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Abstract

Quantitative fundus autofluorescence (qAF) is an approach that is built on a confocal scanning 

laser platform and used to measure the intensity of the inherent autofluorescence of retina elicited 

by short-wavelength (488 nm) excitation. Being non-invasive, qAF does not interrupt tissue 

architecture, thus allowing for structural correlations. The spectral features, cellular origin and 

topographic distribution of the natural autofluorescence of the fundus indicate that it is emitted 

from retinaldehyde-adducts that form in photoreceptor cells and accumulate, under most 

conditions, in retinal pigment epithelial cells. The distributions and intensities of fundus 

autofluorescence deviate from normal in many retinal disorders and it is widely recognized that 

these changing patterns can aid in the diagnosis and monitoring of retinal disease. The 

standardized protocol employed by qAF involves the normalization of fundus grey levels to a 

fluorescent reference installed in the imaging instrument. Together with corrections for 

magnification and anterior media absorption, this approach facilitates comparisons with serial 

images and images acquired within groups of patients. Here we provide a comprehensive 

summary of the principles and practice of qAF and we highlight recent efforts to elucidate retinal 

disease processes by combining qAF with multi-modal imaging.
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1. Introduction

1.1. Fundamentals of fundus autofluorescence imaging

The retina emits an intrinsic autofluorescence when excited with short-wavelength (SW) 

light (‘blue autofluorescence’) (Fig. 1A). SW fundus autofluorescence (SW-AF) can be 

excited in vivo in the spectral range between 400 and 590 nm, with a peak excitation at 490–

510 nm (Delori et al., 1995a). The fluorescence is emitted at wavelengths between 520 and 

800 nm with a peak at approximately 600 nm. In clinical settings this emission has been 

imaged as fundus autofluorescence (AF) (von Ruckmann et al., 1995; von Ruckmann et al., 

1997) using confocal scanning laser ophthalmoscopy (cSLO; 488 nm excitation) (Delori et 

al., 2007; Holz et al., 1999) or by using a modified fundus camera (535–580 nm range) 

(Spaide, 2007) and more recently by ultra-wide-field ophthalmoscopic technology (200° 

field; 532 nm excitation) (Lengyel et al., 2015; Nagiel et al., 2016; Yung et al., 2016). The 

spectral characteristics and the cellular source of SW-AF in healthy eyes indicate that this 

natural autofluorescence originates from the family of autofluorescent bisretinoid 

compounds (lipofuscin) that have been isolated and characterized including A2-GPE (A2-

glycerophosphoethanolamine), all-trans-retinal dimer, A2E and cis isomers of A2E, and A2-

DHP-PE (A2-dihydropyridine-phosphatidylethanolamine) (Fishkin et al., 2005; Kim and 

Sparrow, 2018; Kim et al., 2007; Parish et al., 1998; Wu et al., 2009; Yamamoto et al., 

2011). In the nomenclature used to identify bisretinoids, A2 refers to a compound that forms 

from 2 vitamin A-aldehyde molecules. These bisretinoid fluorophores form from irreversible 

non-enzymatic reactions of retinaldehyde with lipid (phosphatidylethanolamine) in 

photoreceptor outer segment discs. In healthy eyes these autofluorescent pigments 

accumulate with age in retinal pigment epithelial cells (RPE) as lipofuscin (Delori et al., 

1995a; Sparrow et al., 2010a, 2010b).

In the healthy fundus, the SW-AF signal is attenuated centrally due to absorption of the 

incoming exciting light by macular pigment and melanin (Fig. 1A). Outside the macula, the 

SW-AF signal is relatively homogeneous and represents the distribution of RPE lipofuscin. 

Blood vessels are deficient in AF due to blockage of the SW-AF signal while the optic disk 

is dark due to the absence of SW-AF emission.

A second form of autofluorescence can be generated using near-infrared excitation (NIR-

AF; 787 nm excitation, > 830 nm emission) (Kellner et al., 2009) (Fig. 1B). NIR-AF is 

considered to originate primarily from RPE melanin with a lesser contribution from 

choroidal melanocytes (Keilhauer and Delori, 2006; Paavo et al., 2018). In NIR-AF images, 

the pattern of AF is, in part, the opposite of that observed in the SW-AF images. Thus in the 

healthy eye, the NIR-AF signal is greatest in an area centered on the fovea and having a 

horizontal width of 8.8°. This area corresponds to the region in SW-AF and color fundus 
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images where the optical density of melanin is greatest (Keilhauer and Delori, 2006). 

Information gleaned from quantitation of NIR-AF intensities indicates that at elevated 

lipofuscin levels, as exist in ABCA4-disease, the lipofuscin fluorophores contribute to the 

NIR-AF signal (Paavo et al., 2018) (Section 7).

To quantify fundus SW-AF, some early studies of SW-fundus AF in human subjects 

employed noninvasive spectrophotometry to quantify AF intensities at selected positions in 

the fundus (Delori et al., 1995a, 1995b, 2001). This work elucidated relationships between 

RPE lipofuscin accumulation and age, and demonstrated increases in fundus AF in retinal 

disorders, such as recessive Stargardt disease. However, this approach was limited by the 

custom instrumentation and was appropriate to only certain retinal diseases. Other 

approaches using the cSLO have provided information by constructing horizontal and 

vertical profiles of fundus autofluorescence intensities centered on the fovea or by sampling 

retina in regions of predetermined pixel size (Cideciyan et al., 2004; Lois et al., 2000; Lois 

et al., 1999; von Ruckmann et al., 1995; von Ruckmann et al., 1997).

In this review we discuss the employment of procedures for quantifying SW-AF in fundus 

images acquired with a confocal laser scanning ophthalmoscope (cSLO). Quantitative 

fundus autofluorescence (qAF) combines measurements of AF intensity with spatial 

information and allows disease related changes to be distinguished from healthy age-related 

increases in lipofuscin. We will discuss the ways that qAF serves to establish genotype-

phenotype correlations, guide clinical diagnosis and genetic testing and further our 

understanding of disease processes. These studies have expanded our appreciation of retinal 

disorders that involve changes in lipofuscin distribution and concentration. The qAF 

approach has broad clinical application.

2. Principles of quantitative fundus AF (qAF)

A conventional fundus AF image records the spatial distribution of the autofluorescence 

signal with each pixel being assigned a grey value between 0 and 255. Since in many retinal 

disorders the distribution of AF intensities within the fundus deviates from normal, 

qualitative descriptions of these changes have made important contributions to the diagnosis 

and monitoring of these conditions (Cideciyan et al., 1998; Fleckenstein et al., 2011; Robson 

et al., 2012; Solbach et al., 1997; Strauss et al., 2016). Nevertheless, with the widespread use 

of fundus AF in clinical settings it became apparent that additional information could 

become available through the development of a quantitative approach that would combine 

measurements of fundus AF intensity with spatial information. The qAF method that will be 

discussed here uses a standardized approach that employs confocal laser scanning 

ophthalmoscopes with a 30° × 30° field, 488 nm excitation, and emission capture from 500 

to 680 nm (HRA2, Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg Germany). 

The qAF values are calculated using a published formula (Delori et al., 2011a) that considers 

factors such as laser power, the laser off-set (zero signal provided by the instrument 

software), detector sensitivity, correction of refractive errors, and variations in anterior 

media structures such as the lens (Delori et al., 2011a, 2016a, 2016b).

Sparrow et al. Page 3

Prog Retin Eye Res. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.1. Internal reference

The qAF approach aims to permit comparisons amongst serial images of the same subject or 

amongst different subjects. To this end pixels are calibrated to the greyscale values recorded 

in an internal autofluorescent reference mounted in the instrument (Delori et al., 2011a, 

2016b) (Fig. 2A). The reference compensates for variations in sensitivity setting and laser 

power.

2.2. Histogram stretch

Instruments utilized to acquire conventional fundus AF images typically utilize image 

processing to adjust image quality by spreading image intensity values to the full greyscale 

range (0–255) (histogram stretching). While image contrast is substantially increased by this 

normalization process, grey level intensities within the images cannot be compared amongst 

subjects nor within serial images acquired from the same subject. Thus the qAF protocol 

uses cSLO images saved in the non-normalized mode (no histogram stretching).

2.3. Sensitivity setting

To ensure that the recorded signal intensity is proportional to the actual SW-AF signal 

emitted at the fundus the sensitivity setting of the cSLO should be adjusted to elude non-

linearity due to detector saturation. Images acquired outside the dynamic range of the 

detector (HRA2, Spectralis HRA + OCT: grey level < 175) can underestimate (at high actual 

intensities) or overestimate (at very low grey levels) the true signal (Delori et al., 2011b). In 

the presence of high qAF levels, such as in patients with ABCA4-disease, relatively lower 

sensitivity settings are used but these should generally be maintained at a level higher than 

70 so as to be within the dynamic range of the instrument.

2.4. Magnification correction

The magnification of features in a fundus image vary with the axial length/corneal curvature 

of a given eye (Holden and Fitzke, 1988; Rudnicka et al., 1998; Sanchez-Cano et al., 2008). 

For instance, the size of a feature in the image will be less for greater axial lengths (myopic 

eye) than for smaller axial lengths (hyperopic eye). Thus it is also essential to correct for the 

magnification (scaling factor) (Delori et al., 2011a) of the captured image according to the 

focus setting of the instrument and the corneal curvature of the subject with reference to an 

emmetropic eye (7.7 mm corneal curvature). The correction will be less accurate for subjects 

in whom refractive errors do not correlate with axial length (e.g. after corneal refractive 

surgery).

2.5. Ocular media

The fluorescent signal emitted at the fundus can be attenuated due to absorption of the 

exciting and emitted light by the lens and other anterior segment structures. This is 

particularly an issue with increasing age. In phakic patients without cataract, published data 

(van de Kraats and van Norren, 2007) have been used to adjust for the optical density of 

ocular media at a given age and wavelength. Correction for ocular media absorption in this 

way results in an increase in calculated AF. An approach enabling media correction in 

individual subjects will be necessary before it is feasible to make a meaningful comparison 
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of qAF levels in subjects with cataracts. In pseudophakic eyes, the transmission factor of a 

specific intraocular lens implant is included in the formula used to calculate qAF.

2.6. Macular pigment

The carotenoids lutein and zeaxanthin that constitute macular pigment have absorption 

spectra in the 400–540 nm range with a maximum at ~460 nm (Bone et al., 2007; Snodderly 

et al., 1984). The spatial distribution of macular pigment is visible in SW-AF images as a 

dark spot in the fovea (Figs. 1A and 2A, B) that is about 2–3° in diameter. Nonetheless, 

macular pigment topography can vary amongst individuals (Delori, 2004). At eccentricities 

of 7–8° (2–2.3 mm) absorption by macular pigment is negligible (Bone et al., 1988); thus 

calculation of qAF within concentric segments 7–9° eccentric to the fovea (as described 

below) is not affected by macular pigment absorption.

2.7. Image illumination

Uniform illumination of the fundus in SW-AF images should be achieved by careful 

positioning of the patient in the chin rest and is dependent on the position and orientation of 

the camera, and the distance between camera and cornea.

2.8. Image acquisition

To obtain high quality images, a trained and committed operator is essential. All images are 

acquired using a confocal laser scanning ophthalmoscope (30° × 30° field; 488 nm 

excitation, barrier filter transmitting light from 500 nm to 680 nm; laser power < 260 μW; 

HRA2 or Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg, Germany). To avoid 

obstruction by the pupil, pupils are dilated to a minimum diameter of 7 mm (using 1% 

tropicamide and 2.5% phenylephrine) and the laser beam is centered on the pupil of the eye. 

With room lights turned off, an infrared-reflectance (NIR-R) image (820 nm) is recorded 

first.

After switching to the blue (488 nm) excitation mode, the image is refocused to ensure a 

uniform signal over the entire 30° × 30° field; the whole field should have even and 

maximum intensity. Since the retinaldehyde chromophore of visual pigment is densely 

packed in photoreceptor outer segments and is an efficient absorber of light (Morgan and 

Pugh, 2013), it can serve to screen the exciting and emitted light. Thus during set-up and 

focusing in blue excitation mode, the fundus is exposed for 20 s to reduce visual pigment 

absorption. Retinal light exposures used are below the maximum permissible levels 

recommended by the American National Standards Institute for 8 h exposure (ANSI., 2014; 

Delori et al., 2016b).

The detector sensitivity is adjusted so that grey levels do not exceed the linear range of the 

detector (grey level < 175). Each image is acquired in high-speed video mode (8.9 frames/

second); two images are recorded, each being typically 9–12 frames. All video images are 

examined for image quality and at least 6 of the 9–12 frames are selected. Selected frames 

are aligned and averaged and saved in non-normalized mode. Additional aspects of the 

imaging protocol have been described (Burke et al., 2014; Delori et al., 2011a; Duncker et 

al., 2014, 2015a, 2015b, 2015c; Greenberg et al., 2013; Sparrow et al., 2016).
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2.9. Image exclusion

Images should be excluded if there are appreciable media opacities, corneal opacities or 

visible shadows due to floaters or irregular fundus illumination. Insufficient pupillary 

dilation will present as generalized decreased signal while eyelash interference will manifest 

as localized decreased signal. Misalignment of frames due to eye movement is another 

reason to exclude an image. Tear film instability can also be a problem. Poor image quality 

is typically associated with reduced qAF values.

2.10. Image analysis

For qAF analysis, custom software written in IGOR (Wavemetrics, Lake Oswego, OR) has 

been used (Delori et al., 2011a), as has the HEYEX software (Heidelberg Engineering). 

Briefly, grey levels in the fundus image are standardized to the grey level of the internal 

reference (Fig. 2A) after accounting for the electronic zero grey level, sensitivity, 

magnification (provided by Heidelberg software) and ocular media absorption as described 

(Delori et al., 2011a). The software permits retinal vessels and atrophic areas to be excluded 

by histogram analysis. Color-coded fundus maps illustrating the distribution of qAF levels 

can be generated such that each pixel is assigned a color based on the associated qAF value 

(Fig. 2B). To obtain a single qAF value for comparative purposes, mean qAF can be 

computed in preset regions (Fig. 2A). For this purpose measurement areas have been 

standardized as three concentric rings (outer, middle, inner) divided into 8 segments in 

addition to a central foveal area. qAF8 refers to the mean qAF of the eight segments in the 

middle ring (eccentricity, 7°–9°). For each eye, mean qAF8 is calculated from images 

acquired in one or two imaging sessions. The analysis of qAF can also follow a region of 

interest qAF (ROI-qAF) approach using manually selected rectangular areas of the image 

(Boudreault et al., 2017; Schuerch et al., 2017) (Sections 4.2 and 4.5).

2.11. Repeatability

Inter-session repeatability (session 1 versus session 2; 95% confidence interval) has been 

calculated when second imaging sessions are performed after refocusing, realigning and 

resetting the detector sensitivity. The intersession Bland-Altman coefficient of repeatability 

has ranged from 6% to 11% (Delori et al., 2011a; Duncker et al., 2014, 2015b, 2015c). Thus 

qAF measurements acquired in a second session are expected to only differ from the first by 

more than 6–11% on 5% of occasions. For the qAF8 of right and left eyes the Bland Altman 

coefficient of agreement has been 13%–19% (Burke et al., 2014; Duncker et al., 2014; 

Greenberg et al., 2013). Repeatability after 3 and 6 month follow-up in eyes without retinal 

changes has ranged from 8.3% to 9.8% (Reiter et al., 2018).

3. qAF in healthy eyes

Consistent with other approaches (Feeney-Burns et al., 1984; Kim et al., 2007; Weiter et al., 

1986; Wing et al., 1978) used to measure lipofuscin accumulation in retina, qAF intensities 

increase with the age of the subject (Greenberg et al., 2013) (Fig. 2C). qAF is also higher for 

white individuals and lower for Asians and blacks (Fig. 2C). The relationship between 

ocular pigmentation and qAF has been confirmed in mice wherein an absence of ocular 

pigmentation confers higher qAF intensities (Paavo et al., 2018). qAF is also higher in 
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smokers and females (Greenberg et al., 2013). In the healthy eye, qAF levels are highest 

superotemporally (Fig. 2B) and increase with increasing eccentricity up to 10°–15° outside 

of the fovea (Greenberg et al., 2013).

4. qAF in human retinal disorders

4.1. Bestrophin-1 associated disease

Mutations in the gene Bestrophin-1 (BEST1; 11q13) cause retinopathies (referred to here as 

Best vitelliform macular dystrophy, BVMD) varying in age of onset, inheritance patterns, 

rate of progression and presence of single versus multiple lesions. More than 200 disease-

causing mutations (Johnson et al., 2017) have been described most of which are missense 

mutations (Johnson et al., 2017). The bestrophin-1 (BEST1) protein is localized to the 

basolateral plasma membrane of RPE (Johnson et al., 2017; Marmorstein et al., 2000; 

Petrukhin et al., 1998) and functions as an anion channel that is permeable to chloride and 

that is activated by changes in cytosolic calcium concentration (Gomez et al., 2013; Hartzell 

et al., 2008; Johnson et al., 2017; Kane Dickson et al., 2014; Milenkovic et al., 2011; 

Neussert et al., 2010; Qu and Hartzell, 2008; Sun et al., 2002; Tsunenari et al., 2003; Xiao et 

al., 2010; Yang et al., 2014; Zhang et al., 2010). A hallmark of Best vitelliform macular 

dystrophy is a central oval lesion that appears egg yolk-like (vitelliform lesion) in color 

fundus photographs and exhibits intense autofluorescence in SW-AF images (Duncker et al., 

2014; Spaide et al., 2006) (Fig. 3A, B, D). The vitelliform lesion is also readily observed in 

NIR-AF images (Fig. 3C). In spectral domain optical coherence tomography (SD-OCT), the 

lesion is visible as a dome-shaped fluid-filled separation between the RPE/Bruch’s 

membrane complex and the hyperreflective bands attributable to the interdigitation zone and 

ellipsoid zone of photoreceptor cells (Duncker et al., 2014; Ferrara et al., 2010; Querques et 

al., 2008) (Fig. 3E). Since apical-to-basal chloride transport establishes the osmotic gradient 

that drives trans-epithelial water movement (retina to choroid) (Gallemore et al., 1997; Singh 

et al., 2013; Stamer et al., 2003), the accumulation of fluid in the subretinal space in Best 

vitelliform macular dystrophy can be explained. The assignment of a basolateral chloride 

conductance to BEST1 can also account for the light peak of the electrooculogram (EOG) 

and its reduction in Best vitelliform macular dystrophy (Gallemore and Steinberg, 1993; 

Xiao et al., 2010). Moreover, the separation between RPE and photoreceptor cells that is 

imposed by the fluid in the domain-shaped detachment (Fig. 3E) would hamper the normal 

process of phagocytosis that follows the shedding of outer segment membrane by 

photoreceptor cells. Thus as expected, the outer segment debris accumulates subretinally.

Emission spectra recorded within the vitelliform lesions of Best vitelliform macular 

dystrophy patients exhibit maxima (580–620 nm) that are consistent with emission spectra 

of RPE lipofuscin recorded in healthy eyes (Duncker et al., 2014). Efforts to understand the 

source of the intense autofluorescence of the vitelliform lesion in SW-AF images has lead to 

the view that lipofuscin is increased retina-wide in Best vitelliform macular dystrophy 

(Bakall et al., 2007; Frangieh et al., 1982; O’Gorman et al., 1988; Singh et al., 2013; Spaide 

et al., 2006; Vedantham and Ramasamy, 2005; Weingeist et al., 1982; Zhang et al., 2011).

To determine whether the measurement of SW-AF can support this assumption we obtained 

qAF images from Best vitelliform macular dystrophy patients (2 independent cohorts; 30 
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patients) and applied the segmental analysis to calculate qAF (Duncker et al., 2014; Sparrow 

et al., 2016; Lima de Carvalho et al., 2019). For qAF calculation, grey levels were recorded 

from non-lesion areas using the middle ring of segments. In all eyes of Best vitelliform 

macular dystrophy patients, qAF measured outside the vitelliform lesion was not elevated 

relative to levels observed in healthy eyes (Fig. 4). These measurements of qAF indicate that 

RPE bisretinoid lipofuscin is not increased outside the vitelliform lesion in Best vitelliform 

macular dystrophy.

As expected however, qAF levels are considerably elevated within the lesion as compared to 

non-lesion retina (Fig. 3A) and are much higher than at the same fundus position in age-

similar healthy eyes (Duncker et al., 2014). As discussed above, the hyperreflective material 

that characterizes the vitelliform lesion in SD-OCT scans (Borman et al., 2011; Duncker et 

al., 2014) is continuous at the lesion-edge with the interdigitation zone and ellipsoid zone; 

thus this material is understood to be outer segment debris. The most parsimonious 

explanation for the abnormal accumulation of outer segments in the fluid-filled lesion is that 

phagocytosis is thwarted by the separation between RPE and photoreceptor cells. Given that 

bisretinoid lipofuscin fluorophores are produced in photoreceptor outer segments due to 

aberrant reactions of retinaldehyde (Sparrow et al., 2012a), this OS material is the likely 

source of the AF in the vitelliform lesion. Moreover, since formation of these fluorophores 

does not depend on phagocytosis, these fluorophores will form even in unphagocytosed 

outer segments. That said, it is readily apparent that the SW-AF intensities within the lesion 

are considerably greater than in non-lesion fundus. Outer nuclear layer thinning within the 

lesion area also indicates that photoreceptor cells within the lesion have reduced viability 

(Duncker et al., 2014). Taken together these observations may suggest that bisretinoid 

formation is increased when photoreceptor cells are impaired.

4.2. Retinitis pigmentosa (RP)

Retinitis pigmentosa (RP) can be inherited as autosomal-dominant (about 30–40% of cases), 

autosomal-recessive (50–60%) or X-linked (5–15%) trait (Bunker et al., 1984; Hartong et 

al., 2006). An autosomal dominant subgroup of RP is caused in 25% of the cases by a 

mutation in the rhodopsin gene.

Several noninvasive imaging modalities have been utilized to observe RP progression. In 

SW-AF images wherein the signal originates primarily from bisretinoid lipofuscin (Delori et 

al., 2007), a ring or arc of high AF is often visible within the transitional zone between 

degenerated and intact photoreceptor cells (Bassuk et al., 2014; Greenstein et al., 2012; 

Lima et al., 2009, 2012; Popovic et al., 2005; Robson et al., 2008, 2011; Sujirakul et al., 

2015) (Fig. 5A). The inner border of the ring delimits an area interior to the ring that 

exhibits normal function (Hood et al., 2011) and a preserved hyperreflective band 

attributable to the ellipsoid zone on SD-OCT (Duncker et al., 2013b). Across the ring visual 

sensitivity is generally reduced and in SD-OCT images the outer nuclear layer is thinned and 

the EZ is disrupted (Aizawa et al., 2010; Duncker et al., 2013b; Greenstein et al., 2012; 

Hood et al., 2011; Lima et al., 2009). Pronounced degeneration peripheral to the outer 

border of the ring is evidenced by an absence of the photoreceptor ellipsoid zone, thinning or 

absence of outer nuclear layer in SD-OCT scans together with hyperreflective intraretinal 
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foci, and profoundly reduced or non-recordable visual sensitivity. In the area adjacent to the 

outer border of the ring, the ellipsoid zone band is absent but RPE/Bruch’s membrane is 

intact (Schuerch et al., 2016). Studies employing SW-AF imaging have demonstrated that 

the AF rings can constrict with time (Lima et al., 2012).

The high AF ring in RP is also visible with NIR-AF imaging (Duncker et al., 2013b; Kellner 

et al., 2009); this modality employs an excitation light of 787 nm and generates a signal 

primarily from RPE and choroidal melanin (Keilhauer and Delori, 2006). The location of the 

outer border of the ring in NIR-AF images exhibits good correspondence with the location 

detected by SW-AF imaging. Conversely, the inner border of the ring was found to be closer 

to the fovea in the NIR-AF images and corresponded to the position in SD-OCT scans where 

the ellipsoid zone band was at least partially intact (Duncker et al., 2013b). The 

hyperautofluorescent ring in RP exhibits a greater horizontal and vertical diameter, and 

greater ring area in SW-AF images than in NIR-AF images. However no differences have 

been observed in the rate of ring constriction with time when measured in SW-AF versus 

NIR-AF images (Jauregui et al., 2018). Moreover, choroidal vessel visibility outside the AF 

ring in SW-AF and NIR-AF images is indicative of reduced RPE pigmentation (Schuerch et 

al., 2016) likely due to a thinned RPE monolayer that has undergone proliferation, spreading 

and migration in response to photoreceptor cell degeneration.

SW-AF rings are dynamic. We set out to determine whether there is an actual increase in 

SW-AF intensity within the borders of the ring compared to corresponding areas in healthy 

retina, or if the increase is only apparent due to decreased SW-AF intensity in adjacent retina 

(Schuerch et al., 2017). In a cohort of 40 patients, we used an ROI-qAF approach applied to 

superior, temporal and inferior aspects of the ring (Fig. 5) and found that for 28% of 

measurements, ROI-qAF measurements within the ring were higher than at the 

corresponding positions in healthy retina. Even for ROI-qAF measurements acquired 

external to the ring, 21% of values were higher than in healthy eyes. RP patients in the RP 

cohort differed in terms of age and genotype and presented at various stages of the disease. 

Thus it is reasonable to conjecture that most AF rings at some stage of the disease would 

reflect an actual increase in fluorophore deposition.

What accounts for the elevated SW-AF signal? Since the AF signal generated at the position 

of rings in RP remains visible after bleaching of photopigment, unmasking of RPE SW-AF 

cannot account for the presence of the rings (Schuerch et al., 2017). A window defect 

created by degenerated photoreceptors and allowing for an increase in the signal recorded 

from RPE, is unlikely to be the explanation for these AF rings. If thinning of the neural 

retina overlying the ring with creation of a window-defect could account for the SW-AF 

rings in RP, one would expect AF within the ring to be consistently higher in all RP eyes but 

this was not the case. Moreover, in SD-OCT images of our patient cohort, increased signal 

transmission into the choroid was observed at locations external to the ring, but not within 

the ring. Nor is the abnormal AF from the ring likely to be derived from accelerated 

phagocytosis of photoreceptor outer segments (Aizawa et al., 2010; Lima et al., 2012; 

Robson et al., 2006); the rate of bisretinoid fluorophore formation is predetermined in 

photoreceptors. That is, bisretinoids form before outer segment shedding and subsequent 
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phagocytosis. Instead it is likely that the AF rings reflect an increase in fluorophore 

deposition.

Since functional and structural studies indicate that photoreceptor cells within the ring are 

degenerating, we surmise that the process of photoreceptor cell degeneration leads to an 

increase in the bisretinoid lipofuscin fluorophores that are the source of SW-AF. There is 

considerable evidence (Sparrow et al., 2012a) that bisretinoids are light sensitive compounds 

that photogenerate reactive oxygen species and photodecompose into dicarbonyl-(glyoxal, 

GO; methylglyoxal, MG) and aldehyde-bearing fragments (Wu et al., 2010; Yoon et al., 

2012) that damage proteins and other macromolecules. An increase in bisretinoid formation 

as a secondary feature of the disease process may explain why light has been shown to 

accentuate disease processes in several animal models of RP (Budzynski et al., 2010; Iwabe 

et al., 2016; Naash et al., 1996; van Wyk et al., 2015; Vaughan et al., 2003; White et al., 

2007).

4.3. Recessive stargardt disease (STGD1)

Disease-related variants in ABCA4 are the most common cause of juvenile macular 

degeneration (Fishman et al., 1987). Visual symptoms typically occur in the second decade 

of life but onset can also be earlier and loss of central vision is progressive. The ABCA4 
gene encodes a protein by the same name (originally rim protein (Papermaster et al., 1978) 

that is required to remove N-retinylidene-phosphatidylethanolamine (NRPE), formed by the 

binding of retinaldehyde to phosphatidylethanolamine (PE), from the photoreceptor outer 

segment disc membranes. Unusual inefficiency in this process, such as occurs in STGD1 due 

to mutations in ABCA4, accelerates the reactivity of NRPE with a second molecule of 

retinaldehyde, leading to the irreversible formation of bisretinoids (Sun and Nathans, 2001; 

Weng et al., 1999). Histopathological studies of eyes from patients with STGD1 (Birnbach 

et al., 1994; Eagle et al., 1980; McDonnell et al., 1986; Steinmetz et al., 1991), 

spectrophotometric analysis of fundus AF (7° temporal to the fovea; 510 nm excitation) 

(Delori et al., 1995b), and assessment of images acquired by cSLO (Cideciyan et al., 2005; 

Lois et al., 2000, 2004) have shown that RPE bisretinoid lipofuscin is considerably higher in 

STGD1 patients than in control age similar subjects. Additionally, Abca4 null mutant mice 

exhibit elevated bisretinoid lipofuscin, measured chromatographically and by SW-AF 

(measured as qAF) (Kim et al., 2004; Maeda et al., 2009; Sparrow et al., 2013; Weng et al., 

1999). We sought to determine whether the qAF approach that includes normalization to an 

internal autofluorescent reference along with corrections for magnification and optical media 

density would facilitate inter-patient comparison in genetically confirmed cases of ABCA4-

associated disease.

As expected, ABCA4 mutations in a cohort of 42 patients were found to be associated with 

elevated qAF (Burke et al., 2014) (Fig. 6A). In the case of some young patients, levels could 

be up to 8-fold higher than in healthy eyes (Fig. 6A, C). The high degree of interocular 

symmetry observed in STGD1 includes qAF (Fig. 6B). The spatial distribution of fundus 

autofluorescence in the STGD1 patients was similar to that in healthy eyes; qAF intensities 

were highest in the supero-temporal quadrant and lowest in the infero-nasal quadrant (Fig. 

6D). While qAF increased with age in healthy controls, for STGD1 patients no association 
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with age was noted. Indeed, the decrease with age observed in the presence of some ABCA4 
variants (Fig. 6A) is likely attributable to photobleaching of the bisretinoid fluorophores and 

loss of RPE cells (Ben-Shabat et al., 2002; Jang et al., 2005; Kim et al., 2006, 2008, 2010; 

Liu et al., 2015; Sparrow et al., 2002, 2003a, 2003b; Ueda et al., 2016; Wu et al., 2010, 

2014; Yamamoto et al., 2012; Yoon et al., 2011; Zhao et al., 2018; Zhou et al., 2005). Not 

surprisingly, the highest qAF values were observed for eyes with numerous 

hyperautofluorescent flecks (Fig. 9A) (flecks are discussed in Section 4.3.4). Conversely, 

when darkened flecks and atrophy were observed within the analyzed segments (7–9° 

eccentricity) qAF was decreased.

4.3.1. Genotype-phenotypes in ABCA4-disease—Establishing genotype-

phenotype correlations in ABCA4-related disease is challenging because of the large 

number of known disease-causing mutations (at least 800 within the coding and non-coding 

regions) in the ABCA4 gene (OMIM 601691, NM_000350.2) and because of the frequency 

of compound heterozygosity. In STGD1 patients carrying the disease-causing ABCA4 
mutations p. L2027F and p.[L541P; A1038V], qAF was higher while p. A1038V (when not 

in conjunction with p. L541P), p. G851D, and p. G1961E were associated with qAF levels 

that were lower than observed with other mutations [Burke et al., 2014 #3611]. The complex 

allele p.[L541P; A1038V] results in protein misfolding and imparts rapidly elevating qAF 

and thus a severe phenotype resulting in early disease onset and relatively faster disease 

progression (Cideciyan et al., 2009). The analysis by qAF and these clinical findings are 

consistent with in vitro ABCA4 activity assays showing that the p. L541P mutation alone or 

in combination with p. A1038V (p.[L541P; A1038V] complex allele) is associated with 

impaired basal and all-trans-retinal stimulated ATPase activity (Sun et al., 2000; Zhang et 

al., 2015). Moreover, a mutant mouse homozygous for a dual knock-in of the complex allele 

(Abca4PV/PV) expressed profoundly reduced levels of Abca4 protein due to degradation of 

misfolded protein, and substantial levels of bisretinoid lipofuscin (Sun et al., 2000; Zhang et 

al., 2015). The missense mutation p. P1380L was also associated with elevated qAF 

compared to other mutations in the cohort. This mutation is considered severe and is 

suggested to cause either impaired ATP binding or altered transport of ABCA4 protein 

(Cideciyan et al., 2009; Sun et al., 2000). When p. P1380L is carried as a homozygous 

mutation (Fig. 6D) or as a compound heterozygous mutation with p. R2030Q or IVS40+5G 

> A, the mutation is associated with central atrophy and widespread disease (Hwang et al., 

2009) while if it is harbored in compound heterozygosity with p. R2077W, autosomal 

recessive cone-rod dystrophy results (Kitiratschky et al., 2008).

The missense mutation p. G1961E is the most common disease causing allele and is of 

interest since the clinical features associated with the mutation are typically confined to an 

atrophic-appearing foveal lesion (bull’s eye phenotype) (Fig. 6D). The absence of retina-

wide disease in association with the p. G1961E allele is consistent with qAF being lower 

(measured 7–9° outside the fovea) than with other mutations; indeed, in some cases qAF in 

the presence of the p. G1961E allele is within normal limits (Fig. 6D).

qAF has also been helpful in deciphering the contribution to disease made by some ABCA4 
variants. For instance, the intronic variant c.8599T > C is predicted to affect splice-site 

signals and depending on the pairing of this variant with the second mutant allele, the 
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phenotype can vary from mild to severe (Lee et al., 2017). Information from in vitro ABCA4 

activity assays to corroborate the effect of the variant, is not available. However, analysis of 

qAF revealed that c.859–9T > C can confer high lipofuscin levels (above the 95% 

confidence interval for healthy eyes) even at relatively young ages (Lee et al., 2017). Patients 

affected by a severe rapid-onset chorioretinopathy phenotype of ABCA4-disease were 

observed to harbor deleterious null biallelic ABCA4 mutations (Tanaka et al., 2018). Levels 

of qAF in the macula were not only higher than the 95% confidence intervals of healthy eyes 

but were also higher than in other patients diagnosed with ABCA4disease. Disease in the 

macula began with intense autofluorescence in SW-AF images which progressed to an 

attenuated NIR-AF signal indicative of advanced disease in RPE and photoreceptor cells.

The clinical presentation of ABCA4 disease can vary with the spectrum of phenotypes 

including bull’s eye maculopathy, cone-rod dystrophy and severe RP (Bertelsen et al., 2014; 

Cella et al., 2009; Cremers et al., 1998; Duncker et al., 2015b; Martinez-Mir et al., 1998; 

Maugeri et al., 2000). Amongst patients carrying ABCA4 mutations we have noted 

individuals presenting with a rapid-onset chorioretinopathy. A 10 year old patient that 

harbored mutation (c.5312+1G > A and p. R2030) conferring null alleles, is representative 

of this group. qAF measured in this child was higher than in healthy eyes and higher and at a 

younger age than in other STGD1 patients not exhibiting this phenotype (> 1000 qAF units 

in both eyes) (Tanaka et al., 2018). Distinctive in this group of patients was generalized SW-

AF brightness in the macula that corresponded spatially to attenuated NIR-AF.

4.3.2. qAF and bull’s eye phenotype in ABCA4-disease—One challenge to the 

diagnosis of inherited retinal dystrophies is that mutations in different genes can be 

associated with similar phenotypes. For instance patients having ABCA4-associated disease, 

can present with a variety of different phenotypes one of which is a bull’s eye maculopathy. 

Moreover, a bull’s eye phenotype can be associated not only with ABCA4 disease but also 

mutations in other photoreceptor-associated genes such as RPGR (retinitis pigmentosa 

GTPase regulator) and PROM1 (Prominin 1). Thus there are challenges inherent in the use 

of conventional fundus AF images to discriminate amongst patients who may or may not 

carrying ABCA4 mutations. In a cohort of patients exhibiting a bull’s eye-like phenotype 

(37 patients) we set out to determine whether qAF can make this distinction (Duncker et al., 

2015b) (Fig. 7). We defined the bull’s eye phenotype as a localized macular lesion exhibiting 

a smooth contour with a parafoveal ring of increased SW-AF and a normal appearing extra-

macular fundus without flecks (Fig. 7A and B). In these patients the ring of increased 

autofluorescence that surrounded the hypoautofluorescent lesion correlated in all eyes with 

the outer limits of a central area of ellipsoid zone discontinuity or loss (Fig. 7C). Whereas 

qualitative features of fundus autofluorescence and SD-OCT images did not serve to 

distinguish ABCA4-positive versus ABCA4-negative patients, ABCA4-positive patients 

(Fig. 7D, red and blue symbols) having a bull’s eye phenotype had higher qAF levels, 

measured at an eccentricity of 7–9° (Fig. 7B, D, E; F red symbols), than the range in healthy 

subjects (Fig. 7F, black solid and dashed lines). These patients also tended to have higher 

qAF values than ABCA4-negative patients (Fig. 7F, black symbols) (Duncker et al., 2015b). 

Indeed, in the ABCA4-negative group, 22/26 eyes (13/15 patients) exhibited qAF within the 

normal range. The ABCA4-positive patients also clustered at younger ages than the 
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ABCA4negative patients (Fig. 7F, blue and red symbols versus black symbols). Of the two 

ABCA4-positive patients that had qAF8 within the normal range for their age, one was 

homozygous and the other one heterozygous for p. G1961E (Duncker et al., 2015b) (Fig. 7F, 

blue symbols). Thus qAF levels within the normal range do not eliminate the likelihood of 

ABCA4 mutations but they substantially increase the odds of finding causal mutations in 

genes other than ABCA4.

4.3.3. qAF and a pattern dystrophy phenotype—ABCA4-mutations can present 

with a pattern dystrophy phenotype similar to that associated with mutations in PRPH2/
RDS-associated disease. This phenotype is often characterized by a butterfly-shaped lesion 

in the macula that includes central mottling or atrophy with peripapillary sparing and 

perhaps foveal sparing, and flecks (Boon et al., 2007; Marmor and McNamara, 1996; 

Renner et al., 2009; Watzke et al., 1982). We studied a cohort of 39 patients exhibiting 

pattern dystrophy. The sub-set of patients with pattern dystrophy-like ABCA4-related 

disease typically, but not always, expressed higher qAF levels than healthy eyes (Fig. 8). 

Moreover, in some cases the PRPH2/RDS-positive individuals had higher qAF than healthy 

eyes while generally having lower qAF than the group of patients with pattern dystrophy-

like ABCA4-related disease. The group of pattern dystrophy patients without mutations in 

ABCA4 or PRPH2/RDS had qAF that was not different from the normal range for age 

(Duncker et al., 2015c).

4.3.4. Fundus flecks in ABCA4-associated disease—Autofluorescent fundus 

flecks are conspicuous features of fundus autofluorescence images acquired from patients 

presenting with STGD1. In color-coded qAF images in which colors are assigned to each 

pixel based on qAF values scaled to a range of 0–1200, flecks exhibit levels of qAF that are 

1.5 to 2-fold greater than neighbouring fundus (Paavo et al., 2019) (Fig. 9A).

Hyperautofluorescent flecks in SW-AF images typically co-localize with larger darkened 

foci in NIR-AF images; the latter presentation is indicative a loss of RPE cells (Paavo et al., 

2019; Sparrow et al., 2015) (Fig. 9B and C). With time the bright autofluorescence of flecks 

is also extinguished (Fig. 10). In SD-OCT images, flecks correspond to hyperreflective 

deposits in photoreceptor-attributable bands indicative of ongoing photoreceptor cell 

degeneration. These findings indicate that the bright SW-AF signal of flecks originates, not 

from RPE cells as assumed (Eagle et al., 1980; Lopez et al., 1990), but from augmented 

lipofuscin formation in degenerating photoreceptor cells impaired by RPE failure/loss. 

These findings have lead us to suggest that flecks in STGD1 are a manifestation of groups of 

photoreceptor cells degenerating after the loss of RPE. The elevated production of 

bisretinoid reflected in the increased SW-AF signal could accelerate photoreceptor cell 

degeneration and contribute to the natural history of STGD1.

4.3.5. qAF is not increased in carriers of ABCA4 mutations—In heterozygous 

carriers of ABCA4 mutations, qAF and outer retinal thickness (SD-OCT) were within 95% 

confidence intervals for healthy non-carrier eyes; ABCA4-affected family members had 

elevated qAF. Perifoveal fleck-like fundus abnormalities were observed in 4 carriers 

(Duncker et al., 2015a). In heterozygous carriers of ABCA4 mutations (75 subjects), qAF 

levels were not elevated relative to healthy non-carrier individuals. In a small sub-group of 
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carriers perifoveal fleck like changes were observed. Similar findings were generated in a 

second study of individuals carrying monoallelic ABCA4 mutations (Muller et al., 2015). 

Here qAF measurements acquired from heterozygous carriers of an ABCA4 mutation were 

not different than measurements from age-matched controls. This was the same for missense 

and truncating mutations (Muller et al., 2015). Thus carrier status associated with 

approximately half of the ABCA4 protein content does not confer elevated SW-AF 

indicative of increased RPE lipofuscin.

4.4. Age related macular degeneration (AMD)

Gliem and colleagues have measured qAF in early and intermediate age-relative macular 

degeneration (Gliem et al., 2016). While the investigators expected lipofuscin/qAF levels to 

be elevated in AMD, they found that qAF measurements in patients with soft and cuticular 

drusen were within 95% confidence intervals of qAF values in age-adjusted control healthy 

eyes. In patients with reticular pseudodrusen, qAF levels were below the 95% confidence 

intervals. As suggested by the authors, reduced lipofuscin in AMD could reflect reduced rod 

and cone densities or slowing of the visual cycle. Given that it is well known now that the 

bisretinoid fluorophores that constitute RPE lipofuscin undergo damaging photodegradation 

processes (Ueda et al., 2016), normal levels or reduced qAF in AMD is likely to be a sign of 

cellular injury contributing to disease processes.

4.5. Acute zonal occult outer retinopathy (AZOOR)

The etiology of AZOOR, an uncommon disease, is poorly understood and the early clinical 

recognition of AZOOR can be challenging (Fekrat et al., 2000; Fine et al., 2009; Jung et al., 

2014; Mrejen et al., 2014). Central visual acuity in these patients can be good due to foveal 

sparing. Recent efforts to define the fundus features of AZOOR have relied on the presence 

of a lesion that surrounds the optic nerve and presents in SW-AF images as 

hypoautofluorescence indicative of RPE atrophy. The border between lesion and non-lesion 

retina is often demarcated by a conspicuous hyperautofluorescent (AF) line (AZOOR line); 

the AZOOR line marks a precipitous change from normal to decreased or nonrecordable 

visual sensitivities recorded by fundus perimetry (Duncker et al., 2018b; Fekrat et al., 2000; 

Mrejen et al., 2014). The lesions in SW-AF images correspond to disruptions of the ellipsoid 

and interdigitation zones of the photoreceptor cell attributable bands in OCT scans together 

with outer nuclear layer thinning and hypertransmission into the choroid indicative of RPE/

Bruch’s involvement (Duncker et al., 2018a; Mrejen et al., 2014). While AZOOR lesions 

typically include peripapillary involvement with centrifugal progression, less frequently 

patients present with peripheral concentric zonal atrophy that progresses centripetally (Tan 

et al., 2017). The underlying pathologic process, either autoimmune, infectious, or 

inflammatory, triggering the development of AZOOR is still under debate (Jampol and 

Becker, 2003) but the disease is considered to involve photoreceptor cells, RPE and choroid 

(Jung et al., 2014; Mrejen et al., 2014).

Early diagnosis depends on advances in imaging modalities that can improve phenotyping 

and contribute to an understanding of the underlying pathogenesis. To further elucidate the 

disease process we utilized qAF to objectively measure SW-AF intensities in AZOOR 

(Boudreault et al., 2017) and compare these intensities to healthy eyes over time (Burke et 
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al., 2014; Duncker et al., 2014). As noted above, increased autofluorescence, relative to 

other fundus areas, is observed at the junction of diseased versus non-diseased retina but 

whether the fluorescence is actually increased relative to healthy eyes was a question we 

wanted to address. In 3 of 5 patients in whom ROI-qAF intensities were measured on the 

AZOOR line, ROI-qAF levels within the border were significantly elevated relative to the 

same fundus position in healthy eyes (Boudreault et al., 2017). Since in one of these 

patients, ROI-qAF levels returned to normal when re-measured after 6 years, the two 

additional patients not presenting with elevated ROI-qAF may have exhibited higher 

autofluorescence levels, at the border between diseased and non-diseased retina, at an earlier 

stage of the disease.

The finding that qAF is elevated on the AZOOR line indicates that the process of 

photoreceptor cell degeneration may involve increased bisretinoid formation. Analysis of 

SD-OCT scans through the ROI positions on the AZOOR line revealed disruptions of outer 

retinal reflectivity layers at the positions of elevated qAF. Retinal pigment epithelium (RPE) 

atrophy was indicated either by thinning of the Bruch’s membrane/RPE reflectivity layer or 

increased transmission of signal into the choroid. Photoreceptor cell degeneration was 

evidenced by ellipsoid zone disruption and outer nuclear layer thinning. On the other hand 

ROI-qAF nasal and temporal to the border was profoundly reduced relative to the same 

fundus location in the healthy control group. To test for a more widespread change in SW-

AF we also measured qAF within the 8-scaled segments positioned over healthy non-

diseased areas of affected eyes; qAF levels were within the normal range as indicated by the 

mean and 95% confidence intervals of healthy age-and ethnicity-matched eyes.

A window-defect created by the loss of outer retinal layers and allowing for increased AF 

signal from RPE is unlikely to account for the increased SW-AF within the AZOOR line 

since in SD-OCT scans at this location the RPE/Bruch’s reflectivity layer is also not intact. 

Nor can the AZOOR line be attributed to accelerated phagocytosis of photoreceptor outer 

segments: bisretinoid fluorophores form in photoreceptor outer segments before 

phagocytosis.

It has been proposed that photoreceptor cell impairment can lead to ineffective handling of 

reactive retinaldehyde that is generated by photoisomerization of visual pigment. Unchecked 

reactions of vitamin A aldehyde result in excessive production of bisretinoid fluorophores in 

photoreceptor cells (Sparrow et al., 2012b). The high qAF levels measured at the border of 

growing AZOOR lesions are consistent with this model. Since bisretinoids are phototoxic, 

excessive bisretinoid production could advance photoreceptor cell damage (Ueda et al., 

2016). Indeed since patients with borders delineated by an AZOOR line at presentation 

showed more frequent progression over time (Mrejen et al., 2014), accelerated formation of 

lipofuscin at the transition zone may be critical in the disease process. Determination of 

ROI-qAF levels in a longitudinal study of a larger cohort could provide insight into these 

trends.

4.6. Pseudoxanthoma elasticum (PXE)

PXE is an inherited disease caused by mutations in the ABCC6 gene (Gliem et al., 2017) 

and characterized by mineralization of elastic fibers in tissues such as skin, vascular tissue 
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and Bruch’s membrane. In the eye, PXE-changes are associated with RPE and outer retina 

(Gliem et al., 2017). In individuals with PXE confirmed genetically or by skin biopsy, qAF 

values were acquired within a circular ring of segments centered at an eccentricity of 7°–9° 

outside the fovea (Gliem et al., 2017). When adjusted for age qAF was reduced in PXE 

patients relative to control healthy eyes. The difference was typically greater in older 

patients and the fundus distribution of qAF values revealed changes that were lower in nasal 

areas. Significantly, Bruch’s membrane changes in PXE patients are also considered to be 

most severe in the nasal sector. One explanation for the reduced qAF even in patients 

younger than age 40 and without evidence of atrophy, could be decreased availability of 

vitamin A.

5. qAF is attenuated by RPE melanin

X-linked GPR143/OA1 is the most common form of human ocular albinism. Random X-

inactivation of the GPR143/OA1 gene in RPE cells of female carriers of GPR143/OA1 
mutations causes melanin pigmentation in the posterior pole to acquire a mosaic pattern. In a 

retrospective analysis of NIR-AF images acquired from 5 GPR143/OA1 carriers, the non-

uniform fundus pigmentation presented centrally as patches of brightness (melanin pigment) 

that alternated with patches of darkness (melanin-deficient) (Paavo et al., 2018) (Fig. 11A). 

Patterns in the SW-AF fundus images of GPR143/OA1 carriers were the reverse of the 

patterns in NIR-AF images (Fig. 11B) with SW-AF (measured as qAF) being elevated in the 

melanin-deficient units of the mosaic and not elevated in the pigmented patches. These 

observations indicate that ocular melanin attenuates the SW-AF signal and explains why 

GPR143/ OA1 carriers are readily identified in SW-AF images.

6. qAF in the mouse

Using the Spectralis (HRA + SD-OCT) we have also extended the qAF approach to mice. In 

these preclinical studies using mouse models, a standardized approach allows SW-AF to be 

reliably measured in both wild-type and mutant mice. As compared to HPLC measurements, 

qAF is more efficiently measured and fewer mice are required.

6.1. Image acquisition in the mouse

The mouse eye has a relatively large numerical aperture (0.49 for a 2 mm pupil versus 0.18 

for a 6 mm pupil in a human) and the lens is almost spherical (Geng et al., 2011). Thus we 

use a 55° lens and modified laser beam diameter and detection pupil (Sparrow et al., 2013). 

To prevent cataract formation due to drying of the corneal surface while the mouse is under 

anesthesia, a lubricant (GenTeal Liquid Gel, Novartis, East Hanover NJ) is applied topically 

to both corneas of the mouse and a custom made contact lens is placed on the opposite eye 

during imaging. Pupils are dilated to a diameter of approximately 2.5 mm by instilling 1% 

tropicamide and 2.5% phenylephrine. In the near-infrared reflectance mode the camera 

positioning and focusing is carried out; laser power is adjusted to approximately 280 μW, 

sensitivity to 95–100 and after switching to AF mode (488 nm), the retina is preexposed for 

20 s to bleach visual pigment. Nine successive frames are then acquired with the high-speed 

mode (8.9 images/s). The frames were aligned and averaged and saved in the non-

normalized mode to generate the qAF image for analysis.
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6.2. Image analysis in the mouse

Mean grey levels are determined within 8 predefined segments located between 8.25° and 

19.25° from the center of the optic disc (Fig. 12 A) and to calculate qAF, the mean grey level 

is calibrated to the reference after subtraction of zero light (provided by the system). In the 

mice qAF values are based on the means of at least 2 images obtained from the first eye 

recorded to minimize the likelihood that cataract formation would affect qAF results. Other 

details have been published (Sparrow et al., 2013).

Intersession coefficient of repeatability calculated in mice from two imaging sessions (with 

the camera and mouse being moved and realigned between sessions) was greater in the mice 

(Bland-Altman coefficient of repeatability, ± 18.6%) than that obtained for human subjects 

( ± 6%–11%). One difference between the human and mouse studies is that focusing in the 

mouse is more difficult.

6.3. qAF in Abca4−/− and rdh8−/−/abca4−/− mice

In albino Abca4−/−, Abca4+/− and wild-type mice we and others have observed an age-

related increase in qAF together with a chromatographically measured increase in 

bisretinoid (Charbel Issa et al., 2013; Flynn et al., 2014; Kim et al., 2004; Sparrow et al., 

2013; Weng et al., 1999). Consistent with the known accelerated accumulation of bisretinoid 

as a result of ABCA4 deficiency (Kim et al., 2007; Maeda et al., 2008; Sparrow et al., 2013; 

Weng et al., 1999; Yamamoto et al., 2011) qAF intensities were also 1.8–2.6-fold greater in 

Abca4−/− versus Abca4+/+ (Fig. 12B, C, E). Comparison of the rates of increase in qAF from 

2 to 8 months of age as calculated by linear regression demonstrated that the slope was 

significantly greater for the Abca4−/− mice indicating a faster rate of increase in the latter 

mice relative to Abca4+/+ (Sparrow et al., 2013). The change in bisretinoid levels measured 

as A2E (Section 1.1) was also steeper in Abca4−/− mice. We noted that the difference in A2E 

levels in Abca4−/− mice versus Abca4+/+ mice was greater than the qAF difference (1.8–2.6-

fold) (Sparrow et al., 2013). This difference could be explained by factors such as other 

bisretinoid fluorophores that are detected by qAF or by absorption of the qAF signal within 

the RPE during in vivo recording.

In double knock-out Rdh8−/−/Abca4−/− mice qAF increased at an even faster rate than in 

Abca4−/− mice (Flynn et al., 2014) as expected from the absence of Rdh8 (retinol 

dehydrogenase 8) (Maeda et al., 2008). In these mice chromatographically measured A2E 

peaked at 4 months of age and then began to decline concurrent with outer nuclear layer 

thinning. Conversely, qAF levels in the Rdh8−/−/Abca4−/− mice continued to rise between 

ages 4–9 months. While this difference between bisretinoid measurement and qAF is not 

fully understood, because this increase coincided with outer nuclear layer thinning, which is 

indicative of declining photoreceptor cell function and survival, elevated fundus AF due to 

augmented formation of bisretinoid fluorophores other than A2E could account for the 

continued increase in qAF.

6.4. qAF in heterozygous Abca4+/− mice

Despite the finding that human carriers of ABCA4 mutations do not exhibit elevated qAF, 

two studies have shown that mice carrying a null mutation in Abca4 on one chromosome 
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(Abca4+/−), exhibit elevated bisretinoid as measured chromatographically (Charbel Issa et 

al., 2013; Sparrow et al., 2013). In one of these studies, qAF in the heterozygous Abca4 
mice was also consistently greater by approximately 20% although this difference did not 

reach statistical significance. It is notable however that since qAF in Abca4+/− mice was 

more similar to wild-type than to Abca4−/− mice, this finding could indicate that with one-

half of the gene dosage, ABCA4 protein expression is sufficient to prevent substantially 

increased bisretinoid formation.

6.5. Modulation of qAF by Rpe65 in mice

In contrast to the abundant RPE lipofuscin formation associated with ABCA4 deficiency, 

RPE65 mutation, as a cause of Leber congenital amaurosis, is associated with an absence or 

pronounced decrease in RPE lipofuscin detected by SW-AF imaging (Lorenz et al., 2004). 

This profound change in bisretinoid lipofuscin formation is a result of the failure to produce 

11-cis-retinal in the absence of RPE65 activity (Jin et al., 2005; Moiseyev et al., 2005; 

Redmond et al., 2005). Accordingly, knock-out of the Rpe65 gene in mice leads to an 

absence or pronounced decrease in RPE lipofuscin (Katz and Redmond, 2001; Wu et al., 

2014), qAF values are negligible and SW-AF images have a uniformly homogeneous 

appearance (Zhao et al., 2017) (Fig. 12D and E).

Even a change in Rpe65 activity can modify bisretinoid production. In C57BL/6J mice an 

Rpe65 polymorphism exists whereby the amino acid at residue 450 (Rpe65-Leu450Met) is 

methionine instead of leucine. This amino acid change slows the visual cycle because of 

reduced levels of Rpe65 protein in mouse RPE (Lyubarsky et al., 2005; Nusinowitz et al., 

2003). Consequently, bisretinoid accumulation is reduced (Kim et al., 2004) and qAF is 

lower in the C57BL/6Jc2j mice (Fig. 12F). As a consequence of the decrease in bisretinoid 

levels, photoreceptor cells of the mice bearing the Rpe65-Leu450Met variant are less 

susceptible to light damage (Danciger et al., 2000; Wenzel et al., 2001, 2003).

6.6. qAF in mice: a measure of treatments targeting bisretinoids

Since we have shown that bisretinoid fluorophores undergo photodegradation we have 

hypothesized that the qAF at a given time is the product of the ratio of fluorophore synthesis 

in photoreceptor cells versus fluorophore photobleaching in RPE. Moreover, since the 

products of bisretinoid photodegradation are damaging, it is possible that the lipofuscin lost 

by photooxidation-associated photodegradation is more significant than the lipofuscin 

remaining in the cells. We tested this premise in albino Abca4−/− mice receiving a diet 

supplemented with the antioxidant vitamin E (Fig. 13) (Ueda et al., 2016). We observed 

higher levels of qAF in the treated mice (Fig. 13A) and correspondingly, higher RPE 

bisretinoids were evidenced by HPLC analysis (Fig. 13B). This effect was consistent with 

photooxidative processes known to precede bisretinoid degradation. Amelioration of outer 

nuclear layer thinning in the Abca4−/− mice indicated that vitamin E treatment protected 

photoreceptor cells (Fig. 13C) (Ueda et al., 2016).

An increase in qAF was also observed in mice treated with the iron chelator deferiprone 

(DFP) that reduces intracellular iron levels, thereby abating bisretinoid loss due to oxidative 
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degradation (Ueda et al., 2018). As with vitamin E, by decreasing the damaging effects of 

bisretinoid degradation, photoreceptor cell survival was promoted (Ueda et al., 2018).

6.7. qAF in the mouse is attenuated by RPE melanin

As in the studies of human albino fundus (Section 5), comparison of qAF in black C57BL/6J 

mice versus albino C57BL/6J-c2j mice confirmed that melanin attenuated the SW-AF signal. 

Specifically, levels of qAF in the SW-AF images were similar in black C57BL/6J mice and 

albino C57BL/6J-c2j mice even though we observed by chromatographic quantification that 

the bisretinoid A2E is lower in the albino eye due to greater photodegradation of bisretinoid. 

Thus the SW-AF in the albino is attributable, in part, to the greater irradiance received by the 

RPE fluorophores in the eyes lacking melanin (Paavo et al., 2018).

7. Interactions between SW-AF and NIR-AF intensities

The high foveal NIR-AF signal that corresponds to elevated melanin optical density in 

central RPE (Cideciyan et al., 2007; Keilhauer and Delori, 2006; Kellner et al., 2010; Weiter 

et al., 1986) suggests that NIR-AF takes its origin from melanin. Corroborating evidence to 

support RPE melanin as the major source of NIR-AF is provided by the NIR-AF emission 

associated with melanocytic choroidal nevi (Keilhauer and Delori, 2006; Kellner et al., 

2010), RPE melanosomes (Gibbs et al., 2009), cutaneous melanin (Huang and Zeng, 2006) 

and the pigmented epithelium of the iris (Keilhauer and Delori, 2006), together with the 

window-defect created by a full thickness macular hole (Keilhauer and Delori, 2006). Other 

interpretations are not as clear. For instance, a demarcation line that is visible inferior to the 

optic disk in SW-AF images of even healthy eyes (Duncker et al., 2012) only becomes 

detectable in NIR-AF images when SW-AF/lipofuscin is elevated, as in STGD1 (Duncker et 

al., 2013a).

We quantified NIR-AF as grey levels along a horizontal axis through the fovea using non-

normalized fundus images of STGD1 patients and healthy subjects. In patients diagnosed 

with ABCA4-associated disease, NIR-AF was increased by as much as 3-fold in tandem 

with increased qAF originating in bisretinoid lipofuscin. Similarly, in agouti Abca4−/− mice 

having increased SW-AF, NIR-AF was more pronounced than in wild-type mice. Moreover, 

the NIR-AF signal in the agouti Abca4−/− mice having elevated RPE lipofuscin (increased 

SW-AF) was greater than in agouti Abca4+/+ mice on the same genetic background. We next 

examined for NIR-AF signal in the absence of melanin by studying albino Abca4−/− mice. 

As expected, NIR-AF was more pronounced in the melanin-containing (agouti) Abca4−/− 

mice than in the albino Abca4−/− mice. Despite the absence of melanin, the NIR-AF signal 

in the albino Abca4−/− mice increased in tandem with the age-associated increase in the SW-

AF signal.

We have also compared NIR-AF image intensities in agouti Abca4−/ − and Abca4+/+ mice by 

measuring grey level in images acquired with 787 nm excitation and a sensitivity of 105; the 

images were saved in non-normalized mode. In the agouti Abca4+/+ mice the NIR-AF 

emission is detected as expected for pigmented RPE and choroid. Interestingly however, in 

the agouti Abca4−/− mice that serve as a model of accelerated lipofuscin (elevated qAF) the 

NIR-AF signal was also elevated relative to the Abca4+/+ mice. Plotting NIR-AF on the y-
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axis and SW-AF on the x-axis for both agouti Abca4−/− and Abca4+/+ mice revealed 

different slopes with the greater change in qAF (SW-AF) in the Abca4−/− mice being 

matched by a greater change in NIR-AF intensity. These findings indicate that bisretinoid 

lipofuscin, when present at sufficient concentrations, contributes to the NIR-AF signal.

8. Future directions and conclusions

The qAF approach has, at this time, not been widely incorporated into clinical routines 

probably because of limitations that include the requirement of a trained and committed 

operator, the installment of an appropriate internal fluorescent reference and software 

availability. Nonetheless, studies of qAF have expanded our appreciation of retinal disorders 

that involve changes in lipofuscin distribution and concentration. Even in our cohort of 

healthy eyes, there is a considerable range of qAF values and this normal range expands 

with age (Fig. 2C). This is an issue that will be important to better understand.

Improved awareness of genotype–qAF correlations in STGD1 and how this relationship 

determines other aspects of disease phenotypes is also needed. In STGD1, elevated qAF is 

an early feature of the natural history of disease. Nevertheless, we now know that in other 

retinal disorders such as retinitis pigmentosa and AZOOR, elevated qAF can be a secondary 

effect of the disease process especially at the advancing front of photoreceptor cell 

degeneration. These observations are critical since bisretinoids that are the source of SW-AF 

are not just markers of underlying retinal disease, they can also mediate effects of light on 

retinal disease. For instance the progression of retinal degeneration in some forms of retinitis 

pigmentosa can be aggravated by light exposure (Cideciyan et al., 1998). qAF levels that we 

measure reflect the balance between bisretinoid lipofuscin fluorophore synthesis in 

photoreceptor cells versus photooxidative loss. Since the products of the photoxidative 

degradation of bisretinoid are injurious to cells, it is likely that the bisretinoid lost by these 

processes is more significant than the lipofuscin remaining in the cells. This is an area of 

active investigation. We also expect that qAF can be used to reflect the activity of the visual 

cycle under numerous conditions. qAF will continue to increase our understanding of 

disease mechanisms, can serve as a biomarker of disease risk and disease progression and 

could have utility in the assessment of therapeutic efficacy in clinical trials.
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cSLO confocal scanning laser ophthalmoscopy

GPR143/OA1 G-protein coupled receptor 143/ocular albinism-1

NIR-AF near-infrared autofluorescence

NRPE N-retinylidene-phosphatidylethanolamine

PE phosphatidylethanolamine

PRPH2/RDS peripherin-2/retinal degeneration slow

PXE pseudoxanthoma elasticum

qAF quantitative fundus autofluorescence

Rdh8 retinol dehydrogenase 8

RPGR retinitis pigmentosa GTPase regulator

ROI-qAF region-of-interest-qAF

RP retinitis pigmentosa

RPE retinal pigment epithelial cells

SD-OCT spectral domain optical coherence tomography

SW short-wavelength

SW-AF short-wavelength fundus autofluorescence

STGD1 recessive Stargardt disease
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Fig. 1. 
Fundus autofluorescence imaging by confocal scanning laser ophthalmoscopy. A. Short-

wavelength fundus autofluorescence, 488 nm excitation. B. Near-infrared fundus 

autofluorescence, 787 nm excitation.
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Fig. 2. 
Quantitative fundus autofluorescence (qAF) in healthy eyes. A. Short-wavelength fundus 

autofluorescence image with overlapping measurement grid. Mean grey levels are acquired 

within segments (8) of three concentric rings (outer, middle, inner) and a circular foveal 

area. The middle ring is commonly used for quantitation as uniformity was determined to be 

highest in this area. Values are normalized to grey levels in the internal reference (rectangle 

at top of image). B. Color-coded qAF image acquired from the same eye as shown in A. 

Lower qAF values are coded in blue and higher levels in red (see color-code scale). C. qAF 

values plotted for subjects (age 5–60 years) with healthy eye status. Mean qAF8 intensity 

units (qAF-units) were obtained by averaging the 8 segments in the middle ring shown in A. 

qAF-units are plotted as function of age; race/ethnicities of the subjects are indicated. 

Adapted from Greenberg et al. (2013). (For interpretation of the references to color in this 

figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. 
Multimodal imaging in patients exhibiting Bestrophin-1 (BEST1) mutations. A. Quantitative 

fundus autofluorescence (qAF). Color-coded image of vitelliruptive stage. Lowest values are 

indicated in blue and highest values in red. B. Short-wavelength fundus autofluorescence 

(SW-AF) image with overlapping qAF measurement grid. Mean grey levels in the segments 

were normalized to the internal reference (not shown in this image). C and D. Vitelliruptive 

stage presented in near-infrared (NIR-AF) (C) and SW-AF (D) images. E. Spectral domain 

optical coherence tomography. Within the lesion (horizontal scan, line 1), the hyperreflective 
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interdigitation zone (IZ) is disorganized. Outer segments project into the fluid-filled lesion. 

Inferiorly (line 2), the hyperreflective projection is suggestive of a fibrotic scar within the 

central lesion. Adapted from Lima de Carvalho et al. (2019). (For interpretation of the 

references to color in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 4. 
Quantitative fundus autofluorescence in Best vitelliform macular dystrophy patients 

(BVMD). qAF values of BVMD patients (27 eyes of 16 patients) (red circles) and healthy 

eyes (black open circles) are plotted as a function of age. Means are indicated by solid lines. 

The disease stages include: sub-clinical, 9 eyes; vitelliform, 3 eyes; pseudohypopon, 2 eyes; 

vitelliruptive, 12 eyes; atrophic, 1 eye. Adapted from Duncker et al. (2014). (For 

interpretation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.)
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Fig. 5. 
Quantitative fundus autofluorescence in retinitis pigmentosa. P, Patient. A. Representative 

short-wavelength fundus autofluorescence (SW-AF) images of RP patients are presented 

together with the positions of regions of interest (ROI) measurement areas (green rectangles) 

and corresponding qAF values. B. Color coded maps of qAF in patients with RP. C. Color 

coded maps of qAF of age-similar healthy eyes. A color scale of qAF-units (0–1200) is 

provided on the right margin. P1 is representative of a characteristic SW-AF ring with ROI-

qAF being outside the 95% confidence (CI) of healthy individuals. P2 and P3 are examples 
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of patients with ROI-qAF values within the 95% CI. Adapted from Schuerch et al. (2017). 

(For interpretation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.)
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Fig. 6. 
Quantitative fundus autofluorescence in recessive Stargardt disease (STGD1). A. qAF8 

values (blue circles) are plotted as a function of age. Comparison is made to mean (solid red 

line) and 95% confidence intervals (dashed lines) for healthy eyes. B. Linear regression 

analysis indicates good correspondence between left (OS) and right (OD) eyes. C. Early age 

of STGD1-onset can be associated with higher levels of qAF. D. qAF8 versus age is plotted 

in relationship to some homozygous (p.G1961E; p. P1380L) and compound heterozygous 

(p.[G1961E; P1380L] [p.G1961E; p. L541/A1038V]) ABCA4 mutations. Insets at top, 

color-coded images and corresponding qAF values are shown for patients carrying 

homozygous G1961E and P1380L mutations. Adapted from Burke et al. (2014). (For 

interpretation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.)
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Fig. 7. 
Fig. 7. Quantitative fundus autofluorescence in patients exhibiting bull’s eye lesions. A. 

Short-wavelength fundus autofluorescence image presenting with a central bull’s eye 

phenotype. B. qAF8 was calculated from mean grey levels recorded within 8 circularly 

arranged segments positioned with 7°–9° eccentricity. Grey levels within the internal 

reference (rectangle, top of image) were used to correct for sensitivity and laser power. C. 

Spectral domain optical coherence tomography. Atrophy of the outer nuclear layer, ellipsoid 

zone and interdigitation zone are appreciated along with hypertransmission of signal into the 
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choroid. D, E. Color-coded qAF images of bull’s eye lesions (OD, OS) in a patient positive 

for ABCA4 mutations. Patient age 17 years. F. qAF values are plotted as a function of age 

for patients carrying ABCA4 mutations (ABCA4 +) not including the p. G1961E mutation 

(red circle); ABCA4 mutations including p. G1961E (blue circles); and patients who were 

negative for ABCA4 mutations (ABCA4 -) (black symbols) but exhibited a bull’s eye 

phenotype. Comparison is also made to mean (solid black line) and 95% confidence 

intervals (dashed lines) of healthy eyes. E. Adapted from Duncker et al. (2015b). (For 

interpretation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.)
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Fig. 8. 
Quantitative fundus autofluorescence (qAF8) in patients presenting with a pattern dystrophy 

phenotype. qAF8 is plotted as a function of age. Genetic analysis revealed mutations in 

ABCA4 (ABCA4 +) or peripherin2/RDS (RDS +) or neither (ABCA4 -/RDS-). The pattern 

dystrophy phenotype was defined as a central atrophy with a jagged border, mottling and 

flecks. Insets at top, color-coded qAF images are shown for patients carrying mutations in 

ABCA4 and RDS. Adapted from Duncker et al. (2015c). (For interpretation of the 

references to color in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 9. 
Short-wavelength (SW-AF) and near infrared fundus autofluorescence (NIR-AF) images 

acquired from patients with recessive Stargardt disease. A. Color-coded quantitative fundus 

autofluorescence image. B. SW-AF image. C. NIR-AF image. Flecks are indicated with 

colored arrows to denote correspondence in the SW-AF and NIR-AF modalities. Many 

flecks that are bright in the SW-AF image are hypoautofluorescent in the NIR-AF image. 

(For interpretation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.)
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Fig. 10. 
Fundus flecks in a recessive Stargardt patient. A. Flecks visualized in color-coded 

quantitative fundus autofluorescence images (qAF color map) (A, D) are shown together 

with the corresponding short-wavelength fundus autofluorescence (SW-AF, 488 nm 

excitation) (B, C) images. OD (A, B) and OS (C, D). Serial images were acquired at a 15-

month (1, 2) and 18-month (2, 3) intervals. Note that the qAF intensity of flecks increases 

with time (transition from red to white coding; A1 to A2, D1 to D2) and flecks coded white 

have the highest qAF intensity in the images. After 18 months (A2–3; D2–3) fleck intensity 

faded (white transition to yellowcoded flecks). Adapted from Paavo et al. (2019). (For 

interpretation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.)
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Fig. 11. 
Near-infrared autofluorescence (787 nm) and short-wavelength autofluorescence (488 nm) 

images of a GPR143/OA1 carrier of albinism. In NIR-AF images (A) acquired from 

GPR143/OA1 carriers, the non-uniform fundus pigmentation presents centrally as patches of 

brightness (melanin pigment) that alternate with patches of darkness (melanin-deficient). 

The pattern is reversed in the SW-AF image (B). Adapted from Paavo et al. (2018).
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Fig. 12. 
Quantitative fundus autofluorescence (qAF) in the mouse. A. Short-wavelength (SW) fundus 

AF image with measurement grid overlaid; the latter is used to acquire grey levels for qAF 

calculation. SW-AF image of agouti Abca4−/− mouse (B) agouti Abca4+/+ (C) and Rpe65−/− 

(D). Note the internal reference (rectangle) at the top of the images. A darker reference is 

indicative of the use of a reduced sensitivity setting for imaging and thus higher qAF. E. qAF 

in mice varying in genotype (Abca4−/−, Abca4+/+ and Rpe65−/−) and coat-color (albino, 

agouti, black). F. qAF is higher in Rpe65-Leu450 mice (BALB/cJ) than in Rpe65-450Met 

(C57BL/6Jc2j). (For interpretation of the references to color in this figure legend, the reader 

is referred to the Web version of this article.)
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Fig. 13. 
Vitamin E-mediated protection against photoxidation and photodegradation of bisretinoid in 

Abca4−/− mice. Vitamin E supplementation results in elevated qAF (A), elevated bisretinoid 

measured by HPLC (B) and reduction of the outer nuclear layer thinning characteristic of 

these mice (C). Adapted from Ueda et al., 2016.
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