoid deposits, and follow-up 

duration were not significant predictors of central retinal thickness. The fixed effects in 
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the statistical model predicted 23% of the variance in central retinal thickness (R2 

marginal), and the whole model, including random effects, predicted 95% (R2 

conditional). 

 

4.3 Paper III 

 

269 AMD patients and 115 controls were included from the A2A dataset, with one SD-

OCT volume from the same participant. 40 AMD patients (62 eyes) and 23 controls 

were included from the NORPED dataset with 337 and 46 SD-OCT volumes, 

respectively. 

4.3.1 Performance of OptiNet  
 
The mean AUC of OptiNet was 99.7% and 99.9% on the A2A and NORPED datasets, 

respectively, additional results are presented in Table 2. The AUC was calculated from 

the mean receiver operator characteristics curves of ten independent models on each 

dataset (Figure 14). Table 3 shows the AUC of previous studies conducted on the A2A 

dataset. 

 

Metric A2A dataset  NORPED dataset  

Accuracy 96.5 ± 2.1 % 98.9 ± 0.8 % 

Positive Predictive Value 97.6 ± 3.2 % 99.5 ± 0.9 % 

Sensitivity 97.6 ± 2.3 % 99.2 ± 0.6 % 

Negative Predictive Value 94.8 ± 5.1 % 93.9 ± 4.6 % 

Specificity 93.8 ± 8.3 % 95.8 ± 7.7 % 

AUC 99.7 ± 0.4 % 99.9 ± 0.1 % 
Table 2 The performance of OptiNet on the validation partition of the A2A and NORPED 
datasets. The results are of the format mean ± standard deviation based on ten trained 
models from the OptiNet architecture for each of the two datasets.       
A2A; Age-Related Eye Disease 2 Ancillary SD-OCT study, AUC; area under the receiver 
operator curve, NORPED; Norwegian Pigment Epithelial Detachment Study 
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Figure 14 Receiver operating characteristic curves computed from the models of 

OptiNet trained on the A2A and NORPED datasets.            

(A) ROC curves calculated for all ten models of OptiNet trained on the A2A dataset. 

(B) ROC curves calculated for all ten models of OptiNet trained on the NORPED 

dataset. Each model has a randomly generated name, which is shown in the lower-right 

corner of both figures. The mean ROC curve is identified as the solid line in the graph. 

Abbreviations: A2A; Age-Related Eye Disease 2 Ancillary SD-OCT study, ROC; 

receiver operating characteristic curves, NORPED; Norwegian Pigment Epithelial 

Detachment Study. 

 

 

 

 

Study Method Results 
(Apostolopoulos et al. 2016) Convolutional neural network AUC: 99.7% 
(Santos et al. 2018) Support vector machine AUC: 98.9% 
(Venhuizen et al. 2015) Unsupervised feature learning, bag of words AUC: 98.4% 
(Farsiu et al. 2014) Generalized linear regression AUC: 99.2% 

Table 3 Previous studies and performance on the A2A dataset.       
AUC = area under the receiver operator curve, A2A = Age-Related Eye Disease 2 
Ancillary spectral domain-optical coherence tomography study. 
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4.3.2 Visualization 
 

The points of interest were calculated from the validation partitions on both datasets.  

The displayed images can be magnified, and the exact location of the points of interest 

can be seen and registered (Figure 15). The percentage of SD-OCT volumes to have at 

least one point of interest and their distribution in retinal layers, zones, and structures 

are presented in Table 4. When combining the results from both datasets, the retinal 

layers and structures that most often had one point of interest were the RPE (98%), 

ellipsoid (88%) and interdigitation (84%) zone, outer segment (78%), retinal nerve fiber 

(82%) and choroid layer (70%), and in drusen (97%). Figure 16 shows how three AMD 

cases are displayed to the user, and Figure 17 shows a control case.  

 

 

 

Figure 15 The high-resolution visualization of points of interest from a patient with 

age-related macular degeneration on spectral-domain optical coherence tomography 

scans. (A) The normal presentation of points of interest (red dots). (B) - (C) Increasing 

magnification showing the high-resolution visualization of points of interest in specific 

retinal layers and structures. 
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 NORPED 
(n=102*) 

A2A      
(n=48*) 

Combined 
(n=150*) 

 n (%) n (%) n (%) 

Retinal pigment epithelium 99  (97 %) 48  (100 %) 147 (98 %) 
Interdigitation zone 87  (85 %) 39  (81 %) 126 (84 %) 
Ellipsoid zone 86  (85 %) 46  (96 %) 132 (88 %) 
Outer segment 83  (81 %) 34  (73 %) 117 (78 %) 
Retinal nerve fiber  81  (79 %) 42  (88 %) 123 (82 %) 
Choroid 59  (58 %) 46  (96 %) 105 (70 %) 
Inner plexiform  45  (44 %) 30  (63 %) 75 (50 %) 
Outer plexiform  43  (42 %) 29  (61 %) 72 (48 %) 
Ganglion cell  41  (40 %) 33  (69 %) 74 (49 %) 
Henle nerve fiber 37  (36 %) 24 (50 %) 61 (41 %) 
Vitreous 36  (35 %) 22  (46 %) 58 (39 %) 
Inner nuclear  29  (28 %) 21  (44 %) 50 (33 %) 
Outer nuclear  16  (16 %) 22 (45 %) 38 (25 %) 
External limiting membrane 15  (15 %) 7 (15 %) 22 (15 %) 
Bruch’s membrane 8  (8 %) 7 (15 %) 15 (10 %) 
Myoid zone 7 (7 %) 9 (19 %) 16 (11 %) 
       
Drusen 99  (97 %) 47 (98 %) 146 (97 %) 
Subretinal drusenoid deposits 42  (41 %) 11 (23 %) 53 (35 %) 
Intraretinal hyperreflective foci 32  (31 %) 4 (8 %) 36 (24 %) 
Acquired vitelliform lesion 24  (24 %) - - 24 (16 %) 
Hypertransmission 13  (13 %) 5 (10 %) 18 (12 %) 
Subretinal fluid 3     (3 %) 1 (2 %) 4 (3 %) 
Intraretinal cysts 1     (1 %) - - 1 (1 %) 
Table 4 The percentage of SD-OCT volumes to have at least one point of interest and their 
distribution in retinal layers, zones and features of AMD. AMD; age-related macular 
degeneration, A2A; Age-Related Eye Disease 2 Ancillary SD-OCT study, SD-OCT; 
spectral-domain optical coherence tomography, n=number. * SD-OCT images from the 
validation partitions.  
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Figure 16 Visualization of points of interest in three cases with age-related macular 

degeneration (AMD). The figure shows how the deep learning model, OptiNet, displays 

results to the user on three AMD cases. Three images are given for each AMD case, 

displaying the regular spectral-domain optical coherence tomography (SD-OCT) scan, 

points of interest, and a localization heat map. Each row shows one of the cross-sections 

of a SD-OCT scan from different patients. Convolutional neural network (CNN) 

fixations show the points of interest (red dots) that were important for the classification. 

The localization map shows the density as a Gaussian blur of the points of interest. A 

high value on the color bar, displayed in red, implies high interest from the deep 

learning model.  
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Figure 17 Visualization of points of interest in a control case. The points of interest (red 

dots) are mainly located in the layer of the retinal pigment epithelium and photoreceptors. 

The deep learning model was trained to output a probability of age-related macular 

degeneration, and an output probability ≥ 0.5 indicates a case with age-related macular 

degeneration, and <0.5 indicates a control case.  
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5. Discussion 
 

The main findings of this thesis are that large foveal DPEDs are associated with a 

decrease in BCVA and central retinal thickness, probably because of the progressive 

RPE and photoreceptor atrophy. The sample size in paper I was too small to draw any 

conclusions about the treatment effect of anti-VEGF or in combination with PDT and 

triamcinolone acetonide in patients with DPED and no CNV on angiography. After 2 

years of follow-up, the treatment and observation group had a decrease in BCVA and 

progression of atrophy. Furthermore, SD-OCT images can be utilized by artificial 

intelligence to identify AMD, and with the adaptation of a novel visualization method, 

provide precise feedback and reveal potential new disease features.  

 

5.1 Rationale for the interventions in Paper I 
 

There were no previous studies that had tested if treatment with anti-VEGF alone, or in 

combination with PDT and triamcinolone acetonide, would be beneficial for patients 

with avascular serous PEDs or DPEDs in a randomized controlled trial. However, 

uncontrolled intervention studies indicated that anti-VEGF treatment might stabilize 

disease progression (Ritter et al. 2010; Gallego-Pinazo et al. 2011). The prospective 

uncontrolled study of Ritter et al. that evaluated anti-VEGF treatment of 7 serous PEDs 

and 5 DPEDS was one of the studies that inspired our randomized controlled trial 

(Ritter et al. 2010). They suggested that anti-VEGF therapy may have an effect on 

decreasing the volume of PEDs without identifiable CNV. In their study, 2 of 5 DPEDs 

and 4 of 7 serous PEDs had a reduction in PED volume of 56%, and 2 PEDs resolved 

entirely, none developed CNV or central geographic atrophy, and BCVA remained 

stable during the first 12 months. However, four patients had an increase in PED 

volume by 33%. In another prospective uncontrolled trial, six patients with DPED, 

without CNV on FA, were treated with anti-VEGF (Gallego-Pinazo et al. 2011). 2 of 6 

patients had an increase of 19 and 21 ETDRS letters, and the other remained stable with 

a mean follow-up of 17 months. However, ICGA was not used in that study, and some 
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of the patients might have had CNV. In addition, a case report has reported regression 

of drusen following PDT treatment of DPED without CNV (Lee &  Kim 2008). 

Triamcinolone acetonide was included as a treatment because it had shown an additive 

effect with PDT, mainly in reducing the need for re-treatment with PDT in neovascular 

AMD (Spaide et al. 2003; Maberley &  Canadian Retinal Trials Group 2009). Further 

arguments for this intensive and controversial therapy was the relentless natural history 

of the disease (Casswell et al. 1985; Cukras et al. 2010), and the possibility that the 

drusen material could block visualization of CNV (Arnold et al. 1997).  

Both serous and drusenoid PEDs have a high risk of developing CNV. Retrospective 

studies have shown that 34% of serous PEDs developed CNV after a mean of 25 

months follow-up, and 9% of DPEDs develop CNV after 41 months of follow-up 

(Casswell et al. 1985; Hartnett et al. 1992). A prospective study found that 32% of 

serous PEDs developed CNV after a median of 12 months of follow-up (Elman et al. 

1986). ICGA is better than FA to detect type 1 CNV in serous PEDs (Yannuzzi et al. 

1992), which was not used in the abovementioned studies and could explain why we did 

not find any serous PEDs without CNV in our study. However, serous PEDs without 

CNV exists in macular diseases and might be present because of the increased 

hydrophobicity in Bruch’s membrane in AMD (Bird 1991) and increased choroidal 

permeability in central serous chorioretinopathy (Fujimoto et al. 2008). 

 

5.2 Treatment efficacy (Paper I)  
 

The first study was designed as a randomized controlled trial to test treatment with anti-

VEGF, PDT, and triamcinolone acetonide of large serous and drusenoid PEDs, without 

identifiable CNV on FA and ICGA. However, most of the patients with serous PEDs 

evaluated for inclusion in our study were ineligible because of CNV. One included 

patient without CNV and serous PED had a misdiagnosis and was excluded from 

statistical analysis because of central serous chorioretinopathy. The remaining patients 

had DPEDs. Also, further inclusion and treatment were stopped after studies describing 

nascent geographic atrophy on SD-OCT that preceded the development of central 

geographic atrophy on color fundus photography were published (Wu et al. 2014), even 
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though there was no difference in BCVA. Nascent geographic atrophy is defined on 

SD-OCT by the subsidence of the outer plexiform and inner nuclear layer, and a 

hyporeflective wedge-shaped band within the limits of the outer plexiform layer. At the 

six month follow-up, we identified that 75% of our patients were in the progression of 

atrophy (Tvenning et al. 2019), later defined on SD-OCT as either iRORA or cRORA 

(Sadda et al. 2018; Guymer et al. 2020). One patient had cRORA at baseline, and the 

number of patients increased to three and four after 6 and 12 (24) months of follow-up, 

respectively. The results of the study by Ritter et al. were different from ours with 

BCVA remaining stable and no development of geographic atrophy or CNV. However, 

their follow-up time was only 12 months, and their DPEDs were considerable smaller 

(mean 0.38 mm3) than ours (0.98 mm3).  

 

5.3 Geographic atrophy (Paper I and II)  
 

Color fundus photography and fundus autofluorescence have been the primary imaging 

modalities in the studies of geographic atrophy. However, evaluation with SD-OCT has 

become essential, since the health of the neurosensory retina can be directly assessed, 

and early precursors can be found years before progression to advanced AMD 

(Schmidt-Erfurth et al. 2017). We believed that treatments reducing the volume of 

PEDs would improve the prognosis because of the reduced distance from the RPE to the 

choriocapillaris. However, a study by Balaratnasingam et al. described the lifecycle of 

DPEDs and showed that a reduction in DPED volume led to geographic atrophy 

(Balaratnasingam et al. 2016). Geographic atrophy in AMD is usually located 

perifoveal, and patients retain good vision for many years until foveal involvement 

(Sarks et al. 1988). However, drusen were in one study present in 100% of following 

areas with geographic atrophy (Klein et al. 2008), and DPEDs are usually located in the 

center of the macula, which suggest that geographic atrophy in DPEDs would involve 

the fovea in many patients (Sarks et al. 1988). Not all drusen that regress develop 

visible geographic atrophy or CNV. One prospective study of drusen found that 15% 

had a decrease in volume over 12 months, and 64% of these progressed to geographic 

atrophy, 23% to CNV, and 14% regressed without evidence of outer retinal alterations 
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on SD-OCT, fundus autofluorescence, and color fundus photography (Yehoshua et al. 

2011). Prior to the development of geographic atrophy, it is in histopathology seen that 

the photoreceptor outer segments are absent on top of drusen (Sarks et al. 1988) with 

thinning of the photoreceptor layer seen on SD-OCT (Schuman et al. 2009). Thus, the 

location of drusen and DPEDs, and likely progression of geographic atrophy becomes 

essential for visual function. The few DPEDs (6%) in our second paper that were 

located perifoveal had markedly better BCVA (Tvenning et al. 2020). Regression of 

DPED volume might improve or stabilize visual function if there is no development of 

geographic atrophy or it occurs perifoveal, and preferentially early in the disease 

process, by re-establishing the close contact of the choriocapillaris to the RPE. 

However, for patients progressing to geographic atrophy, the fovea is likely to be 

involved since the lesions increase over time.  

 

5.4 Best-corrected visual acuity and central retinal thickness  
 

As indicated by our second paper, it is probably not only during the regression phase 

that visual function declines and atrophy progress in patients with DPED. It appears that 

this is a gradual process, with a decrease in BCVA and central retinal thickness, also 

during the growth phase of DPEDs (Tvenning et al. 2020). It has been suggested that 

the increasing distance of the RPE to the choriocapillaris in drusen and DPEDs leads to 

RPE and outer retinal atrophy because of reduced oxygen diffusion and nutrient 

transport (Friedman et al. 1995; Stefánsson et al. 2011; Mrejen et al. 2013). Oxygen 

diffusion decreases linearly from the RPE to the outer retina. According to Fick’s law of 

diffusion, an increase of DPED height by 100 µm would result in an oxygen flux 

decrease by 50% (Stefánsson et al. 2011). Furthermore, oxygen permeability is 

decreased 3-5 fold in membranes containing water or lipids (Subczynski et al. 1989), 

which are the main components of DPEDs. The statistical model in our second paper on 

central retinal thickness and foveal DPED height supports the notion that the distance 

between the RPE to the photoreceptors is important for the outer retina. This model had 

the most explained variance (22%) compared to foveal DPED diameter (5%) and DPED 

volume (6%) in predicting central retinal thickness (Tvenning et al. 2020). 
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BCVA is usually affected late in the progression of AMD, because of the relative 

sparing of cones that are supported by the Müller cells, compared to the rods that rely 

more on the RPE (Curcio et al. 1996; Owsley et al. 2000). AMD patients typically have 

good visual acuity in the earlier stages of the disease, and it decreases substantially with 

the progression to advanced AMD (Chew et al. 2014). Dark adaptation time increases 

with AMD severity stage and can be used to detect earlier changes in visual function 

(Flamendorf et al. 2015), especially in the presence of subretinal drusenoid deposits 

(Chen et al. 2019). Despite this, we did find that the increasing size of DPEDs was 

associated with a decrease in BCVA. However, DPEDs are arguably not early or 

intermediate AMD, but somewhere in between intermediate and advanced AMD, 

because of its size, foveal location, and the high risk of progression to advanced AMD 

(Cukras et al. 2010). A cross-sectional study found reduced visual acuity, 

microperimetry, and multifocal electroretinography in patients with ≥ ½ disc diameter 

DPEDs compared to healthy controls (Ogino et al. 2014). The same study did not find a 

decrease in visual acuity or multifocal electroretinography in intermediate AMD 

patients with only multiple large drusen ≥125 µm compared to controls.  

DPED volume as a predictor in statistical models of BCVA can be challenging because 

of its potential opposite effect. As we have shown in paper II, an increase in DPED 

volume is associated with a reduction in BCVA (Tvenning et al. 2020). However, 

during the progression towards geographic atrophy there is a reduction in DPED 

volume and a decrease in BCVA (Balaratnasingam et al. 2016). To complicate this even 

further, a reduction in drusen volume does not necessarily lead to visible geographic 

atrophy or CNV (Yehoshua et al. 2011), and in some cases even improvement in visual 

function (Csaky &  Christie 2020). The many different and potential opposite meanings 

of a change in DPED volume shows the importance of reviewing the SD-OCT images 

for progression and location of atrophy. In a statistical model, the multitude of effects 

that DPED volume can have on BCVA can be accounted for with an interaction term 

with DPED volume. For instance, DPED volume can in this way have one meaning 

with no identified atrophy on SD-OCT, another meaning in the presence of iRORA and 

cRORA, and another in the more rare occasions of DPED volume reduction and no 
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visible atrophy or CNV. The statistical model should also account for foveal 

involvement of the atrophic process. 

 

5.5 Spectral-domain optical coherence tomography predictors 
 

The presence of acquired vitelliform lesions in patients with DPED was associated with 

a decrease in BCVA. This is plausible since these lesions are thought to be 

accumulations of RPE organelles (lipofuscin, melanolipofuscin, melanosomes) and 

outer segment debris because of RPE cell dysfunction (Arnold et al. 2003; Chen et al. 

2016; Balaratnasingam et al. 2017).  

Intraretinal hyperreflective foci on SD-OCT are probably activated RPE that migrates 

towards the inner retina (Christenbury et al. 2013), and they are a known risk factor for 

progression to advanced AMD (Nassisi et al. 2018). 85% of the patients in paper II had 

intraretinal hyperreflective foci at baseline, and their volume was varied, and most 

patients had small amounts. This corresponds well to the atrophic stage of the DPEDs in 

our study, with only 5% having iRORA or cRORA at baseline. The amount of 

intraretinal hyperreflective foci increases during the progression of geographic atrophy 

(Christenbury et al. 2013). With a longer follow-up of the patients in the NORPED 

study, we suspect that intraretinal hyperreflective foci will be a predictor of a decrease 

in BCVA and central retinal thickness.  

Subretinal drusenoid deposits are associated with thinner choroids, reduced BCVA 

(Garg et al. 2013), advanced AMD (Zweifel et al. 2010a),  and an increased rate of 

geographic atrophy progression (Pumariega et al. 2011; Marsiglia et al. 2013).  

However, we did not find that the presence of subretinal drusenoid deposits predicted a 

change in BCVA or central retinal thickness, even though 64% of eyes had these 

deposits. The individual effect of subretinal drusenoid deposits could have been 

overshadowed by the effect of DPED size in the multivariate statistical model. Also, 

BCVA is primarily a measure of cone-mediated vision, and subretinal drusenoid 

deposits appear to be associated with rod pathophysiology in AMD (Curcio et al. 2013). 
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A better outcome measure of the negative effect of subretinal drusenoid deposits on 

visual function in AMD could be to measure dark adaptation time (Chen et al. 2019).  

 

5.6 Performance of the deep learning model 
 

Previous deep learning models have diagnosed multiple retinal diseases on SD-OCT 

scans with AUCs ranging from to 97.5-99.9% on large datasets with 16884 SD-OCT 

volumes to > 100.000 SD-OCT scans and performed equivalent to or better than experts 

in the field (Lee et al. 2017; De Fauw et al. 2018; Kermany et al. 2018; Lu et al. 2018). 

OptiNet was trained from scratch and able to identify AMD and control cases with high 

performance on two relatively small datasets. CNNs typically need thousands of images 

in order to achieve high performance, but when two conditions are quite different 

(drusen and no drusen), not many cases might be needed. One study has shown that a 

CNN trained with only 200 computer tomography scans to classify different body 

regions on 6000 computer tomography scans were enough to achieve high accuracy, 

which illustrates that fewer training cases might be enough if the difference between 

images is sufficiently large (Cho et al. 2015). OptiNet used 3D SD-OCT volumes 

during learning and classification, in contrast to most studies using 2D SD-OCT scans 

(Apostolopoulos et al. 2016; Lee et al. 2017; Kermany et al. 2018; Lu et al. 2018; 

Motozawa et al. 2019). Few studies have used 3D SD-OCT volumes to classify retinal 

disease, and one of them used two deep learning models, one to segment the raw 3D 

SD-OCT volume, and another to classify the results of segmentation (De Fauw et al. 

2018). Deep learning models trained on 3D images outperform those trained with 2D in 

lung nodule detection for lung cancer (Dou et al. 2017), and the use of 3D might also 

improve the classification of retinal disease.  

 

5.7 Visualization 
 

OptiNet learned disease features from the 3D SD-OCT volumes by itself. We did not 

annotate, or highlight image regions that we know are associated with AMD, and 
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consequently, the points of interest found by OptiNet are unbiased and might represent 

new disease features of AMD. OptiNet utilized known features of AMD in its 

classification, such as the photoreceptor layers, the RPE layer, and drusen (Fleckenstein 

et al. 2008). This visual feedback of points of interest used in the identification of AMD 

indicates that OptiNet learned disease features of AMD. In addition, our study showed 

that the retinal nerve fiber and choroid layer were frequent points of interest in the 

detection of AMD.  

The association of the retinal nerve fiber layer to AMD remains to be determined. One 

prospective study with two years of follow-up did not find a difference in retinal nerve 

fiber layer volume between patients with AMD and unmatched controls (Lamin et al. 

2019). A cross-sectional study found lower retinal nerve fiber layer thickness in 

treatment-naivè AMD patients with CNV compared to controls, but not for AREDS 

category 2-3 or those with central geographic atrophy (Zucchiatti et al. 2015). 

Furthermore, another study found a decrease in the ganglion cell layer + inner plexiform 

layer and inner nuclear layer + outer plexiform in AMD patients compared to controls, 

but not for the retinal nerve fiber layer (Savastano et al. 2014). Another large cross-

sectional study found an increase in retinal nerve fiber layer thickness between early 

AMD and age-matched controls, but this finding was not present for moderate or severe 

early AMD (Brandl et al. 2019).  It is known that the retinal nerve fiber layer thickness 

decreases with age (Budenz et al. 2007), and this could have explained the frequent 

points of interest in this layer in the NORPED dataset. However, the points of interest 

were also frequent in the retinal nerve fiber layer in the A2A dataset that had an age-

matched control group.  

The association of the choroid layer to AMD is also not determined. Age, refractive 

error and axial length influence choroidal thickness, and most studies adjusting for these 

factors find little evidence of an association to AMD (Jonas et al. 2014; Yiu et al. 2015; 

Ho et al. 2018). Neovascular AMD and polypoidal choroidal vasculopathy might have 

an increased choroidal thickness (Ting et al. 2016), and patients with AMD and 

subretinal drusenoid deposits might have decreased choroidal thickness (Keenan et al. 

2020). Choroidal thickness has also been found to decrease following DPED regression 

and progression to geographic atrophy (Dolz-Marco et al. 2018).  
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Even though the observation of points of interest in the retinal nerve fiber and choroid 

layer in our study is interesting, deep learning models do not see images as we do. They 

extract simple features out of the images and builds upon these to create abstract 

representations used for classification (Yosinski et al. 2015). Despite this, the points of 

interest created by OptiNet were primarily located in regions known to be associated 

with AMD, indicating that the use of the visualization method CNN-fixations can 

produce interpretable findings to the clinician. 

 

5.8 Limitations 
 

We are all biased, and both patients, doctors, and study personnel want new treatments 

to have a beneficial effect or new hypotheses to be true. Studies need to be well-

designed and ideally randomized to minimize bias, with the use of as much masking as 

possible.  

Bias occurs in research when “systematic error [is] introduced into sampling or testing 

by selecting or encouraging one outcome or answer over others”. Bias can occur in any 

stage of research from study planning, implementation, data analysis, and during 

publication (Pannucci &  Wilkins 2010). Bias can broadly be classified into selection 

and information bias (Delgado-Rodriguez &  Llorca 2004). Even though the first study 

was a randomized controlled trial, some biases are still present. 

The main limitation of the randomized controlled trial in Paper I was the small cohort 

that limits any conclusions to be made.  

Confounding is a type of bias, where known and unknown factors influence the 

outcomes (Greenland et al. 1999), and this can be present in all of our studies. 

Selection bias is present in all of our studies, mostly because of the small sample sizes 

and the rather narrow inclusion criteria. This type of bias occurs when the study 

population does not represent the target population. The DPED size criteria of ≥1500 

µm in the randomized controlled trial and ≥1000 µm in the observational study might 

exclude those with a different risk of progression to advanced AMD.  
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The researchers and patients were not blinded for group allocation in paper I, and there 

is a possibility of performance bias because of differences in the follow-up. The 

treatment group had more frequent visits to the hospital because of treatments compared 

to the control group. Even though the nurses were blinded for study allocation, there is a 

chance that the group allocation was discovered, potentially influencing BCVA 

measurements.  

Paper I and II had pre-specified primary outcomes that reduced detection bias. 

However, the results from Paper I could indicate that large DPEDs are unhealthy for the 

overlying retina, and we developed a preconception that this could be true, which leads 

to confirmation bias in our following observational study. 

Observational studies are also prone to post hoc analysis bias, as most of these studies 

collect a large amount of data that potentially can produce unexpected and significant 

results by chance. However, for paper II we had a hypothesis that the increasing DPED 

volume would reduce BCVA and central retinal thickness, which reduced the chance of 

post hoc analysis bias.  

The prospective designs decreased some types of bias in that there was little missing 

information. Furthermore, the prospective design reduced the chance of recall bias that 

occurs when patients need to remember previous exposures that might be related to the 

disease.  

There is also a chance of misclassification bias, in that some of the DPEDs could have 

had CNV not identified on angiography in Paper I and II.  

There is a chance of patient bias in that some of the included patients in Paper I and II 

would want to perform exceedingly well on BCVA measurements. However, functional 

measurements are probably not as likely to have this type of bias compared to 

questionnaires.  

Paper I and II could potentially have regression to the mean bias, where the first 

observations of an outcome are far above the average response, and this value 

normalizes without intervention by the next follow-up and could lead to erroneous 

conclusions about the effect of exposure (Barnett et al. 2004). However, Paper I 
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randomized the patients, and there were multiple measurements over time in both paper 

I and II. In addition, the baseline value was a predictor in the statistical model in Paper 

I, thereby adjusting for regression to the mean.  

The AMD datasets in paper III has spectrum bias in that most of the cases were 

intermediate or advanced AMD. Another limitation of paper III is that the deep learning 

model has not been tested on a general population cohort where most subjects are 

normal. Furthermore, the SD-OCT images used by the deep learning model were of 

high quality, in contrast to the scans obtained in an everyday clinical setting.  

In Paper I, there is a chance that we made both type I and II errors because of the small 

sample sizes. Type I errors occur when significant results are a product of chance, and 

Type 2 errors occur when a difference or association is present but not found.  In the 

building of the statistical models in Paper II many predictors were added and removed 

in order to get the best model fit. During this process, it is possible for type I errors to 

occur. We could have corrected for multiple comparisons by using another threshold of 

significance, i.e., p<0.01 or lower, but this could have increased the chance of a type II 

error. However, the sample size was reasonably large, with repeated measurements over 

time, and the highly significant results in our paper are probably not a product of 

chance.  

 

5.9 Implications of current findings and future research 
 

The small sample size of paper I limits any conclusion to be made about treatment with 

anti-VEGF or in combination with PDT and triamcinolone acetonide of DPEDs without 

identifiable CNV on angiography. Large DPEDs are probably not intermediate or 

advanced AMD, but somewhere in between, and this is an important consideration for 

future clinical trials. The foveal location and high drusen load represent a high risk of 

progressive outer retinal atrophy, ultimately leading to central geographic atrophy. If the 

DPED volume could be reduced early in the disease process, the risk of losing BCVA 

would probably also be reduced. It has previously been reported that thermal laser 

photocoagulation in patients with extensive drusen can reduce drusen load with the 
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stabilization of visual acuity (Wetzig 1988; Sarks et al. 1996; Figueroa et al. 1997; 

Guymer et al. 1997). However, a meta-analysis of 11 randomized controlled trials, 

including 2159 participants and 3580 eyes, did not find that thermal photocoagulation 

with xenon, krypton, or argon lasers or sub threshold diode lasers of non-neovascular 

AMD slowed or accelerated progression to advanced AMD or visual acuity loss, despite 

the reduction of drusen area (Virgili et al. 2015). Thermal laser might increase the risk 

of CNV, but mostly in fellow eyes of those with CNV in the other eye (The Choroidal 

Neovascularization Prevention Trial Research Group 2003).  

A recent large multi-center randomized clinical trial, the Laser Intervention in Early 

Age-Related Macular Degeneration Study (LEAD), has investigated possible treatment 

benefit of sub threshold nanosecond laser therapy for patients with at least one drusen ≥ 

125 µm within 1500 µm from the fovea in both eyes with three years of follow-up. 

They found no difference in progression to advanced AMD between groups, but post-

hoc analyses showed that in patients without subretinal drusenoid deposits, nanosecond 

laser may slow progression, and might increase progression in those with these deposits 

(Guymer et al. 2019). DPEDs >1000 µm were excluded from the LEAD trial because 

DPEDs in a pilot study treated with sub threshold nanosecond laser therapy progressed 

to central geographic atrophy after 12 months of follow-up (Guymer et al. 2014). It is 

thought that laser-induced damage by a nanosecond laser below visual threshold 

activates nearby RPE, which migrate to repair the damage and, in the process, release 

matrix metalloproteinase that potentially could be one mechanism in drusen regression 

(Zhang et al. 2012). 

A recent case report showed that BCVA remained stable, and low luminance visual 

function improved 24 months after spontaneous DPED regression without progression 

to central geographic atrophy or CNV (Csaky &  Christie 2020). If it is possible to 

reduce the amount of drusen or induce drusen regression in patients with DPED, before 

signs of atrophy on SD-OCT, patients would probably benefit from treatment. For 

decades it has been speculated if modifiable cardiovascular risk factors also alter AMD 

development and progression. Statins, or HMG Co-A reductase inhibitors, have been of 

interest because drusen are in part composed of lipoproteins and cholesterol. Statins 

reduce the production of low-density lipoprotein cholesterol, increase the expression of 
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low-density lipoprotein cholesterol receptors, and reduce the amount of triglycerides 

(Wierzbicki et al. 2003). The different statins have different effects on high-density 

lipoproteins, whereas Simvastatin can increase high-density lipoproteins, Atorvastatin 

can reduce the amount at a higher dosage (Wierzbicki &  Mikhailidis 2002). Evidence 

also suggests that statins inhibit vascular inflammation, are immune modulators, and 

have an effect on endothelial progenitor stem cells (Wierzbicki et al. 2003; Blum &  

Shamburek 2009). The plethora of effects that statins exert appear to be relevant in the 

current understanding of AMD as a vascular-metabolic-inflammatory disease. However, 

available studies on statin treatment and AMD report conflicting results. Several studies 

report a protective effect of statins on AMD (McCarty et al. 2001; McGwin et al. 2003; 

McGwin et al. 2005; Tan et al. 2007), whilst others report none (Klein et al. 2001; van 

Leeuwen et al. 2003; Smeeth et al. 2005; McGwin et al. 2006; Klein et al. 2007; 

Maguire et al. 2009), and even increased risk of CNV (VanderBeek et al. 2013). A 

recent meta-analysis of case-control, cohort and cross-sectional studies (Ma et al. 2015) 

found that patients treated with statins had a reduced risk in developing early AMD and 

CNV, but not for geographic atrophy or if all stages of AMD were combined. A 

randomized-controlled trial was conducted and showed the treatment benefit of statins 

(40 mg Simvastatin) in reducing the progression of AMD, which was most evident for 

patients with the at-risk CFH genotype CC (Y402H) (Guymer et al. 2013). More 

recently, an uncontrolled prospective trial showed that treatment with 80 mg of 

Atorvastatin in patients with large soft drusen and DPEDs had a positive treatment 

effect with drusen regression in 44% of patients without the development of geographic 

atrophy or CNV after one year of follow-up (Vavvas et al. 2016). AMD is a 

heterogeneous disease, and it is possible that only a subset of AMD patients with certain 

genotypes, drusen type, or disease stage would benefit from statin treatment. A recent 

Cochrane review found only two randomized controlled trials that tested treatment with 

statins for AMD, and the evidence from those two was insufficient to conclude on the 

role of statin therapy and AMD (Gehlbach et al. 2016). A new and larger randomized 

controlled trial testing treatment with statins on AMD, including DPEDs, is warranted. 

This study would need a large sample with sufficient power to detect a treatment 

benefit, longer follow-up, and probably stratified on AMD genotype, drusen type, and 

AMD stage. Those with signs of nascent geographic atrophy on SD-OCT or CNV 
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should be excluded. A major challenge to conduct such a study would be recruitment 

since most of these patients are asymptomatic, and that many elderly patients already 

use lipid-lowering medications. 

Few patients met the new SD-OCT criteria for foveal iRORA in paper II, but cRORA 

were present after one year of follow-up. This was despite extensive changes in SD-

OCT scans, decreased central retinal thickness, and BCVA. The new definition for 

iRORA is probably best suited for evaluating perifoveal atrophy since the outer 

plexiform layer is absent subfoveal, and the evaluation of thinning of the outer nuclear 

layer is subjective. Maybe it is enough to define foveal iRORA with loss of the 

interdigitation zone, ellipsoid zone, and external limiting membrane, and a loss of the 

RPE <250µm. The new definitions of atrophy on SD-OCT will be evaluated when more 

patients in the NORPED study develop these end-points after additional follow-up time.  

It is already known that deep learning models perform at the same high level as experts 

in the field in diagnosing retinal disease. However, we have shown the potential of a 

novel visualization method in identifying disease features. If a deep learning model is 

trained on a prospective dataset of those that progress to geographic atrophy, maybe it 

will be possible to find the first disease features of this process, which can be used for 

future clinical trials. If the same concept is applied for CNV, it might be possible to 

identify the patients that are at the highest risk for this treatable complication. 
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5.10 Conclusions 

 

The sample size in paper I was too small to draw any conclusions about the treatment 

effect of anti-VEGF or in combination with PDT and triamcinolone acetonide in 

patients with DPED and no CNV on angiography. After 2 years of follow-up, the 

treatment and observation group had a decrease in BCVA and progression of atrophy on 

SD-OCT.  

In paper II, the increasing size of DPEDs during their growth phase was associated with 

a decrease in BCVA and central retinal thickness. Furthermore, the subfoveal location 

of DPEDs and the presence of acquired vitelliform lesions were associated with an 

additional decrease in BCVA. 

OptiNet identified AMD and control cases with high performance using SD-OCT 

volumes from two relatively small datasets. The visualization method revealed that 

areas known to be affected by AMD, such as the photoreceptor layers, the RPE layer, 

and drusen, were associated with the disease. Interestingly, the retinal nerve fibre and 

choroid layer were frequently used points of interest, and their association with AMD 

remains to be determined. By utilizing high-resolution visualization methods, the 

clinician can gain insight into which image areas the deep learning model identifies as 

AMD, and thereby possibly gain new knowledge of the disease. 
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5.11 Final significance and future direction 
 

DPEDs is a presentation of AMD, often leading to central geographic atrophy with a 

loss of visual function, and the prognosis is poor. Currently, there are none proven 

treatments for these patients. This thesis adds to the understanding that large 

accumulations of lipoproteins and fluid beneath the RPE during the growth phase of 

DPEDs probably contributes to the death of RPE and photoreceptors. Future treatment 

trials should probably aim to reduce the drusen burden that increases the risk of visual 

acuity loss and progression to advanced AMD. Maybe it will be possible to halt the 

progression by reducing the materials needed in the formation of drusen by statins or 

other lipid-lowering drugs. However, there is still a lot we do not understand about the 

pathophysiology of AMD and which type of intervention future research should focus 

on.   

The visualization method applied in our deep learning model indicates that the retinal 

nerve fibre and choroid layer might be altered in AMD, which previously has not been 

thoroughly explored, and future studies could investigate this further. A future direction 

for our deep learning model is to test it on a general population cohort to see if it can 

identify AMD when most people are normal.  
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Purpose: To evaluate the use of aflibercept, triamcinolone acetonide, and photodynamic 
therapy (PDT) in the treatment of avascular pigment epithelium detachments (aPEDs).
Patients and methods: Patients with treatment-naïve aPEDs !1,500 µm in diameter were 
randomized to treatment or observation. Treatment consisted of 6 monthly intravitreal injections 
of aflibercept. If the aPED persisted, the patients were treated with half-fluence PDT in combina-
tion with intravitreal triamcinolone acetonide and aflibercept. The primary outcome was change 
of best-corrected visual acuity (BCVA) after 24 months of follow-up. Secondary outcomes 
were changes in pigment epithelium volume, height and diameter, central retinal thickness, 
and number of patients developing choroidal neovascularization or geographic atrophy (GA).
Results: Treatment and inclusion of patients were stopped after an interim analysis of 
6-month data because 75% of the aPEDs were in different stages of GA. Nine patients with 
aPED were included in the study, of these one patient was excluded because of bilateral 
central serous chorioretinopathy. The remaining eight had drusenoid aPEDs. After 24 months 
of follow-up, estimated means of BCVA decreased by 4.2 and 20.8 letters in the treatment 
and observation group, respectively. This decrease over time was not significantly different 
between groups (P=0.140, 95% CI −5.3, 38.6). Estimated means of PED volume, height, 
diameter, and central retinal thickness were not significantly different between groups. Cho-
roidal neovascularization and retinal pigment epithelium tear developed in one patient in the 
treatment group. One patient in the treatment group and two patients in the observation group 
progressed to complete retinal pigment epithelium and outer retinal atrophy. A decrease in 
PED volume was associated with the development of complete retinal pigment epithelium 
and outer retinal atrophy (P=0.029).
Conclusion: This small trial indicates that multitargeted, primarily antiangiogenic therapy 
does not favorably alter the natural course of drusenoid aPEDs.
Keywords: drusenoid, geographic atrophy, anti-VEGF, PDT

Plain language summary
How to manage large accumulations of lipids and fluid in the part of your eye responsible for 
good vision, without associated leaking blood vessels, is not fully understood. Their presence 
is associated with a risk of visual impairment. Available treatments (anti-vascular endothelial 
growth factor and photodynamic therapy) have in small studies and case reports shown some 
beneficial effects.

We investigated if treatment could be beneficial by designing a study with patients randomly 
assigned to treatment or observation. Treatment consisted of injecting the eye with anti-vascular 
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endothelial growth factor monthly for 6 months, and then adding 
photodynamic therapy and injections of corticosteroids if the 
accumulation of lipids and fluid did not resolve. Our study was 
stopped early when 6 months data were available because 75% of 
the patients progressed to a more advanced form of the disease with 
no currently available treatment.

This small study indicates that treatment with a combination 
of anti-vascular endothelial growth factor, corticosteroid, and 
photodynamic therapy does not favorably alter the natural course 
of large accumulations of lipids and fluid in age-related macular 
degeneration without associated leaking blood vessels.

Introduction
Age-related macular degeneration (AMD) is the most com-
mon cause of permanent vision loss in the industrialized 
world.1–3 With the introduction of anti-vascular endothelial 
growth factor (anti-VEGF) agents, treatment for neovascular 
AMD (nAMD) has undergone significant advances. There 
are still dilemmas to be solved, and research on biomarkers 
relevant for visual function, disease activity, and prognosis 
is desirable.4 One such biomarker, pigment epithelium 
detachment (PED), is still a challenge, both in avascular PED 
(aPED) and when neovascularization is present (nPED). The 
pathophysiologic mechanisms underlying the development 
of PEDs are not fully understood, and probably represent a 
continuum of degenerative changes and formation of cho-
roidal neovascularization (CNV).5 Serous aPEDs are thought 
to arise from age-related formation of a hydrophobic barrier 
in Bruch’s membrane preventing the free diffusion of fluid 
from retinal pigment epithelium (RPE) to choriocapillaris.6 
Drusenoid aPED formation is a result of the confluence of 
large drusen, and probably with increasing size the hydro-
phobic composition of the drusenoid deposits also creates a 
barrier in Bruch’s membrane with accumulation of fluid.7,8

In some retrospective case series, nPEDs respond well 
to treatment with anti-VEGF.9–11 In other studies, the results 
are not so promising,12 and nPEDs might be more resis-
tant to treatment.4 Nonresponders to anti-VEGF treatment 
have the option of photodynamic therapy (PDT), which 
has been shown to stabilize disease progression,13 but the 
treatment may lead to chorioretinal atrophy and decline in 
visual acuity.14

The natural course of aPED is unfavorable. In the Age-
Related Eye Disease Study, it was found that 42% of 282 
eyes with drusenoid aPEDs progressed to advanced AMD, 
with either central geographic atrophy (GA) (19%) or nAMD 
(23%).15 In one study with long follow-up of 12 eyes with 
drusenoid aPED, all patients developed advanced AMD, with 
a 10-year occurrence rate of 75% for central GA and 25% for 

nAMD.8 Patients presenting with aPEDs remain a diagnostic 
and therapeutic challenge, and treatment is controversial.12 
One prospective case series treated 12 drusenoid and serous 
aPEDs with anti-VEGF, which led to stabilization of best-
corrected visual acuity (BCVA) after 1 year, but with het-
erogeneous anatomical outcomes.16 In another prospective 
case series, six patients with drusenoid aPEDs were treated 
with anti-VEGF agents that led to stabilization of BCVA 
and improvement in 33% of patients.17 Two case reports 
have reported regression of drusen and drusenoid PEDs fol-
lowing anti-VEGF treatment for associated CNV.18,19 Other 
case reports have shown regression of drusenoid aPED and 
improvement of BCVA after PDT.20,21

In the present study, we planned to evaluate the treatment 
of serous and drusenoid aPEDs. Our original hypothesis was 
that some aPEDs may be caused by subtle CNV, undetect-
able with today’s technology, and that early treatment could 
be beneficial. To our knowledge, this is the first randomized 
controlled trial evaluating treatment of aPEDs with afliber-
cept, PDT, and triamcinolone acetonide.

Patients and methods
The study was conducted at the Department of Ophthalmol-
ogy, Trondheim University Hospital, and the inclusion of 
patients started in April 2014. Patients with AMD and large 
PEDs, that on clinical evaluation seemed to be avascular, 
were referred from other eye departments and ophthalmolo-
gists in the Central Norway Health Region. The study is 
registered at ClinicalTrials.gov: NCT01746875, and was 
approved by the Regional Committee for Medical and 
Health Research Ethics Central Norway (2012/1743). All 
study participants provided a written informed consent, and 
the study was conducted in accordance with the Declaration 
of Helsinki.

Inclusion criteria were patients older than 50 years with 
treatment-naïve AMD, fluorescein angiographic (FA)- and 
indocyanine green angiographic (ICG)-verified subfo-
veal aPED !1,500 µm in diameter, and BCVA "20/32 
and !20/400. Exclusion criteria were subfoveal fibrosis, 
central GA, and concurrent eye diseases that could affect 
BCVA.

The diagnosis of aPED was made by FA, ICG, and 
spectral-domain optical coherence tomography (OCT). 
PEDs with no leakage on FA and an absence of plaques and 
hot spots on ICG were defined as aPEDs. The aPEDs were 
defined as drusenoid if they appeared yellow on clinical fundus 
examination with predominantly hyper-reflective contents on 
OCT, staining/pooling on FA, and hypofluorescence on ICG. 
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The aPEDs were defined as serous if they appeared as dome-
shaped with predominantly hyporeflective contents on OCT, 
pooling on FA, and hypofluorescence on ICG. Central GA 
was defined as an area with window defects on FA and ICG, 
sharply delineated margins on fundus photography with vis-
ible choroidal vasculature, loss of a hyper-reflective RPE line, 
and increased choroidal reflectivity on OCT, hypofluorescence 
on fundus autofluoresence (FAF), and subfoveal localization.

Fundus and angiographic images (Zeiss FF 450 plus, 
Carl Zeiss Meditec AG, Jena, Germany) were reviewed and 
graded by two retina specialists (AT and DA). To ensure 
a correct diagnosis, all the images were also anonymized 
and sent for evaluation to an external retina specialist (CH) 
prior to randomization. Randomization was performed by a 
web-based randomization system developed and adminis-
tered by Unit of Applied Clinical Research, The Faculty of 
Medicine, Norwegian University of Science and Technology, 
Trondheim, Norway. The patients were stratified on the pres-
ence of drusenoid aPED.

BCVA was measured using Early Treatment Diabetic 
Retinopathy Study (ETDRS) chart in an illuminated Cabinet 
(ESV3000; Good-Lite, Elgin, IL, USA) at 4 m, with auto-
matic adjustment of 85 cd/m2. Room lighting was dimmed 
so that 90–110 lux could be measured in front of the cabinet. 
The examiners were blinded for patient group. Refraction was 
performed by a physician or optician prior to BCVA measure-
ment at baseline, 1 year, and 2 years. Maximum PED height 
and diameter were measured by OCT (Cirrus HD-OCT; Carl 
Zeiss Meditec AG) on five different slides on macular cube 
scans starting in the central fovea (512×128), and the mean 
of the three highest values was used. PED volume was cal-
culated after manual segmentation and subtracting of total 
retinal and PED volume, measured from the internal limiting 
membrane (ILM) to the fit-RPE line, with retinal volume, 
measured from ILM to RPE line (Figure 1). Central retinal 
thickness (CRT) was obtained automatically after manual 
segmentation of RPE and ILM.

Patients randomized to the treatment group received three 
monthly intravitreal injections of aflibercept 2 mg/0.05 mL 
(Eylea; Regeneron Inc., Tarrytown, NY, USA), with 3 addi-
tional monthly injections if the PED persisted at 3 months. If 
the PED did not completely resolve as measured by OCT, the 
patients were treated with half-fluence PDT in combination 
with aflibercept 2 mg/0.05 mL and triamcinolone acetonide 
4 mg/0.1 mL (Triesence; Alcon lab Inc., Forthworth, TX, 
USA) at 6 and 9 months (triple-therapy). The half-fluence 
PDT treatment protocol consisted of intravenous administra-
tion of 15 mg Verteporfin (Visudyne; Bausch and Lomb Inc., 
Bridgewater, NJ, USA) in a 30 mL solution over 10 minutes, 
and after a waiting period of 5 minutes, infrared light (689 
nm) with a spot size of 3,000–4,000 µm was applied for 
83 seconds with 25 J/cm2 and 300 mW/cm2 (Visulas 690s, 
Carl Zeiss Meditec AG). Intravitreal injections of aflibercept 
and triamcinolone acetonide were given on separate days 
0–2 weeks after the PDT treatment. Additional follow-up 
examinations were performed at 6-month intervals in both 
groups and included BCVA measurements, OCT, fundus 
photography, FA, ICG, and FAF.

The primary outcome measure was changes in BCVA 
from baseline to 24 months. Secondary outcome measures 
were changes in PED height, diameter and volume, CRT, and 
number of patients with progression of GA or development of 
CNV. Progression of GA was graded as described by Sadda 
et al22: complete RPE and outer retinal atrophy (cRORA); 1) 
region of hypertransmission of at least 250 µm in diameter in 
any lateral dimension, 2) zone of attenuation or disruption of 
the RPE of at least 250 µm in diameter, 3) evidence of over-
lying photoreceptor degeneration. Features of photoreceptor 
degeneration include all of the following: loss of interdigita-
tion zone, ellipsoid zone, and external limiting membrane, 
and thinning of the outer nuclear layer, which also can be 
identified by a descending outer plexiform layer. In case 
of incomplete RPE and outer retinal atrophy (iRORA), the 
criteria for cRORA are not met, but hypertransmission and 

Figure 1 Manual segmentation and volume measurement of retinal pigment epithelium detachment from macular cube 512×128 scans.
Notes: (A) segmentation of internal limiting membrane and retinal pigment epithelium. (B) Segmentation of internal limiting membrane to fit line of retinal pigment epithelium.
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a discontinuous RPE band with evidence of photoreceptor 
degeneration are found. Exclusion criteria were presence of 
scrolled RPE or other signs of an RPE tear.

A sample size of 60 patients was decided to be suffi-
cient to detect a clinically meaningful difference. Marginal 
models with restricted maximum likelihood estimation and 
unstructured or exponential covariance structure were used. 
All marginal models had age, baseline value, group, time, 
and the interaction between group and time as predictors. 
The P-values and 95% CIs of the comparisons of estimated 
means were Sidak adjusted because of multiple comparisons. 
Model fit was evaluated with Akaike’s information criterion 
and likelihood ratio tests. The residuals were checked for 
normality compared to the normal distribution assessed with 
histograms, Q–Q plots, and Shapiro–Wilks test. Two-tailed 
P-values #0.05 were considered statistically significant. 
SPSS statistics 25 (IBM) and Stata 15.1 (StataCorp LLC) 
were used for statistical analysis.

Results
A total of 14 patients with AMD and aPED !1,500 µm in 
diameter were referred from April 2014 to February 2015. 
Of these, five patients did not meet the inclusion criteria. 
Two patients with serous PED, one with fibrovascular PED 
and one with drusenoid PED, had CNV. One patient had 
adult-onset foveomacular vitelliform dystrophy. Thus, nine 
patients with aPEDs were included in the study, with five 
randomized to the treatment group. One patient from the 
treatment group was excluded after 3 months of follow-up 
because of disappearance of bilateral serous aPEDs after 
tapering of systemic corticosteroid therapy on suspicion of 
central serous chorioretinopathy. Baseline characteristics 
of the eight drusenoid aPEDs are summarized in Table 1.

An interim analysis was performed after 6 months of 
follow-up. Because examination of the OCT images showed 
that the patients in both the treatment and observation groups 

were in different stages of GA formation and progression 
(Figure 2), it was decided to stop further inclusion and treat-
ment of patients.

The four participants in the treatment group received 
6 monthly injections of aflibercept, but further treatment 
differed. Two patients (Figure 2, ID: 2 and 3) received both 
treatments with triple-therapy, one patient had only one treat-
ment (Figure 2, ID: 7) and one patient did not receive triple- 
therapy (Figure 2, ID: 5). All patients were followed for 
12 months (mean 12.4, range 12–13), and three patients 
in each group had a follow-up of 24 months (mean 24.2, 
range 24–25).

Best-corrected visual acuity
After 24 months of follow-up, estimated means of BCVA 
decreased by 4.2 ETDRS letters and 20.8 ETDRS letters in the 
treatment and observation groups, respectively (Figure 3A). 
The loss of ETDRS letters from 6 to 24 months did not differ 
significantly between groups (P=0.140, 95% CI −5.3, 38.6). 
After 6, 12, and 24 months of follow-up, the difference 
of BCVA was 0.8 ETDRS letters (P=1.0, 95% CI −21.3, 
22.8), 0.3 ETDRS letters (P=1.0, 95% CI −21.8, 22.3), and 
17.4 ETDRS letters (P=0.478, 95% CI −7.7, 42.4) between 
the treatment and observation groups, respectively. Follow-
up duration and age of patients were significant predictors 
of decreasing BCVA (P=0.048 and P=0.009, respectively). 
BCVA at baseline was not a significant predictor (P=0.593).

PeD volume
After 24 months of follow-up, estimated means of PED 
volume increased by 0.13 mm3 in the treatment group and 
decreased by 0.13 mm3 in the observation group (Figure 3B). 
The change of PED volume from 6 to 24 months did not 
differ significantly between the groups (P=0.433, 95% 
CI −0.40, 0.91). After 6, 12, and 24 months of follow-up, 
differences in PED volume were 0.22 mm3 (P=1.0, 95% 

Table 1 Baseline characteristics of drusenoid aPEDs

Treatment (n=4) Observation (n=4)

Mean SD Median Min Max Mean SD Median Min Max

Age, years 76.8 7.4 76 69 86 73.8 7.8 74 64 83

BCVA, ETDRS letters 65.0 7.0 65.0 58 72 66.8 6.5 70.0 57 70

PeD           
Height, µm 279 106 284 160 387 345 53 338 298 406

Diameter, µm 2,657 1,124 2,243 1,848 4,293 2,275 258 2,276 2,012 2,535
Volume, mm3 0.98 0.83 0.65 0.40 2.20 0.90 0.50 0.75 0.50 1.60

CRT, µm 218 3.7 219 213 222 199 12.7 204 180 208

Abbreviations: aPED, avascular pigment epithelium detachment; BCVA, best-corrected visual acuity; CRT, central retinal thickness; ETDRS, Early Treatment Diabetic 
Retinopathy Study; n, number of patients; PED, pigment epithelium detachment.

 

Cl
in

ica
l O

ph
th

al
m

ol
og

y 
do

wn
lo

ad
ed

 fr
om

 h
ttp

s:
//w

ww
.d

ov
ep

re
ss

.c
om

/ b
y 

12
9.

24
1.

22
8.

34
 o

n 
29

-M
ay

-2
02

0
Fo

r p
er

so
na

l u
se

 o
nl

y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1



Clinical Ophthalmology 2019:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

237

Tvenning et al

7UHDWPHQW�JURXS

%DVHOLQH ��PRQWKV ���PRQWKV ���PRQWKV
2EVHUYDWLRQ�JURXS

Figure 2 grading of ga by OCT.
Notes: (i) Photoreceptor degeneration. (ii) attenuation or disruption of rPe. (iii) hypertransmission. (iv) Descending outer plexiform layer. (v) scrolled up rPe. 
(vi) subretinal drusenoid material.
Abbreviations: CNM, criteria for iRORA/cRORA not met; cRORA, complete RPE and outer retinal atrophy; ID, patient number; iRORA, incomplete RPE and outer retinal 
atrophy; RPE, retinal pigment epithelium; OCT, optical coherence tomography; GA, geographic atrophy.

CI −1.12, 1.56), 0.27 mm3 (P=0.99, 95% CI −0.63, 1.17), and 
0.48 mm3 (P=0.487, 95% CI −0.22, 1.18) between the treat-
ment and observation groups, respectively. Age of patients 
was a significant predictor of decreasing PED volume 

(P=0.043, 95% CI −0.07, −0.001). A larger baseline value 
significantly predicted a larger follow-up PED volume 
(P#0.001, 95% CI 1.53, 2.20). Follow-up duration was not 
a significant predictor (P=0.433).
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Figure 3 Estimated means of BCVA, PED volume, height and diameter, and CRT from 6 to 24 months.
Notes: (A) BCVA; the rightmost y-axis corresponds to Snellen equivalent. (B) PeD volume. (C) PeD height. (D) PeD diameter. (E) CrT. The error bars represent 95% 
Cis (n=22 observations on eight patients).
Abbreviations: BCVA, best-corrected visual acuity; CRT, central retinal thickness; ETDRS, Early Treatment Diabetic Retinopathy Study; mo., months; PED, pigment 
epithelium detachment.

PeD height
After 24 months of follow-up, estimated means of PED 
height decreased by 88.3 and 72.8 µm in the treatment and 
observation groups, respectively (Figure 3C). The change of 
PED height from 6 to 24 months did not differ significantly 
between the groups (P=0.842, 95% CI −168.6, 137.5). After 
6, 12, and 24 months of follow-up, differences in PED 
height were 168.8 µm (P=0.949, 95% CI −199.7, 537.4), 
139.6 µm (P=0.991, 95% CI −229.0, 508.1), and 153.3 µm 
(P=0.983, 95% CI −226.7, 533.2) between the treatment and 
observation groups, respectively. Age of patients, baseline 
PED height, and duration of follow-up were not significant 
predictors (P=0.483, P=0.075, and P=0.188, respectively).

PeD diameter
After 24 months of follow-up, estimated means of PED 
diameter decreased by 544 and 856 µm in the treatment 
and observation groups, respectively (Figure 3D). The 
change of PED diameter from 6 to 24 months did not dif-
fer significantly between the groups (P=0.603, 95% CI 
−863, 1,487). After 6, 12, and 24 months of follow-up, 
differences in PED diameter were 589 µm (P=1.000, 95% 

CI −1,478, 2,655), 627 µm (P=0.99, 95% CI −1,440, 2,693), 
and 900 µm (P=0.976, 95% CI −1,247, 3,048) between the 
treatment and observation groups, respectively. Baseline 
diameter and duration of follow-up were significant predic-
tors of decreasing PED diameter (P=0.022 and P=0.044, 
respectively). Age of patients was not a significant predic-
tor (P=0.218).

Central retinal thickness
After 24 months of follow-up, estimated means of CRT 
decreased by 20.3 and 22.7 µm in the treatment and observa-
tion groups, respectively (Figure 3E). The change in CRT 
from 6 to 24 months did not differ significantly between 
the groups (P=0.852, 95% CI −22.8, 27.6). After 6, 12, and 
24 months of follow-up, the differences in CRT were −5.9 µm 
(P=1.000, 95% CI −35.9, 24.0), −18.4 µm (P=0.671, 95% 
CI −48.4, 11.5), and −3.5 µm (P=1.000, 95% CI −40.8, 33.8) 
between the treatment and observation groups, respectively. 
Age of patients and duration of follow-up were significant 
predictors of decreasing CRT (P#0.001 and P=0.019, 
respectively). A larger baseline value significantly predicted 
a larger follow-up CRT (P#0.001).
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geographic atrophy
GA (defined as iRORA or cRORA) was present in 38%, 
75%, 71%, and 86% of patients at baseline and at 6, 12, and 
24 months follow-up in both groups combined (Figure 2). 
After 24 months of follow-up, two patients in the observa-
tion group and one patient in the treatment group progressed 
to cRORA. One patient had identifiable cRORA at baseline 
in the observation group. A decrease in PED volume was 
significantly associated with the development of cRORA 
(Fisher’s exact test, P=0.029).

safety outcomes
There were no cases of endophthalmitis or retinal detachment 
after the intravitreal injections. Two weeks after injection of 
triamcinolone acetonide, mean IOP was 13 mmHg (ranging 
from 11 to 16 mmHg). At baseline, 6 months, 12 months, and 
24 months, mean IOP was 16, 15, 13, and 12 mmHg in the 
treatment group. One patient in the treatment group (Figure 2, 
ID: 2) was diagnosed with CNV after the first treatment with 
half-fluence PDT, and was subsequently treated with full-
fluence PDT, which led to the development of an RPE tear.

Two patients in the treatment group and one patient in 
the observation group had an increase of nuclear sclerosis 
from grade 1 to grade 2 by the end of follow-up. One patient 
in the observation group (Figure 2, ID: 4) had cataract 
surgery between 12 and 24 months of follow-up, with no 
improvement of BCVA because of progression of GA to 
cRORA.

Discussion
In the present study, we originally set out to investigate the 
treatment of both serous and drusenoid aPEDs. However, 
the referred patients with serous PEDs were either excluded 
because of CNV or central serous chorioretinopathy. The 
higher risk of CNV in serous PEDs has previously been 
reported. In a retrospective study, 34% of serous and 9% 
of drusenoid PEDs developed CNV.23 In two prospective 
studies, 32% of serous aPEDs developed CNV after a mean 
follow-up of 19.6 months,24 and 23% of drusenoid aPEDs 
developed CNV over a 5-year period.15

Further inclusion and treatment of aPEDs were stopped 
after the interim analysis of 6 months data. Examination 
of OCT images showed that 75% of patients in our study 
were in different stages of GA formation and progres-
sion.25 Treatment with anti-VEGF or PDT is not a viable 
treatment option for GA, and it is still unclear if the use 
of anti-VEGF agents increases its progression.26 PDT has 

not been shown to directly damage the photoreceptors or 
RPE. However, PDT induces a selective occlusion of the 
choriocapillaris,27 which in turn could lead to atrophy of 
RPE and photoreceptors.

BCVA decreased during follow-up with no significant 
differences between groups. The observation group had a 
greater, although insignificant, loss of ETDRS letters, prob-
ably due to the presence of cRORA in three of four patients. 
Duration of follow-up was a significant predictor of BCVA 
loss, and this indicates that this study mainly observed the 
natural course of drusenoid aPEDs. Our results differ from 
two prospective studies treating aPEDs with anti-VEGF 
agents, which resulted in stabilization or improvement 
of BCVA and no progression of GA or development of 
CNV.16,17 The drusenoid aPEDs in our treatment group 
were larger (mean 0.98 mm3) than in the study conducted 
by Ritter et al (mean 0.38 mm3).16 Large drusenoid aPEDs 
are probably a sign of more advanced AMD with worse 
prognosis. Interestingly, the two largest aPEDs in the pres-
ent study did not progress to cRORA during follow-up, 
suggesting that PED volume is not the only risk factor for 
the progression of GA.

Drusenoid aPEDs are thought to be caused by the 
confluence of soft drusen over time,5,7 which represents a 
risk factor for progression of GA or development of CNV.8 
In our study, progression of GA to cRORA was identified 
in 50% of patients, and development of cRORA was sig-
nificantly associated with a reduction in PED volume. This 
is in line with the proposed lifecycle of drusenoid aPEDs 
with a growth and regression phase that ultimately leads 
to GA.28,29 It has been proposed that an increased distance 
from the RPE to the choriocapillaris in drusenoid aPEDs has 
a negative impact on the RPE, leading to RPE atrophy and 
outer retinal atrophy.30 This theory seems plausible as dis-
ruptions of the RPE layer and photoreceptors predominantly 
occur at the apex of drusenoid aPEDs, which is the point 
of greatest distance to the choriocapillaris.28 A reduction in 
PED volume and distance between the choriocapillaris and 
RPE may improve the metabolism of the RPE and outer 
retina. However, a reduction in PED volume will probably 
only have a positive impact on the RPE and the outer retina 
if it occurs prior to the progression of GA to cRORA. Two 
studies on rheopheresis (extracorporeal plasma filtration) 
in the treatment of drusenoid aPEDs have shown interest-
ing results with improvement of BCVA, a decrease of 
drusenoid PED volume, and a reduced number of patients 
with progression of GA or development of CNV.31,32
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Future studies evaluating new treatment modalities for 
drusenoid aPEDs should probably aim to reduce PED vol-
ume, and assess with high-resolution OCT if the frequency 
of GA progression to cRORA is reduced.

Conclusion
Although limited by the low number of participants, 
the present study indicates that multitargeted, primarily 
antiangiogenic therapy does not favorably alter the natural 
course of large drusenoid aPEDs.

Abbreviations
Anti-VEGF, anti-vascular endothelial growth factor; aPED, 
avascular pigment epithelium detachment; BCVA, best-
corrected visual acuity; CNV, choroidal neovascularization; 
cRORA, complete retinal and outer retina atrophy; CRT, 
central retinal thickness; ETDRS, Early Treatment Diabetic 
Retinopathy Study Group; FA, fluorescein angiography; 
FAF, fundus autofluoresence; GA, geographic atrophy; ICG, 
indocyanine green angiography; iRORA, incomplete retinal 
and outer retinal atrophy; nPED, neovascular pigment epi-
thelium detachment; OCT, optical coherence tomography; 
PDT, photodynamic therapy.
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Drusenoid pigment epithelial detachment volume is
associated with a decrease in best-corrected visual
acuity and central retinal thickness: the Norwegian
Pigment Epithelial Detachment Study (NORPED)
report no. 1
Arnt-Ole Tvenning,1,2 Jørgen Krohn,3,4 Vegard Forsaa,5 Agni Malmin,5 Christian Hedels6

and Dordi Austeng1,2
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2Department of Neuromedicine and Movement Science, Norwegian University of Science and Technology, Trondheim, Norway
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5Department of Ophthalmology, Stavanger University Hospital, Stavanger, Norway
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ABSTRACT.
Purpose: To investigate the association of drusenoid pigment epithelial detachment
(DPED) volume and change in best-corrected visual acuity (BCVA) and central retinal
thickness (CRT) during the growth phase of large DPEDs.

Methods: Patients from an ongoing prospective observational study, the Norwegian
Pigment Epithelial Detachment Study (NORPED), with 1 year of follow-up and DPEDs
≥1000 µm in diameter, examined with the Heidelberg Spectralis HRA-OCTwere included.
Patients with DPEDs in the regression phase were excluded. Multicolour, near-infrared
reflectance, optical coherence tomography (OCT) and OCT angiography images were
obtained every 6 months. Fluorescein angiography and indocyanine green angiography
were performed at baseline and yearly to exclude choroidal neovascularization (CNV).

Results: Forty-four patients and 66 eyes were included. In the statistical model for
BCVA, every 1.0 mm3 increase in DPED volume led to a decrease in BCVA of 4.0
ETDRS letters (95% CI, !7.0 to !1.0, p = 0.008). A decrease in BCVA was
significantly associated with older patient age, the presence of acquired vitelliform lesions
and subfoveal location of the DPEDs. In the model for CRT, every 1.0 mm3 increase in
DPED volume led to a decrease in CRT of 26.7 µm (95% CI, !44.4 to !9.0,
p = 0.003). Two eyes had progression of geographic atrophy and none developed CNV.

Conclusion: The increasing volume of DPEDs during the growth phase is associated
with a decrease in BCVA and CRT. The subfoveal location of DPEDs and the presence of
acquired vitelliform lesions appear to be associated with a further reduction in BCVA.

Key words: age-related macular degeneration – best-corrected visual acuity – central retinal
thickness – drusenoid pigment epithelial detachment – geographic atrophy – natural history
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Introduction
Drusen and retinal pigment epithelium
(RPE) abnormalities are the defining
features of age-related macular degen-
eration (AMD) (Bird et al. 1995). The
extent of drusen and RPE abnormali-
ties identified on colour fundus pho-
tography is a known risk factor for
progression to late AMD with chor-
oidal neovascularization (CNV) and
geographic atrophy (Gass 1972; Ferris
et al. 2013; Chew et al. 2014). Druse-
noid pigment epithelial detachment
(DPED) is thought to result from the
confluence of large drusen and in part
by the formation of a hydrophobic
barrier in Bruch’s membrane resulting
in the accumulation of fluid (Casswell
et al. 1985; Roquet et al. 2004). Previ-
ous retrospective studies have observed
that DPEDs could persist, regress with
or without the development of geo-
graphic atrophy, or develop CNV
(Hartnett et al. 1992; Roquet et al.
2004; Alexandre de Amorim Garcia
Filho et al. 2013). Other studies of the
natural history of eyes with DPED
have shown high rates of progression
to geographic atrophy, CNV and
vision loss (Cukras et al. 2010; Yu
et al. 2019). DPEDs are usually located

1
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in the foveal region and associated with
a loss of best-corrected visual acuity
(BCVA), with or without progression
to central geographic atrophy (Cukras
et al. 2010; Balaratnasingam et al.
2016b; Yu et al. 2019). DPEDs typi-
cally have an initial growth phase
followed by a regression phase with
progressive outer retinal atrophy on
optical coherence tomography (OCT),
ultimately leading to complete RPE
and outer retinal atrophy (cRORA)
(Balaratnasingam et al. 2016b; Sadda
et al. 2018). During the last years,
several risk factors for the progression
of geographic atrophy have been iden-
tified. Drusen disrupt the integrity of
the photoreceptor layer on OCT (Hart-
mann et al. 2012), which has been
shown to be thinner on top of the
drusen (Schuman et al. 2009; Sadigh
et al. 2013). Intraretinal hyperreflective
foci, loss of RPE and outer photore-
ceptor segments, increasing DPED vol-
ume and abnormal DPED thinning on
OCT are associated with progression of
geographic atrophy on colour fundus
photography (Sleiman et al. 2017).
Subretinal drusenoid deposits on OCT
are independent risk factors for loss of
visual function both with and without
associated geographic atrophy and
CNV (Garg et al. 2013).

To our knowledge, the present
study is the first prospective observa-
tional study of DPEDs. In this report,
we have investigated which OCT fea-
tures that could predict a change in
BCVA and central retinal thickness
(CRT) during the growth phase of
DPEDs. We hypothesized, as previ-
ously suggested by Mrejen et al.
(2013), that the larger the DPED
volume the greater the distance from
the RPE to the choriocapillaris, result-
ing in reduced microvascular support
and subsequent progressive outer reti-
nal atrophy with a decrease in BCVA
and CRT.

Material and Methods
This is the first study report on the 1-
year results from an ongoing prospec-
tive, observational, multicentre study,
the Norwegian Pigment Epithelial
Detachment Study (NORPED). The
patients were included from March
2016 to December 2017, and the
planned follow-up period is 5 years.
Ophthalmologists in central and

western Norway referred patients with
DPEDs to the University Hospitals of
Trondheim, Bergen and Stavanger.
The research study was approved by
the Regional Committee for Medical
and Health Research Ethics Central
Norway (2012/1743) and followed the
tenets of the Declaration of Helsinki.
Written informed consent was obtained
from the study participants after expla-
nation of the nature and possible con-
sequences of the study.

Only patients examined with the
Spectralis HRA-OCT (Heidelberg
Engineering GmbH, Heidelberg, Ger-
many) were included in this report.
Other inclusion criteria were age of
≥50 years, DPED with a diameter
≥1000 µm and BCVA ≥20/400. Exclu-
sion criteria were previous vitrectomy,
corticosteroid therapy, intravitreal
anti-vascular endothelial growth factor
injections and photodynamic therapy.
Eyes with subfoveal fibrosis, central
geographic atrophy, CNV on fluores-
cein angiography (FA) or indocyanine
green angiography (ICGA), glaucoma
with central visual field defects, dia-
betic macular oedema, proliferative
diabetic retinopathy and uveitis were
also excluded.

Patients with a pigment epithelial
detachment that appeared yellow on
clinical fundus examination, with pre-
dominantly hyperreflective contents on
OCT, staining on FA and hypofluo-
rescence on ICGA were diagnosed
with DPED (Casswell et al. 1985;
Arnold et al. 1997). Patients with
subretinal fluid and intraretinal cysts
were not excluded if FA and ICGA
did not exhibit features of CNV.
Baseline FA and ICGA images were
pseudonymized and sent to an exter-
nal reading centre to ensure a correct
diagnosis of avascular DPED. Eyes
with leakage on FA and ‘hotspots’ or
‘plaques’ on ICGA were diagnosed
with CNV. Central geographic atro-
phy was defined as a well-demarcated
circular lesion with visible choroidal
vasculature, early hyperfluorescence
on FA and ICGA, and ≥250 µm in
size measured on OCT with foveal
involvement.

Patients were examined by slit-lamp
biomicroscopy and multimodal imag-
ing at baseline, 6 and 12 months. The
multimodal imaging was performed
with the Spectralis HRA-OCT and
consisted of FA, ICGA, near-infrared

reflectance imaging, multicolour imag-
ing, fundus autofluorescence imaging
and OCT. Macular cube scans were
acquired with the follow-up mode, and
a dense scan pattern of 49 scans with
eye-tracking enabled. Each line of the
macular cube scans consisted of 18–30
averaged images recorded with the
automatic real-time function. High
definition line scans centred on the
fovea with 100 averaged images were
also obtained. OCT angiography
(OCTA) was performed at every study
visit with the Cirrus HD-OCT (Carl
Zeiss Meditec AG, Jena, Germany)
(Fig. 1). FA and ICGA were done at
baseline and after 12 months and if
CNV was suspected.

BCVA was measured with an Early
Treatment Diabetic Retinopathy Study
(ETDRS) chart in an illuminated cab-
inet (ESV3000; Good-Lite, Elgin, IL,
USA) at 4 m. The cabinet automati-
cally adjusts lighting to 85 cd/m2.
Room lighting was dimmed so that
100!110 Lux could be measured
directly in front of the cabinet. The
refraction was measured at baseline
and yearly by the investigating physi-
cian.

Volumetric measurements of the
DPEDs and intraretinal hyperreflective
foci were done with a semi-automatic
segmentation program (ReV Analyzer
version 3.0.5; ADCIS SA, Saint-Con-
test, France). The DPEDs and
intraretinal hyperreflective foci were in
each OCT scan manually delineated,
which enabled automatic calculation of
their volumes. Intraretinal hyperreflec-
tive foci were defined as hyperreflective
areas in the retina above the ellipsoid
zone on OCT (Fig. 2A). The calliper
available in the viewing software of the
Spectralis HRA-OCT (Spectralis View-
ing Module version 6.0.9.0; Heidelberg
Engineering GmbH, Heidelberg, Ger-
many) was used to measure subfoveal
DPED height, diameter and CRT. The
three centremost scans, centred in the
middle of fovea guided by OCT, were
used for measurements, and the mean
was used for statistical analysis. The
fovea was defined as the innermost
guiding circle (712 µm in diameter) of
the ETDRS grid, available in the
Spectralis Viewing Module, centred in
the middle of the fovea guided by OCT.
The DPEDs were classified as sub-
foveal if their location were within this
circle. CRT was measured from the
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internal limiting membrane to, but not
including, the RPE. Subfoveal thicken-
ing of the RPE, subretinal fluid and
acquired vitelliform lesions were not
included in the measurements. DPED
height was measured from the RPE to
Bruch’s membrane. During measure-
ment, the OCT images were magnified
400!800% in the 1:1 µm format.

Subretinal drusenoid deposits
(Fig. 2D) were present if there were
≥5 subretinal deposits in >1 OCT scan
identified on OCT as previously
described by Zweifel et al. (2010).
Acquired vitelliform lesions were
defined as present if there was foveal
subretinal hyperreflective material on
OCT (Fig. 2A). Foveal thickening of
the RPE (Fig. 2B) was defined on OCT
as thickened RPE, with shadowing of
the sub-RPE structures, also visible as
hyperreflective areas on near-infrared
reflectance images.

Grading of atrophy on OCT was
done as described by the Classification
of Atrophy Meeting consensus group
(Sadda et al. 2018; Guymer et al. 2020).
cRORA (Fig. 2D); (1) region of hyper-
transmission of at least 250 µm in
diameter in any lateral dimension, (2)
zone of attenuation or disruption of the
RPE of at least 250 µm in diameter
and (3) evidence of overlying

photoreceptor degeneration. Complete
outer retinal atrophy (cORA)
(Fig. 2C); evidence of photoreceptor
degeneration, but with intact or dis-
continuous RPE. Features of photore-
ceptor degeneration included all of the
following: loss of interdigitation zone,
ellipsoid zone, and external limiting
membrane, and thinning of the outer
nuclear layer, which also could be
identified by a descending outer plexi-
form layer. Incomplete RPE and outer
retinal atrophy (iRORA) (Fig. 2B); the
criteria for cRORA were not met, but
there was hypertransmission <250 µm
in diameter and the RPE-line was
discontinuous with evidence of pho-
toreceptor degeneration.

Statistical analysis

Descriptive statistics and linear mixed
models were used for statistical anal-
ysis. In the linear mixed model, eyes of
patients were nested within patients
with repeated measurements to
account for the correlated eye data
(Ying et al. 2017). Restricted maxi-
mum likelihood estimation was used
for the calculation of fixed effects. R2

statistics were calculated by running
the full models and models including
only DPED volume, diameter and

height with restricted maximum likeli-
hood estimation. The variance of the
fixed effects was calculated after pre-
dicting fitted values based on the fixed
effects alone. As described by Naka-
gawa and Schielzeth, R2 for the fixed
effect(s) and for the full model includ-
ing random effects were calculated and
named R2 marginal and R2 condi-
tional, respectively (Nakagawa &
Schielzeth 2013). The residuals were
visually inspected regarding normal
distribution with histograms and Q–
Q plots. In the building of the statis-
tical models, only observations in the
growth phase of the DPED life cycle
were included. The DPEDs were deter-
mined to be in the regression phase if
the DPED volume decreased and
atrophy progressed after 6!12 months
of follow-up. Three of 188 observa-
tions were excluded due to the regres-
sion of DPED volume and foveal
cRORA or cORA. Predictors with a
p-value ≥0.05 were excluded from the
statistical models unless the exclusion
worsened model fit. The model fit was
evaluated with Akaike’s information
criterion (Akaike 1974). The primary
statistical models had DPED volume
as the measurement unit of DPED
size. However, secondary analyses of
foveal DPED diameter and height

(A)

(D) (E) (F)

(B)

(G)

(C)

Fig. 1. Multimodal imaging of a drusenoid pigment epithelial detachment. (A) Multicolour image. (B) Near-infrared reflectance image. (C) Optical
coherence tomography scan. (D) Fundus autofluorescence image. (E) Fluorescein angiography image. (F) Indocyanine green angiography image. (G)
Optical coherence tomography angiography scan. Scale bar = 200 µm.
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were also performed as these parame-
ters were readily available and consid-
ered clinically relevant. STATA 15.1

(StataCorp LLC, College Station,
TX, USA) was used for statistical
analysis.

Results
A total of 66 eyes from 44 patients were
included in the study. Four eyes (6%)
in three patients (7%) were lost to
follow-up. One patient died, another
was diagnosed with dementia, and the
last patient did not want further fol-
low-up. One observation at 6 months
was missing because the OCT image
could not be found in the database. In
two eyes (3%), we observed regression
of the DPED and development of
geographic atrophy, where one pro-
gressed to foveal cORA and the other
to cRORA. There was no foveal
iRORA, cORA or cRORA at baseline.
Three eyes (5%) had extrafoveal
iRORA at baseline, which increased
to six (10%) at 12 months. None of the
eyes developed CNV. Baseline patient
and OCT characteristics are summa-
rized in Tables 1 and 2, respectively.

Best-corrected visual acuity and drusenoid
pigment epithelial detachment volume

In the linear mixed model, each
1.0 mm3 increase in DPED volume
led to a decrease in BCVA of 4.0
ETDRS letters (95% CI, !7.0 to
!1.0, p = 0.008) (Fig. 3A), and every
patient-year led to a decrease in BCVA
of 0.4 ETDRS letters (95% CI, !0.6 to
!0.2, p < 0.001). The presence of
acquired vitelliform lesions reduced
BCVA by 5.6 ETDRS letters (95%
CI, !8.1 to !3.1, p < 0.001), and
subfoveal location of the DPEDs

Outer plexiform layer

Henle nerve fibre layer

Nerve  fibre layer

Aquired vitelliform lesion

Intraretinal hyperreflective foci

External limiting membrane

Myoid zone

Choroid-sclera junction

Ellipsoid zone
Retinal pigment epithelium

Bruch's membrane
Outer segments

Interdigitation zone

Inner nuclear layer

Ganglion cell layer

Outer nuclear layer

Inner plexiform layer

Choriocapillaris

(A)

Disruption of inner segment / outer segment,

external limiting membrane

and evidence of outer retinal atrophy

Attenuation and disruption of 

retinal pigment epithelium 

Hypertransmission

(B)

Incomplete retinal pigment epithelial and outer retinal atrophy (iRORA)

Complete outer retinal atrophy (cORA)

(C)

Loss of interdigitation zone, ellipsoid zone

and external limiting membrane, and thinning of 

the outer nuclear layer

Thickening of retinal pigment 

epithelium

Loss of interdigitation zone, ellipsoid zone

and external limiting membrane, and thinning of 

the outer nuclear layer

Loss of retinal pigment epithelium
Intraretinal cysts

Subretinal drusenoid deposits

Hypertransmission

Complete retinal pigment epithelial and outer retinal atrophy (cRORA)

(D)

Fig. 2. Pathological findings and classification of atrophy in drusenoid pigment epithelial
detachments on optical coherence tomography scans. (A) Retinal layers, intraretinal hyperreflec-
tive foci and acquired vitelliform lesion. (B) Incomplete retinal pigment epithelial and outer retinal
atrophy (iRORA). (C) Complete outer retinal atrophy (cORA) and thickening of retinal pigment
epithelium. (D) Complete retinal pigment epithelial and outer retinal atrophy (cRORA),
intraretinal cysts and subretinal drusenoid deposits. Scale bar = 200 µm.

Table 1. Baseline patient characteristics
(n = 44 patients).

Range

Age, years, mean (SD) 72.6 (7.5) 54.9–87.5

BCVA, ETDRS

letters, mean (SD)

76.8 (7.5) 58.0–93.0

Metamorphopsia, n (%) 9 (21)

Pseudophakia, n (%) 9 (21)

Female sex, n (%) 33 (75)

Diabetes mellitus, n (%) 2 (5)

Hypertension, n (%) 18 (42)

Hypercholesterolaemia,

n (%)

11 (26)

History of smoking, n (%) 24 (56)

Cardiovascular

disease, n (%)

7 (16)

BCVA = best-corrected visual acuity,
ETDRS = Early Treatment Diabetic
Retinopathy Study, n = number; SD = stan-
dard deviation.
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reduced BCVA by 5.5 ETDRS letters
(95% CI, !10.6 to !0.3, p = 0.036).
Follow-up duration, the presence of
subretinal drusenoid deposits, foveal
subretinal fluid and intraretinal cysts,
and the volume of hyperreflective foci
were not significant predictors of
BCVA. The proportion of the variance

in BCVA predicted by the fixed effects
in the model was 0.40 (R2 marginal)
and by the full model 0.83 (R2 condi-
tional).

Best-corrected visual acuity and foveal
drusenoid pigment epithelial detachment
diameter

In the linear mixed model, each
1000 µm increase in foveal DPED
diameter led to a decrease in BCVA
of 2.1 ETDRS letters (95% CI, !3.5 to
!0.6, p = 0.005) (Fig. 3B), and every
patient-year led to a decrease in BCVA
of 0.4 ETDRS letters (95% CI, !0.6 to
!0.1, p = 0.003). The presence of
acquired vitelliform lesions reduced
BCVA by 5.6 ETDRS letters (95%
CI, !8.2 to !3.1, p < 0.001), whereas
the presence of subretinal drusenoid
deposits increased BCVA by 3.5
ETDRS letters (95% CI, 0.4 to 6.6,
p = 0.027). Follow-up duration, the
presence of foveal subretinal fluid and
intraretinal cysts, and the volume of
hyperreflective foci were not significant
predictors of BCVA. R2 marginal and
R2 conditional were 0.35 and 0.84,
respectively.

Best-corrected visual acuity and foveal
drusenoid pigment epithelial detachment
height

In the linear mixed model, each
100 µm increase in foveal DPED
height led to a decrease in BCVA of
1.8 ETDRS letters (95% CI, !3.0 to
!0.5, p = 0.005) (Fig. 3C), and every
patient-year led to a decrease in BCVA
of 0.3 ETDRS letters (95% CI, !0.6 to
!0.1, p = 0.005). The presence of
acquired vitelliform lesions reduced
BCVA by 6.1 ETDRS letters (95%

CI, !8.6 to !3.6, p < 0.001). Follow-
up duration, the presence of subretinal
drusenoid deposits, foveal subretinal
fluid and intraretinal cysts, and the
volume of hyperreflective foci were not
significant predictors of BCVA. R2

marginal and R2 conditional were
0.36 and 0.82, respectively.

Central retinal thickness and drusenoid
pigment epithelial detachment volume

In the linear mixed model, each
1.0 mm3 increase in DPED volume
led to a decrease in CRT of 26.7 µm
(95% CI, !44.4 to !9.0, p = 0.003)
(Fig. 4A). Patient age, subfoveal loca-
tion of the DPEDs, follow-up dura-
tion, the presence of acquired
vitelliform lesions, subretinal druse-
noid deposits, foveal subretinal fluid
and intraretinal cysts, and the volume
of hyperreflective foci were not signif-
icant predictors of CRT. R2 marginal
and R2 conditional were 0.10 and 0.95,
respectively.

Central retinal thickness and foveal
drusenoid pigment epithelial detachment
diameter

In the linear mixed model, each
1000 µm increase in foveal DPED
diameter led to a decrease in CRT of
13.1 µm (95% CI, !19.5 to !6.6,
p < 0.001) (Fig. 4B), and the presence
of subretinal fluid in the fovea led to an
increase in CRT of 8.8 µm (95% CI,
0.4 to 17.3, p = 0.042). Patient age,
subfoveal location of the DPEDs, fol-
low-up duration, the presence of
acquired vitelliform lesions, subretinal
drusenoid deposits and intraretinal
cysts, and the volume of hyperreflective
foci were not significant predictors of

Table 2. Baseline optical coherence tomogra-
phy characteristics (n = 66 eyes).

Range

DPED volume, mm3,

median (IQR)

0.24 (0.40) 0.01–2.40

HRF volume, mm3,

median (IQR)

0.001 (0.04) 0–0.051

Subfoveal DPED

height, lm,

median (IQR)

134 (102) 13–531

Subfoveal DPED

diameter, lm,

mean(SD)

1929 (853) 129–3932

Central retinal

thickness,

µm, median (IQR)

158 (60) 49–280

Subfoveal

DPED, n (%)

62 (94)

HRF, n (%) 56 (85)

Interruption of

ellipsoid zone, n (%)

52 (79)

Subretinal drusenoid

deposits, n (%)

42 (64)

Subfoveal thickening

of the RPE, n (%)

27 (41)

Aquired vitelliform

lesion, n (%)

18 (27)

Subretinal

fluid, n (%)

7 (11)

Intraretinal

cysts, n (%)

6 (9)

DPED = drusenoid pigment epithelial detach-
ment, HRF = intraretinal hyperreflective foci,
IQR = interquartile range, n = number of
eyes, RPE = retinal pigment epithelium,
SD = standard deviation.
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Fig. 3. The associated decrease in best-corrected visual acuity (BCVA) with increasing drusenoid pigment epithelial detachment (DPED) volume,
foveal diameter and height. (A) BCVA and DPED volume. (B) BCVA and foveal DPED diameter. (C) BCVA and foveal DPED height. Statistical
analysis; linear mixed models. The lines represent linear predictions. Scatter plots of BCVA and DPED volume, diameter and height. The marginal
coefficient of determination (R2m) is the proportion of the variance in BCVA predicted by the fixed effects of DPED volume, diameter and height.
N = 185 observations, 66 eyes and 44 patients. A p-value <0.05 was considered statistically significant.
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CRT. R2 marginal and R2 conditional
were 0.08 and 0.95, respectively.

Central retinal thickness and foveal
drusenoid pigment epithelial detachment
height

In the linear mixed model, each
100 µm increase in foveal DPED
height led to a decrease in CRT of
20.2 µm (95% CI, !26.6 to !13.7,
p < 0.001) (Fig. 4C). Patient age, sub-
foveal location of the DPEDs, follow-
up duration, the presence of acquired
vitelliform lesions, subretinal druse-
noid deposits, foveal subretinal fluid
and intraretinal cysts, and the volume
of hyperreflective foci were not signif-
icant predictors of CRT. R2 marginal
and R2 conditional were 0.23 and 0.95,
respectively.

Discussion
This is the first prospective observa-
tional study of DPEDs examined with
multimodal imaging including OCT.
The main findings of this study are
that the increasing volume of DPEDs
during their growth phase is associated
with a reduction in both BCVA and
CRT. Further analysis showed that the
increasing foveal DPED diameter and
height had a similar effect on BCVA
and CRT.

The natural history of large DPEDs
is typically characterized by a growth
phase, followed by a regression
phase leading to geographic atrophy
(Balaratnasingam et al. 2016b). The
observations from our study suggest
that within 1 year, there is progressive
atrophy and a reduction in visual
function in the majority of eyes with

DPEDs during the growth phase.
These findings support the hypothesis
that the RPE function decreases over
time as a consequence of the long-term
separation from the underlying chori-
ocapillaris, leading to RPE atrophy
and photoreceptor loss (Mrejen et al.
2013). In a previous study, it has
also been observed that retinal atro-
phy is associated with DPEDs, as
patients with DPED and poor visual
acuity at baseline had focal foveal
atrophy within the DPED (Roquet
et al. 2004). The association
between decreasing BCVA and increas-
ing DPED volume is in part supported
by the retrospective DPED cohort
studies of the Age-Related Eye Disease
Study (AREDS) Research Group,
where a decline in visual function was
observed in eyes not progressing to late
AMD (Cukras et al. 2010; Yu et al.
2019). In the study by Yu et al., there
was a 26% estimated proportion of
patients without progression to late
AMD who would lose ≥15 ETDRS
letters, and in the study by Cukras
et al., patients not progressing to late
AMD lost eight ETDRS letters over
5 years (Cukras et al. 2010; Yu et al.
2019). These studies used stereoscopic
colour fundus photography to assess
late AMD, and some of the DPEDs
may thus have been in the regression
phase, explaining the vision loss. A
study that used OCT to retrospectively
measure DPED height, diameter and
volume in 21 eyes, found that maxi-
mum DPED size was inversely corre-
lated with final visual acuity. However,
the final visual acuity measurements in
this study were performed during the
regression phase of the DPEDs
(Balaratnasingam et al. 2016b). A

cross-sectional study evaluating macu-
lar function in patients with DPED
found a reduction in visual acuity,
microperimetry sensitivity and multifo-
cal electroretinography responses in
patients with DPEDs compared to
healthy controls (Ogino et al. 2014),
and our results support these findings.

There was an association between
decreasing CRT and increasing DPED
volume, which is plausible as there is a
gradual progression of geographic atro-
phy related to the DPED life cycle.
Previous natural history studies of
DPEDs have not reportedCRT changes
when evaluating the progression of geo-
graphic atrophy.However, a few studies
based on stereoscopic fundus photogra-
phy have shown that the presence of
DPEDs and increasing DPED area are
significant risk factors for the develop-
ment of geographic atrophy (Cukras
et al. 2010; Yu et al. 2019).

The occurrence of acquired vitelli-
form lesions on top of the DPEDs was
in the present study associated with an
additional reduction in BCVA. This
finding is in part supported by a
retrospective study where patients with
both AMD and acquired vitelliform
lesions had a higher risk of foveal
geographic atrophy and a decline in
BCVA compared to those with only
adult-onset foveomacular dystrophy
(Balaratnasingam et al. 2016a). The
vitelliform lesions are thought to arise
from defective phagocytosis of the
RPE, resulting in the accumulation of
outer segment debris and RPE orga-
nelles, and can be considered as a
marker of maximal RPE disturbance
with a focal loss of photoreceptors
(Arnold et al. 2003; Chen et al. 2016;
Balaratnasingam et al. 2017).
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Fig. 4. The associated decrease in central retinal thickness (CRT) with increasing drusenoid pigment epithelial detachment (DPED) volume, foveal
diameter and height. (A) CRT and DPED volume. (B) CRT and foveal DPED diameter. (C) CRT and foveal DPED height. Statistical analysis; linear
mixed models. The lines represent linear predictions. Scatter plots of CRT and DPED volume, diameter and height. The marginal coefficient of
determination (R2m) is the proportion of the variance in CRT predicted by the fixed effects of DPED volume, diameter and height. N = 185
observations, 66 eyes and 44 patients. A p-value <0.05 was considered statistically significant.
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The results of our study suggest that
the subfoveal location of the DPEDs is
unfavourable for visual function. Even
though the majority of DPEDs were
located in the fovea (94%), the few
perifoveal located DPEDs had mark-
edly better BCVA, which demonstrates
the negative impact of DPED volume
on the foveal outer retina.

The presence of intraretinal hyper-
reflective foci is a known risk factor for
the progression to late AMD (Nassisi
et al. 2018). Interestingly, we did not
find that increasing volume of intrareti-
nal hyperreflective foci predicted a
change in BCVA or CRT. On the other
hand, intraretinal hyperreflective foci
are probably a late manifestation of the
disease. The DPEDs in this report have
only 1 year of follow-up, and the
DPEDs in the regression phase were
excluded from the statistical models,
which may explain why we were unable
to document such an association.

DPED is a well-known risk factor
for the development of CNV (Cukras
et al. 2010; Yu et al. 2019). However,
none of our patients developed CNV
during the first year. This may be due
to the relatively short follow-up and
the exclusion of patients with CNV
based on several types of angiography
at baseline.

The strength of this study is its
prospective design, the use of multi-
modal imaging and a low loss to
follow-up. The number of eyes
included was fairly large, considering
the asymptomatic nature of intermedi-
ate AMD and the rarity of large
DPEDs. Only 3% of the patients in
the AREDS study had DPED at base-
line (Cukras et al. 2010). The patients
were also thoroughly investigated with
FA, ICGA and OCTA to exclude
patients with CNV. Subtle type 1
CNV could still have been missed since
11% and 9% of the eyes at baseline
had sub- and intraretinal fluid, respec-
tively. Limitations of the study include
the absence of a control group of AMD
patients without DPED and the lack of
blinding of the study investigator when
measuring the primary outcomes.
Another limitation and future direction
is the possibility to measure the rod-
mediated dark adaptation function.
Rod-mediated vision is affected earlier
and more severely with progression of
AMD, especially in the presence of
subretinal drusenoid deposits (Chen
et al. 2019).

In conclusion, this study has shown
that increasing DPED volume and
foveal DPED diameter and height are
associated with a reduction of BCVA
and CRT during the growth phase of
DPEDs. The subfoveal location of
DPEDs and the presence of acquired
vitelliform lesions appear to be associ-
ated with a further reduction in BCVA.
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