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1. INTRODUCTION 

Inherited retinal diseases are the leading cause of visual impairment among the 
working age-group in the developed countries. To date over 300 genes (https:// 
web.sph.uth.edu/RetNet/) have been associated with different retinal dystro-
phies. Separately each of these diseases are very rare and in most cases disease 
mechanisms are still not fully understood.  

Because of genetic and phenotypical heterogeneity diagnosis of inherited 
retinal disease has been challenging. The human eye is a complex and delicate 
organ and it is not feasible to take tissue samples from human retina for diag-
nosis and research. Therefore retinal imaging studies which are noninvasive, are 
an invaluable source of information under a variety of retinal conditions and are 
being widely used in the clinical setting. Retinal imaging techniques have 
evolved a lot over the decades. Traditional fundus camera allowed us to capture 
what the ophthalmologist sees when viewing the fundus with the biomicro-
scope. The addition of lasers into imaging systems opened another dimension 
by allowing us to see the invisible by creating cross-sections visualizing retinal 
layers or making use of the autofluorescence emitted from retinal natural fluoro-
phores. These imaging techniques have developed from early research methods 
to unreplacable diagnostic tools in everyday ophthalmology.  

Correct interpretation of the imaging data is also important. Different 
imaging techniques can detect abnormalities in retinal structure but also reveal 
changes in biological processes of the retina. Major advances have been made 
over the last decades in developing new therapeutic interventions for inherited 
retinal disease leading to the approval of first gene augmentation therapy for 
RPE65-related retinal dystrophy. However most of retinal dystrophies still need 
further studying and development of suitable treatment options. In the light of 
new therapeutic interventions, imaging studies also offer valuable outcome mea-
sures in evaluating treatment efficiency.  

This study aims to provide insights into fundus autofluorescence imaging. 
We analyzed short-wavelength and near-infared autofluorescence qualitatively 
and quantitatively in cases of genetically confirmed recessive Stargardt disease, 
choroideremia, PROM1-macular disease and ocular albinism to better under-
stand the sources of fundus autofluorescence. We also aimed at finding new 
clinical implications for autofluorescence imaging in evaluating inherited retinal 
disease.  
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2. LITERATURE REVIEW 

2.1. The fundus of the human eye 
The fundus is the interior surface of the eye. Vision is our primary sense of per-
ception and most of stimuli we receive come through the retina. Topographi-
cally retina is composed of the macula, which is the central part of retina and 
peripheral retina. The fovea provides high acuity vision and structurally pre-
sents as a depression in the center of the macula situated 2,5 mm lateral to the 
optic disc (Ross and Pawlina 2016) and is composed mainly of cone photo-
receptors. The dense packing of the cells is responsible for sharp vision (Kolb, 
Fernandez, and Nelson 1995; Bringmann et al. 2018). Fovea is further divided 
into three parts. Fovea centralis, also known as foveal pit, has the highest 
portion of cones, but lacks rod photoreceptors and is an avascular zone (Kolb, 
Fernandez, and Nelson 1995). During the fetal development of fovea, the inner 
retinal layers are displaced to the side forming the foveal depression and foveal 
maturation continues even after birth until early adolescence (Hendrickson et al. 
2012; Bringmann et al. 2018). The other parts are parafovea, which extends 
about 1–3 mm from central fovea and perifovea, which is located at about 3– 
5 mm from the foveal pit. Nasal to the macula is the optic disc with retinal 
arteries and veins passing through. The peripheral part of retina is mostly made 
up of rod photoreceptors (Ross and Pawlina 2016) which are responsible for 
night vision (Figure 1, A). 
 

Figure 1. Healthy eye. A. Color fundus photograph demonstrating fovea, macula, optic 
disc and blood vessels. B. A schematic drawing of retina and the choroid. RPE, retinal 
pigment epithelium. C, cone photoreceptor; R, rod photoreceptor; H, horizontal cell 
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(interneuron); B, bipolar cell (interneuron); M, Müller cell; Am, amacrine cell (inter-
neuron); DA, displaced amacrine cell (interneuron); G, ganglion cell. Layers: ChC, 
choriocapillaris; BrM, Bruchʼs membrane; ELM, external limiting membrane; ONL, 
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 
plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer (ganglion cell axons); 
ILM, inner limiting membrane. Ref: (Zheng et al. 2012). 

 
2.1.1. Retinal structure and cell types 

The retina is the innermost layer of the posterior pole of the eye. The photo-
receptor cells of the retina are responsible for converting the light into electrical 
impulses that are sent to the brain. The retina can be divided into neurosensory 
or neural retina and retinal pigment epithelium (RPE) together with Bruchʼs 
membrane.  

Histologically, neurosensory retina is made up of 9 layers: photoreceptor 
layer, the external limiting membrane (ELM), the outer nuclear layer (ONL), the 
outer plexiform layer (OPL), the inner nuclear layer (INL), the inner plexiform 
layer (IPL), the ganglion cell layer (GCL), the nerve fiber layer (NFL) and the 
inner limiting membrane (ILM) (Ross and Pawlina 2016) (Figure 1, B). 

The retinal pigment epithelium is a monolayer of cuboidal pigmented cells that 
is situated on the Bruchʼs membrane. The apical extensions of the RPE surround 
the photoreceptor outer segments. The photoreceptor layer is composed of 
highly specialized neurons: rods make up the majority of retinal photoreceptor 
cells, while cones account for only 3–5% of photoreceptors. Topographically 
the fovea is a rod-free zone but has a very high density of cones (Sung and 
Chuang 2010). The cone system offers the highest visual acuity and resolution 
due to the fact that each foveal cone is connected to only one bipolar and one 
ganglion cell, whereas in the rest of  the retina each bipolar and ganglion cell 
has to serve multiple photoreceptors (Sung and Chuang 2010). Photoreceptors 
consist of an outer segment (OS), connecting stalk and the inner segment (IS) 
(Figure 1, B); the latter is divided into outer ellipsoid and inner myoid part. The 
OS is made up of flattened membranous structures called discs within which the 
light absorbing rod and cone opsin visual pigments are housed. The IS is 
responsible for protein synthesis and energy production. The ELM is not a true 
membrane, but is formed from Müller cellʼs apical ends that are attached to rods 
and cones. The ONL contains the nuclei of photoreceptor cells and the OPL is 
formed by the processes of photoreceptors and interneuron cells (horizontal, 
plexiform, amacrine and bipolar cells), where the electrical signal is transmitted 
via synapses. The nuclei of interneuron cells together with Müllerʼs cells are 
located in the INL. Müllerʼs cells have long processes that extend form ELM to 
ILM throughout the retina. The IPL is where the connections of interneuron 
cells and ganglion cells form. The GCL consists of large multipolar neurons 
with long axons that pass into the NFL and merge into the optic nerve. The 
innermost layer ILM is made up of basal lamina of Müller cells (Ross and 
Pawlina 2016; Hendrickson et al. 2012) (Figure 1, B).  
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Posterior to the retina is the pigmented vascular layer known as the choroid; 
the latter is situated between the RPE and sclera (Figure 2, B). Choroidal ves-
sels provide the outer retina with nutrients and oxygen whereas the inner part of 
retina gets its blood supply from intraretinal vascular plexuses originating from 
the central ophthalmic artery. The vessels in the choroid decrease in size closer 
to the retina and the adjacent layer to the RPE is called the choriocapillary layer 
which is responsible for the exchange of nutrients and metabolites with retina. 
The perivascular space consists of choroidal melanocytes, connective tissue, 
immune system cells, lymphatic channels and smooth muscle cells (Ross and 
Pawlina 2016) (Figure 1, B). 
 

2.1.2. Photoreceptors and the visual cycle 

Photoreceptors are specialized neurons that initiate the visual perception process. 
Human retina is composed of mainly rods with a ratio of 95:5 between rods and 
cones, however the fovea is made up of only densely packed cone photoreceptors 
(Ross and Pawlina 2016; Sung and Chuang 2010; Kolb, Fernandez, and Nelson 
1995). 

Rod photoreceptors can detect dim light and produce monochromatic vision 
whereas cone photoreceptors are responsible for bright light function and color 
vision (Fu and Yau 2007; Kefalov 2012). Rod pigments absorb light at a maxi-
mum of 496 nm, while cones can be divided into classes: L, M and S meaning 
long- (588 nm), middle- (521) and short-wavelength (420) sensitivity (Ross and 
Pawlina 2016; Kolb, Fernandez, and Nelson 1995).  

Phototransduction is a complex process in the retina where light is turned 
into electrical impulses. Light is absorbed by photoreceptor visual pigments: 
rhodopsin in rods and iodopsin in cones. In that process the light absorbing 
chromophore vitamin A derivative 11-cis-retinal, bound to cone and rod opsin 
proteins, is isomerized to the all-trans-retinal configuration and released from 
opsin – this process is known as bleaching (Wald 1968; Leibrock, Reuter, and 
Lamb 1998; Kefalov 2012). The all-trans-retinal is subsequently reduced to all-
trans-retinol and transported to the RPE and Müller cells where through a 
multistep conversion all-trans-retinal is recycled back to 11-cis-retinal that 
allows the visual pigment to regain light sensitivity (Fulton and Rando 1987; 
Ross and Pawlina 2016; Saari 2000) (Figure 2). Cones can regain sensitivity 
within 3–4 minutes while rods take over 30 minutes to restore light sensitivity. 
This difference is attributable to an additional pathway for recycling the 11-cis 
chromophore to cones that is not dependent on RPE. Specifically Müller cells 
provide cones with 11-cis-retinol for the synthesis of cone chromophore (Mata 
et al. 2002; Saari 2012; Ross and Pawlina 2016; Leibrock, Reuter, and Lamb 
1998).  

Defects in different proteins and enzymes that participate in the visual cycle 
lead to various retinal conditions ranging from stationary visual deficits to 
severe forms of progressive retinal dystrophies (Travis et al. 2007). 



14 

 
Figure 2. Visual cycle. Light is absorbed by the chromophore 11-cis-retinal, a vitamin 
A derivative; 11-cis-retinal is then isomerized to all trans-retinal. The all-trans-retinal is 
subsequently reduced to all-trans-retinol and transported to the RPE where all-trans-
retinol is recycled back to 11-cis-retinal in a multistep process that allows the visual 
pigment to regain light sensitivity. Bisretinoid fluorophores such as A2E are formed in 
photoreceptors when all-trans retinal and 11-cis-retinal react non-enzymatically with 
phosphatidylethanolamine (PE). 

 
 

2.1.3. Retinal pigment epithelium 

Retinal pigment epithelium (RPE) is a polarized layer of cells that is situated 
posterior to neural retina and is essential to the functioning of neuroretina. The 
RPE is a monolayer of cells that maintains the outer blood-retinal barrier by for-
ming tight junctions. This restricts the passage of molecules between neural 
retina and choroid. The apical side of RPE cells faces the photoreceptor outer 
segments. Microvilli extending from apical side of the RPE envelope the photo-
receptor outer segments. Correct anatomical positioning of RPE-neurosensory 
retina is important since photoreceptors rely on RPE cells for functioning (Spar-
row, Hicks, and Hamel 2010; Boulton and Dayhaw-Barker 2001; Anderson and 
Fisher 1979; Spaide and Curcio 2011). 

Besides aferomentioned blood-retinal barrier and restoring of photosensiti-
vity in the visual cycle, the RPE has other prominent roles. These functions in-
clude the absorption of stray light and the transport of fluid, ions and nutrients 
to the retina. RPE is responsible for the transport and storing of retinoids that 
are needed for the visual cycle (Bok 1990; Saari 2012). Another major role of 
the RPE is the phagocytosis and degradation of photoreceptor outer segments, 
which are renewed approximately every 7–12 days (Young 1971; Young and 
Droz 1968; Sung and Chuang 2010). Consequently, the bisretinoid fluorophores 
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that form in photoreceptor outer segments accumulate in RPE rather than in 
photoreceptor cells. Bisretinoids are sensitive to light and can oxidatively da-
mage proteins and lipids (S.R. Kim et al. 2006).  
 

2.1.4. Bisretinoid lipofuscin 

The bisretinoid lipofuscin that accumulates in RPE is unique in terms of the 
spectral qualities, mode of formation and composition. Lipofuscin pigments in 
RPE originate from photoreceptor cell outer segments (Katz et al. 1986) and are 
formed by random inadvertent reactions of vitamin A aldehyde (all-trans-
retinaldehyde; 11-cis-retinal) of the visual cycle (Katz, Eldred, and Robison 
1987) (Figure 2). After absorbing a photon of light, the 11-cis-retinal chromo-
phore of rhodopsin and cone pigment undergoes isomerization to all-trans-
retinaldehyde. Released retinaldehyde reacts with phosphatidylethanolamine 
(PE) in the outer segment disc membrane and forms a reversible Schiff base 
adduct, N-retinylidene-PE (NRPE) (Ahn, Wong, and Molday 2000; L.L. Mol-
day, Rabin, and Molday 2000; H. Sun, Molday, and Nathans 1999). The ATP-
binding cassette (ABC) transporter ABCA4 that is expressed by photoreceptor 
cells (Illing, Molday, and Molday 1997; H. Sun and Nathans 2001, 1997) is 
responsible for flipping the NRPE from the interior of outer segment discs to 
the cytoplasmic space. Most of retinaldehyde is reduced to a less reactive alco-
hol (all-trans-retinol) by the cytoplasmic retinol dehydrogenase (Rdh). However 
some retinaldehyde escapes this reduction allowing two retinaldehydes to con-
dense with PE nonenzymatically. As a result bisretinoid fluorophores are irre-
versibly formed in the outer segment compartments of the photoreceptor cells 
(Parish et al. 1998; Liu et al. 2000; S.R. Kim, He, et al. 2007).  

In a healthy retina there is constant renewal of photoreceptor outer segments, 
so bisretinoid compounds are kept to a minimum in photoreceptor cells by 
means of daily shedding of outer segment membrane followed by RPE-me-
diated phagocytic clearance. If these light-absorbing fluorophores were to col-
lect in outer segments, they could interfere with photon absorbance by cone and 
rod visual pigments. Consequently, the bisretinoid compounds are deposited as 
lipofuscin in the lysosomes of the RPE cells (Sparrow et al. 2008; Tsybovsky, 
Molday, and Palczewski 2010; Ben-Shabat et al. 2002). 

The heterogeneous mixture of bisretinoid fluorophores includes A2-GPE (A2-
glycero-phosphoethanolamine), A2-DHP-PE (A2-dihydropyridine-phosphati-
dylethanolamine), all-trans-retinal dimer-PE (all-trans-retinal dimer phosphati-
dylethanolamine), and the most well known one A2E (Fishkin et al. 2005; 
Parish et al. 1998; Yamamoto et al. 2011; H.J. Kim and Sparrow 2018).  

These various bisretinoids account for the fundus autofluorescence (AF) 
signal with the excitation maximum in the blue (∼470 nm) and emission maxi-
mum in the yellow-orange spectrum range (∼600 nm) (Sparrow et al. 2010). 
These bisretinoids have slightly different absorbance maxima yet they all fluo-
resce in response to blue 488 nm excitation and have similar emission spectra 
(Fishkin et al. 2005; Parish et al. 1998; Sparrow et al. 1999). Interestingly visual 
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cycle mediators like all-trans-retinal and all-trans-retinyl ester do not show any 
fluorescence (Sparrow et al. 2010). 

Vitamin A intake and serum retinol levels can affect bisretinoid formation in 
RPE (Radu et al. 2005; Katz and Norberg 1992). The accumulation of bis-
retinoid lipofuscin in RPE with age has been well documented (Feeney 1978; 
Feeney-Burns, Hilderbrand, and Eldridge 1984; Weiter et al. 1986). Bisretinoid 
lipofuscin accumulation is the highest in the macular area and lower in the 
fovea which correlates with the distribution of rod photoreceptors suggesting 
that phagocytized rod outer segments are the main source for bisretinoid lipo-
fuscin (Feeney 1978). A2E is a major bisretinoid compound which has been 
studied more extensively and has been shown to cause inflammatory and cyto-
toxic changes in RPE cells leading to degeneration (De and Sakmar 2002; Spar-
row, Vollmer-Snarr, et al. 2003). Accumulation of bisretinoid lipofuscin and 
exposure to short-wavelength visible light has also been shown to increase oxi-
dative stress and trigger apoptosis in RPE cells (Wassell et al. 1999; Sparrow et 
al. 1999).  
 

2.1.5. Ocular melanin 

Melanin is found in various cells in the human body. Brown/black eumelanin 
and red pheomelanin are present in the eye and skin, while neuromelanin is only 
present in the brain. In the eye melanin can be found in the uveal melanocytes 
and in the pigmented epithelial cells like RPE, iris pigment epithelium and 
ciliary pigment epithelium. (Hu, Simon, and Sarna 2008)  

Melanin in the RPE originates from the neuroectoderm, while the melanin in 
uveal and skin melanocytes develops from neural crest. Uveal and skin melano-
cytes show continual synthesis of melanin during life, but in the RPE the majo-
rity of melanosomes are formed during the fetal period and adult RPE contains 
only adult melanosomes where the biosynthesis of melanin is either absent or 
very low (Simon, Hong, and Peles 2008). RPE contains mainly eumelanin, 
which is the most common type of melanin (Weiter et al. 1986; Hu, Simon, and 
Sarna 2008), but pheomelanin is also present. Those two melanins originate 
from different precursors in melanogenesis: eumelanins are derived from the 
oxidation of tyrosine by tyrosinase, while pheomelanins go through subsequent 
reaction with cysteine (Hu, Simon, and Sarna 2008; Simon, Hong, and Peles 
2008). 

Melanosomes are organelles for melanin synthesis, storage and transport. 
Melanosomes mature in stages: The first stage is formation of an endosome. In 
the second stage endosomes develop longitudinal pre-melanosome protein fibrils 
without melanin. In the third stage there are clear pigmented fibrils. In the fourth 
stage melanosomes reach maturity and are densely filled with melanin (Watt et 
al. 2009). 

Melanin in the uveal melanocytes varies with race and eye color, whereas 
the melanin in RPE is considered to be independent on those factors (Weiter et 
al. 1986). Uveal melanocytes contain eumelanin and pheomelanin. In dark 
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colored eyes, the ratio of eumelanin is higher in relation to pheomelanin and in 
light colored eyes the vice versa (Wielgus and Sarna 2005; Wakamatsu et al. 
2008). The role of melanin in the eye is to prevent light scattering to optimize 
visual acuity, but it also has antioxidant properties. Both melanins – eumelanin 
and pheomelanin, are protective against free radicals, but eumelanin is thought 
to be less photoreactive and therefore less cytotoxic (Ortonne 2002), which could 
also explain why dark-colored eyes have less age-related macular degeneration 
and uveal melanoma (Hu et al. 2005; Group 2000).  
 

2.1.6. Topography and distribution of RPE melanin and  
lipofuscin 

RPE cells differ in shape topographically in the fundus: the peripheral cells are 
more flat, while the macular RPE cells are taller and contain more condensely 
packed melanin granules (Boulton and Dayhaw-Barker 2001). Melanin granules 
in the RPE melanosomes are situated apically in the cell whereas lipofuscin is 
located mostly basally, but with age they can also combine into melanolipo-
fuscin complexes (Feeney 1978; Feeney-Burns, Hilderbrand, and Eldridge 
1984). Weiter et al. showed by ex vivo optical measurements that the concentra-
tion of RPE melanin decreased from the periphery to posterior pole, but in-
creased again in macular area. RPE lipofuscin content was lower in the peri-
phery and higher in posterior pole, but showed a significant reduction in the 
foveal area (Weiter et al. 1986). Roughly said there is an inverse distribution of 
RPE melanin compared to lipofuscin. Choroidal melanin increased gradually 
from the periphery and submacular choroid showed the highest level of pigmen-
tation (Feeney-Burns 1984, Weiter 1986).  

Besides melanin and lipofuscin there are other pigments in the retina: macu-
lar pigment is a yellowish pigment that is composed of meso-zeaxanthin, lutein 
and zeaxanthin (Landrum and Bone 2001). Macular pigment aids visual per-
formance by alleviating chromatic aberration through the absorption of blue 
light. Melanopsin, found in retinal ganglion cells belongs to a photopigment 
family together with rod and cone opsins, but does not participate in the visual 
sensation process; it instead regulates circadian rhythms (Hattar et al. 2002).  

 
 

2.2. Retinal imaging 
Retinal imaging has become a valuable tool in modern ophthalmology with 
various techniques and devices. A traditional fundus camera uses single bright 
flash to obtain a high-resolution 35 to 50 degree true color image. Fundus came-
ras also allow for autofluorescence imaging using blue light excitation (Park et 
al. 2013). 

Confocal scanning laser ophthalmosocpy (cSLO) system is another widely 
used technique that creates fundus images by scanning the retina with two laser-
beams. cSLO systems offer capturing of non-invasive pseudo-color (Figure 1A), 
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reflectance, red-free, autofluorescence images, as well as invasive fluorescein 
angiography and indocyanine angiography (Hassenstein and Meyer 2009). 
While these imaging techniques offer en face images of the fundus, spectral do-
main optical coherence tomography (SD-OCT) offers a cross-sectional image of 
retinal layers and is often combined in the same camera together with cSLO. 
The development of cSLO cameras has allowed for imaging of not only central 
retina with 30° or 55° field, but also capturing wide-field images from the peri-
pheral retina. Optical coherence tomography angiography (OCTA) has offered a 
non-invasive imaging method for retinal vessels. Adaptive optics is another 
modern imaging tenchology that allows us to assess ocular health in the micro-
scopic level. As this study is focused on multimodal imaging using the cSLO 
and SD-OCT, these imaging methods will be described here in more detail.  

 
2.2.1. Confocal scanning laser ophtalmoscopy 

In modern ophthalmology cSLO is a widely used imaging technology. The first 
cSLO camera was introduced in 1980-s (Webb, Hughes, and Pomerantzeff 1980), 
but has advanced substantially over the decades. cSLO cameras use a point light 
source – a laserbeam that scans the retina at different points vertically and 
horizontally, the backscattered light is recorded as a greyscale image. cSLO has 
been used for various imaging modalities like fluorescein angiography, indo-
cyanin green angiography and autofluorescence (Bille 2019).  

Fundus camera systems use longer wavelength (530 to 580 nm) excitation 
compared to cSLO (488 nm) for AF imaging. While the fundus camera obtains 
a single image with a flash, the cSLO captures a series AF images using the 
short wavelength excitation light. Post-acquisition processing allows for the 
mean image to be calculated and pixel values are normalized in order to reduce 
background noise. The result is a greyscale image from values 0 to 256 with 
dark pixels presenting lower and light pixels presenting higher signal strength 
(Schmitz-Valckenberg et al. 2008). Compared to cSLO imaging the fundus 
camera AF signal is lower and is more susceptible to artefacts from anterior 
segment (Park et al. 2013).  

The most widely used commercial device for cSLO, the HRA SD-OCT can 
be combined with the cSLO for simultaneous fundus and OCT recordings 
(Figure 3).  

The Heidelberg Spcetralis® HRA2 offers short-wavelength autofluorescence 
(SW-AF) by using 488 nm for excitation and a >500 nm filter for emission. 
Near-infrared autofluorescence is also possible by using a 787-nm excitation and 
>800 emission filter. Images are typically recorded either as a 30° × 30° or 55° × 
55° field. The wavelength of the SD-OCT imaging system is 870 nm. This instru-
ment has an axial resolution of approximately 7 μm (Heidelberg Engineering. 
Heidelberg HRA 2 retina angiograph – operation manual. Germany: Heidelberg 
Engineering GmbH; 2003).  
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2.2.2. SD-OCT and anatomical correlates 

Spectral-domain optical coherence tomography offers a noninvasive visuali-
zation of the anatomy of the retina (Figure 3, B). SD-OCT systems use near-in-
frared light (centered at ~ 850 nm or ~ 1050 nm) to detect the back-scattered 
light from the retinal layers to generate cross-sectional images. The layers are 
formed as bands of higher and lower reflectivity based on their structural com-
ponents and to some extent they correspond to the classical histological layers 
of retina. The outermost highly reflective band corresponds to the retinal pig-
ment epithelium (RPE) and Bruchʼs membrane. The next hyperreflective band, 
that can be difficult to distinguish from RPE is the interdigitation zone (IZ) 
which is thought to be the RPE apical processes reaching around the cone outer 
segment tips. The next clearly distinguishable hyperreflective layer is the ellip-
soid zone (EZ) that is thought to present the inner segment of photoreceptors 
and is packed with mitochondria (Spaide and Curcio 2011). A more delicate 
hyperreflective band anterior to the EZ is the external limiting membrane (ELM), 
where Müller cellsʼ apical ends meet the photoreceptors. The next rather wide 
hyporeflective layer corresponds to the outer nuclear layer (ONL) with the 
photoreceptor cell bodies. The hyperreflective band on top of ONL is the outer 
plexiform layer (OPL). This is followed by the hyporeflective inner nuclear 
layer (INL) with interneuron and Müller cell bodies followed by the hyper-
reflective inner plexiform layer (IPL). The superficial layers of retina are made 
up of less reflective ganglion cell layer (GCL) and more reflective nerve fibre 
layer (NFL) (Figure 3, B) (Spaide and Curcio 2011; Staurenghi et al. 2014). 
 

 

 

 

Figure 3 A. IR-R fundus image showing the topographic position of SD-OCT section 
B. SD-OCT scan through the fovea showing the hypo-and hyperreflective layers: NFL – 
nerve fibre layer. GCL – ganglion cell layer. IPL – inner plexiform layer. INL – inner 
nuclear layer. OPL – outer plexiform layer. ONL – outer nuclear layer. ELM – external 
limiting membrane. EZ – ellipsoid zone. IZ – interdigitation zone. RPE-BM – retinal 
pigment epithelium-Bruchs membrane complex. Choroid.  
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In routine clinical practice most SD-OCT images are acquired simultaneously 
with a near infrared reflectance fundus image (IR-R) which uses an excitation 
wavelength of 820 nm, whereas the barrier filters are completely removed (Fi-
gure 3, A) (Hassenstein and Meyer 2009; Elsner et al. 1996). The longer wave-
length allows to detect changes in the retina, highly reflective structures at the 
subretinal and sub-RPE level are enhanced and better recognized. IR-R also has 
the ability to penetrate opaque media or cataracts as no flash is needed (Has-
senstein and Meyer 2009). 

 
2.2.3. Origins of fundus autofluorescence 

Fluorescence is a well known physical concept where a molecule absorbs a 
photon of certain excitation wavelength, undergoes molecular energy transforma-
tions, and emits a lower energy photon of specific emission wavelength (F. C. 
Delori, Staurenghi, et al. 1995). The excitation wavelength is always shorter than 
the emission wavelength. Different molecular spectrums have a wavelength ma-
ximum at which the fluorophore results in greatest intensity of fluorescence. 
Similarly, the emission spectra exhibits a wavelength at which emission inten-
sity is maximum.  

Similar imaging concept is used in fluorescein angiography and indocyanine 
green angiography with the help of injecting a fluorescent dye intravenously. In 
fundus autofluorescence AF imaging naturally occurring endogenous retinal 
fluorophores are used as the source of fluorescence making this technique non-
invasive. Fundus signal was first noted in the clinical setting about 50 years ago 
during angiography procedure before injecting the fluorescein dye (Bonnin, 
Passot, and Triolaire-Cotten 1976; Rabb et al. 1978).  

The fundus AF of the human eye was first measured by introducing fundus 
spectrometer (François C. Delori 1992). Further in vivo studies showed that 
fundus autofluorescence had a peak emission at 630 nm and that autofluore-
scence increased with age (F. C. Delori, Dorey, et al. 1995). 

While the term fundus AF has often been used to refer to short-wavelength 
autofluorescence, another major source of autofluofluorescence is based on 
melanin and accounts for near-infrared autolfluorescence signal (Keilhauer and 
Delori 2006).  

More recent studies have also aimed at describing green-light autofluore-
scence that has become available in some commercial devices and operates at 
higher excitation wavelength compared to SW-AF. The exact contribution of 
fluorophores in green-light AF and its differences from SW-AF still need further 
research (Borrelli et al. 2020; Bittencourt et al. 2019). 
  

2.2.4. Short-wavelength autofluorescence 

Fundus short-wavelength autofluorescence (SW-AF) is an inherent signal origi-
nating predominantly from bisretinoid fluorophores. SW-AF can be elicited by 
excitation with a laserlight within the spectral range 400 and 590 nm, with a 
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Bisretinoid lipofuscin is a mixture of more than 20 fluorophores, out of which 

the A2E is best known (Sparrow, Fishkin, et al. 2003). Bisretinoid fluorophores 
are formed in the outer segments of photoreceptors during a non-enzymatic re-
actions of vitamin A aldehyde and then deposited in the RPE cells as bisretinoid 
lipofuscin (F. C. Delori, Staurenghi, et al. 1995; Sparrow et al. 2010).  

Delori et al. also demonstrated the topographic distribution of SW-AF in the 
healthy eye. The macular area within 7°–15° from fovea showing the highest 
and fovea the lowest SW-AF signal. The signal in the fovea is low because of 
attenuation by macular pigment, reduction of lipofuscin content and increased 
RPE melanin granules, the latter being positioned apically of lipofuscin in the 
RPE (Figure 4, C) (F. C. Delori, Dorey, et al. 1995; Robson, Moreland, et al. 
2003). The SW-AF signal is relatively homogeneous outside the macular area 
and represents the distribution of RPE lipofuscin. (von Rückmann, Fitzke, and 
Bird 1995) Blood vessels appear dark due to blockage of the SW-AF signal 
while the optic disk is dark due to the absence of SW-AF emission because 
there are no RPE cells (Figure 4, A). 

The dominant source of SW-AF signal is located at the RPE-photoreceptor 
level, however the photopigments in the photoreceptors act as a barrier (Schmitz-
Valckenberg et al. 2021). Bleaching of rod photopigment rhodopsin with blue- 
light can account for a 30% rise SW-AF signal compared to the dark-adapted 
state (Theelen et al. 2008).  

Overall areas of increased SW-AF signal or hyperautofluorescence can result 
from increased concentration of fluorophores or unmasking of these compounds 
from outer retinal atrophy. In areas of hypoautofluorescence the reason can be 
reduced fluorophores in RPE cells or absence of RPE cells as in cases of atrophy 
or blockage of signal from e.g. retinal hemorrhage (von Rückmann, Fitzke, and 
Bird 1995). 

An age-related increase in bisretinoid liposfuscin associated SW-AF signal 
has been described as well as higher levels of SW-AF in Caucasian population 
versus African-American or Asian ethnicities (Boulton et al. 1990; Greenberg et 
al. 2013). There are other factors that can also influence the SW-AF signal, like 
dense vitreous opacities or the aging human lens that can absorb blue-light and 
reduce autofluorescence (Ranjan and Beedu 2006; Gaillard et al. 2000).  
 

peak excitation at 490–510 nm (F. C. Delori, Staurenghi, et al. 1995) and emis-
sion with a peak in the yellow–orange range 600–610 nm. Spectral characteristics 
as well as histopathological studies have confirmed that the cellular source of 
SW-AF is bisretinoid compounds (Eagle et al. 1980; F. C. Delori, Dorey, et al. 
1995; Weiter et al. 1986; Sparrow et al. 2010; Wing, Blanchard, and Weiter 
1978). 
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Figure 4. Short-wavelength autofluorescence (SW-AF) A and near-infrared autofluore-
scence (NIR-AF) B of a healthy eye (33 year-old white female). C schematic drawing 
of fundus autofluorescence signal originating from lipofuscin (yellow) and melanin 
(brown) granules.  

 
 

2.2.5. Near-infrared autofluorescence 

SW-AF imaging has become the cornerstone of fundus autofluorescence and is 
widely used in both research and clinical practice, however another less used 
major source of autofluorescence is melanin that accounts for near-infrared auto-
fluorescence (NIR-AF).  
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Picolino et al. noticed pseudofluorescence at 805 nm before conducting indo-
cyanine angiography (Piccolino et al. 1996). With the development of cSLO 
imaging techniques our understanding of NIR-AF has been advanced. The NIR-
AF signal is known to originate primarily from melanin in the RPE cells and to 
lesser extent from the choroidal melanin and can be excited at 787 nm with the 
emission >800 nm. Melanin related signal is much weaker than that of bis-
retinoid lipofuscin, even with significantly higher radiant power and detection 
sensitivity (Keilhauer and Delori 2006; Boulton et al. 1990). Therefore the NIR-
AF image is usually of lower contrast compared to SW-AF image of the same 
eye (Figure 4 A, B). 

In addition to the high foveal NIR-AF signal that corresponds to elevated 
melanin optical density in RPE (Keilhauer and Delori 2006; Weiter et al. 1986; 
U. Kellner, Kellner, and Weinitz 2010), it has been shown that NIR-AF signal is 
strong and bright in the case of full-thickness macular hole (Keilhauer and De-
lori 2006) and diminished in cases of RPE atrophy, confirming that RPE mela-
nin is the major source of fundus NIR-AF signal (Duncker, Marsiglia, et al. 
2014). 

The choroidal contribution to the NIR-AF signal becomes more evident in 
choroidal nevi, which appear hyperautofluorescent in NIR-AF imaging (Keil-
hauer and Delori 2006; U. Kellner, Kellner, and Weinitz 2010). 

In healthy eyes SW-AF signal is attenuated in the fovea and NIR-AF signal 
is the strongest in the fovea (Keilhauer and Delori 2006) which corresponds to 
the higher concentration of melanin in the RPE cells (Weiter et al. 1986). In ex 
vivo studies it has been shown that the optical density of melanin is highest in 
the foveal area, where the RPE cells are taller and contain more melanin (Weiter 
et al. 1986). More precisely the maximum intensity of NIR-AF signal in the fovea 
is located slightly nasal to the maximum of SW-AF signal, the latter being with 
higher contrast and exposure (Keilhauer and Delori 2006). While macular pig-
ment absorbs SW-AF light accounting for the central macula hypoAF signal, the 
NIR-AF light is not affected by macular pigment and therefore allows better 
evaluation of central macula. Outside of the macular area both NIR-AF and 
SW-AF signal are rather uniform. As with SW-AF imaging, optic disc (lack of 
autofluorescent material) and blood vessels (absorbance of signal) have no SW-
AF signal and are seen as hypoautofluorescent (Figure 4 B). As in SW-AF 
imaging, areas of RPE atrophy present with reduced NIR-AF signal due to the 
loss of RPE cells (Duncker, Marsiglia, et al. 2014).  

Whereas increased lipofuscin concentration with age has been observed in 
RPE cells, melanin in the RPE cells decreases after 40 years of age (Feeney-
Burns, Hilderbrand, and Eldridge 1984; Schmidt and Peisch 1986). Melanin in 
the choroid and iris melanosomes does not go through that change (Weiter et al. 
1986). Photo-oxidation with blue light is thought to increase the autofluore-
scence of melanin (Kayatz et al. 2001), so that could slow down the reduction of 
NIR-AF levels with aging (Docchio et al. 1991).  

NIR-AF signal originates mostly from melanin and its related compounds: 
melanolipofuscin, melanolysosomes and oxidized melanin. In the RPE cell me-
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lanin is situated apically and lipofuscin basally (Figure 4C). With age RPE 
melanosomes containing melanin fuse with lysosomes and melanolipofuscin is 
formed through melanin degradation and remodeling (Docchio et al. 1991). 
Melanolipofuscin is a complex granule that has a melanin core and a lipofuscin 
shell (Feeney 1978; Biesemeier, Schraermeyer, and Eibl 2011).  
 

2.2.6. Quantitative fundus autofluorescence 

Fundus AF images can be valuable on their own, however additional informa-
tion about the condition of retina can be acquired through quantitatively eva-
luating AF signal strength. In fundus AF images each pixel can be assigned a 
grey value level between 0 to 255 using e.g the Heidelberg Eye Explorer soft-
ware. However that does not offer information if the values of AF signal are 
truly lower or higher and how they deviate from normal.  

Early studies in human subjects to measure the level of SW-AF signal were 
carried out with the noninvasive spectrophotometry and showed the increase of 
RPE lipofuscin with an elevated AF signal in recessive Stragardt disease (F. C. 
Delori, Dorey, et al. 1995; F. Delori et al. 2011). Studies using the cSLO sys-
tems constructed linear profiles of AF intensities or in a predetermined area of 
pixels (Cideciyan et al. 2004; Lois et al. 2000; Lois et al. 2004; Lois et al. 1999; 
von Rückmann, Fitzke, and Bird 1995, 1997).  

The quantitative autofluorescence (qAF) method was developed by Delori et 
al. to allow a standardized method for combining AF intensity measurements with 
spatial information (F. Delori et al. 2011). The images are acquired with the 
cSLO (HRA2, Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg 
Germany), with a 30° × 30° field, 488 nm excitation, and emission capture from 
500 to 680 nm. The camera is modified with the addition of a special reference 
bar that is seen on top of every qAF image (Figure 5, B), to account for variable 
detector sensitivity and variable laser power. Additional factors such as laser 
power, the laser off-set (zero signal provided by the instrument software), detec-
tor sensitivity, refractive errors, and variations in anterior media structures like 
lens opacities are also considered in the calculation formula. Pupils are dilated 
before recording the images, the photoreceptor visual pigment is bleached with 
SW-AF light for 20 seconds. Each image is acquired in high-speed video mode 
(8.9 frames/ second); two images are recorded, each being typically 9–12 fra-
mes. Images are then examined for quality and at least 6 of the 9–12 frames are 
selected. Selected frames are aligned and averaged and saved in non-normalized 
mode to avoid histogram stretching (F. Delori et al. 2011; Burke et al. 2014).  

At eccentricities of 7–8° (2–2.3 mm) from the fovea the absorption by macu-
lar pigment is minimal (Bone et al. 1988) therefore calculation of qAF within 
concentric segments 7–9° eccentric to the fovea (as described below) is not af-
fected by absorption. The qAF8 ring refers to 8 predetermined circular segments 
in that area that is mostly used to calculate qAF values, but qAF values can also 
be measured in other segments or manually selected areas. The software also 
allows for generation of qAF color coded maps, where cool colors like blue and 
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green illustrate lower and warm colors like yellow and red higher qAF values 
(Figure 5). 

This method enables comparisons amongst serial images in the same or 
different subjects. Between session repeatability of qAF (95% confidence limits; 
method of Bland-Altmann) calculated in multiple studies has ranged from 7 to 
10% (Burke et al. 2014; F. Delori et al. 2011; Duncker, Tsang, Woods, et al. 
2015) indicating that qAF will only differ by more than 7–10%, 5% of the time. 
Quantitative autofluorescence levels exhibit a significant increase with age. In 
healthy eyes, qAF increases with increasing eccentricity up to 10–15◦ from the 
fovea with the highest values being superotemporally (Greenberg et al. 2013) 
(Figure 5, B, C). Furthermore, qAF values have been shown to be higher in 
females. In addition there may be ethnic differences: compared with Hispanics, 
qAF is significantly higher in whites and lower in Blacks and Asians (Figure 5, 
A) (Greenberg et al. 2013). 

 

 
Figure 5: A. qAF intensities in healthy eyes by ethnicity plotted against age. (Green-
berg et al. 2013)(Copyright 2013 The Association for Research in Vision and Ophthal-
mology, Inc).; B. qAF color map of a 30 y.o C. qAF color map of 50 y.o. with the 
classical qAF8 ring in eight segments.  
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2.3. Inherited retinal disease 
Inherited retinal diseases (IRD) are a the main cause of visual impairment in 
pediatric and working age populations in developed countries (Liew, Michae-
lides, and Bunce 2014; Heath Jeffery et al. 2021; Solebo, Teoh, and Rahi 2017) 
and are thought to affect 1 in 2000 people worldwide (Sohocki et al. 2001). 

Over 300 causative genes have been identified, with most forms of IRD 
mainly affecting photoreceptors but can also primarily affect the RPE or the 
inner retina (https://web.sph.uth.edu/RetNet/). 

Until recently people diagnosed with IRD were faced with no prospect of 
treatment. With the approval of the first gene augmentation therapy for a rare 
form of Leber congenital amaurosis related with RPE65 mutation in 2017 (X. 
Wang et al. 2020), the paradigm has changed on uncurable inherited retinal di-
sease. In RPE65 gene therapy the treatment restores the retinoid cycle that ulti-
mately results in production of the 11- cis-retinal chromophore needed for a 
functioning visual pigment. Various therapeutic trials aimed at other retinal dys-
trophies are focused on gene augmentation, gene modification with CRISPR/ 
Cas9 technology, but also other molecular therapies, stem cell-based therapies 
and retinal prostheses (da Costa et al. 2021; Kaczmarek, Kowalski, and Ander-
son 2017; Mead et al. 2015; Weiland and Humayun 2014). As many IRDs are 
caused by deficits in the visual cycle, resulting in either inadequate production 
of 11-cis-retinal or build-up of excess toxic retinoid, some drug trials are aimed 
at altering vitamin A metabolism in the visual cycle (Sundaramurthi et al. 2019).  

While retinal imaging studies play an important role in timely and correct 
diagnosis (Boon et al. 2008; Yung, Klufas, and Sarraf 2016), they also offer 
invaluable information about disease process (Georgiou et al. 2020; Strauss et 
al. 2019) and can aid in finding new therapeutic targets. In assessing treatment 
efficacy in clinical trials, imaging studies can offer various end-points/outcome 
measures (Jolly, Bridge, and MacLaren 2019). Deviations in AF intensity and 
texture can be observed in nearly all inherited retinal degenerative diseases 
where an increase or decrease of AF signal or abnormal AF patterns are indica-
tive of an abnormal visual cycle or disruption in the tissue architecture (Geor-
giou, Fujinami, and Michaelides 2020). 
 

2.3.1. Recessive Stargardt disease 

Autosomal recessive Stargardt disease (STGD1, OMIM 248200 ) is the most 
common juvenile macular dystrophy with the prevalence of 1:10 000 (Michae-
lides et al. 2003). The disease typically presents with central visual field dis-
turbance in teens or early adulthood (Michaelides et al. 2003; Tanna et al. 
2017), but late onset disease is also possible with milder symptoms in middle-
aged subjects (Westeneng-van Haaften et al. 2012).  

The disease is caused by mutations in the ABCA4 gene which encodes the 
ATP-binding cassette transporter in the outer segments of cone and rod photo-
receptors and is a vital player in the visual cycle (Allikmets 1997). ABCA4 
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transporterʼs role is to clear the photoreceptors from the excessive 11-cis and 
all-trans retinal, which are both reactive and potentially toxic to the photo-
receptors (Cideciyan et al. 2004; Tsybovsky, Molday, and Palczewski 2010; 
Quazi, Lenevich, and Molday 2012; Quazi and Molday 2014).  

With photon absorbance all-trans-retinal is released into rod and cone outer 
segments and most of it diffuses freely across the lipid bilayer to the cytoplasm 
where it is taken up by RDH8 and detoxified. But a fraction of all-trans- 
retinal forms a reversible Schiff base compound called phosphatidylethanol-N-
retinylidene-phosphatidylethanolamine (NRPE) which is transported by ABCA4 
to the cytoplasmic side of the membrane. That is where the role of ABCA4 
transporter is essential in transporting NRPE to photoreceptor disc surface 
where it can be reduced to the less reactive alcohol (all-trans-retinol) (Tsybovs-
ky, Molday, and Palczewski 2010). In the case of defective ABCA4 protein, an 
accumulation of NRPE allows a second retinaldehyde molecule to react and 
form a non-reversible bisretinoid molecule in the outer segments of photo-
receptors which subsequently are deposited in the RPE (R.S. Molday and Zhang 
2010). RPE cells participate in photoreceptor cell outer segment renewal by 
phagocytosis of shed outer segments and with that the excessive bisretinoid 
complexes accumulate in the RPE cells leading to cellular damage (Sparrow et 
al. 1999; Holz et al. 1999; Sparrow, Nakanishi, and Parish 2000; Sparrow, 
Zhou, and Cai 2003; Zhou et al. 2009) and degeneration of RPE-photoreceptor 
complex (Sparrow and Boulton 2005; Cideciyan et al. 2004; Burke et al. 2014; 
Sparrow et al. 2012). The accumulation of bisretinoid fluorophores in the retina 
has also been confirmed in a Abca4 mouse model (Weng et al. 1999; Sparrow et 
al. 2013; Charbel Issa et al. 2013; S.R. Kim, Jang, et al. 2007). Studies on 
Abca4 knockout mouse model have shown that photoreceptor cells degeneratate 
with photooxidation (Ueda et al. 2016; Radu et al. 2008; Sparrow, Zhou, and 
Cai 2003; Sparrow, Nakanishi, and Parish 2000; Sparrow et al. 2013). Besides 
this well-studied pathological pathway, there are also studies implying that low-
level inflammation can have a part in STGD1 pathogenesis, because photo-
oxidation of bisretinoid compounds could lead to complement activation (Zhou 
et al. 2009; Zhou et al. 2006) and microglia activation. (Radu et al. 2011; Kohno 
et al. 2013).  

There has been some debate on the sequence of cellular involvement in the 
disease process. The primary event in STGD1 is thought to be the accumulation 
of bisretinoid in photoreceptor outer segments, that is transferred into RPE cells 
through phagocytosis. Excessive accumulation of bisretinoid lipofuscin leads to 
RPE dysfunction and cell loss. Photoreceptor cell loss happens subsequently be-
cause of pathological RPE (Cideciyan et al. 2004; Sparrow and Boulton 2005; 
Duncker, Marsiglia, et al. 2014; Fang et al. 2020; Greenstein et al. 2015). Other 
imaging studies have proposed photoreceptor layer to be the initial site of cell 
degeneration (Song et al. 2015; Gomes et al. 2009). 
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2.3.1.1. Genetic and clinical aspects 

STGD1 is genetically heterogenous. Over 1200 different mutations have been 
associated with ABCA4 related STGD1 (Allikmets et al. 1997; Zernant et al. 
2011; Fujinami, Zernant, et al. 2013; F.P.M. Cremers et al. 2020). Depending of 
the severity of the mutation and the remaining function of ABCA4 protein 
affected, there is variability in disease severity.  

The disease can be clinically categorized based on electrophysiology (ERG) 
findings: Group 1 shows abnormal pattern ERG with normal full-field(ff) ERG, 
group 2 shows cone dysfunction in ffERG and group 3 shows a more advanced 
loss of cone and rod function (Lois et al 2001). These groups are not different 
stages of a disease but have a prognostic value with group 1 having the best and 
group 3 the worst prognosis (Fujinami, Lois, et al. 2013).  

Typically the disease starts in the first or second decade of life with dis-
turbance of central vision and milder retinal changes either seen as abnormal 
foveal reflex, bullʼs eye maculopathy or small yellowish flecks in the fundus 
examination (Fishman 1976; Lois et al. 2001; Fujinami, Zernant, et al. 2013; 
F.P.M. Cremers et al. 2020). With high-quality retinal imaging it is possible to 
detect early changes in SD-OCT scans in the foveal area like ILM thickening or 
abnormal patterns in fundus AF images (W. Lee et al. 2014; Fujinami et al. 
2014). RPE atrophy in macular area with or without foveal sparing and wide-
spread confluent fleck patterns usually ensue with a loss of central vision later 
in adulthood (Lois et al. 2001; Fujinami, Zernant, et al. 2013; F.P.M. Cremers et 
al. 2020).  

Genotype-phenotype correlation has been difficult to establish because of 
wide allelic heterogeneity and genotype may vary between different cases or 
even within the same pedigree. Two major disease-causing variants of ABCA4, 
p.(Gly1961Glu) and p.(Asn1868Ile) have been associated with mildest prog-
noses presenting with bullʼs eye maculopathy or optic gap phenotype (W. Lee et 
al. 2022; Burke et al. 2012; Cella et al. 2009; Fujinami, Zernant, et al. 2013; 
Nõupuu et al. 2014). ABCA4 variants resulting in null alleles such as stop-gain, 
frameshift, canonical splice site, large copy number variants and some missense 
variants are more likely to present with severe phenotypes like cone-rod dys-
trophy, rapid-onset chorioretinopathy and generalized retinitis pigmentosa-like 
features (W. Lee et al. 2022; F.P.M. Cremers et al. 2020). 

 
2.3.1.2. Retinal Imaging 

Due to phenotypic heterogeneity, differential diagnosis of STGD1 remains chal-
lenging, as there are other retinal diseases with similar findings, e.g. PRPH1-
related pattern dystrophy (Duncker, Tsang, Woods, et al. 2015), ELOVL4-as-
sociated STGD3 (A.O. Edwards et al. 1999; K. Zhang et al. 2001), PROM1-
macular dystrophy also known as STGD4 (M.F. Kniazeva, Chiang, Cutting, et 
al. 1999), bulls eye maculopathies like hydroxychloroquine retinopathy (Nõu-
puu et al. 2016). 
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High-quality retinal imaging is an important tool in STGD1 diagnosis and 
management. SD-OCT imaging usually reveals changes in outer retinal layers 
corresponding to photoreceptors. ILM thickening can be seen in early STGD1 
(W. Lee et al. 2014), whereas disruption of EZ and ONL thinning ensue as the 
disease progresses (Greenstein et al. 2015; Duncker, Marsiglia, et al. 2014; K.N. 
Khan, Kasilian, et al. 2018). White yellowish retinal flecks that are seen in the 
fundus usually correspond to hyperreflective material at the level of outer reti-
nal layers. In later stages of photoreceptor and RPE atrophy the SD-OCT shows 
loss of photoreceptor attributable layers and RPE, with increased SD-OCT sig-
nal seen as hypertransmission (Sparrow et al. 2015). The areas of EZ loss 
corresponded to areas of reduced SW-AF and NIR-AF signal (Müller et al. 
2019) and absence of SW-AF signal usually colocalizes with RPE atrophy in 
SD-OCT images. Cidecyan et al 2004 have proposed 6 stages of STGD1: Stage 
I as a normal retinal structure and function. Stage II, increased AF intensity but 
normal retinal function. Stage III is defined as an increase in the mean fundus 
AF intensity and AF texture. Stage IV with increased fundus AF texture with 
partial degeneration of photoreceptors; Stage V with reduction of the mean fun-
dus AF intensity and reduction of visual function and stage VI as the end-stage 
is characterized as a complete loss of the RPE and photoreceptors (Cideciyan et 
al. 2004). 

The excessive accumulation of bisretinoid fluorophores is what accounts for 
the increased SW-AF signal in STGD1 patients (F. Delori et al. 2011; Burke et 
al. 2014), which can help to differentiate it from other similar retinal diseases 
(Duncker, Tsang, Woods, et al. 2015; Duncker, Tsang, Lee, et al. 2015).  

Previous studies with qAF have revealed that there is an increase in SW-AF 
signal even in areas with healthy looking retina (Burke et al. 2014) and func-
tional studies have shown that increased level of AF does not necessarily cor-
respond to reduced retinal function (Müller et al. 2019). Fleck-formations appear 
as mostly hyperautofluorescent foci in SW-AF imaging (Cideciyan et al. 2004; 
Sparrow et al. 2015) and have been spatially correlated with reduced retinal 
function (Verdina et al. 2012). 

The excessive bisretinoid deposition eventually leads to RPE cell atrophy as 
demonstrated by decreased SW-AF and NIR-AF signal (Cideciyan et al. 2004; 
Duncker, Marsiglia, et al. 2014). However SW-AF and NIR-AF imaging can 
show different extent of atrophy in STGD1 patients with NIR-AF imaging 
showing a wider area with decreased signal (Duncker, Marsiglia, et al. 2014; 
Greenstein et al. 2015; Cicinelli et al. 2020; Parmann et al. 2022). The 
centrifugal progression of the disease observed in SW-AF imaging has been 
described, but the mechanism behind that is not yet fully understood (Cukras et 
al. 2012). 
 

2.3.1.3. Therapeutic considerations 

At the moment there are no approved treatment options for STGD1, however 
there are ongoing clinical trials of stem cell therapy, gene replacement therapy 
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and pharmacological approaches (Hussain et al. 2018; F.P.M. Cremers et al. 
2020). Gene replacement therapy with adeno-associated-virus vector have been 
studied for various IRD, but in the case of STGD1 the large size of the ABCA4 
gene makes that approach challenging. Lentivirus-based transport mechanism in 
ABCA4 gene augmentation therapy has been studied, but recently finished phase 
I/II phase trials showed that even though the treatment was well tolerated, patients 
showed no significant improvement in visual function (Parker et al. 2022). 

Stem-cell based therapy aimed at restoring RPE monolayer is another ap-
proach, but it is unclear whether transplantation of RPE cells alone is enough or 
is it necessary to include photoreceptor cells. Mutation-specific therapies that 
mainly employ antisense oligonucleotides that are targeted at mutations that 
affect pre-mRNA splicing have shown promising results in some IRD clinical 
trials and are in the preclinical phase in regards of ABCA4 disease. CRISPR/ 
Cas9 technology also allows mutation specific corrections by single basepair 
substitutions with the wild-type nucleotide (F.P.M. Cremers et al. 2020). Stu-
dies on animals have shown a possible harmful effect of vitamin A with ABCA4 
deficiency, so the current guideline is to avoid vitamin A supplements in STGD1 
patients (Federspiel, Bertelsen, and Kessel 2018). Another line of interventional 
trials have aimed at testing drugs that could reduce bisretinoid lipofuscin build-
up in the RPE cells by administering a modified form of vitamin A which 
reduces abnormal vitamin A dimerization (J. Zhang et al. 2015; Saad and 
Washington 2016; Kaufman, Ma, and Washington 2011).  
 

2.3.2. Ocular albinism 

Albinism is a rare congenital and non-progressive genetic disorder, in which 
melanin biosynthesis is affected. That results in hypopigmentation of hair, skin 
and eyes (Lyle, Sangster, and Williams 1997). Different forms of oculocuta-
neous and ocular albinism have been described being either autosomal recessive 
or x-chomosome linked (Oetting and King 1999; Oetting 2002).  
 

2.3.2.1. Genetic and molecular aspects 

Ocular albinism type 1 or the X-linked ocular albinism (OA1, OMIM #300500) 
also known as Nettleship-Falls is the most common form of ocular albinism 
with prevalence of 1 in 60,000 to 1 in 150 000 (Rosenberg and Schwartz 1998; 
Tsang and Sharma 2018) https://www.orpha.net/consor/cgi-bin/OC_Exp.php? 
Expert=54&lng=EN) and was first described by Bassi et al. in 1995. It results 
from mutations in the G protein-coupled receptor 143 (GPR143) gene (Bassi et 
al. 1995), that is expressed in melanocytes and RPE cells (Palmisano et al. 
2008; Garner and Jay 1980; Schnur et al. 1998). Various disease causing va-
riants have been reported with point mutations being common, but pathogenic 
splicing mutations, small insertions and deletions as well as the deletion of entire 
exons and other complex mutations have been reported in the GPR143 gene 
(Bueschbell, Manga, and Schiedel 2022). 
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GPR143 is responsible for the delivery of melanin-related protein (MRP) to 
mature melanosomes and regulates transcription of melanosome genes as well 
as melanosome size. GPR143 loss of function does not impair melanin synthe-
sis through the activity of tyrosinase like in oculocutaneous albinism, but redu-
ces the expression of premelanosome protein (PMEL), PMEL is a melanosomal 
structural protein that is responsible for providing melanosome fibrillar matrix 
during melanin polymerization. As PMEL activity is reduced in OA1, melanin 
is synthesized but melanosomes are grossly enlarged and reduced in number 
and the organization of melanin in the melanosomes is altered (Cortese et al. 
2005; Schiaffino 2010; Falletta et al. 2014). Melanosome maturation has also 
been described in the introduction in the paragraph about ocular melanin.  

GPR143 has also a role in retinal development through production of pig-
ment epithelial derived factor (PEDF) and downregulation of vascular endo-
thelial growth factor (VEGF) so that defective GPR143 will lead to foveal 
vascularization and abnormal structure (Falk et al. 2012; Bakker et al. 2022; 
McKay 2019). GPR143 possibly also has an effect on retinal development by 
regulating release of endosomes that are needed in cellular communication and 
trafficking (McKay 2019). 
 

2.3.2.2. Clinical aspects of OA1 

In the OA1 the RPE is hypopigmented because instead of normal melanosomes, 
there are fewer macromelanosomes and they are not evenly dispersed in the 
RPE cells (Cortese et al. 2005; Garner and Jay 1980). Affected males can have 
ocular findings like translucent iris, photophobia, foveal hypoplasia, nystagmus 
and miswiring of the optic tract (Schiaffino 2010; Chong et al. 2009). Extra-
ocular pigmentation is usually normal, however macromelanosomes can also be 
found in the skin in addition to ocular structures (Schiaffino 2010). Patients 
present with subnormal vision since birth, but the pathology is non-progressive 
in nature (Creel, Summers, and King 1990; Lyle, Sangster, and Williams 1997; 
Zhong et al. 2021). Previously it has been shown that visual acuity is correlated 
with the level of melanin in fundus in albinism patients (Summers 1996). There 
is also reduced macular pigment in the fundus of albinism patients (Wolfson et 
al. 2016).  

Females can be carriers of the mutation on one of their X chromosomes, but 
because of a second healthy X chromosome, they do not develop the same 
manifestations as affected males. However they usually do present with a typi-
cal fundus mosaicism, that is also seen in some other carriers of X-linked di-
seases like choroideremia and RPGR-related retinitis pigmentosa (K.N. Khan et 
al. 2016; K.N. Khan, Lord, et al. 2018; Wu et al. 2018). Lyonisation is a process 
where in females either the maternal or paternal X-chromosome is transcrip-
tionally silenced during embryogenesis via random selection (Lyon 1972). Be-
cause of that females can present with a typical mosaic of fundus pigmentation 
where wild-type pigmented RPE cells are seen adjacent to hypopigmented cells 
where the mutated X-chromosome is activated. That can be recognized as a 
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typical radial mud-splatter pigmentation-depigmentation pattern and this retinal 
finding is considered benign and non-progressive (Charles et al. 1992; Moshiri 
et al. 2013). The radial pattern is thought to be a result of RPE cell peripheral 
migration during eye development (Kwan et al. 2012). During optic cup 
morphogenesis the mixed population of normal and mutated RPE precursors 
will undergo pinwheel movements and then spread peripherally characterized 
by a pigmented and nonpigmented mosaic pattern (Moshiri et al. 2013). Despite 
the abnormal fundus findings and occasional iris transillumination, ocular albi-
nism female carriers have normal vision (Charles et al. 1992).  

As ocular albinism is non-progressive condition present at birth not much 
research is focused on possible therapies. Some clinical trials for OCA have 
aimed at replacing the lack of L-DOPA or using nitisinone, an oral inhibitor of 
tyrosine degradation. No significant improvement in visual acuity was noted but 
the trials were not specifically targeting very young patients (Summers et al. 
2014; Adams et al. 2019).  
 

2.3.2.3. Retinal imaging 

SD-OCT imaging can be challenging for albinism patients due to nystagmus. 
Persistance of nerve fibre and ganglion cell layer in the fovea with the absence 
of physiological foveal depression has been shown in SD-OCT studies (Chong 
et al. 2009). SW-AF imaging shows absence of foveal hypoautofluorescence 
due to the reduced macular pigment in patients with albinism (Wolfson et al. 
2016).  

Because of lack of nystagmus, OA1 carriers make better candidates for ima-
ging studies. SD-OCT imaging in OA1 female carriers can show mild persis-
tence of inner retinal layers at fovea while the radial pigmentation mosaic in the 
fundus is even better visualized with SW-AF imaging (K.N. Khan, Lord, et al. 
2018; Welch, Li, and Shields 2018).  
 
 

2.3.3. Choroideremia 

Choroideremia (CHM, OMIM 303100) is another X-linked recessive disorder 
that affects 1 in 50,000 individuals (Zinkernagel and MacLaren 2015) with a 
high prevalence in Finland (Sankila et al. 1992). The disease is caused by 
pathogenic variants in the CHM gene, that encodes the Rab escort protein (REP-
1), which is expressed in variety of tissues as well as in the retina, RPE and 
choroid (https://www.proteinatlas.org/ENSG00000188419-).  
 

2.3.3.1. Molecular and clinical aspects 

In 1990 Cremers and colleagues cloned the gene, CHM located on the X‐
chromosome (Xq13‐q22) and described loss‐of‐function CHM variants as the 
cause for CHM (F.P. Cremers et al. 1990). Disease causing variants in CHM are 
mostly null or loss of function mutations (Simunovic et al. 2016). A recent 



33 

review by Zeits et al showed that majority (76%) of the CHM reported muta-
tions are gene/exon deletions, indels and nonsense variants, while the minority 
were splice-sites and missense changes (Zeitz et al. 2021). Some disease cau-
sing variants may also be located in deep intronic (Carss et al. 2017) or pro-
moter regions (Radziwon et al. 2017) and might be therefore missed with 
standard laboratory sequencing.  

There is not substantial evidence of genotype-phenotype correlation in CHM 
(Freund, Sergeev, and MacDonald 2016; Simunovic et al. 2016) however, rare 
cases of a splicing defect c.940+3delA have been associated with notably slow 
disease progression (Fry et al. 2020).  

REP1 is important in activation of Ras-associated-binding (Rab) proteins 
and participates in the lipid modification of Rab GTPases (Seabra, Ho, and 
Anant 1995; Corbeel and Freson 2008). Rabs are important regulators of vesicle 
formation, intracellular trafficking and organelle movement. REP-1 is essential 
for the prenylation of Rab27a, which regulates melanin transport within melano-
somes and intracellular protein trafficking (Seabra, Ho, and Anant 1995). These 
Rabs participate in trafficking of rhodopsin and other proteins in the photo-
receptors (Kwok et al. 2008; J. Wang and Deretic 2014).  

Another isoform REP-2 is present in most cell types and can compensate for 
REP-1 loss elsewhere in the body but not in the retina (F.P. Cremers et al. 1994) 
and therefore REP1 deficiency leads to accumulation of unprenylated Rabs 
(Tolmachova et al. 1999; Seabra, Ho, and Anant 1995; Larijani et al. 2003). 
Disruption of vesicular transport and protein trafficking to the outer segments of 
photoreceptors, mainly rods, such as rhodopsin trafficking, can lead to an 
altered disc formation and cell death (Kwok et al. 2008; J. Wang and Deretic 
2014). Cellular models and animal models suggest that pathogenic variants in 
REP1 results in underprenylation of Rabs and disturbed phagocytotic function 
of the RPE leads to RPE degeneration (Seabra, Brown, and Goldstein 1993; 
F.P. Cremers et al. 1994; Wavre-Shapton et al. 2013).  

One of the Rabs affected in CHM is Rab27a, which is required for melano-
some movement into the apical processes of RPE cells (Futter et al. 2004). It 
has been hypothesized that the degeneration of the RPE and its adjacent layers 
may be the result of deficient melanosome transport which leads to a lack of 
protection against harmful light exposure (Corbeel and Freson 2008).  

Male patients affected with CHM usually report nyctalopia already in child-
hood. That is followed by peripheral visual field defects that can progress to 
legal blindness in mid-life (Sorsby et al. 1952; Coussa and Traboulsi 2012; K.N. 
Khan et al. 2016; Coussa, Kim, and Traboulsi 2012). Fundus examination 
usually reveals pigment mottling in the mid-periphery advancing centrally and 
peripherally with large chorioretinal atrophy areas forming as the disease advan-
ces. The areas of chorioretinal atrophy correspond to areas of visual loss. CHM 
patients present with pigment clumping that is different from bone spicules 
(T.K. Lee et al. 2003). Central vision can remain good for decades because the 
macular area is preserved until the late-stage of the disease (Coussa and Tra-
boulsi 2012). ffERG is usually abnormal showing generalized photoreptor dys-
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function with earlier and greater reduction in rod-specific responses (Sieving, 
Niffenegger, and Berson 1986; Renner et al. 2006).  

Similarly to OA1, the female carriers of CHM can have a mosaic pattern of 
wild-type and mutated retinal cells, which is seen as a pattern of pigment mott-
ling in fundus examination. As a difference to OA1, in CHM the retinal changes 
in females can be progressive and lead to retinal degeneration of varying seve-
rity (Murro et al. 2017; Huang, Kim, and Fawzi 2012).  

While most female carriers are asymptomatic, multifocal ERGs can show a 
pattern of dysfunction consistent with mosaicism (Vajaranant et al. 2008). Some 
carriers might develop more severe chorioretinal degeneration with vision loss 
(T.L. Edwards et al. 2015). The reason for varying severity in carrier status of 
CHM is thought to be the result of skewed X chromosome inactivation. The 
degree of X-inactivation can vary in each individual and if it is skewed so that 
75–90% of normal X chromosomes are inactivated, it can lead to a mani-
festation of an X-linked disease in females (Wuthisiri et al. 2013). A possible 
dominant negative effect has been reported in CHM carriers by Giosaffatte et 
al. which could also help to explain the varying severeness of carrier profile (Di 
Giosaffatte et al. 2022). 

 
2.3.3.2. Retinal Imaging 

In CHM probands fundus autofluorescence usually shows areas of chorioretinal 
atrophy as loss of SW-AF signal and areas of preserved retina with detectable 
SW-AF signal. However even in preserved retinal areas the SW-AF can be non-
uniform. SD-OCT imaging of affected males has revealed zones of macular 
sparing bordered by the loss of IZ and EZ with ONL thinning, and increased 
signal transmission posterior to RPE/Bruchʼs membrane (Aleman et al. 2017; 
Huang, Kim, and Fawzi 2012; Jolly et al. 2017). Intraretinal tubulations are 
usually seen in SD-OCT images on the border of chorioretinal atrophy and 
preserved retina (L.W. Sun et al. 2016). Abnormalities of central retina have 
been detected even in the younger patients presenting with EZ-IZ abnormalities 
with the presence of intact RPE. End-stage disease show relative preservation of 
the inner retina in regions with otherwise severe outer retina, RPE and choroidal 
disease (Aleman et al. 2017). Loss of foveal SW-AF signal has been correlated 
with vision loss in CHM probands and carriers (Huang, Kim, and Fawzi 2012). 
Retinal degeneration develops mostly symmetrically in both eyes (Jolly 2016), 
but might become more asymmetric in older patients (Aleman et al. 2017). 
Carriers of CHM can also exhibit hyperreflective deposits in outer retina by SD-
OCT corresponding to hyperautofluorescent foci in SW-AF (Huang, Kim, and 
Fawzi 2012).  
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2.3.3.3. Therapeutic considerations 

The name choroideremia refers to a disease affecting primarily the choroid, how-
ever in the case of CHM there is still debate over whether the photoreceptors, 
RPE or choroid is the location for primary disease process.  

It has been proposed that RPE degeneration could be the leading process 
with photoreceptors being affected subsequently (Hariri et al. 2017; L.W. Sun et 
al. 2016; Morgan et al. 2014; Tolmachova et al. 2010; Krock, Bilotta, and Per-
kins 2007; R. Syed et al. 2013). Another theory is that RPE and photoreceptor 
degeneration are separate/autonomous events (Jacobson et al. 2006). Tolma-
chova et al used a mouse model to show that degeneration of either RPE or 
photoreceptor layer does not predispose to the degeneration of the other layers 
(Tolmachova et al. 2006), however they later also showed that disease affected 
RPE can accelerate photoreceptor degeneration (Tolmachova et al. 2010). There 
are also reports indicating photoreceptor layer as the primary site of pathology 
(Aleman et al. 2017; van den Hurk et al. 1997), which is supported by the clini-
cal aspect that night blindness is an early sign of the disease and ffERG usually 
shows rod dysfunction (N. Syed et al. 2001; Ponjavic et al. 1995; Aleman et al. 
2017). A rather consistent observation is that the loss of choroidal tissue occurs 
secondary to the degeneration of RPE and photoreceptors rather than being the 
site of the primary changes (N. Syed et al. 2001; Flannery et al. 1990). However 
some results suggested that the choriocapillaris is unhealthy before the RPE and 
outer retina degenerates (Foote et al. 2019). Understanding the disease process 
and the site of pathogenetic process is important in developing new therapeutic 
approaches.  

Gene augmentation therapy have been a promising option for CHM, given it 
is not a large gene and the macular region is preserved until advanced stages of 
the disease. Gene augmentation therapy with AAV-REP1 injected subretinally 
and targeting the macular region has been intensively studied (Lam, Davis, and 
Gregori 2021), with one study completing phase 3 (NCT03496012), however it 
did not meet its primary endpoint of visual improvement and did not demonstrate 
efficacy based on key secondary endpoints. Despite those results, gene augmen-
tation therapy still holds future perspectives, but because of the progressive 
nature of CHM, the aim of future therapy could be focused more on slowing 
down the disease rather than curing it. Besides extensive clinical studies on 
gene augmentation, CRISPR/Cas9- mediated base-editing, prime-editing, 
nonsense-suppression and antisense oligonucleotide methods have also been 
explored for CHM in preclinical studies (Han et al. 2021). 
  

2.3.4. PROM1-related macular dystrophy 

PROM1-related macular dystrophy is also sometimes referred to as Stargardt di-
sease 4 (STGD4), because of the phenotypical overlap with STGD1 (M. Knia-
zeva, Chiang, Morgan, et al. 1999). It is caused by mutations in the PROM1 
gene and is much more uncommon than STGD1. Prominin1 (PROM1; 
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OMIM604365) is a transmembrane glycoprotein that is widely expressed in 
various human tissues including both rods and cones of retina and participates 
in various physiological roles. PROM1 (CD133) is known as a stem cell marker 
and has been identified in the apical plasma membrane of epithelial cells of 
several tissues (Karim et al. 2014; Singer et al. 2019) Another isoform 
Prominin-2 (PROM2) shares 60% amino acid identities with PROM1 and 
because of the presence of PROM2 in most tissues except in the eye, PROM1-
related disease is only expressed in retina (Fargeas et al. 2003). In retinal 
photoreceptors it has an important structural role. PROM1 has been localized to 
the outer segment and connecting cilium of photoreceptors (Maw et al. 2000) 
and it plays a central role in disc morphogenesis but is also associated with 
photopigment sorting and phototransduction (Yang, Chen, Lillo, Chien, Yu, 
Michaelides, Klein, Howes, Li, Kaminoh, Chen, Zhao, Al-Sheikh, et al. 2008; 
Zacchigna et al. 2009). Animal studies in PROM1 knock-out mice have demon-
strated severely disorganized outer segments, whereas other parts of the photo-
receptors have been found largely intact (Dellett et al. 2014; Zacchigna et al. 
2009). 

Loss of PROM1 function results in cone and rod degeneration and leads to 
visual impairment (Maw et al. 2000). A more recent study with knock-out cul-
tured RPE cells showed that autophagosome trafficking to the lysozyme was 
decreased through increased mTORC1 and mTORC2 signalling, whereas over-
expression of PROM1 had the opposite effect, meaning PROM1 has a role in 
autophagy of RPE cells (Bhattacharya 2009).  

PROM1-related disease can present as macular dystrophy (Yang, Chen, Lillo, 
Chien, Yu, Michaelides, Klein, Howes, Li, Kaminoh, Chen, Zhao, Chen, et al. 
2008; Imani et al. 2018), cone-rod dystrophy (Birtel et al. 2018; Pras et al. 2009; 
Eidinger et al. 2015; A.O. Khan and Bolz 2015; Wawrocka et al. 2018) or 
retinitis pigmentosa (Q. Zhang et al. 2007; Maw et al. 2000). Recessive forms 
usually present with panretinal dystrophy and macular involvement starting at a 
younger age whereas dominant forms show milder changes mostly restricted to 
macular area and present later in adulthood (Cehajic-Kapetanovic et al. 2019; 
Del Pozo-Valero et al. 2019; Liang et al. 2019).  

PROM1-associated macular dystrophy (STGD4) presents with a phenotype 
similar to ABCA4-related Stargardt disease 1 (STGD1) (Yang, Chen, Lillo, 
Chien, Yu, Michaelides, Klein, Howes, Li, Kaminoh, Chen, Zhao, Al-Sheikh, et 
al. 2008; M. Kniazeva, Chiang, Morgan, et al. 1999; J.M. Kim et al. 2017; 
Strauss et al. 2018).  Retinal imaging of PROM1-macular dystrophy has shown 
outer retinal thinning in SD-OCT images with increased signal transmission to 
choroid in cases of RPE atrophy. Fundus AF imaging usually reveals mottled 
and patchy areas of hypoautofluorescence in central macula and often a ring of 
hyperautofluorescence surrounding it with occasional hyperautofluorescent flecks 
(J.M. Kim et al. 2017; Cehajic-Kapetanovic et al. 2019; Fujinami et al. 2020; 
Strauss et al. 2018). In PROM1-related macular disease ffERG is usually 
normal or shows variable reduction in cone responses (Michaelides et al. 2010). 
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2.3.5. Summary of the literature review 

IRDs present a heterogenous group of rare diseases that all together present a 
significant disease burden on modern society. The eye is a unique organ for 
developing therapeutic approaches because of its immune privileged status, 
accessibility, transparent ocular media that allows for visualization and the fel-
low eye that can usually serve as a control in treatment trials. With the approval 
of the first gene augmentation therapy in 2017 for RPE65-associated retinal 
degeneration and other gene therapies in trial phase, IRDs are in the frontline of 
precision medicine. There is a need for adequate retinal imaging studies prior to 
developing a suitable therapeutic approach as well as for evaluating the thera-
peutic effect.  

SW-AF imaging has become a standard method in diagnosing inherited reti-
nal diseases, because there are often recognizable disease-specific patterns seen 
in the images, but also in evaluating viable retinal areas. NIR-AF imaging has 
not been so accessible and therefore there is also the need to advance the know-
ledge on how to interpret the images. Comparative studies using both methods 
in various retinal diseases are therefore valuable.  

Recessive Stargardt disease has been rather extensively studied and exces-
sive lipofuscin accumulation and increased SW-AF signal in the retina has been 
well documented by qAF. However NIR-AF signal in STGD1 has not been 
quantitatively studied before. Quantitative autofluorescence is an indirect mea-
surement of retinal fluorophores and allows comparison to healthy eyes as well 
as to other retinal pathologies. qAF can serve as a means of exploring the patho-
physiology of the disease as well as for differential diagnosis. PROM1-macular 
dystrophy also known as STGD4, is often compared to STGD1 because of its 
phenotypic similarity. However the levels of SW-AF signal in PROM1-patients 
have not been specifically studied and therefore it is not known whether these 
two diseases share the same disease mechanism of excessive bisretinoid lipo-
fuscin accumulation.  

OA1 female carrier status presents an interesting model where areas of RPE 
cells with normal pigmentation and hypopigmented areas form a typical mosaic 
pattern in the fundus. As opposed to choroideremia carriers, that mosaic in OA1 
is stationary and non-degenerative. Analysing these pigmented and non-pig-
mented areas with SW-AF and NIR-AF imaging could bring insight into the 
contribution of bisretinoid lipofuscin and melanin in fundus AF signal.  

Fundus autofluorescence is valuable in analysing degenerative processes in 
the retina. SW-AF has been used to discriminate preserved RPE from areas of 
degeneration. Bisretinoid lipofuscin is formed in the photoreceptors and then 
transerred to the RPE cells via phagocytosis of outer segments. As NIR-AF 
signal is thought to originate mostly from RPE, it could be assumed that it is a 
more sensitive biomarker for detecting abnormal cellular processes in the RPE 
level. In STGD1 flecks usually appear in the macular area progressing periphe-
rally and later retinal atrophy ensues. In males affected with choroideremia the 
chorioretinal atrophy develops first in the periphery preserving a central retinal 
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island of intact RPE. Flecks in STGD1 and the central preserved retinal island 
in CHM present an interesting target to be analysed with SW-AF and NIR-AF 
imaging, both for understanding the disease process and designing therapeutic 
approaches.  
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3. AIMS OF THE STUDY 

1.  To advance the understanding of fundus autofluorescence sources and the 
contribution of bisretinoid lipofuscin and melanin using patients and ani-
mal models presenting with varying levels of fluorophores (Study 1, Study 
2, Study 3). 

2.  To qualitatively and quantitavely describe autofluorescence findings of 
STGD1, CHM, albinism and PROM1-retinal disease (Study 1, Study 2, 
Study 3, Study 4). 

3.  To analyze benefits and clinical applications of SW-AF and NIR-AF in in-
herited retinal disease studying STGD1, choroideremia and PROM1-macu-
lar disease (Study 2, Study 3, Study 4).  
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4. MATERIALS AND METHODS 

4.1. Patients, Clinical Evaluation, and Genetic Testing 
OA1 carriers and patients with STGD1 (Study 1) 
The first part of the study consisted of prospective analysis of fundus AF ima-
ges of five carriers with mutations in the X-linked ocular albinism gene 
GPR143/OA1 seen in the Edward S. Harkness Eye Institute at Columbia Uni-
versity Irving Medical Center. Three of the carriers (patient [P]1, 2, 3) were 
siblings of the same family where the father (P6) had been diagnosed with 
GPR143/OA1. The fourth and the fifth OA1 carriers (P4, P5) were not related to 
the aforementioned family. All subjects had a comprehensive ophthalmological 
examination by a retina specialist. Blood was collected from all patients for 
genetic testing and genomic DNA was extracted from blood lymphocytes using 
a standard protocol. Direct Sanger sequencing confirmed that the three sisters 
from the same family (P1, P2, P3) were all heterozygous carriers of a novel 
mutation c.461del_T (p.Ile154fs) in GPR143/OA1. All nine exons were ampli-
fied and directly sequenced, and no other variants were found. Sequence ana-
lysis of GPR143/OA1 in P4 disclosed heterozygosity for the c.455+3A>G muta-
tion. There was not genetic confirmation for P5; the clinical diagnosis was 
based on iris transillumination and typical RPE mosaicism in the fundus. P6 
(father of P1, P2, P3) was hemizygous for the mutation c.461del_T (p.Ile154fs) 
in GPR143/OA1.  

 
 

The second part was a prospective analysis of fundus AF images from 25 
patients (age range 8.3–51.5 years) with clinically and genetically confirmed 
diagnosis of STGD1. Images of patients with advanced disease were not in-
cluded. At least one known mutation in the ABCA4 gene was detected in all 
patients by direct sequencing. The control group consisted of 15 individuals 
without a history of eye disease. The mean age was 34.9 years (range 12.7–52.7 
years) and 10 subjects identified themselves as Caucasian, 3 as Hispanic, 1 
Asian, and 1 African American. Both groups had a comprehensive eye exami-
nation by a retina specialist.  

Clinical, demographic, and genetic data of OA1 and STGD1 subjects are 
presented in Table 1.  

Study 1 also included an analysis of animal models. Albino Abca4/Abca4 
null mutant mice (Abca4⁻/ Abca4⁻), homozygous for Rpe65-Leu450, were reared 
and genotyped (Table 2). Agouti Abca4⁻/⁻ (129S-Abca4tm1Ght/J; Rpe65-
Leu450) and agouti Abca4⁺/⁺ (129S1/SvImJ; Rpe65-Leu450) were purchased 
from The Jackson Laboratory (Bar Harbor, ME, USA) and bred in-house. 
Agouti Rdh8⁻/⁻ Abca4⁻/⁻mice (Rpe65-Leu450) were acquired as a gift from 
Krzysztof Palczewski, Case Western Reserve University (Cleveland, OH, 
USA). Black C57BL/6J, and albino C57BL/6J-c2j wild-type mice (Rpe65-
Met450) were purchased from The Jackson Laboratory (Table 2).  
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Choroideremia probands and carriers (Study 2) 
A retrospective analysis of fundus images acquired from patients presenting to 
the Edward S. Harkness Eye Institute at Columbia University Irving Medical 
Center was performed. All patients underwent a comprehensive ophthalmic exa-
mination by a retina specialist. The diagnosis of CHM in probands was based 
on clinical findings and subsequent genetic testing. Heterozygous female car-
riers were identified through affected probands (family members) and then 
screened for the causative heterozygous mutation. The cohort consisted of 16 
CHM male probands and 9 female carriers. All affected patients were male with 
a mean age of 44.9 years (range, 10.2–77.2) at the time of examination. Nine 
heterozygous carriers were also included in the study (18 eyes). The mean age 
in the carrier group was 54 (29.3–75.5). Demographic, clinical, and genetic data 
along with familial relationships are summarized in the Table 3. 
 
STGD1 patients (Study 3) 
A prospective analysis of fundus images from 12 patients seen at the the 
Edward S. Harkness Eye Institute at Columbia University Irving Medical Cen-
ter (6 female, 6 male; age 9 to 61 years) with clinical diagnosis of STGD1 and 
subsequent genetic confirmation. Disease-causing variants were detected by 
direct sequencing of the ABCA4 locus as has been previously described (Zer-
nant et al. 2011; Zernant et al. 2014). A selection of patients was done on the 
basis of the presence of flecks visible in fundus SW-AF images and the 
availability of NIR-AF and spectral domain optical coherence tomography (SD-
OCT) images. Patients with extensive atrophy or poor image quality were ex-
cluded. Demographic, clinical and genetic information is presented in Table 4.  
 
PROM1-Macular Disease patients (Study 4) 
A prospective cross-sectional analysis of 18 patients presented to the Edward S. 
Harkness Eye Institute at Columbia University Irving Medical Center. All pa-
tients underwent a comprehensive ophthalmic examination by a retina specia-
list. Demographic, clinical and genetic information is presented in Table 5.  
 
Electrophysiology 
Full-field electroretinogram (ffERG) was recorded using a Diagnosys Espion 
Electrophysiology System (Diagnosys) in accordance with standard techniques 
recommended by the International Society for Clinical Electrophysiology of 
Vision (ISCEV) (McCulloch et al. 2015). 
 
Statistics 
Statistical analyses were performed on the Prism 5 software (GraphPad Soft-
ware, La Jolla, CA, USA) and the statistical tests were done as indicated. Statis-
tical significance was evaluated by comparing CIs and by Wilcoxon-Mann-
Whitney Test as appropriate. The Bland-Altman analysis was used to assess 
interobserver agreement.  
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Ethics 
All procedures adhered to the tenets of the Declaration of Helsinki and written 
informed consent was obtained from all patients in prospective studies after full 
explanation of the procedures. The studies were carried out with the approval of 
the Institutional Review Board of Columbia University, and all patients were 
enrolled in accordance with the tenets set out in the Declaration of Helsinki. The 
research involving mice was approved by the Institutional Animal Care and Use 
Committee and adhered to the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research.  
 
 

4.2. Retinal imaging 
High-quality normalized SW-AF images were obtained with Heidelberg cSLO 
camera (HRA2, Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg 
Germany) with excitation set on 488 nm and barrier filter 500 nm (30° X 30° 
and 55° X 55° field). For qAF imaging a special reference had been added to the 
camera to allow adjustment for changes in sensitivity setting and laser power. In 
the beginning of imaging photopigments are bleached for 20–30 seconds (F. 
Delori et al. 2011) and images are acquired in a high-speed video mode (8.9 
frames per second, 9–12 frames, 30° X 30° field). Those videos are averaged 
and saved in non-normalized mode to avoid histogram stretching.  

The qAF values are calculated using a custom software written in IGOR 
(Wavemetrics, Lake Oswego, OR) that has been previously described by Delori 
et al. that takes into account different factors such as laser power, the laser off-
set (zero signal provided by the instrument software), detector sensitivity, 
refractive errors, and whether the patient is phacic or aphacic (F. Delori et al. 
2011; Duncker, Stein, et al. 2015; Burke et al. 2014). The normative database 
consisted of 374 eyes (age range, 5–65 years) and has been published before 
(Greenberg et al. 2013).  

NIR-AF images were captured with Heidelberg retinal tomography 2-scan-
ning laser ophthalmoscope (HRA2, Spectralis HRA + OCT, Heidelberg Engi-
neering, Heidelberg Germany) with excitation set at 787-and emission at >830-
nm (30° X 30° and 55° X 55° field). For NIR-AF quantification, non-norma-
lized images were acquired at a fixed sensitivity of 96 (30° X 30°). Images were 
analyzed in an open source software (Fiji; National Institutes of Health, 
Bethesda, MD, USA), where pixel gray level values were measured along a 
horizontal line through the fovea at 0.25-mm intervals reaching from fovea  
4 mm nasally and temporally. The NIR-AF gray level values were adjusted by 
subtracting the gray level offset value provided by Heidelberg software. In 
Study 1 the control group consisted of 15 individuals without a history of eye 
disease. The mean age was 34.9 years (range 12.7–52.7 years) and 10 subjects 
identified themselves as Caucasian, 3 as Hispanic, 1 Asian and 1 African Ame-
rican. The healthy cohort for study 3 and Study 4 consisted of 19 subjects with-
out eye disease, the mean age was 35.3 years (range, 12.7–52.7 years), and  
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10 subjects identified themselves as Caucasian, 3 as Hispanic, 4 Asian, and 2 
African American. 

SD-OCT images were acquired as line and volume scans in high-resolution 
mode together with a simultaneous near-infared-reflectance image (NIR-R;  
820 nm) using Spectralis HRA-OCT (Heidelberg Engineering). For Study 2 
foveal thickness (FT) and subfoveal choroidal thickness (SFT) were measured 
manually with the caliper tool in the Heidelberg Explorer (HEYEX) software. 
FT was defined as the distance from the internal limiting membrane to the outer 
border of RPE-Bruchʼs membrane and SFT was measured from the outer border 
of the RPE-Bruchʼs membrane complex and the chorioscleral border under the 
fovea. The control group consisted of 51 females without diagnosis of eye 
disease (aged 7–55, mean age 29) of whom 10 identified as Asian, 7 African 
American, 7 Hispanic, 4 Indian, and 23 white. 

Color fundus images were captured with a FF 450plus Fundus Camera (Carl 
Zeiss Meditec). Ultra-widefield high-resolution optomap images were also cap-
tured (Optos Daytona; Optos, Inc., Marlborough, MA, USA) in the composite 
color and AF (excitation 532 nm) mode. 

In Study 3 fleck analysis was carried out. All images were registered and 
aligned using i2kRetina software (DualAlign LLC, Clifton Park, NY USA). For 
illustrative purposes some non-aligned images were used in figures. To deli-
neate an area for fleck analysis, a square was drawn in superior hemiretina such 
that all sides were equal to the optic disc-fovea distance in the corresponding 
image. In SW-AF images 5 hyperautofluorescent flecks were chosen (total of 95 
flecks; 19 eyes, 10 patients) and then scored according to appearance in NIR-
AF images. 

Study 1 included analysis of mouse models by investigators in the laboratory 
of professor Janet R. Sparrow. For retinal imaging mice were anesthetized with 
an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). 
Protocols for positioning, pupillary dilation, temperature monitoring, and 
placement of contact lens have been described (Sparrow et al. 2013). After 
visual pigment bleaching, fundus images (558 lens) were acquired with a cSLO 
(Spectralis HRA-OCT) equipped with an incident laser beam of 0.98 mm and 
an internal fluorescence reference (Sparrow et al. 2013). Nine successive frames 
were acquired in high-speed mode (8.9 images/s), using a sensitivity of 95 to 
100; the frames were averaged and saved in the non-normalized mode. Fundus 
SWAF images were analyzed as described (Sparrow et al. 2013) and qAF was 
calculated by calibrating grey levels (GL), in predetermined fundus segments, to 
the GL of the fluorescent reference (F. Delori et al. 2011). All mice were ex-
posed to only a single occasion of imaging. High-resolution NIR-AF (787 nm 
excitation, >830 nm emission) images were acquired at a sensitivity of 105 and 
after averaging 100 frames with background subtraction, the images were saved 
in non-normalized mode. GLs were measured using ImageJ (http://imagej.nih. 
gov/ij/) Between-session coefficient of repeatability (Bland-Altman) of NIR-AF 
GL values was 3.5%.  
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Quantitative high performance liquid chromatography (HPLC) 
Mouse eyecups (4–6 per sample) were homogenized and extracted for quanti-
tation by HPLC (Alliance system, Waters, Corp, Milford, MA) as previously 
described (Ueda et al. 2016). 
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5. RESULTS 

5.1. Mutations in GPR143/OA1 and ABCA4 Inform 
Interpretations of Short-Wavelength and Near-Infrared 

Fundus Autofluorescence (Study 1) 
The study cohort included five female ocular albinism carriers (age range 13,5–
34,6). Also included were 25 patients (age range 8.3–51.5 years) with clinically 
and genetically confirmed diagnosis of STGD1. Table 1 presents clinical and 
genetic data for patients.  

Specially bred mice with different pigmentation and RPE lipofuscin levels 
(Table 2) were imaged (Spectralis HRA+OCT) and analyzed (Sparrow et al. 
2013) to further test the concepts of SW-AF and NIR-AF sources.  
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Table 2. Mouse strains used in the study 

mouse line melanin 
status  

bisretinoid status Rpe65-450 
variant 

Abca4-/- albino  elevated relative to albino Abca4+/+ Leu-450* 
Abca4+/+ albino  Leu-450 
Abca4-/- agouti  elevated relative to agouti Abca4+/+ Leu-450 
Abca4+/+ agouti   
Rdh8-/- Abca4-/- agouti elevated relative to agouti Abca4-/- Leu-450 
C57BL/6Jc2j albino reduced relative to black C57BL/6J Met-450** 
C57BL/6J black   Met-450 

*Leucine at position 450; °°Methionine at position 450  
 

5.1.1. Inversed pattern of SW-AF and NIR-AF signal  
of pigmentary mosaic in OA1 carriers 

All five of the OA1 carriers were asymptomatic, but presented with a typical  
“mud-splatter” fundus where radial streaks of hypopigmented RPE cells stretched 
from macular area to the periphery as seen in fundus pseudocolor image (Fi-
gure 6, A). Closer examination showed that pigmented fundus areas (Figure 
6A, blue arrows) corresponded to hypoautofluorescence in SW-AF imaging (Fi-
gure 6B, blue arrows) and areas of hypopigmentation to hyperautofluorescence 
(Figure 6 A, B, white arrows). Comparison of the two AF modalities revealed 
that the units of the mosaic exhibiting NIR-AF signal (Figure 6 C, E) were 
associated with lower SW-AF (Figure 6 D,F), whereas the hypopigmented 
areas in the NIR-AF image (Figure 6, C,E ) corresponded to foci of readily 
detectable SW-AF (Figure 6, D, F). 
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Figure 6. Multimodal imaging of OA1 carriers. Upper panel: Optos pseudocolor image 
(A) and SW-AF composite image (B) showing radial pattern of fundus hypopigmen-
tation of P3. Lower panel: NIR-AF (787 nm) images (C,E) and SW-AF (488 nm) ima-
ges (D,F) of GPR143/OA1 carriers. P3 (C,D ) and P4 (E, F). (Spectralis, Heidelberg 
Engineering). Areas in the rectangles in are magnified in images in 1–4. 

 
5.1.2. Quantitative Fundus AF and increased SW-AF signal from 

hypopigmented areas in OA1 carriers 

To further understand the patterns of AF, we quantified SW-AF signal strength 
using the qAF method (Burke et al. 2014). Levels of qAF8 (7°–9° eccentricity 
from fovea) in OA1 carriers were within the 95% confidence intervals for age-
matched healthy eyes (Figure 7 B). Comparison of OA1 carriers and age-
matched healthy subjects using color-coded qAF maps scaled to a qAF range of 
0 to 1200, revealed that in carriers, the pigmented units of the mosaic corres-
ponded to the level of normal AF, whereas the hypopigmented areas exhibited 
significantly higher focal areas of SW-AF (Figure 7, A). 
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Figure 7. A. SW-AF (488 nm) images and color-coded qAF images of GPR143/OA1 
carriers (P1–P5) and age-matched healthy eyes. The age-matched healthy subjects are 
aged 11.3 (P1), 20.1 (P2, P3, P5), and 32.6 (P4). Color codes are scaled from 0 to 1200 
as indicated. B. qAF in Asian, white, and Hispanic GPR143/OA1 carriers (colored 
symbols) (P1–P5) and age-matched healthy subjects (mean, solid black line; and 95% 
confidence intervals, dashed lines). qAF was measured in eight circularly arranged 
segments, 7°–9° from the fovea (qAF8). 

 
 

5.1.3. Increased NIR-AF Signal in STGD1 

Previous studies have shown that subjects with ABCA4-related disease have 
higher SW-AF levels than healthy eyes (Burke et al. 2014). The contribution of 
excessive bisretinoid lipofuscin to NIR-AF signal has been discussed previously 
as observations made on the optic fissure in STGD1 and the hyperautofluore-
scent ring in retinitis pigmentosa (Duncker, Lee, et al. 2013; Duncker, Taba-
caru, et al. 2013).  

To further examine this issue, NIR-AF intensities were measured as GL inten-
sities in STGD1 (Figure 8 B) and healthy retina (Figure 8 A) at 1-mm intervals 
(nine positions) along a horizontal axis starting at the fovea and proceeding 
temporally (0 to -4) and nasally (0 to +4) (Figure 8 C). Healthy eyes exhibited 
an increase in NIR-AF signal (Figure 8 C, blue graph) in a zone approximately 
8° (2.3 mm from fovea) in diameter centered at the fovea as was expected. In 
that same area, NIR-AF signal was reduced in the STGD1 patients (Figure 8C, 
red graph) because of central atrophy. Outside the foveal area, GL values were 
consistently elevated in the STGD1 cohort, with the differences in GL values 
between the STGD1 and healthy eyes being statistically significant at all posi-
tions (P <0.05, ANOVA and Sidakʼs multiple comparison test) (except at the 4-
mm nasal position due to absent NIR-AF signal at the optic disc). The diffe-
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rence was as much as 3-fold (2 mm nasal to fovea) (Figure 8 C blue versus red 
graph). 

 

 
 
Figure 8. NIR-AF in STGD1. (A, B) NIR-AF images acquired from a healthy subject 
(age 48.3 years) (A) and STGD1 patient (31.6 years) (B). (C) NIR-AF intensity profiles 
presented as mean normalized GLs (solid lines) together with 95% confidence intervals 
(CIs) and plotted as a function of temporal-to-nasal distance along a horizontal line 
through the fovea in healthy subjects (n=15) and STGD1 patients (n=25). 

 
 

5.1.4. Fundus AF in mice with different pigmentation and  
bisretinoid lipofuscin levels 

Agouti Abca4⁻/⁻ mice serve as a model of accelerated formation of bisretinoid 
lipofuscin (Table 2), which results in bisretinoid accumulation that is approxi-
mately 3-fold higher than in the wild type. The NIR-AF signal in the agouti 
Abca4⁻/⁻ mice with elevated RPE lipofuscin (and therefore increased SW-AF) 
was greater than in agouti Abca4⁺/⁺ mice (Figure 9A). Plots of NIR-AF versus 
SW-AF (age 2–9 months) in agouti Abca4⁻/⁻ (72.4 +- 8, SE) versus Abca4⁺/⁺ 
(156 +- 63, SE) mice revealed different slopes (t-test, P <0.05). Moreover, for 
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the same age interval, the greater change in SW-AF (x-axis) in the agouti 
Abca4⁻/⁻ mice resulted in a greater change in NIR-AF (y-axis) than in the agouti 
Abca4⁺/⁺ mice (Figure 9 B). 

We also analyzed fundus AF levels in agouti Rdh8⁻/⁻Abca4⁻/⁻ double knock-
out mice (Table 2). In the absence of Rdh8 bisretinoid levels increase additio-
nally compared to the single knockout Abca4⁻/⁻ mice (Maeda et al. 2009; Flynn 
et al. 2014). The additive increase in SW-AF (qAF) in the agouti Abca4⁺/⁺, 
Abca4⁻/⁻, and Rdh8⁻/⁻Abca4⁻/⁻ mice was paralleled by increases in NIR-AF 
intensity (Figure 9E). 

Albino Abca4 ⁻/⁻ mice (Table 2) were used to test for NIR-AF signal in the 
absence of melanin. As it is known that NIR-AF signal originates from melanin, 
the signal was more robust in agouti Abca4⁻/⁻ mice than in albino Abca4⁻/⁻ mice 
(Figure 9B versus Figure 9E). However, despite the absence of melanin, the 
NIR-AF signal in the albino Abca4⁻/⁻ mice increased together with the age-
associated increase in the SW-AF signal (Figure 9E). Because in the hypo-
pigmented areas of the fundus of OA1 carriers, SW-AF intensities were in-
creased, we also compared qAF in albino mice. Consistent with observations in 
the OA1 carriers, SW-AF intensity (qAF) in the albino Abca4⁻/⁻ mice was 
elevated relative to the age-matched agouti Abca4⁻/⁻. This difference at first 
seemed discordant given our previous report that bisretinoid measured as A2E, 
is higher in the agouti (Ueda et al. 2016). For that reason, we also compared 
black C57BL/6J with albino C57BL/6J-c2j mice; black and albino mice are 
genetically identical except that the albino C57BL/6J-c2j harbour a homozygous 
mutation in the tyrosinase gene (c/c) (Table 2). qAF analysis showed that SW-
AF signal was similar in black C57BL/6J and albino C57BL/ 6J-c2j mice 
(Figure 9E), even though we have also shown by chromatographic quantitation 
of the bisretinoid A2E, that the latter are present in lesser amounts in the albino 
eye (Figure 9G). Reduced HPLC quantified bisretinoid in the albino mice is 
due to loss associated with photooxidation and photodegradation (Sparrow et al. 
2013). Therefore the stronger SW-AF signal in the albino would have to be due 
to the greater irradiance received by the RPE cell fluorophores in the eyes 
lacking melanin and due to light reflected by the sclera (Ueda et al. 2016). By 
plotting NIR-AF values as a function of SW-AF (age 4 and 6 months) for albino 
wild-type (Abca4⁺/⁺, C57BL/6Jc-2j) and Abca4⁻/⁻ mice, it was apparent that 
NIR-AF levels did not change when SW-AF intensity was limited to levels less 
than 1 qAF-unit. It is also notable that NIR-AF was more intense in mice having 
a black (i.e., C57BL/6J) versus agouti (Abca4⁻/⁻) coat color (Figure 9A versus 
F).  
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Figure 9. Fundus autofluorescence and HPLC analysis of mouse eyes. (A) Short-wave-
length (SW-AF; 488 nm) and near infrared (NIR-AF; 787 nm) autofluorescence images 
of mouse fundus. Abca4⁻/⁻ and wild-type (Abca4⁺/⁺) albino mice and mice with an 
agouti coat color were imaged as indicated. The internal autofluorescent reference is 
visible in the top of the image. Note that in the case of the Abca4⁺/⁺ mouse, the fundus 
has relatively high grey levels but the internal fundus AF reference is also brighter 
reflecting lower quantitative fundus autofluorescence (qAF) levels. B-G. Analysis of 
SW-AF and NIR-AF images acquired in mice at indicated ages. SW-AF is quantified as 
qAF-units and NIR-AF as grey levels. B. SW-AF and NIR-AF plotted as a function of 
age in agouti Abca4⁻/⁻ and Abca4⁺/⁺ mice. C. Plots of NIR-AF and SW-AF (age 2–9 
months) in agouti Abca4⁻/⁻ and Abca4⁺/⁺ mice reveal different slopes (t-test, p < 0.05) 
indicating a greater increase in NIR-AF in mice exhibiting increased SW-AF (Abca4⁻/⁻). 
D. SW-AF and NIR-AF in agouti Abca4⁺/⁺, Abca4⁻/⁻ and Rdh⁻/⁻/ Abca4⁻/⁻ mice indi-
cating increases in NIR-AF intensity as SW-AF is elevated. E. SW-AF and NIR-AF 
plotted as a function of age in albino Abca4-/- mice. F. NIR-AF plotted versus SW-AF 
for black C57BL/6J and albino C57BL/6J-c2j mice (age 8 months). G. HPLC quantita-
tion of the bisretinoid A2E in black C57BL/6J and C57BL/6J-c2j mice. H. Plotting of 
NIR-AF versus SW-AF for albino wild-type mice (C57BL/6Jc2j, Abca4⁺/⁺) and Abca4-
/- mice (age 4 and 6 months). Means +/- SEM are based on 2–11 mice. 
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5.2. Patterns of SW-AF and NIR-AF imaging in 
choroideremia probands and carriers (Study 2) 

The choroideremia study cohort consisted of 16 affected male patients (31 
eyes). The mean age was 44.9 years (range, 10.2–77.2) and BCVA ranged from 
20/20 to 20/150. The study also included 9 female choroideremia carriers (18 
eyes) mean age in the carrier group was 54 (29.3–75.5) and visual acuity ranged 
from 20/20 to 20/200. All images were evaluated independently by two inves-
tigators (MP, JRS). 

Disease-causing mutations in the CHM gene were detected in all affected 
patients and carriers who underwent genetic screening. In the case of P9 and C4 
the diagnosis was made based on clinical findings and a positive family history 
for CHM. Nineteen (19) unique variants were detected in the cohort, the majo-
rity of which were frameshifts (26.3%), large deletions (21.1%), and non-coding 
or intronic (26.3%). All intronic mutations occurred within canonical splice 
sites (+-1 and +-2) and are strongly predicted to result in skipping of the sub-
sequent or adjacent exon. All missense variants are predicted to be pathogenic 
or previously associated with CHM (single nucleotide polymorphism). Demo-
graphic, clinical and genetic data is presented in Table 3. 
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5.2.1. Fundus imaging in CHM probands  

CHM patients presented with patchy chorioretinal atrophy of various extent 
with islands of preserved retina in the posterior pole.  

Advanced chorioretinal atrophy was seen as pale due to exposed sclera in 
color fundus images (Figure 10, white asterix). The choroidal vessel pattern 
was seen in areas with RPE atrophy in color fundus images and in NIR-AF ima-
ges choroidal vessels were outlined by the diffuse signal emanating from resi-
dual choroidal pigment (Figure 10B: P7, P5, P15, P6). 

Eight (8) patients (13 eyes) presented with central preserved RPE islands 
detected in NIR-AF images (Figure 10B: P7, P5, and P15 as green, yellow, and 
red asterisks). In 3 patients (6 eyes) NIR-AF areas presented as foci of more 
limited size. In color fundus photographs that were available for 23 eyes, 9 eyes 
exhibited islands of NIR-AF colocalized with pigmented areas in color fundus 
images. These islands were either densely pigmented (Figure 10: P5, green aste-
risk) or less compacted (Figure 10: P7, green asterisk).  

In 19 out of 31 eyes the preserved RPE island was seen in NIR-AF and colo-
calized with a SW-AF signal in the same area (Figure 10B and 10C: P7, P5, 
and P15; green and yellow asterisks in figure panels). In 12 eyes the preserved 
retina was seen as a large area of speckled SW-AF signal which was hypoauto-
fluorescent in corresponding NIR-AF images (Figure 10 B and 10C; P6; blue 
asterisk). 

In 12 eyes (6 patients) areas of nummular pigment were seen in color images 
and NIR-AF images, but were void of signal in SW-AF images (Figure 10B, 
1C: P7, P6, red asterisks). These areas were typically associated with thinning 
of outer retina in SD-OCT images.  

SD-OCT scan analysis revealed, that areas of severe chorioretinal atrophy 
were defined by an absence of photoreceptor-attributable reflectivity bands 
(Figure 10D: P7, white asterisk and bracket). In areas of RPE loss and absent 
outer retinal bands, increased signal transmission into the choroid was observed, 
seen as vertical streaks extending posterior to RPE/Bruchʼs membrane (Figure 
10D: P7, purple arrowheads). In some of these areas, the choroid had also 
atrophied. With severe outer retinal degeneration, the INL attributable band de-
scended into the gap (Figure 10D: P6, red arrow). However, retinal islands with 
preserved NIR-AF and SW-AF signal were often associated with the presence 
of a visible but thinned ONL, and outer retinal layers that were discernible to 
variable extent (Figure 10D: P7, P5, P15, green bracket). P7 presented with 
outer retinal tubulations (ORT) in SD-OCT scans, that also exhibited NIR-AF 
signal but was devoid of SW-AF (Figure 10D: P7, red asterisk). Here, hyper-
reflectivity associated with the dense pigment reduced transmission of the SD-
OCT signal into the choroid (Figure 10D: P7, red asterisk). Foci of the SW-AF 
signal in the absence of NIR-AF colocalized with thinned ONL and disconti-
nuous or absent reflectivity of IZ, EZ, and ELM bands (Figure 10C: P5, AF 
blue arrowhead; D: P5, blue asterisk). Preserved retina in the foveal and para-
foveal area as exhibited by P15 presented with increased central NIR-AF signal 
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and decreased foveal SW-AF, both of which are characteristic of the macula in 
healthy eyes (Figure 10B, 10C: P15). In addition, the SD-OCT image revealed 
relatively intact outer retinal layers (Figure 10D: P15, green bracket). An inte-
resting observation was the speckled autofluorescence that characterized the 
extrafoveal region in the SW-AF image, as this brightly speckled macular area 
in the SW-AF image was hypoautofluorescent in the NIR-AF image. (Figure 
10B, 10C: P15) 
 

 
Figure 10. Multimodal fundus imaging of CHM probands (patients P7, P5, P15, and 
P6). Color fundus photographs (A) NIR-AF (B), SW-AF (C), and SD-OCT (D) reveal 
islands exhibiting NIR-AF and SW-AF signals (green and yellow asterisk); residual 
pigment and NIR-AF signal devoid of SW-AF (red asterisk); bare sclera (white aste-
risks); SW-AF signal in the absence of NIR-AF (blue asterisk, blue arrow); and hyper-
transmission of OCT signal (pink arrowhead). In P5, retained pigment in A exhibits 
weak NIR-AF but no SW-AF (white arrow). In P6, severe outer retinal degeneration 
exists with inner nuclear layer descent (red arrow). In SD-OCT scans (D) brackets 
indicate the corresponding area in the NIR-AF and SW-AF image. The horizontal axis 
and extent of the corresponding SD-OCT image are indicated by the green lines in A–C. 
 
 

5.2.2. Fundus Imaging in CHM Carriers 

All carriers presented with an alternating mosaic like pattern of AF mottling 
seen in both SW-AF and NIR-AF images extending throughout the posterior 
pole (18/18 eyes) (Figure 11). The foci of reduced NIR-AF signal in the mosaic 
pattern colocalized with reduced SW-AF (Figure 11 B1,  C1) One of the car-

: P15) 
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riers (C3) had more advanced peripapillary and macular atrophic changes that 
were seen as areas of reduced SW-AF and NIR-AF signal (Figure 11 carrier 3).  

All carriers presented with hyperreflective deposits at the level of EZ and IZ 
in SD-OCT scans (Figure 11, carrier 1 and 2). In SW-AF and NIR-AF these 
aberrations were visible as bright hyperautofluorescence flecks (Figure 11B,C 
carriers 1 and 2). 

 

 
Figure 11. Multimodal imaging of choroideremia carriers (C1, C2, and C3). SD-OCT 
(A), NIR-AF (B), and SW-AF (C). Areas in the rectangles in B and C are expanded in 
B1 and C1, respectively. The horizontal axis and extent of the corresponding SD-OCT 
image are indicated by the green lines in B and C. Fundus color photos are presented in 
the lower panel (D) 
 

5.2.3. qAF in CHM probands and carriers 

To further characterize SW-AF in CHM, we analysed qAF levels in 6 probands 
(7 eyes; P1, P5, P7, P9, P10, and P15; age, 31–67 years) and 6 carriers (11 eyes; 
carriers 1, 4, 5, 7, 8, and 9; 12 eyes; age, 29–65 years). For probands we mea-
sured qAF levels in the foveal segment and for carriers in the classical qAF8 
ring positioned circularly at 8° from fovea (Figure 12C, 13C).  

To visualize the distribution of SW-AF intensities in relation to the central 
retinal islands, we generated qAF colormaps (scaled from 0–1200 qAF units) 
and compared CHM patients to age-matched healthy eyes. The qAF signal in 
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the macular area of CHM probands was nonuniform and profoundly reduced 
not only in chorioretinal areas but also in the area of preserved retina (Figure 12 
A,B) compared to age-matched healthy eye (Figure 12 C). In CHM carriers 
color-coded qAF images revealed both an overall decrease in qAF and local 
increases and decreases associated with the mosaicism of the fundus (Figsure 
12A, 12B: carriers 4, 1, and 5).  

We also plotted qAF values in predetermined areas of macula to compare 
them to the healthy cohort. qAF intensities for CHM probands in foveal area 
and for the carriers in the circular qAF8 ring positioned at 8° from fovea were 
either within or below the range of the lower 95% CI in healthy eyes (Figure 
12,13 D). 

 

 
Figure 12. qAF color-coded images of P15, P6, and P10 (A). Corresponding SW-AF 
images (B). Healthy age-similar qAF color-coded image (C). qAF values acquired from 
foveal area (18 eccentricity; circle in C) and plotted as a function of age for healthy 
subjects (blue circles), CHM probands (P1, P5, P7, P9, P10, and P15; red circles), and 
CHM carriers (carriers 1, 3, 4, 7, 8, and 9; yellow circles) (D) 
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Figure 13. qAF in CHM carriers. qAF color-coded images of CHM carrier 4, carrier 1, 
and carrier 5 (A). Corresponding SW-AF images (B). Healthy (age 55 years) qAF color-
coded image (C). qAF8 values (yellow circles) acquired from 8 concentric segments 
(78–98 eccentricity; outlined in C) and plotted as a function of age for carriers 1, 4, 5, 7, 
8, and 9 (D). Mean (solid black line) 6 95% CIs (dashed lines). 

 
5.2.4. Quantitation of NIR-AF in Patients and Carriers 

To compare the levels of NIR-AF intensities in eyes with CHM to healthy eyes, 
we used a semiquantitative method to create horizontal NIR-AF profiles through 
the fovea of 9 probands (P6, P7, P9, P10, P11, P12, P14, P15, and P16; 18 eyes; 
age, 10.2–77.2 years) and 3 carriers (C7, C8, and C9; 6 eyes; age range, 29.3–
64.7 years). 

The intensity profiles (Figure 14A, 14B) revealed that for CHM probands, 
the mean NIR-AF intensity was below the 95% CI for healthy eyes (Figure 
14C, green trace versus red and yellow). The NIR-AF profiles covered areas of 
atrophy as well as islands of preserved retina, therefore representing signal from 
exposed choroid and relatively preserved RPE. However even in the central 
positions of the profiles corresponding to preserved retina, the mean NIR-AF 
signal for CHM probands was lower compared to healthy cohort (Figure 14, 
C). In probands who presented with a preserved island exhibiting only SW-AF 
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and no NIR-AF signal the NIR-AF profiles showed even lower intensities (Fi-
gure 14B, yellow trace; 15C, NIR-AF) compared to probands with a preserved 
island emitting detectable NIR-AF signal (Figure 14A, red profile; 14C, NIR-
AF+). Profiles of the carriers (Figure 14C: blue trace) showed variability, with 
the central foveal values being below the healthy 95% CI (Figure 14C, below, 
green trace).  

 

 
Figure 14. NIR-AF signal intensity profiles for CHM probands and carriers. NIR-AF 
images with profile overlay and SW-AF images for P15 (A) and P6 (B). Intensity 
profiles are presented as mean (solid line) and 95% CIs (dashed line).(C) Horizontal 
intensity profiles through the fovea are shown for 6 patients exhibiting a central NIR-AF 
signal (NIR-AFþ; red profile) and for 3 patients having reduced or absent central NIR-
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AF signal (NIR-AF; yellow profile). Comparison is made to intensity profile con-
structed from 19 healthy eyes (green profile) (C, above). Horizontal profiles through the 
fovea are shown for 3 carriers (blue profile) and compared to healthy eyes (green pro-
file) (C, below). 

 
5.2.5. Retinal Thickness and Visual Acuity  

in Relation to NIR-AF Signal 

Foveal thickness (FT) and subfoveal choroidal thickness (SFT) were measured 
in all 16 probands (31 eyes). In the group with detectable NIR-AF signal emitted 
from the retinal island, the average (±SD) FT and SFT were higher (FT,  
191.6 µm ± 52.06; SFT, 148.42 µm ± 81.8) than in those with no NIR-AF 
signal originating from the central island (FT, 155.08µm ± 102.5; SFT,  
124.6 µm ± 74.3); however, that difference was not statistically significant (P = 
0.21 and P = 0.58, Wilcoxon-Mann-Whitney Test). The Bland-Altman analysis 
of the FT measurements obtained from the two observers revealed the mean of 
the differences to be 6.23 (±15.21, SD of the difference between the observers). 
The 95% limits of agreement between observers (estimated as ±1.96 ×SD) were 
-23.6 to 36.0, indicating that measurements by observer 1 could be 23.6 units 
below or 36 units above observer 2. In the case of choroidal thickness, the mean 
of the differences was 2.64 (±14.5) and the 95% limits of agreement between 
observers was -25.8 to 31.1. The logMAR-equivalent BCVA ranged from 0 to 
0.87. The group with the preserved NIR-AF signal associated with a preserved 
retinal island (10 patients) had a better mean visual acuity (mean logMAR 
equivalent [±SD], 0.16 ± 0.1) compared to the group with absent NIR-AF signal 
(logMAR equivalent [±SD], 0.46 ± 0.2) (6 patients), and the difference proved 
to be statistically significant (P = 0.003, Wilcoxon-Mann-Whitney Test).  
 
 

5.3. Photoreceptor Cells as a Source of Fundus 
Autofluorescence in Recessive Stargardt Disease (Study 3) 

Accelerated bisretinoid formation is the hallmark of STGD1 due to the defec-
tive ABCA4 gene. A generalized increase in retinal SW-AF signal (Burke et al. 
2014) as well as hyperautofluorescent fleck formations are observed in STGD1. 
In this study SW-AF, NIR-AF and IR-R fundus images together with SD-OCT 
scans from 12 patients (6 female, 6 male; age range 9 to 61 years) with the diag-
nosis of STGD1 and expression of flecks were studied retrospectively by two 
independent graders (JRS, MP) using qualitative and quantitative approach.  
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5.3.1. Fundus flecks in SW-AF and NIR-AF images 

In SW-AF images flecks were often distinctly hyperautofluorescent while being 
hypoautofluorescent (12/12 patients) in NIR-AF images (Figure 15, green rec-
tangles; Figure 16). Other flecks were dark in NIR-AF images while being 
barely detectable in SW-AF images (Figure 15 yellow arrows). We also ob-
served that the fleck profiles in the NIR-AF images tended to be larger (Figure 
15) whereas a halo of weaker autofluorescence surrounding the fleck was some-
times present in SW-AF (Figure 15, 17). In contrast to that some flecks in NIR-
AF images exhibited a bright center and dark surround; these flecks could also 
be bright in SW-AF and were positioned more peripherally in the fundus (Fi-
gure 15, turquoise rectangle).  

To further compare flecks in SW-AF and NIR-AF imaging modalities, we 
selected hyperautofluorescent flecks in a predetermined area of superior hemi-
retina in SW-AF images (total of 95 flecks; 19 eyes, 10 patients) and assessed 
them based on their appearance in NIR-AF images. As a result we found that 
out of these hyperAF flecks in SW-AF 7.3% were hyperautofluorescent in NIR-
AF images, 7% appeared to be similar to neighbouring intensities and 85% were 
hypoautofluorescent. The latter included flecks having a bright center with a 
dark-surround. A chi-square test of independence showed that the differences in 
percentages were significant (X² (2, N=100) = 122.9, p < 0.01).  

Flecks are a dynamic retinal finding and the AF signal shows transformation 
over time. Flecks can become darker in both SW-AF and NIR-AF imaging (Fi-
gure 15, red rectangles). Hypoautofluorescent flecks were most often seen in 
the central area adjacent to atrophy. Flecks were also visible in IR-R images 
(Figure 15C, 16 C,E,G,I) (12/12 patients); with this modality flecks could be 
hyper- or hyporeflective (Figure 15; 16). 

Looking at the distribution of flecks in SW-AF and NIR-AF, flecks first ap-
peared in central retina and over the course of the disease become more distri-
buted toward periphery (8/11 patients) (Figure 17, 18) The spread of the flecks 
in SW-AF modality was led by hyperautofluorescent foci while in NIR-AF the 
advancement was seen as increase in hypoautofluorescent foci (9/9 patients) 
(Figure 18).  

In some patients flecks showed a tendency to spread radially from the fovea 
to approximately 8° of eccentricity, beyond which a circumferential spread 
characterized the distribution (8/12 patients) (Figure 17, 18). Flecks are typi-
cally visualized within the 30° field in the clinical setting. Wide-field images 
show that flecks also form well beyond this range (12/12 patients) (Figure 17). 
Patients who were imaged as follow-ups (7/10) of 1 year, some flecks were ob-
served to be hypoautofluorescent in NIR-AF images (Figure 18 B) before any 
evidence of hyperautofluorescence in SW-AF images (Figure 18 A versus C). 
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Figure 15. Fundus flecks in an STGD1 patient are viewed in short-wavelength auto-
fluorescence (SW-AF) (A), near infrared autofluorescence (NIR-AF) (B) and infrared 
reflectance (IR-R) (C) images (Patient 5). Flecks can be hyperautofluorescent in SW-
AF, hypoautofluorescent in NIR-AF and bright in IR-R images (green rectangles); 
bright in SW-AF, NIR-AF and IR-R images (turquoise rectangles); barely detectable in 
SW-AF, dark in NIR-AF and bright or not detectable in IR-R (yellow arrows). Flecks 
can be dark in all modalities (red rectangles). 

 
 

 5.3.2. Flecks in SD-OCT scans  

For further structural evaluation of flecks, we analyzed SD-OCT images. Flecks 
seen in SW-AF, NIR (Figure 16 A,B) and IR-R (Figure 16 C,E, G, I) also co-
localized with hyperreflective lesions in SD-OCT images; these lesions ex-
tended through photoreceptor-attributable OCT bands (12/12 patients) (Figure 
16 D, F, H, J). Some flecks presented as a thickening at the level of interdi-
gitation zone (IZ), others extended anterior to ellipsoid zone and external limi-
ting membrane (ELM) making their way to outer nuclear layer (ONL). ONL 
thinning was observed as fleck height increased anteriorly (12/12 patients) (Fi-
gure 16 D, H, blue and red arrows).  

Decreased transmission into the choroid was associated with most flecks, 
although other flecks that in SW-AF images exhibited fluorescence extinction 
were accompanied in SD-OCT images by increased transmission into the choroid 
(4/12 patients) (Figure 16 A, B, H, purple arrow).  
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Figure 16. Retinal flecks in STGD1 imaged by short-wavelength autofluorescence 
(SW-AF) (A), near infrared autofluorescence (NIR-AF) (B) and IR-R (C, E, G, I) 
registered to images obtainedby spectral domain optical coherence tomography (D, F, 
H, J) (Patient 4). The horizontal axis and extent of SD-OCT image are indicated by 
horizontal green lines ending in arrows. Flecks are visible in SD-OCT images as 
hyperreflective radial lesions that occupy photoreceptor-attributable bands. Flecks are 
color-coded to indicate correspondence in successive imaging modalities 
 

 
Figure 17. Spatial distribution of fundus flecks in serial images (Patient 3). Short-
wavelength (SW-AF) (A, C) and near infrared (B) wide-field images. The SW-AF 
image in C was acquired 12 months after the SW-AF and NIR-AF images in A and B. 
Flecks (arrows) are hypoautofluorescent in NIR-AF images (B) while invisible or 
faintly visible in SW-AF images (A) before appearing hyperautofluorescent in SW-AF 
images after 12 months (C).  
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Figure 18. Progression of fleck formation in short wavelength (A, B, C, D) and near 
infrared (E, F, G) autofluorescence images (Patient 1). Serial images acquired at 
intervals of 13 months (A to B,E); 12 months (B,E to C,F); 6 months (C,F to D, G). 
 
 

5.3.3. Quantitative autofluoresence and color coded images 

The intensity of SW-AF signal was also examined in color-coded qAF images, 
where colors represent pixel grey level values in the scale of 0–1200. qAF 
images taken at intervals were examined to evaluate the brightness of flecks in 
time. Figure 19 shows a patient (P1) imaged at 15-month and 18-month 
intervals. Flecks presented with more intensity in the superotemporal area of the 
macula with progression superiorly and later becoming more intense in inferior 
macula. This pattern of fleck evolution was seen in 5/10 patients (9/16 eyes). 
Flecks that transitioned to foci of intense autofluorescence (red/white foci) 
(Figure 19A left panel) were later reduced in brightness (8/10 patients) (Figure 
19A, right panel, yellow and green foci). Notably the peripapillary area was 
spared from flecks and atrophy. The area of central atrophy revealed 
extinguished SW-AF intensities with gradations of color black to green. 
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Figure 19. Flecks visualized in color-coded quantitative fundus autofluorescence (qAF) 
images (upper panel) shown together with the corresponding fundus autofluorescence 
(SW-AF; 488 nm) images (lower panel) of Patient 1. Serial images were acquired at a 
15-month and 18-month interval. Lower qAF levels are coded in blue and higher qAF 
levels as red or white. 

 
5.4. Insights into PROM1-Macular Disease Using  

Multimodal Imaging (Study 4) 

5.4.1. Clinical and genetic data 

Eighteen (18) subjects (36 eyes) with genetically confirmed diagnosis of 
PROM1-macular disease were analyzed in this study with the mean age being 
42.8 years (range 5–66). Analysis of multimodal imaging included qualitative 
analysis SW-AF, NIR-AF and SD-OCT images, as well as quantitative analysis 
of those imaging modalities. A summary of the clinical, demographic and genetic 
characteristics of the cohort is presented in Table 5. Nine patients reported a 
family history consistent with autosomal dominant inheritance (Figure 20). 
Fifteen patients presented with central vision disturbance in the second or third 
decade of life; three were asymptomatic relatives (P8, P10 and P13) (Table 5). 
Five patients reported difficulty with night vision or photopsias. Full-field 
electroretinogram (ffERG) recordings were within normal limits in 6 of the 11 
patients. Moderate attenuation of the 30 Hz flicker and single flash cone respon-
ses were detected in the remaining 5 patients (P1, P5, P16, P17 and P18). 
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5.4.2. Retinal imaging  

In 15 out of 18 patients the disease was confined to the macular area. In 3 pa-
tients fleck-like lesions or atrophic changes reached further to the posterior pole 
(P7, P8 and P11) (Figure 20, 21). None of the patients presented with bone spi-
cules.  

Patients presented with macular atrophy and RPE mottling in both SW-AF 
and NIR-AF images (Figure 20, 21). The most typical feature was granular 
hypoautofluorescence in the macular area, which was present in almost all eyes 
(36/38). Fleck-like formations were seen as small hyperautofluorescent foci sur-
rounding central atrophy in SW-AF images in 30 eyes (Figure 21A, red arrow; 
P3, P6, P9, P15) and a hyperautofluorescent halo was seen in 20 eyes (20/38) 
(Figure 21A, blue arrow; P1, P9, P15, P17). NIR-AF imaging was available for 
9 patients (18 eyes) and presented with decreased granular signal in the central 
macular area (Figure 21 B). Hyperautofluorescent foci were observed in only 
one subject (2/18 eyes) (Figure 21B, red arrow; P6) and a hyperautofluorescent 
halo was seen in 3 subjects (6/18 eyes) (Figure 21B, blue arrow; P9, P15, P17). 

 
 

 
Figure 20: PROM1-macular dystrophy. Four pedigrees with dominant retinal disease 
inheritance patterns. Subjects with PROM1-macular dystrophy are shown in black.  “-” 
is for pathogenic variants and  “+” denotes a wild-type allele. Male, square; female, 
circle. Diagonal line denotes a deceased individual. Short-wavelength fundus auto-
fluorescence (SW-AF) images of patients are shown next to each pedigree.  
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Thinning of outer retinal layers was observed in macular SD-OCT images. The-
se changes varied from discontinuities in the EZ band (Figure 21C P3, P6) to 
total outer retinal atrophy (Figure 21C P1, P9, P15, P17). Increased transmis-
sion of SD-OCT signal into the choroid was commonly observed in the macular 
area, the extent of which varied (Figure 21C, yellow stars; P1, P9, P15, P17). 

Areas of granular hypoautofluorescence in SW-AF and NIR-AF images cor-
responded to partial outer retinal degeneration (Figure 21 A, C; P3, P6) while 
defined areas of hypoautofluorescence corresponded to complete loss of outer 
retinal layers and RPE in SD-OCT scans (Figure 21 A, C; P9, P15). We eva-
luated presence of foveal sparing in SD-OCT, SW-AF and NIR-AF images and 
it was observed in 31 of 38 eyes.  

 
 

 
Figure 21: Short-wave fundus autofluorescence (SW-AF) (A), near infrared fundus 
autofluorescence (NIR-AF) (B) and spectral domain optical coherence tomography 
(SD-OCT) (C) in PROM1 patients. Macular dystrophy presents as granular alterations 
in SW-AF and NIR-AF images. Loss of the ellipsoid (EZ) band is evident in the SD-
OCT scans. Hyperautofluorescent foci are marked with a red arrow in SW-AF (A, P3, 
P6, P9, P15) and NIR-AF (B P6) images. Hyperautofluorescent halos are indicated with 
blue arrows in SW-AF (A P1, P9, P15, P17) and in NIR-AF (B P9, P15, P17) images. 
Advanced outer retinal disruption or atrophy is seen as hypertransmission into the 
choroid in SD-OCT images (C; P1, P9, P15, P17, yellow stars).  

 
 
We analysed SW-AF intensities in 12 patients (20 eyes). qAF analysis revealed 
that in 18 eyes the values were within the 95% CI of healthy eyes. In one eye 
(P8 OS) qAF values were lower and in one eye (P17 OD) values were higher 
than the 95%CI (Figure 22 A). Previously published qAF values of STGD1 
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(Burke et al. 2014) have been added to the graph to allow comparison with 
STGD4.  

In addition comparison of qAF color-coded maps also demonstrated that 
there was no generalized increase of SW-AF levels in PROM1 patients com-
pared to healthy age-matched individuals. (Figure 22B, C) Centrally decreased 
qAF signal corresponded to areas of outer retinal atrophy (Figure 22C).  
 

 
Figure 22: Quantitative fundus autofluorescence (qAF8) intensities recorded from 
PROM1 patients are presented with previously published data acquired from STGD1 
patients and reported in Burke et al al 2014 (Burke et al. 2014). qAF values acquired 
from PROM1 patients (red circles) are plotted as a function of age together with mean 
(solid black line) and 95%CI (dashed lines) of the healthy control group. Values 
acquired from STGD1 patients are represented by blue circles (A). Color-coded maps of 
qAF distribution in healthy age-matched individuals (B) and PROM1 patients (C). Only 
2 of the 17 qAF8 values of PROM1 patients were outside the 95% confidence intervals 
of the healthy controls; one eye above and the other eye below the range. In the color-
coded images decreased SW-AF signal in the central macula corresponded to atrophic 
changes. 

 
 
NIR-AF intensities were quantified in 8 patients (16 eyes) along a horizontal 
axis through the fovea (Figure 23A). The mean signal was reduced in central 
macula at an eccentricity of 0–2 mm nasally and temporally from fovea. Peri-
pheral to this central area (2–4 mm eccentricity) however, mean NIR-AF inten-
sity in PROM1 patients was comparable to that of healthy subjects (Figure 
24B).  
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Figure 23: Quantitative NIR-AF analysis in PROM1 patients. NIR-AF intensity profiles 
acquired from PROM1 patients are plotted as mean (red solid line) and upper and lower 
95% confidence intervals (CI) (dashed red lines) together with mean NIR-AF values of 
healthy subjects (green solid line) and corresponding 95% CI (dotted green line) (A). In 
PROM1 patients the NIR-AF values are decreased in the central macula corresponding 
to the outer retinal disruption or atrophy seen in PROM1 macular dystrophy, however 
the NIR-AF values in the adjacent macular area are comparable to those of healthy 
subjects (A). NIR-AF image of a healthy aged-matched eye (left) and PROM1 patient 
(P9) (right) (B). The horizontal axes along which NIR-AF values were recorded are 
shown as green and red lines (B). 
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6. DISCUSSION  

6.1. Origins of SW-AF and NIR-AF in cases  
of ABCA4 deficiency and albinism 

In Study 1 we analyzed SW-AF and NIR-AF imaging in cases with varying 
levels of bisretinoid lipofuscin and RPE pigmentation.  

Female carriers of ocular albinism presented with fundus mosaicism – a pat-
tern of pigmented and hypopigmented RPE cells. This allowed for a unique stu-
dy model to confirm how hypopigmented areas presented as dark hypoauto-
fluorescence in NIR-AF images, while lack of RPE melanin was seen as in-
creased SW-AF signal in the color coded maps of qAF.  

STGD1 is macular dystrophy where the hallmark of pathological mechanism 
is the accelerated accumulation of bisretinoid lipofuscin due to the defective 
ABCA4 transporter protein (Eagle et al. 1980; Sparrow et al. 2013). Various 
imaging studies have shown increased SW-AF intensities in patients with 
STGD1 compared to healthy subjects (F. C. Delori, Staurenghi, et al. 1995; 
Cideciyan et al. 2004; Burke et al. 2014). The NIR-AF intensities in STGD1 
have not been thoroughly studied. We analyzed the NIR-AF images of 25 
subjects with STGD1 and found that in the perifoveal macular area without 
signs of macular atrophy the NIR-AF signal intensities were significantly higher 
than in healthy eyes (Figure 8). 

To add to the clinical observation and better understand the origins of SW-
AF and NIR-AF signal we also studied mice lines with varying pigmentation 
(albino, agouti and black coated) and also with different levels of bisretinoid 
lipofuscin accumulation (Abca4 ⁻/⁻, Abca4 ⁺/⁺, Rdh8⁻/⁻Abca4⁻/⁻).  

In Study 1 we further confirmed the concept that melanin is the major contri-
butor to the NIR-AF of the fundus. Analyzing the images of OA1 carriers re-
vealed how hypopigmented areas corresponded to reduced NIR-AF. This to-
gether with further analysis of albino and agouti mice supports previous know-
ledge that NIR-AF signal originates mainly from RPE melanin (Keilhauer and 
Delori 2006). 

Secondly we showed that NIR-AF signal is also increased as is the SW-AF 
signal in ABCA4 patients (Cideciyan et al. 2007; Duncker, Lee, et al. 2013). 
This conclusion was supported by the finding that the NIR-AF signal in agouti 
Abca4⁻/⁻ mice was elevated relative to the NIR-AF signal in agouti Abca4⁺/⁺ 
mice. A possible explanation for that could be that the increase in lipofuscin in 
the RPE has a modulating effect on NIR-AF signal. Melanin has property of 
self-absorbance when melanosomes are packed tightly together. This property 
could be reduced when abundance of lipofuscin granules are separating the 
melanosomes from each other and the NIR-AF fluorescence would undergo less 
self-absorption. This mechanism however does not offer an explanation for the 
observation that in albino Abca4⁻/⁻ mice, fundus NIR-AF intensities were 
elevated in tandem with increases in SW-AF even in the absence of melanin. It 
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has been proposed that bisretinoid could stimulate melanin synthesis (Poliakov 
et al. 2014), but our analysis of albino Abca4-/- versus albino wild-type mice, 
both of which are deficient in the tyrosinase gene required for melanin syn-
thesis, showed a difference in NIR-AF intensities indicating that increased bis-
retinoid is not stimulating melanin synthesis.  

Similarly, an increase in numbers of melanosomes paralleling a rise in NIR-
AF intensity was not observed in pigmented Abca4⁻/⁻ mice (Charbel Issa et al. 
2013). An alternative explanation is that bisretinoid can contribute to the NIR-
AF signal.  

Another finding supporting this idea is that a hyperautofluorescent ring can 
be observed in the fundus of a patient with retinitis pigmentosa both in SW-AF 
and NIR-AF images even though there is no spatially corresponding pigmented 
ring seen in the fundus (Duncker, Tabacaru, et al. 2013). The hyperautofluore-
scent rings in NIR-AF images are unlikely to be a result of a change in trans-
mission in the retinal layers that are anterior to the RPE (unmasking), because 
tissue absorption at wavelengths between 600 and 1300 nm is relatively low 
(Tsai, Chen, and Wang 2001). There are no pigmentary changes corresponding 
to the hyperautofluorescent NIR-AF ring in color fundus photographs and no 
increased reflectivity at the level of RPE in SD-OCT scans as is typical of 
pigment clumping at the borders of geographic atrophy in AMD (Rudolf et al. 
2013; Fleckenstein et al. 2008).  

Even in the light of those findings, melanin is still the major source of NIR-
AF. As we saw from mice data, lower levels of RPE lipofuscin, such as those 
accounting for SW-AF in albino wild-type mice, do not make a detectable diffe-
rence to NIR-AF intensities. That could be because the contribution of bisreti-
noid lipofuscin to the NIR-AF signal in the wild-type is minimal in comparison 
with melanin (Figure 9) (Gibbs et al. 2009). This observation is likely appli-
cable to the healthy human eye.  

A recent study that has been published by Taubitz et al. (published after 
Study 1) also showed a presence or NIR-AF signal in albino Abca4⁻/⁻ mice that 
was weak compared to the high-intensity NIR-AF signal seen in pigmented 
Abca4⁻/⁻ mice reasoning that oxidized melanin has increased NIR-AF proper-
ties. They also acknowledged that lipofuscin moiety of melanolipofuscin and sub-
sequently lipofuscin granules can emit relevant levels of NIR-AF, potentially due 
to accumulation of melanin degradation products (Taubitz et al. 2019).  

We also proposed in our study that SW-AF signal is attenuated by the pre-
sence of RPE melanin. When closely examining the SW-AF images acquired 
from OA1 carriers, we found that in the areas of less intense SW-AF signal ap-
pearing dark in the images corresponded spatially to bright focal areas in NIR-
AF images, indicating that the SW-AF signal is attenuated by the presence of 
RPE melanin. Conversely, in the areas lacking melanin the SW-AF appeared 
brighter. This is in keeping with the observation that albino mice lacking mela-
nin presented with elevated qAF intensities. Our HPLC quantitative analysis has 
shown that albino mice do not actually have increased bisretinoid levels. 
Therefore the finding that qAF is elevated in the albino mice can likely be 
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explained by increased irradiance: the lack of pigment allows more light to 
transmit through the iris and through the eye wall posterior to the iris leading to 
overall increase in intraocular light (van den Berg, IJspeert, and de Waard 1991; 
Coppens, Franssen, and van den Berg 2006).  

In ocular albinism melanin is synthesized but melanosomes are grossly en-
larged and reduced in number and the organization of melanin in the melano-
somes is altered (Cortese et al. 2005; Schiaffino 2010; Falletta et al. 2014). This 
means that melanosomes of RPE are also aberrant, there is less light absorption 
in SW-AF imaging by melanin and that explains the elevated qAF values in 
hypopigmented RPE areas in OA1 carriers (Figure 7).  

In conclusion, the results of Study 1 confirmed that RPE melanin is a major 
source of NIR-AF signal, however increased levels of bisretinoid can begin to 
contribute to NIR-AF signal and SW-AF signal is modulated by variations in 
the levels of ocular pigment. 

A limitation of this study was that the cohort of OA1 carriers was relatively 
small. The difference in NIR-AF intensity in agouti- versus black-coated mice 
may call into question the assumption that RPE cell melanin content does not 
vary in concert with the melanin concentration in other tissues, (e.g., iris, cho-
roid, skin) (Weiter et al. 1986), this will require further research. The exact 
contribution of choroidal melanin to NIR-AF signal is not known but is be-
lieved to be minor in relation to RPE melanin. Some novel imaging techniques 
have aimed at detecting NIR-AF signal emitted specifically from RPE cells by 
using adaptive optics AF (Granger et al. 2018) or normalizing NIR-AF signal 
against IR-IR to reduce choroidal component of the signal, (Cideciyan, Swider, 
and Jacobson 2015), but further research in that field is still warranted.  
 
 

6.2. Insights into disease process in choroideremia 
Choroideremia presents with a typical posterior pole atrophy progressively en-
croaching the macula, however the central retina can be preserved until quite 
late, leaving a window of opportunity for therapeutic intervention. This pre-
served retinal island in the posterior pole declines in a logarithmic fashion with 
an estimated rate of 7–8% per year based on cross-sectional data (Jolly et al. 
2016; Aylward et al. 2018). Different therapeutic interventions are targeted to 
stop this process and that is why retinal imaging modalities are crucial in 
monitoring the disease and evaluating retinal viability. SW-AF has been widely 
used to discriminate between the atrophic and viable retina in various retinal 
conditions (Rudolf et al. 2013; von Rückmann, Fitzke, and Bird 1995; Pichi et 
al. 2013). In choroideremia the residual islands with a preserved RPE are seen 
in SW-AF area with uniform or speckled signal, whereas areas with RPE 
atrophy are characterized by the loss of SW-AF signal (Jolly et al. 2016). 

In Study 2 we presented the fundus images of 16 CHM probands. Preserved 
retinal islands of variable size were observed as seen in Figure 10 (P15, P5, and 
P7). These islands were distinguished by the presence of SW-AF and NIR-AF 
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signals, intact or discontinuous IZ and EZ reflectivity bands attributable to 
photoreceptor cells, and the absence of hypertransmission into the choroid. 
These features indicate that RPE and photoreceptor cells were at least partially 
intact in those areas. In 19/31 eyes these preserved retinal areas were detected 
both in NIR-AF and SW-AF images (Figures 10B and 10C: P7, P5, and P15; 
green and yellow asterisks in figure panels). However, in the remaining cases 
(12 eyes; 6 patients), there were more pigmented areas that were detectable in 
color and NIR-AF imaging but showed absence of signal in SW-AF images 
(Figure 11B, 11C: P7, P6, red asterisks). In areas with preserved SW-AF 
signal, but no detectable NIR-AF signal, SD-OCT revealed thinned ONL and 
discontinuous or lost IZ, EZ, and ELM bands along with hypertransmission into 
the choroid (Figure 11C: P5, AF blue arrowhead; D: P5, blue asterisk). Our 
analysis of visual acuity showed better results in the group where there was 
presence of both NIR-AF and SW-AF signal in the central island compared to 
the group where SW-AF signal alone was detectable.  

NIR-AF imaging in CHM subjects has not been widely published, but our 
results, showing that NIR-AF signal is not always detectable in retinal islands 
seen in SW-AF, are consistent with  work by Birtel et al 2019 where they 
analysed NIR-AF in correlation to SW-AF and OCT in CHM and found a 
discrepancy between two AF imaging modalities with the central preserved 
islands being smaller in NIR-AF images than in SW-AF (Birtel et al. 2019). An 
article by Mucciolo et al. 2019 published after our Study 1, describing NIR-AF 
in young CHM subjects found that in areas with preserved NIR-AF and SW-AF 
signal the RPE-Bruchs membrane complex was continuous and hyperreflective, 
while in areas with only SW-AF signal the band was thinner, irregular and 
discontinuous showing hypertransmission (Mucciolo et al. 2019). 

The presence of SW-AF signal without NIR-AF is not consistent with the 
common view that SW-AF signal originates only from the bisretinoid lipofuscin 
in the RPE. An alternative source of this signal could be the degenerating photo-
receptor outer segments as seen in Figure 10, P6, where EZ-IZ layers have 
reduced reflectivity in the SD-OCT scan. We know that in healthy eyes, the 
fluorophores of SW-AF form in photoreceptor cells before phagocytic transfer 
to RPE (Sparrow and Yamamoto 2012). The likely contribution of degenerating 
photoreceptor cells to SW-AF has also been shown in other retinal diseases 
(Duncker, Greenberg, et al. 2014; Boudreault et al. 2017), as well as in our 
Study 3 analysing flecks in STGD1. 

We also noted NIR-AF signal in the absence of SW-AF. In the case of P7 
(Figure 10 A–D), hyperpigmentation in color fundus images colocalized with a 
veil of AF in the NIR-AF images, an absence of SW-AF, thinned ONL, loss of 
photoreceptor attributable layer reflectivity, and the presence of an ORT, yet no 
hypertransmission into the choroid in the SD-OCT scan was detected. A zone 
having NIR-AF emission in P6 is also devoid of SW-AF (Figure 10 B–D). This 
is an interesting discrepancy in AF findings between the two modalities. One 
explanation could be that these RPE cells still contain melanin, but have lost 
lipofuscin content. Another possible mechanism behind this finding could be 
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that increased melanin absorbs SW-AF light. As we described in Study 1 in 
albinism cases the presence of melanin in RPE cells can act as a modulator of 
SW-AF signal.  

Choroideremia is an X-linked disease therefore females who are carriers of a 
pathogenic CHM variant can present with a typical retinal mosaic of alternating 
healthy and disease affected retina (Figure 11) (Murro et al. 2017; MacDonald, 
Russell, and Chan 2009; Coussa and Traboulsi 2012; T.L. Edwards et al. 2015). 
The reason for that is random X-chromosome inactivation leading to the expres-
sion of the mutated chromosome in some retinal cells and the extent of that can 
vary. Diffuse irregular hyper-and hypoautofluorescent changes have been 
described in SW-AF imaging modality (Wu et al. 2018), however NIR-AF 
imaging findings have not yet been analyzed in CHM carriers.  

We analysed SW-AF and NIR-AF images in 6 CHM carriers and noted that 
patches of reduced AF in SW-AF images colocalized with reduced AF in NIR-
AF images. The mosaicism seen in NIR-AF images could be a result of nonuni-
form melanin distribution associated with REP-1 dysfunction that represents an 
X-linked manifestation of altered RPE melanosome movement (Futter et al. 
2004; Hume et al. 2001). This differs from our findings in Study 1, where we 
analyzed the pigment mosaicism in NIR-AF images of X-linked albinism 
carriers. Unlike in CHM carriers, patches of reduced signal in NIR-AF images 
of OA1 carriers colocalized with increased signal (not reduced signal) in the 
SW-AF modality (Figure 6, 16). It is also known that fundus changes in CHM 
carriers develop with age (Renner et al. 2009) and tend to progress (MacDonald, 
Russell, and Chan 2009). Random X-inactivation of REP-1 leading to melano-
some dysfunctioning (Futter et al. 2004) is not sufficient to explain the SW-AF 
and NIR-AF characteristic findings in carriers, but rather a process involving 
melanin and lipofuscin in RPE cells. In this study we also aimed at measuring 
the signal intensities, an approach that has not been yet tried on CHM patients. 
We found that qAF intensities mapped to the fundus by scaled color-coding 
were profoundly reduced not only in CHM-affected patients but also in female 
CHM carriers. As demonstrated in CHM carrier 1 (Figure 11A), this qAF 
reduction was not attributable to outer retinal degeneration in SD-OCT scans 
(Figure 11).  

The primary site of degenerative process has been under debate with the 
majority of studies supporting the concept that RPE cells are primarily affected 
(Jacobson et al. 2006; Flannery et al. 1990; Rodrigues et al. 1984; Mura et al. 
2007; Hariri et al. 2017; L.W. Sun et al. 2016; Morgan et al. 2014) or happens 
independently in RPE and photoreceptor layers (Tolmachova et al. 2006; Mura 
et al. 2007; Flannery et al. 1990; Jacobson et al. 2006). That is consistent with 
outer retinal tubulations seen also in our study in CHM probands (Figure 10), 
that are considered a survival response of photoreceptors to RPE degeneration 
seen also often in age-related macular degeneration (Preti et al. 2018).  

The absence of NIR-AF in the presence of SW-AF might seem contradictory 
as both signals mostly originate from RPE cells, however bisretinoid lipofuscin 
emission could also originate anterior to the RPE layer from photoreceptor outer 



78 

segments as occurs e.g. in Best vitelliform macular dystrophy (Duncker, Green-
berg, et al. 2014).  

Another interesting finding in this study was how NIR-AF signal intensities 
in CHM probands showed an overall decrease compared to healthy eyes even in 
areas with central preserved retina. Our results together with RPE depigmen-
tation seen in young CHM probands (Mucciolo et al. 2019) could further con-
firm that RPE monolayer is affected in CHM early on. RPE cells have the capa-
bility to spread out and fill the gaps in the monolayer. RPE remodeling has been 
reported as part of the normal aging process where larger RPE compensate for 
adjacent cell loss (Ach et al. 2014). Remodeling of RPE monolayer through cell 
migration and spreading and concomitant thinning, could account for reduced 
NIR-AF signal originating in RPE as has been proposed by Birtel et al. (Birtel 
et al. 2019). Other studies have shown that there is an early thinning and poly-
megathism in the RPE monolayer in areas with normal photoreceptors (Agui-
lera et al. 2022). We have suggested a similar mechanism in our previous work 
regarding reticular pseudodrusen (Paavo et al. 2017).  

Improved understanding of the patterns and sources of NIR-AF signal in 
choroideremia is a valuable addition to SW-AF imaging as the therapeutic trials 
need precise and sensitive methods to evaluate the viability of different cell 
types e.g. RPE prior and after treatment. NIR-AF imaging is also more com-
fortable for the patient due to its less disturbing dim red light.  

A limitation of this study is the relatively small cohort, with age trending 
toward older subjects. The inclusion of children or young adults would have 
allowed us to evaluate retina at earlier stages of disease. Additionally, we did 
not have specimens that would have allowed us to correlate SW-AF, NIR-AF, 
and SD-OCT findings with histopathological changes. We correlated visual 
acuity with retinal thickness and the levels of NIR-AF signal, but wider functio-
nal tests such as microperimetry, combined with fundus autofluorescence could 
add valuable insight.  
 
 

6.3. Photoreceptors as a source of fleck- related SW-AF 
signal and reduced NIR-AF signaling early RPE cell 

degeneration  
Bisretinoid accumulation in the retinal pigmented epithelial (RPE) cells is a 
hallmark of STGD1 (Eagle et al. 1980; Birnbach et al. 1994; F. C. Delori, Stau-
renghi, et al. 1995). Cidecyan et al. have showed that new atrophic changes 
emerge within areas of intense SW-AF (Cideciyan et al. 2004). A conventional 
end-point for clinical trials and for monitoring STGD1 progression is focusing 
on the area of atrophy in SW-AF and SD-OCT findings (Fujinami, Zernant, et 
al. 2013; Strauss et al. 2019; Strauss et al. 2016), however RPE atrophy itself 
presents a stage where most therapeutic interventions will not be helpful any-
more. In addition to atrophy, STGD1 usually presents with typical flecks in the 
macular area that later form in the periphery during the course of the disease. 
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Flecks are usually present even in the early disease stage and have a dynamic 
nature, therefore they present an interesting target for monitoring the disease 
progression and possible therapeutic effects. Retinal function at the location of 
flecks is one topic of interest. Some reports have exhibited decreased visual 
sensitivity over flecked areas (Verdina et al. 2012; Greenstein et al. 2008). More 
recent studies concluded that hyperautofluorescent flecks were associated with 
topographically normal function on perimetry and ffERG (Dhooge et al. 2021; 
Müller et al. 2019), however the accuracy of SW-AF imaging and microperi-
metry alignment is callenging in these studies. Another topic of interest is the 
origin of flecks. In previous literature the main hypothesis was that flecks were 
lipofuscin laden RPE cells (Eagle et al. 1980; Lopez et al. 1990).  

In Study 3 we analyzed flecks and their AF properties and found that while 
flecks are mostly hyperautofluorescent in SW-AF, they spatially often cor-
respond to foci of reduced NIR-AF signal (Figure 15,17,18). When observing 
flecks in time, we noted that the change from hyperautofluorescence to hypo-
autolfuorescence seems to happen earlier in NIR-AF images while hyperauto-
fluorescence in SW-AF images is maintained longer (Figure 18). Based on 
those results and previous reports (Sparrow et al. 2015; Greenstein et al. 2017; 
S. Kellner et al. 2009), we propose that the fleck related increased SW-AF sig-
nal originates not only from the level of RPE but also anterior to that. Flecks 
could be a manifestation of degenerating photoreceptors, that are the source of 
intense SW-AF signal. Also we noted that fleck-formations in SD-OCT ex-
tended anteriorly through photoreceptor attributable layers interrupting rather 
than displacing those layers. ONL layer thinning was seen adjacent to those 
flecks that were taller (Figure 16). It has been previously shown that bisretinoid 
is produced in photoreceptor cell outer segments before phagocytosis by RPE 
(Sparrow et al. 2012). Our research group has previously proposed that SW-AF 
fundus autofluorescence does not just signal the status of RPE cells but, under 
some circumstances, can be indicative of the health of photoreceptor cells 
(Sparrow et al. 2015). Elevated SW-AF signal has been shown in different 
retinal conditions like AZOOR (Boudreault et al. 2017), acute macular neuro-
retinopathy (Gelman et al. 2012) and retinitis pigmentosa (Aizawa et al. 2010; 
Duncker, Lee, et al. 2013; Duncker, Tabacaru, et al. 2013; Popović, Jarc-
Vidmar, and Hawlina 2005; Robson, El-Amir, et al. 2003; Schuerch et al. 2017) 
co-localizing with areas of photoreceptor degeneration.  

A more recent histological study on a STGD1 mouse model by Fang et al. 
proposed an alternative explanation for fleck formation: flecks are degenerating 
RPE cells, that have been phagocytosed by macrophages in the subretinal space. 
Flecks that were hyperautofluorescent in SW-AF and NIR-AF corresponded to 
macrophages that contain lipofuscin, melanolipofuscin and melanin granules 
(Fang et al. 2020). However, an older report with Rdh8−/−/Abca4−/− mice 
using histology and imaging revealed that hyperautofluorescent foci in fundus 
AF images corresponded to photoreceptor cell rosettes in SD-OCT images and 
histological sections. The inner segment/outer segment–containing core of the 
rosette emitted an autofluorescence detected by fluorescence microscopy (Flynn 
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et al. 2014). The high intensity of AF signal in those foci could be explained by 
the fact that the bisretinoids in the photoreceptor outer segments are situated 
anterior to RPE cells, therefore they are not subject to absorbance by melanin 
and also being less compacted than in RPE they would undergo less self-
absorption. This finding does not exclude the possibility that microglial/macro-
phage cells are present in association with the rosettes, but it is likely that AF is 
derived from outer segment debris (Zhao et al. 2018) that has accumulated 
extracellularly or within macrophages after phagocytosis.  

In Study 3 we also noted that hyperreflective flecks in SD-OCT co-localized 
with foci of reduced NIR-AF signal. Since NIR-AF signal is mostly derived 
from RPE melanin, this could indicate a disease process in RPE cells. We also 
observed that flecks become hyperautofluorescent in SW-AF images after 
turning dark in NIR-AF. Histological studies have shown that alterations of the 
RPE are present many years before STGD1 fundus findings (Steinmetz et al. 
1991). Given that both previous and recent studies have shown earlier hypo-
autofluorescence in NIR-AF compared to SW-AF images, (Sparrow et al. 2015; 
Duncker, Marsiglia, et al. 2014; Müller et al. 2019) our fleck analysis supports 
the view that RPE degeneration can precede photoreceptors loss.  

Therefore NIR-AF imaging could be a more sensitive diagnostic tool for 
early RPE atrophy. Another reason for utilizing NIR-AF imaging over SW-AF 
is the concern that excessive blue-light can exacerbate the phototoxicity as-
sociated with ABCA4-related disease (Cideciyan et al. 2007; Sparrow et al. 
2012) and regular monitoring with NIR-AF could be a more safe option.  

The limitation of this study is a rather small study cohort and the lack of 
histological and functional data.  
 
 

6.4. Fundus autofluorescence of PROM1-macular disease  
PROM1-macular disease also known as STGD4 is a rare inherited disease and 
shares similar clinical findings with STGD1. In Study 4 we used multimodal 
imaging to describe PROM1-macular disease.  

Fifteen (15) study subjects presented with granular signal in SW-AF and NIR-
AF images in the macular area that corresponed to outer retinal degeneration in 
SD-OCT images. Atrophic changes in central macula were better visualized with 
NIR-AF imaging, as SW-AF signal is absorbed by macular pigments in the 
fovea (Figure 21, B). Small hyperfluorescent foci surrounding the central reti-
nal atrophy were observed in 30/38 eyes; these hyperautofluorescent foci were 
more visible in SW-AF images than NIR-AF images. Three patients presented 
with a more widespread retinal degeneration affecting the entire macula and 
advancing to posterior pole (Figure 20 P7, P8, P11). The PROM1-associated 
disease process appears to affect the perifoveal region first and then advances to 
peripheral macular areas, while leaving the fovea intact until late-stage disease; 
foveal sparing was observed in 31/38 eyes. None of the patients presented with 
peripheral retinal changes like bone spicules.  
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PROM1-maculopathy is often compared to STGD1 and our cohort also pre-
sented with central macular atrophy with surrounding small hyperautofluore-
scent fleck-type foci (Figure 21). In STGD1 reduction or loss of ABCA4 pro-
tein leads to a defect in the visual cycle and to pathologically increased forma-
tion of bisretinoid fluorophores (Allikmets et al. 1997; F. C. Delori, Staurenghi, 
et al. 1995). These fluorophores subsequently accumulate in RPE, are the source 
of SW-AF (Figure 22) (Burke et al. 2014) and lead to cellular damage mani-
festing as STGD1 (Sparrow et al. 2013). However, despite the similarity in 
retinal findings between STGD1 and STGD4, qAF analysis of PROM1-macular 
disease showed that almost all eyes presented with SW-AF values comparable 
to healthy eyes (Figure 22).  qAF has been shown to discriminate between reti-
nal diseases sharing a similar clinical findings with STGD1 (Duncker, Tsang, 
Lee, et al. 2015), qAF may also be effective in distinguishing between ABCA4 
and PROM1-related macular dystrophy.  

Our group has previously also observed that in ABCA4-disease high levels of 
lipofuscin not only present as elevated SW-AF signal, but an increase in NIR-
AF signal is also observed (Duncker, Lee, et al. 2013) as we also showed in 
Study 2. To determine whether PROM1-macular dystrophy presents with dis-
tinctive findings regarding NIR-AF, we also measured the NIR-AF signal inten-
sities in the patients. While the NIR-AF intensities in the foveal area were slightly 
reduced, in the perifoveal area NIR-AF signal was comparable to healthy eyes. 

The studyʼs limitation is that several participants were lacking some of the 
imaging modalities analyzed here. Nevertheless we believe the number of pa-
tients was enough to support our conclusions, especially regarding the SW-AF 
levels in PROM1-macular disease. We also acknowledge that the lack of longi-
tudinal data does not allow us to follow the disease progression.  

Our findings from Study 4 do not indicate that excessive accumulation of 
bisretinoid lipofuscin is a component of the PROM1-related disease process. 
That knowledge could be useful in developing future therapeutic targets for 
treating PROM1-retinal disease and also as a diagnostic tool in distinguishing 
STGD1 and STGD4 prior to genetic testing.  
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CONCLUSIONS  

SW-AF and NIR-AF imaging have their strengths and weaknesses, but are valu-
able in both the clinical and research setting. The knowledge regarding SW-AF 
signal is much more extensive due to its widespread use. NIR-AF imaging has 
offered some valuable insights into retinal pathology in various studies, but is 
not so widely used in the clinical setting. SW-AF and NIR-AF images can be 
analyzed qualitatively, but quantifying the AF signal strength can add extra 
value in comparing patients and healthy subjects and detecting disease changes 
that influence the retinal fluorophores.  

In Study 1 we further confirmed that melanin is the major source of NIR-AF 
signal (Keilhauer and Delori 2006) by analyzing ocular albinism carriers and 
mice models with varying fundus pigmentation. However we also noted that 
bisretinoid likely contributes to NIR-AF intensity in cases with excessive bis-
retinoid lipofuscin levels like in STGD1. We also showed that the presence of 
melanin has a modulating effect on the SW-AF signal used to detect bisretinoid 
lipofuscin and how the lack of melanin can increase the detectable SW-AF 
signal without an actual increase in bisretinoid levels.  

While SW-AF and NIR-AF both present with a loss of signal in areas of 
RPE atrophy, NIR-AF could be a more sensitive tool for evaluating early RPE 
cell degeneration as we showed in choroideremia patients in Study 2 and in 
STGD1 patients in Study 3. That notion is also supported by other studies of 
STGD1 (Sparrow et al. 2015; Duncker, Marsiglia, et al. 2014) and CHM (Birtel 
et al. 2019). In Study 3 we analysed hyperautofluorescent flecks in SW-AF that 
corresponded to loss of signal in NIR-AF images. This finding indicates that 
SW-AF signal is not only specific to RPE cells, but degenerating photoreceptor 
cells are likely the aberrant source of SW-AF signal (Sparrow et al. 2015; 
Duncker, Marsiglia, et al. 2014). Both SW-AF and NIR-AF signal can be seen 
as easily accessible, non-invasive biomarkers for evaluating retinal health. In 
the era of developing new therapies for IRD it is important to understand the 
strengths and weaknesses of different imaging modalities when assessing 
viability of retinal cells.  

Quantifying the AF signal intensity helps to further understand disease pro-
cesses by evaluating the levels of retinal fluorophores. qAF can offer a means of 
evaluating therapeutic interventions in retinal conditions which manifest with 
abnormally low lipofuscin bisretinoid levels like in retinal dystrophies affecting 
the visual cycle or vitamin A deficiency (Lorenz et al. 2004; Lima de Carvalho, 
Tsang, and Sparrow 2022; Oh et al. 2020), or in cases like ABCA4-releated 
disease where there is abnormally high accumulation of the latter (Burke et al. 
2014). qAF could also be helpful in the differential diagnosis of macular 
diseases that share clinical features (Duncker, Tsang, Lee, et al. 2015; Sparrow 
et al. 2016; Duncker, Tsang, Woods, et al. 2015). In Study 4 we showed that 
PROM1-macular dystrophy does not show elevated levels of SW-AF, thus 
differentiating it from phenotypically similar STGD1. That knowledge is valu-
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able in differential diagnosis with inconclusive genetic testing or when deve-
loping therapeutic approaches for PROM1-disease. 

A practical consideration is that patients with retinal conditions often expe-
rience increased light sensitivity and bright light used for SW-AF imaging is 
more uncomfortable than the dim red light of NIR-AF imaging. However the 
more concerning aspect is that some retinal degenerations may be more sensi-
tive to short-wavelength light, especially conditions with excessive bisretinoid 
formation (Teussink et al. 2017; Paskowitz, LaVail, and Duncan 2006; Spar-
row, Nakanishi, and Parish 2000). Such imaging-dependent effect has not been 
demonstrated and guidelines for ophthalmic instruments have been set to keep 
ocular radiation exposures within safe limits in the short-term (Sliney et al. 
2005). When patients are imaged often and for a longer period of time, like in 
clinical trials, it would be safer to reduce the level of light exposure as much as 
possible. NIR-AF operating at longer wavelength light than SW-AF could 
reduce the potential risk of toxic effects due to repeated imaging.  

Inherited retinal diseases have made their way to the frontline of the 
development of therapeutic approaches. Modern retinal imaging techniques are 
therefore especially important to help ophthalmologists make the correct diag-
nosis as well as to aid the researchers in studying the disease processes and eva-
luating possible therapeutic effects.  
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SUMMARY IN ESTONIAN 

Funduse sinine ja lähi-infrapuna autofluorestsentsuuring 
autosoom-retsessiivse Stardgardti tõve, koroidereemia,  

PROM1-maakuli düstroofia ja okulaarse albinismi patsientidel 

 
Sissejuhatus 

Pärilikud võrkkestahaigused on juhtivaks nägemiskaotuse põhjuseks tööealise 
elanikkonna seas arenenud riikides (Liew, Michaelides, and Bunce 2014). Tege-
mist on kliiniliselt ja geneetiliselt väga heterogeense haiguste grupiga ning prae-
guseks on tõestatud enam kui 300 geenivea põhjuslik seos erinevate reetina 
düstroofiatega (https://web.sph.uth.edu/RetNet/), samas kui eraldiseisvana on 
enamasti tegemist väga haruldaste haigustega. Geeniviga võib põhjustada pato-
loogiat erinevates võrkkestarakkudes nagu näiteks kepikestes, kolvikestes või 
pigmentepiteeli rakkudes viies seeläbi nende kärbumiseni. Teistel juhtudel võib 
olla häiritud nägemistsükli toimimine või fototransdukstiooon (Georgiou 2020; 
Travis et al 2007, Solebo 2017). Enamasti on tegemist progresseeruvate hai-
gustega, mis algavad lapseeas või varases täiskasvanueas ning võivad halvemal 
juhul viia täieliku nägemiskaotuseni. Geeniteraapia uuringud on andnud lootust 
seni parandamatute võrkkesta haiguste kulgu mõjutada. Tänaseks on heaks kii-
detud siiski vaid ühe päriliku võrkkesta haiguse geenivea põhine ravimeetod 
(Wang 2020), kuid uuringud mitmete erinevate reetina düstroofiate ravimeeto-
dite väljatöötamiseks on käimas.  

Haiguste diagnoosimisel on lisaks molekulaargeneetilisele kinnitusele väga 
oluline ka fenotüübi kirjeldamine. Võrkkesta piltdiagnostika on mitte-invasiivne 
meetod võrkkesta haiguste uurimiseks ning on viimastel aastakümnetel teinud 
läbi suure arengu. Silmapõhja värvipilt aitab jäädvustada seda, mida näeb bio-
mikroskoobiga uurides silmaarst. Uuemad kaamerad, kus on pildi loomiseks 
kasutusel skanneeerivad laserid, aitavad visualiseerida võrkkesta sellisel kujul, 
mida me tavaliselt silmaga ei näeks. Konfokaalne skanneeriv laseroftalmoskoop 
valgustab võrkkesta erineva lainepikkusega laserkiirtega ning salvestab tagasikiir-
gavat valgust luues seeläbi silmapõhjast pildi. Autofluorestsentsuuringul (AF) 
kasutatakse ära silmapõhja enda naturaalseid fluorofoore, millest peamised on 
bisretinoididest koosnev lipofustsiin ja pigment melaniin. Bisretinoide ergasta-
takse sinise spektri laserkiirega (sinine AF, 488 nm) ja melaniini lähi-infrapuna 
laserkiirega (lähipuna AF, 787 nm). Nende fluorofooride kogused ja jaotumine 
silmapõhjas muutuvad reetina haigusseisundite puhul. See võimaldab AF 
uuringuid kasutada silmapõhja haiguste diagnostikas ja monitoorimisel (Geor-
giou 2020, Boon 2008, Yung 2016). 

Antud doktoritöös on AF uuringuga analüüsitud nelja erinevat võrrkesta hai-
gust. Autosoom- retsessiivne Stargardti tõbi (STGD1) on levinuim juveniilne 
maakuli düstroofia, mille patogeneesi osaks on bisretinoididest koosneva lipo-
fustsiini üleliigne kuhjumine võrkkestas (Allikmets 1997), mis viib fotoretsep-
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torite ja pigmentepiteeli rakkude kärbumiseni (Cideciyan et al., 2004, Sparrow 
and Boulton, 2005). PROM1-maakuli düstroofia on STGD1-ga fenotüübilt sar-
nane, kuid palju haruldasem haigus (Maw et al 2000), mille patoloogilistest 
mehhanismidest on palju vähem teada. Koroidereemia on X-liiteline reetina 
düstroofia, mis avaldub silmapõhjas laialdaste progresseeruvate korioretinaal-
sete atroofia muutustena (Coussa and Traboulsi 2012). Okulaarne albinism on 
statsionaarne X-liiteline haigus, millega kaasneb sünnipärane silmapõhja mela-
niini vähesus. X-liiteliste haiguste puhul haigestuvad enamasti ainult mehed, 
kuid asümptomaatilistel naistel võib olla silmapõhjas haiguse kandjale omane 
tervetest ja mutantsetest rakkudest vahelduv mosaaikne leid (Moshiri et al. 
2013). 
 

Uurimistöö eesmärgid 

1. Analüüsida reetina peamiste fluorofooride – bisretinoidi ja melaniini rolli 
sinise ja lähi-infrapuna AF signaali tekkes (Artikkel 1, 2 ja 3). 

2. Kirjeldada AF uuringu tulemusi kvalitatiivselt ja kvantitatiivselt Stargardti 
haiguse, PROM1-maakuli düstroofia, koroidereemia ja okulaarse albinismi 
haigusjuhtudel (Artikkel 1,2,3,4). 

3.  Analüüsida sinise ja lähi-infrapuna autofluorestsents uuringu kliinilisi kasutus-
võimalusi pärilike võrkkestahaiguste hindamisel (Artikkel 2,3,4). 

 
Uuritavad ja meetodid 

Doktoritöö aluseks on nii prospektiivsel kui ka retrospektiivsed läbilõikelised 
uuringud Columbia Ülikooli silmakliinikus geneetiliselt kinnitatud reetina düst-
roofia patsientidel. STGD1 grupp koosnes 25, koroidereemia grupp 16 patsien-
dist ja 9 haiguse kandjast ning okulaarse albinismi grupp 5 haiguse kandjast. 
PROM1-maakuli düstroofia uurimisgrupp koosnes 18 patsiendist. Kvantitatiivse 
autofluorestsentsuuringu võrdluseks olev tervete silmapõhja piltide kohort on 
kogutud juba varasemalt vabatahtlike (n=277) silmahaiguseta tervete uurimisel 
(Greenberg 2013).  

Sinise AF ja lähi-infrapuna AF uuringu läbiviimiseks kasutati cSLO kaa-
merat (HRA2, Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg, 
Germany), mille käigus teostati ka läbilõikeline SD-OCT uuring. SD-OCT 
uuringul saadakse võrkkesta kihtidest läbilõikelised pildid, mis aitavad AF 
uuringul nähtut korreleerida intraretinaaliste muutustega. Sinise ja lähipuna AF 
piltide analüüs oli nii kirjeldav kui ka kvantitatiivne, kus mõõtsime AF signaali 
tugevust spetsiaalselt arendatud tarkvara abil (Delori et al 2011). AF signaali 
tugevuse mõõtmine ning võrdlemine terve kontrollgrupiga võimaldab teha järel-
dusi silmapõhjas paiknevate fluorofooride sisalduse kohta ning anda informat-
siooni reetinas toimuvate protsesside kohta.  
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Tulemused ja arutelu 

Esimeses uuringus olid kaasatud okulaarse albinismi mutatsiooni naissoost 
kandjad (n=5, vanuse vahemik 13,5–34,6) ja STGD1 patsiendid (n=25, vanuse 
vahemik 8.3–51.5). Okulaarse albinismi kandjate silmapõhjas oli normipärase 
pigmentatsiooni ja hüpopigmentatsiooni mosaiikleid. Hüpopigmentatsiooni ala-
del puudus lähi-infrapuna AF signaal. Kvantitatiivsel AF signaali hindamisel 
selgus, et hüpopigmenteeritud alade sinise AF signaali tugevus oli kõrgem 
võrreldes tervete silmadega. Lisaks näitasime, et bisretoinididest koosneva lipo-
fustsiini kõrgete tasemete korral tõuseb lisaks sinisele ka lähi-infrapuna AF 
signaal, olles keskmiselt kuni kolm korda kõrgem tervete silmadega võrreldes.  

Teises uuringus moodustasid uuritavate rühma meessoost koroidereemia hai-
ged (n=16, vanuse vahemik 10.2–77.2) ja koroidereemia mutatsiooni naissoost 
kandjad (n=9, vanusevahemik 29.3–75.5). Koroidereemia haigetel olid silma-
põhjas laialdased korioretinaalse atroofia alad. Tsentraalselt säilunud võrkkesta 
ala oli tuvastatav sinisel AF uuringul kõikidel patsientidel, samas kui lähipuna 
AF uuringul oli vastav ala nähtav ainult 19 silmas 31-st.  

Kolmandas uuringus hindasime STGD1 patsientide (n =12, vanuse vahemik 
9–61) silmapõhjas avalduvate bisretinoididest koosnevate tähnide omadusi 
sinise ja lähi-infrapuna AF uuringuga. Analüüsil selgus, et tähnid olid peamiselt 
hüperautofluorestsentsed sinisel AF uuringul ja hüpoautofluorestsentsed lähi-
puna AF uuringul. Sinise AF uuringul hüperautofluorestsentest tähnidest 85% 
olid hüpoautofluorestsentsed lähipuna AF uuringul. Piltide analüüs ajas näitas, 
et tähnid kaotasid esmalt signaali lähipuna AF uuringul ja alles hiljem sinisel 
AF uuringul.  

Neljandas uuringus analüüsisime PROM1-maakuli düstroofiaga patsiente 
(n=18, vanusevahemik 5–66). Maakuli degeneratiivsed muutused olid nähtavad 
nii sinise kui ka lähipuna AF uuringul. Kvantitatiivne sinise AF uuring näitas, et 
võrkkesta üldine AF signaali tugevus oli võrreldav tervete silmadega jäädes 
95% usaldusvahemiku sisse, eristades seega PROM1-maakuli düsttroofiat feno-
tüübiliselt sarnasest STGD1 haigusest, mille puhul sinise AF signaal on tõusnud.  
 

Uurimistöö järeldused 

Sinine AF uuring on silmapõhja haiguste diagnostikas kasutusel olnud juba 
viimased aastakümned samas kui lähi-infrapuna AF uuring on kliinilises prakti-
kas vähe levinud. Antud uurimistöö kinnitas teadmist, et lähi-infrapuna AF sig-
naal pärineb peamiselt melaniinist ning sinise AF signaal bisretinoididest koos-
nevast lipofustsiinist. Samas näitasime esmakordselt kvantitatiivsel meetodil, et 
STGD1 patsientidel on lisaks sinisele AF signaalile tõusnud ka lähi-infrapuna 
AF signaali tugevus, mis viitab sellele, et lipofustsiini ulatuslik kuhjumine võrk-
kestas hakkab suurtes kogustes mõjutama ka lähi-infrapuna signaali (Uuring 1). 
Lisaks näitasime koroidereemia ja STGD1 patsientide põhjal, et lähi-infrapuna 
AF signaal hääbub degenereeruvas võrkkestas varasemalt kui sinine AF signaal, 
olles seega tundlikumaks biomarkeriks võrkkesta rakkude seisundi kohta 
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(Uuring 2,3). Sinise AF signaali kvantitatiivne analüüs näitas, et PROM1-maakuli 
düstroofia puhul ei ole lipofsustiini kuhjumine haigusele omane ning võimaldab 
seega eristada seda fenotüübiliselt sarnasest STGD1 (Uuring 4).  

Antud uurimustöö aitab paremini mõista sinise ja lähipuna AF allikaid ning 
signaali muutumist võrkkesta rakkude kärbumise korral. Pärilikele võrkkesta 
haigustele suunatud uute terapeutiliste katsetuste valguses on AF uuring oluline 
meetod võrkkesta rakkude elujõulisuse hindamiseks enne ja pärast ravi. Mela-
niinist ja lipofustsiinist lähtuvat autofluorestsents signaali võib seega käsitleda 
kui mitte-invasiivsel moel jälgitavat biomarkerit võrkkesta rakkude seisundi 
hindamiseks. Kvantitatiivne autofluorestsents uuring annab võimaluse nende 
fluorofooride taseme muutusi jälgida ajas ja võrrelda tervete silmadega. Sinise 
spektriosa valgusel võib pikaajalise eksponeerimise korral olla fototoksiline 
toime võrkkesta rakkudele, seda eriti reetina düstroofiate korral, kus patoloogia 
osa on lipofustsiini kuhjumine (Teussink 2017, Sparrow 2000). Kuigi täna-
päevaste kaamerate puhul võib AF uuringus kasutatavat lühiajalist sinise val-
guse mõju silmale pidada turvaliseks, siis lähi-infrapuna AF uuring võiks pak-
kuda paremat alternatiivi patsientidele, kelle monitooringuks korduv ja pika-
ajaline AF uuring on näidustatud. 
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