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Abstract

Adaptive optics scanning light ophthalmoscopy (AOSLO) allows visualization of the living human 

retina with exquisite single-cell resolution. This technology has improved our understanding of 

normal retinal structure and revealed pathophysiological details of a number of retinal diseases. 

Despite the remarkable capabilities of AOSLO, it has not seen the widespread commercial 

adoption and mainstream clinical success of other modalities developed in a similar time frame. 

Nevertheless, continued advancements in AOSLO hardware and software have expanded use to 

a broader range of patients. Current devices enable imaging of a number of different retinal 
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cell types, with recent improvements in stimulus and detection schemes enabling monitoring of 

retinal function, microscopic structural changes, and even subcellular activity. This has positioned 

AOSLO for use in clinical trials, primarily as exploratory outcome measures or biomarkers 

that can be used to monitor disease progression or therapeutic response. AOSLO metrics could 

facilitate patient selection for such trials, to refine inclusion criteria or to guide the choice of 

therapy, depending on the presence, absence, or functional viability of specific cell types. Here we 

explore the potential of AOSLO retinal imaging by reviewing clinical applications as well as some 

of the pitfalls and barriers to more widespread clinical adoption.

1. Introduction

Inherited retinal degenerations are a heterogeneous group of diseases that all share in 

common the progressive death of photoreceptors, resulting in blindness. Inherited retinal 

degenerations are orphan diseases, affecting less than 100,000 people in the United States, 

so developments that can identify treatment effects on smaller numbers of patients would 

facilitate trials of new therapies. Treatments for these conditions have been challenging 

to develop because they are genetically and mechanistically diverse, progress slowly over 

decades and the most common clinical outcome, visual acuity, is often preserved until 

the disease is very advanced. The photoreceptors, which are the primary site of disease, 

have traditionally been challenging to assess on a cellular level in living eyes. Improved 

methods of evaluating photoreceptor structure and function could expedite the development 

of treatments to slow or reverse vision loss. High resolution retinal images could make 

it possible to identify patients who retain sufficient photoreceptor structure to benefit 

from treatments. This could reduce the number of patients and length of time required to 

demonstrate safety and efficacy compared with traditional, less sensitive outcome measures 

(Duncan et al., 2018; Thompson et al., 2020).

While vision loss is the defining functional manifestation of retinal diseases, clinical 

diagnosis and management of these conditions has long relied on non-invasive imaging 

tools to assess retinal structure. Over the last few decades, there has been an impressive co­

evolution of the treatments for use in a wide range of retinal diseases along with the retinal 

imaging modalities available to clinicians and researchers for studying and managing these 

conditions. We find ourselves in truly unprecedented times with respect to the capabilities of 

retinal imaging technologies.

For example, in over 29 years since its initial development (Huang et al., 1991), the speed 

of clinical optical coherence tomography (OCT) has improved from 500 to 400,000 Hz 

and there has been a 7-fold improvement in axial resolution from 15 micrometers to 

the 2 micrometers now achievable with visible light OCT (Shu et al., 2017). Similarly, 

fundus autofluorescence (AF) had its origins in a fundus spectrophotometry technique and 

was developed to detect patterns of endogenous retinal fluorophores (such as lipofuscin 

and melanin) using short wavelength light (Delori, 1994) or near infrared wavelengths 

(Keilhauer and Delori, 2006). Now, when the principle is employed with confocal scanning 

laser ophthalmoscopy it provides a tool capable of conveying more than qualitative 

information and allows for reliable quantitative assessment of these reflexes, enhancing 
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its utility in tracking disease progression and response to treatment (Delori et al., 

2011). The closely related fluorescence lifetime imaging ophthalmoscopy (FLIO) does 

not elucidate concentrations of fluorophores but can provide information on molecular 

micro-environmental changes based on the time taken for fluorescence of an ocular structure 

to return to normal following excitation (Bernstein et al., 2019; Dysliet al., 2017). These 

imaging tools have unquestionable value for the management of retinal diseases, though they 

remain limited by the monochromatic aberrations of the human eye and thus offer limited 

transverse (or lateral) resolution.

Perhaps the biggest advance in retinal imaging came from efforts to compensate for 

the eye’s aberrations and improve transverse resolution (Dreher et al., 1989; Liang and 

Williams, 1997; Liang et al., 1997). The concept of using a wavefront sensor and deformable 

mirror to measure and compensate aberrations was introduced in astronomy and was termed 

adaptive optics (AO). In 1997, David Williams and colleagues at the University of Rochester 

employed a Hartmann-Shack wavefront sensor to measure the optical aberrations introduced 

by the cornea and lens, a piezo electric deformable mirror to correct those aberrations 

and a flash-illuminated fundus camera to acquire an image of the photoreceptor mosaic 

(Liang et al., 1997). While the imaging of photoreceptors in the living eye had previously 

been demonstrated in eyes with superior optical quality without the use of AO (Miller 

et al., 1996; Wade and Fitzke, 1998), the ability to correct for the eye’s aberrations 

expanded the population of eyes in which cellular resolution imaging could be achieved. 

Despite the significant growth in AO-based imaging tools in the last 20 years, there are 

currently no FDA-approved AO devices (though the AO flood-illuminated retinal camera, 

rtx1 from Imagine Eyes is currently approved for marketing within the European Union, 

Japan and China). Nevertheless, AO technology continues to evolve. For example, wavefront 

“sensorless” strategies are being developed (Hagan et al., 2020; Hofer et al., 2011), which 

have potential application in expanding the clinical population in which AO imaging can 

be applied successfully. There have also been significant advances in detection strategies 

for the retinal image, including optimizing illumination wavelength, detection apertures, 

illumination pupil apodization and polarized detection (Chui et al., 2012; Guevara-Torres 

et al., 2015; Rossi et al., 2017; Scoles et al., 2014a; Sulai et al., 2014; Wang et al., 2016). 

A detailed description of the technical trajectory of AO retinal imaging can be found in a 

recent review (Burns et al., 2019).

The application of AO to a range of imaging modalities (e.g., scanning light 

ophthalmoscopy and OCT) improves both the lateral and axial resolution of the retinal 

image, albeit to varying degrees (Figure 1). This has facilitated imaging of many cell 

types including photoreceptors, retinal pigment epithelium (RPE) cells, ganglion cells, 

pericytes, and even individual blood cells (Burns et al., 2019; Williams, 2011). In retinal 

imaging research, AOSLO is currently the most widespread modality – numerous AOSLO­

based studies have made major contributions to our knowledge of disease pathophysiology, 

revealing substantial promise for use in clinical trials for inherited retinal diseases. The 

reader is referred to recent outstanding reviews on AO-OCT (Jonnal et al., 2016; Miller 

and Kurokawa, 2020), which has a number of important features that complement AOSLO. 

Despite the superior transverse resolution afforded by imaging the retina with AO systems, 

their use remains largely limited to academic and research facilities. The difference in 
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widespread adoption of OCT and the more limited dissemination of AO imaging systems 

can be explained by the lack of commercial imaging systems, challenges posed by 

transpupillary imaging in patients with media opacity, tear film abnormalities and small 

pupils, and time-consuming, labor-intensive image acquisition and analysis. However, AO 

imaging offers opportunities to study photoreceptor structure and function non-invasively 

and holds great promise to provide outcome measures for emerging clinical trials of retinal 

disease.

Here we review current and emerging clinical applications of AOSLO (with an emphasis 

on photoreceptor-based diseases), examine how AOSLO imaging compares to other clinical 

imaging modalities, and discuss future areas of development in AOSLO imaging. We will 

primarily use examples from relatively rare retinal conditions to review the application 

of AOSLO and discuss the challenges associated with using AOSLO to assess the 

photoreceptor mosaic. However, it is important to note that AOSLO has been used in 

more common conditions like diabetic retinopathy and AMD (Nesper et al., 2017; Sun et 

al., 2012; Zayit-Soudry et al., 2013; Zhang et al., 2014), and that the general utility and 

limitations presented here also apply to these and other conditions.

2. Imaging the normal retina

The retina is comprised of an assortment of specialized cell types that work synergistically 

to convert light captured by photoreceptors into a neural signal for visual processing in 

the brain. Structural or functional defects at any point in this network can disrupt visual 

processing and result in severe visual impairment. A vital step toward deploying AOSLO 

to study these conditions is establishing a robust characterization of these cells in the 

normal retina. The various retinal cell types have unique anatomical and physiological 

characteristics that pose different imaging challenges, though correction of the eye’s 

monochromatic aberrations is common to all AO techniques regardless of the intended 

cell type to be imaged. The specific physical attributes of each cell type dictate how light 

interacts with them and the different optimization strategies for imaging. We review these 

approaches below, but also refer the reader to additional reviews on imaging various cell 

types in the living human retina with AO-based imaging tools (Burns et al., 2019; Jonnal et 

al., 2016; Williams, 2011).

2.1 Photoreceptors

2.1.1 Imaging the cone photoreceptor mosaic—Healthy cone photoreceptors are 

the most easily visualized structures in confocal AOSLO images, appearing as bright 

spots. Although the consensus is that the bright spots are a composite signal resulting 

from light waveguided by multiple interfaces that originate from organized photoreceptor 

structures, the remainder of the manuscript will refer to this signal as representing 

organized photoreceptor structures with waveguiding inner and outer segments. Cone 

structure causes unabsorbed imaging light to be reflected back along their axis toward 

the pupil, a property called waveguiding. The spatial topography of the cone mosaic varies 

significantly and consistently with retinal eccentricity, a feature of the photoreceptor mosaic 

first characterized by ex vivo, histological examination (Curcio et al., 1990; Osterberg, 
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1935). Numerous groups have used AOSLO to characterize the normal cone mosaic, (Chui 

et al., 2008; Cooper et al., 2016; Dubra et al., 2011; Sredar et al., 2018; Wang et al., 

2019; Wells-Gray et al., 2016) with data on density and topography generally matching 

previous reports from histology (Curcio et al., 1990). Cone density peaks in the fovea, where 

individual cones have small Gaussian profiles when imaged with confocal AOSLO and are 

tightly packed in a contiguous triangular array (Figure 2). With increasing eccentricity from 

the fovea, cone density decreases precipitously with a concomitant increase in cone spacing 

and diameter. Due to the relationship between cone size and the number of waveguide 

modes that can propagate effectively, this change in diameter is accompanied by more 

variable cone reflectance profiles. Some cones appear as several smaller clustered regions 

of intensity rather than one discrete area, an appearance termed ‘multimodal’ which makes 

them difficult to disambiguate from the surrounding rod photoreceptors. Using non-confocal 

split detection AOSLO, cone inner segments (IS) can be visualized outside the fovea (Scoles 

et al., 2014b) (Figure 3). Cross referencing of these ambiguous cones on confocal AOSLO 

with the cone IS structures on split detection images can aid in accurate classification of 

these cones and therefore facilitate calculation of more accurate cone (and rod) metrics. 

The structures on the split detection images agree with IS dimensions obtained from ex 
vivo histological measurements (Scoles et al., 2014b). In vivo imaging has the distinct 

advantage of being available in real time, informing clinicians on the evolution of pathology 

longitudinally and providing input to decisions on active clinical care, rather than the static 

postmortem histological assessments. AOSLO measurements are considered by some as 

more accurate than histology, given they are not subject to histological artifacts such as 

tissue shrinkage. However, as we review later, AOSLO images have other potential sources 

of inaccuracy including residual image distortion and uncertainties around the absolute scale 

of AOSLO retinal images. Nevertheless, AOSLO has been widely used to assess various 

properties of the normal cone mosaic.

The normal human cone mosaic contains three types of cone, termed long- (L-), middle- 

(M-), and short-wavelength (S-) sensitive based on the region of the visible spectrum in 

which they have their peak sensitivity. There is over an 80-year history of studying the 

relative numerosity of these cone types in the human retina using in vivo (psychophysics, 

electroretinography) (Cicerone and Nerger, 1989; DeVries, 1948) and ex vivo (mRNA 

analysis, microspectrophotometry) (Dartnall et al., 1983; Hagstrom et al., 1998) approaches. 

However, the first direct visualization of the trichromatic cone mosaic was made possible 

through the use of flood-illuminated AO retinal imaging coupled with retinal densitometry 

(Hofer et al., 2005a; Roorda and Williams, 1999). The L:M cone ratio was highly variable 

between subjects, and their relative arrangement within the mosaic was disordered; however, 

not all subjects had random organization, with some showing local clumping of cones of 

like type. Each cone in the retinal image is false-colored red, green, or blue according to 

its spectral subtype, and while this may convey some technical inaccuracies (Hofer et al., 

2005b; Sabesan et al., 2016) about how the individual cone types subserve color perception, 

they are nonetheless aesthetically useful (Figure 4).

Though a wealth of information is available in these images, it takes multiple imaging 

sessions over multiple days to infer the spectral identity of individual cones within a small 

patch of parafoveal retina. Using AOSLO to measure bleaching kinetics, (Sabesan et al., 
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2015) reduced the process of labeling the spectral identity of individual cones from days to 

hours. Offering further efficiency, stimulus-induced optical phase changes were monitored 

with AO-OCT, allowing cones to be spectrally identified based on their differential 

responses to a long-wavelength (637 nm) bleach (Zhang et al., 2019b). Regardless of the 

method used, the ability to visualize the trichromatic cone mosaic has ushered in a number 

of psychophysical studies aimed at correlating the spatial and spectral topography of the 

three cone types with various perceptual tasks (Hofer et al., 2005b; Sabesan et al., 2016; 

Schmidt et al., 2018a; Schmidt et al., 2018b). While this is interesting from a basic science 

perspective, there may be clinical applications as well, as discussed in Section 3.

2.1.2 Imaging the rod photoreceptor mosaic—Even though rods outnumber cones 

nearly 20-to-1 in the normal human retina, rods are difficult to visualize with AOSLO 

due to their smaller diameter compared to cones. Rods were first captured with an AO 

flood-illuminated system in achromatopsia (ACHM), which was possible due to a significant 

reduction in cone density that resulted in an apparent increase in rod diameter (Carroll et 

al., 2008). Using the same device, (Doble et al., 2011) used post-processing (deconvolution 

and filtering) to resolve smaller structures between the cones that matched the expected 

spacing of rods from histological studies. Around the same time, improvements in AOSLO 

optical design were used to decrease overall system aberrations, resulting in more accurate 

wavefront correction and reduced beam-wandering in the pupil plane (Burns et al., 2007; 

Dubra and Sulai, 2011; Merino et al., 2011). Further improvements in resolution came from 

using a smaller confocal pinhole and a shorter imaging wavelength. Albeit with somewhat 

variable success across patients and devices, these strategies allowed direct visualization of 

the rod photoreceptor mosaic in the normal retina within the central 12 degrees of the retina.

The greatest barrier to producing accurate rod metrics in more eccentric retinal locations 

is disambiguation of rods and the cones with variable reflectance profiles described above. 

Two factors exacerbate this – the increasing prevalence of these complex profiles with 

increasing diameter and eccentricity, where rods are more numerous, and the difference in 

the depth of focus of at which rods and cones are best visualized (10 – 20 μm), meaning that 

when rods are nicely resolved, these complex cone reflectance profiles are most prominent 

(Dubra et al., 2011). Split detection images can be used to aid with this specific difficulty 

(Figure 3), but accurate identification remains challenging even for experienced AOSLO 

image graders (Morgan et al., 2018). Another strategy for improving rod visualization relates 

to their variable reflectance. Irrespective of the AO imaging modality, the reflectivity of 

individual rod (and cone) photoreceptors is inherently variable, over space and time (Cooper 

et al., 2011; Pallikaris et al., 2003; Zhang et al., 2006). By averaging images of the same 

retinal location acquired at different times, the contrast of individual cells improves (Cooper 

et al., 2011). This not only improves the ability to resolve neighboring rods, but can also 

result in a more uniform appearance of the larger cones (Cooper et al., 2011; Dubra et al., 

2011).

A number of factors make rod photoreceptors more challenging to visualize with AOSLO 

than cone photoreceptors, especially in the periphery; their smaller diameter, different 

refractive index, and the potential for greater interference of RPE with their light reflex, 

as well as an increased Stiles Crawford effect. These factors are presumed to have 
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contributed to the incomplete visualization of rod photoreceptors at wider eccentricities 

with a multimodal AO system reported by Liu et al. (2018) Nevertheless, key AOSLO 

studies have successfully imaged rod photoreceptors centrally in diseased subjects and more 

eccentrically in normal retinas out to 30 degrees nasal and temporal (Wells-Gray et al., 

2016), and density measurements taken from these images are in line with histological 

measurements (Curcio et al., 1990), showing rod density increasing up to 25 degrees 

temporally and 20 degrees nasally, and decreasing with eccentricity from there.

2.2 Retinal pigment epithelium (RPE)

The RPE plays a vital role in the maintenance and support of the overlying photoreceptors, 

and RPE dysfunction is directly linked to several disease states (Lakkaraju et al., 2020; 

Sparrow et al., 2010). Owing in large part to the presence of melanin, RPE cells are highly 

light scattering structures which creates both opportunities and challenges to imaging them 

in vivo (Pollreisz et al., 2020). Here we review the evolving AO-based imaging approaches 

used to resolve the RPE mosaic over the last 15 years.

2.2.1 Imaging RPE reflectance—Given the strong light scattering properties of RPE 

cells and their diameter of approximately 10 micrometers (many multiples of the cone 

photoreceptors), these structures should be easily resolvable with AOSLO. However, low 

internal contrast and proximity to the overlying high-contrast photoreceptors obscures the 

RPE, exceeding the axial optical sectioning capabilities of AOSLO and making them an 

elusive cell to image. The first in vivo AOSLO images of the human RPE mosaic were 

obtained by capitalizing on the absence of light-scattering photoreceptors in subjects with 

cone-rod dystrophy and photoreceptor atrophy (Roorda et al., 2007) (Figure 5). Interest in 

reflectance-based imaging stems from light safety concerns with AF techniques, discussed 

below. One such technique successfully used to image RPE cells, ‘dark field’ AOSLO 

imaging, is achieved by directing confocal light to one detector while non-confocal light is 

split between two other detectors. The image of the RPE is constructed from the average 

of the two non-confocal images. Dark field imaging is considerably more comfortable for 

subjects than combining AO with short-wavelength autofluorescence (SW-AF) imaging (see 

below, section 2.2.2.1). However, lower contrast on dark-field imaging compromises image 

quality and creates difficulty identifying RPE cells in rod-dominated areas of the retina due 

to ‘point-like structures’, thought to represent residual photoreceptor signals (Scoles et al., 

2013). Additional techniques aimed at reducing non-confocal light back-scattered by the 

photoreceptors did not improve the contrast of the RPE mosaic (Scoles et al., 2013).

High speed (120,000 depth scans/second), ultrahigh resolution OCT in combination with AO 

and an achromatizing lens, for compensation of monochromatic and longitudinal chromatic 

ocular aberrations, respectively, produces superior axial and lateral resolution and three 

dimensional cellular level images of many structures that had traditionally been difficult 

to image, including the RPE (Torti et al., 2009). AO-OCT can reveal subcellular RPE 

details and even organelle motility – a feature that has the potential to become a biomarker 

of RPE health (Liu et al., 2016; Liu et al., 2019). Multimodal AO imaging confirms 

cell densities and cone-to-RPE ratios equivalent to previous studies (Liu et al., 2018). 

Transscleral optical phase images (TOPI) of the retina provide high-resolution images of 
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all retinal layers and RPE cells. TOPI uses near infrared light to illuminate the retina 

through the sclera and reveals RPE cell structure with high contrast because signals from 

cone photoreceptors imaged with transpupillary illumination are highly reflective due to the 

optical Stiles-Crawford effect (Gao et al., 2008). By bypassing transpupillary illumination, 

TOPI offers a quantitative, non-mydriatic method of imaging RPE cells without extrinsic 

dye or exposure to short-wavelength light (Caetano Dos Santos et al., 2020; Laforest et al., 

2020).

2.2.2 Fluorescence-based RPE imaging

2.2.2.1 Autofluorescence (AF): Autofluorescence fundus imaging has become an 

important component of any diagnostician’s toolkit, and is particularly well poised to inform 

on the status of the RPE, given its inherent fluorophores. Its full capabilities and their 

applications are discussed in a recent review (Schmitz-Valckenberg et al., 2020). Imaging 

the RPE through intact photoreceptors with AO was first achieved in non-human primates 

(Morgan et al., 2009a) (Figure 5). Reflectance and SW-AF imaging were simultaneously 

captured – reflectance images were used to determine image registration parameters, and 

AF images of the RPE were subsequently averaged to reveal a honeycomb mosaic – a 

hypoautofluorescent center with hyperautofluorescent surround caused by the distribution of 

lipofuscin within the cytoplasm, outside of the nucleus (Morgan et al., 2009a).

Application of this AF technique in humans reveals RPE cell densities largely in agreement 

with histological data (Ach et al., 2014; Snodderly et al., 2002; Watzke et al., 1993), and 

decreasing density with increasing eccentricity (Morgan et al., 2009a). Higher exposure 

levels to short wavelength light are required for this AO AF method, raising safety concerns. 

Following use of this technique in macaques, progressive changes in AF were seen in areas 

exposed to 560 nm light while the same phenomenon was not seen in areas exposed to 830 

nm light (Morgan et al., 2008). This was particularly concerning given the potential clinical 

application of these techniques to imaging compromised retinae with established disease 

and provided impetus to investigate alternative approaches. AO combined with two-photon 

imaging showed some promise for visualizing the RPE in non-human primates, but at light 

exposures beyond the maximum permissible in humans (Sharma et al., 2016).

The RPE mosaic has been successfully imaged with AO assisted SW-AF (Morgan et al., 

2009a) and NIR-AF (Liu et al., 2017b) in healthy subjects and those with pathology 

including radiation retinopathy, age-related macular degeneration, drusen and geographic 

atrophy (Grieve et al., 2018). The images from each modality rely on the different 

fluorophores within the RPE cells: lipofuscin for SW and likely melanin for NIR, and thus 

the characteristics of the RPE mosaic with each modality are slightly distinct (Granger et al., 

2018). Cell size and location are similar in both SW-AF and NIR-AF images. They conclude 

that while SW light is not required to resolve RPE cells, it does provide higher contrast 

images relative to NIR-AF images. The group reported that the one subject in which images 

were not obtained was the first subject imaged, and difficulties were suspected to have been 

due to optimization of the imaging protocol. Differences in cell fluorescent structure and 

visibility beneath vasculature were observed between modalities (Granger et al., 2018).
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One cause for concern was subsequent reports of an 8–13% reduction in NIR-AF in subjects 

of studies employing NIR light sources to minimize light damage. Though these changes 

were temporary, with resolution seen between 1 and 21 months the fact that they occurred 

at light exposures <4% of the maximum permissible and only 10–15% of retinal radiant 

exposures previously observed to cause reduction in NIR-AF is concerning (Masella et al., 

2014b). Work is ongoing to elucidate the mechanism responsible for changes to RPE cells 

in response to imaging and determine whether these changes are indicative of true cellular 

damage (Dhakal et al., 2020; Masella et al., 2014a; Morgan et al., 2008; Morgan et al., 

2009b; Schwarz et al., 2018; Schwarz et al., 2016; Strazzeri et al., 2014). Irrespective of 

the outcome of these studies AO may be used to inform safety standards for other, more 

commonly used clinical ophthalmic imaging given the exquisite sensitivity of imaging with 

the improved resolution capable with AO.

2.2.2.2 Fluorescence lifetime imaging ophthalmoscopy (FLIO): The retina has intrinsic 

fluorescent properties first measured in 1994 (Delori, 1994). Initial interest was primarily in 

lipofuscin as the major retinal fluorophore, and its link to pathology with its accumulation in 

the RPE cells with age and AMD. Initial studies examining fundus autofluorescence linked 

changes in RPE AF to AMD, and greater interest was piqued in understanding the full 

fluorescent constituents of the retina and their potential link to disease. One way to examine 

this was to infer the presence of different fluorophores within the retina based on known in 
vitro emission spectra and timing of their decay. This was first described by (Schweitzer et 

al., 2004) in 2004, with an expansion of the characterised fluorophores ‘toward metabolic 

mapping of the human retina’ described in 2007 (Kayatz et al., 2001; Schweitzer et al., 

2007). In normal human retinae, shortest fluorescence times are at the fovea and increase 

towards the periphery of the macula (Dysli et al., 2017; Kwon et al., 2019). Although the 

fundus AF emission spectra and timings are only validated by in vitro calibrations, ex vivo 
investigations in porcine eyes show lipofuscin in the RPE fluoresces to SW light, supporting 

the in vitro findings (Schweitzer et al., 2007). Significant differences in these measurements 

can be detected with age (Bernstein et al., 2019; Kwon et al., 2019), in patients with diabetic 

retinopathy (Schmidt et al., 2017) and may even be used as markers for disease progression 

in choroideremia (Dysli et al., 2016b) and Stargardt disease (Dysli et al., 2016a). Although 

the reported findings to date are empirical, disambiguation of the signatures is still necessary 

(Schmitz-Valckenberg et al., 2020), and a thorough pathophysiological explanation for these 

differences requires larger prospective studies, combination of AO with FLIO holds great 

promise in this regard. Feeks and Hunter (2017) have demonstrated two-photon based 

AO-FLIO in the mouse retina – this technique adapted for humans may prove useful in this 

pursuit.

2.2.2.3 Indocyanine green (ICG) assisted fluorescence imaging: While the endogenous 

fluorescence of RPE cells is imaged using NIR and SW-AF, ICG dye is an exogenous 

source of fluorescence used in clinical imaging of the choroid (Destro and Puliafito, 1989). 

Following intravenous injection for imaging purposes it results in late staining of RPE cells 

for up to 24 hours. The localization of this staining to the RPE layer was confirmed in 

histological samples from mice (Tam et al., 2016). Although ICG can be used clinically 

to identify choroidal neovascularization (Destro and Puliafito, 1989; Dobi et al., 1989; 
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Schneider et al., 1997), late staining observed with ICG was not associated with neovascular 

complexes in histological studies from mice (Tam et al., 2016) and though early reports 

describe late staining of CNV by ICG, this finding is not uniform (Schneider et al., 1997). 

AOSLO-ICG ophthalmoscopy revealed heterogenous fluorescence signals across the RPE 

mosaic (Tam et al., 2016) (Figure 5). A subsequent study by the same group showed 

the heterogeneous pattern was robustly reproduced longitudinally in human subjects (Jung 

et al., 2019). Thus, ICG AOSLO imaging represents a promising modality for imaging 

the RPE. Identification of the sources of the heterogeneous signal between cells could 

facilitate detection of subclinical changes within the RPE in disease. Although as with all 

fluorescence imaging techniques light safety concerns remain to be fully investigated, ICG 

AOSLO employs near-infrared (NIR) light, which may have less potential for retinal damage 

than SW-AF, but the risk of intravenous injection using ICG may cause bruising and poses 

a small risk of allergic reaction (Tam et al., 2016), thus the potential benefit to the subject 

must be clearly elucidated.

2.3 Inner retinal layers

The majority of AOSLO (and other AO-based imaging modality) applications discussed 

to this point are focused on the outer retina. This is primarily due to three factors – the 

ease of imaging photoreceptors (discussed above), the involvement of the outer retina in a 

wide variety of inherited and age-related diseases, and the position of the photoreceptors 

as “the initiator of vision”. In addition, AOSLO has also been employed to image the 

inner retina, though with minimal success. Although AOSLO provides superior contrast 

and lateral resolution of nerve fiber bundles in the retinal nerve fiber layer (Huang et 

al., 2014; Swanson et al., 2019; Takayama et al., 2012), the relative transparency of the 

inner retinal layers required for normal vision results in reduced image contrast of most 

layers. Secondly, the organization of inner retinal layers, multiple cells thick, by contrast 

to the monolayers of the RPE and the photoreceptors, represents a challenge to the limited 

axial resolution of AOSLO. The greatest success in imaging inner retinal cells in animals 

has been with transgenic models (Geng et al., 2012; Schallek et al., 2013), by inducing 

the expression of fluorescent proteins (McGregor et al., 2018) or via invasive methods 

using delivery of exogenous contrast agents directly into the lateral geniculate nucleus 

(Gray et al., 2006). These invasive methods most certainly will not be translatable to 

humans. However, approaches that involve delivery of exogenous contrast in less invasive 

ways – such as intravenously – are already accepted clinically, as in fluorescein and 

ICG angiography. Recent studies have used intravenous annexin-V in humans to detect 

ganglion cells undergoing apoptosis (Cordeiro et al., 2017) in a technique called detection 

of apoptosing retinal cells (DARC), evidence that requirement for exogenous contrast alone 

does not necessarily contraindicate exploring a technique in human research subjects.

Owing to novel AOSLO detection schemes aimed at revealing low-contrast structures, 

there has been some recent success in resolving individual ganglion cells in the human 

retina (Rossi et al., 2017). The close agreement between measures of cell soma diameter 

from the AOSLO images and previous estimates from histology provide confidence that 

these structures are indeed ganglion cells, though the study included only a small number 

of subjects. Additionally, multi-volume averaging techniques using AO-OCT have also 
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recently revealed exquisite images of the retinal ganglion cell mosaic (Liu et al., 2017c). 

The AO-OCT approach not only delivers higher contrast images of the ganglion cells, but 

also provides volumetric images with superior axial sectioning capabilities compared to 

AOSLO. While also only applied to a small number of subjects and requiring extensive 

image processing, the quality of these images is so striking that their clinical potential is 

undeniable. In addition, the underlying contrast generating mechanisms for these translucent 

cells have recently begun to be modeled (Guevara-Torres et al., 2020), which should aid in 

the application these techniques to more widespread study of human disease.

Aside from cell bodies, other microscopic structures at the level of the inner retina can be 

resolved with AO imaging, such as Gunn’s dots (hyperreflective foci found in the inner 

retina). Their constituents, structure and significance are yet unproven, despite their first 

description in the literature in 1883 (Gunn, 1883). They are hypothesized to be Müller 

cell end feet or hyalocytes. Although Gunn’s dots can be identified on regular fundus 

photography, AO imaging is contributing to elucidation of their anatomy. Initial imaging 

with NIR AO flood-illumination revealed directional variability in line with an internal 

limiting membrane (ILM) locus (Paques et al., 2015). More recent AOSLO and AO-OCT 

combined images confirm an axial location at the ILM, without extension into the vitreous 

or the retinal nerve fiber layer (Hammer et al., 2020). Cross-sectional images through the 

Gunn’s dots were possible with this approach, and comparisons between healthy subjects 

and glaucoma suspects prompted suspicion of microglia as the origin of Gunn’s dots. 

Features similar to Gunn’s dots have been reported in other neurological diseases such as 

Parkinson disease, multiple sclerosis (Scoles et al., 2014a) and LaFora disease (Heitkotter 

et al., 2020). As they have also been identified in a high proportion (82%) of normal young 

subjects (Boberg-Ans et al., 2017), it remains unknown what their clinical significance may 

be.

2.4 Vascular structure

Clinical monitoring of the retinal vascular system is not only important for retinal vascular 

diseases, but also a number of systemic diseases. It has the potential to provide a 

strategic, non-invasive window into the health of the systemic microvasculature. This has 

potential clinical utility for early identification of vascular remodeling that can accompany 

underlying multisystem microangiopathy found in common systemic disorders including 

diabetes and hypertension. Optical coherence tomography angiography (OCT-A) is the 

most commonly used clinical imaging modality to image the retinal vasculature, with 

fluorescein angiography and ICG angiography forming other components of the retinal 

vascular imaging armamentarium. Multiple different AO techniques have been used to 

successfully image the retinal vasculature, recent reviews of which are available elsewhere 

(Bedggood and Metha, 2020; Paques et al., 2018). Each has its own limitations and specific 

advantages which we will discuss here.

The dependence of traditional, non-AO imaging techniques on vessel contents to delineate 

vessels (motion contrast in OCT-A (Hagag et al., 2017) and optical contrast of blood 

constituents in color fundus photography) causes a systematic underestimation of vessel size 

(Mo et al., 2016). Estimation of clinically relevant measures of vessel morphology such 
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as the wall-to-lumen ratio, an indicator of vessel hypertrophy in response to hypertension 

(Heagerty et al., 1993), are not possible with these imaging modalities given the relatively 

static nature and optical translucency of the cells of the vessel walls. AO flood-illumination 

imaging has been used to calculate these ratios and showed the expected correlation between 

increased blood pressure and wall-to-lumen ratio (Koch et al., 2014). These methods could 

be used to calculate cross-sectional area of the vascular wall and distinguish between 

eutrophic and hypertrophic vascular remodeling (Meixner and Michelson, 2015).

The AO flood system described by Koch et al. (2014) revealed vascular wall details down 

to the level of the smallest precapillary retinal arterioles; however, AOSLO with video 

processing techniques that enhance motion contrast have allowed imaging down to the 

smallest parafoveal capillaries (Tam et al., 2010). Multiple approaches to enhance the 

resolution of the vasculature with AOSLO reflectance have been employed including use 

of forward scatter (Chui et al., 2012), offset pinhole (Chui et al., 2013) and split detection 

(Sulai et al., 2014). Vascular wall cells, called pericytes, were first imaged using offset 

pinhole (Chui et al., 2013; Pinhas et al., 2013), a technique employed to successfully image 

pathological microaneurysms in diseased retinae (Chui et al., 2014). Dark-field AOSLO 

using multiply scattered light demonstrated the morphological features of vessel walls and 

their dependence on vessel diameter (Chui et al., 2013).

Though in mice, recently published work characterizing intravital behavior of immune cells 

in response to endotoxin induced uveitis is very exciting. Overcoming previous confounders 

like the use of surgical techniques, exogenous substances or transgenic strategies to induce 

inflammation or enhance visualization of cells, Joseph et al. (2020) use AOSLO with phase 

contrast and time lapse videography to dynamically document the behavior of myeloid cells 

within the retina. Use of AOSLO in correlative human studies will allow direct examination 

of the behavior of immune cells at the root of myriad inflammatory disorders. This is sure 

to be illuminating not only for troubling ocular inflammatory conditions but would also have 

implications for our understanding of the function and dysfunction of the immune cells in 

systemic inflammatory disorders.

2.5 Blood flow

AO imaging is useful not only in characterizing vascular structures, but also in imaging the 

blood flow within these structures – both binary assessments such as presence or absence 

(as in retinal vascular occlusions) or perfusion mapping and the characteristics of the flow, 

such as velocimetry. AOSLO has been combined with fluorescein angiography to produce 

ultra-high-resolution vascular maps that have slightly higher lateral resolution than motion 

contrast based OCT-A images; however, superior axial sectioning capabilities of OCT-A 

allows the visualization of superficial, middle and deep capillary plexuses (Park et al., 2016), 

which is not possible with SLO based technology. Both OCT-A and AO scanning based 

modalities are vulnerable to eye motion artifacts. These artifacts can interfere with the 

ability to assess blood flow velocity because the physiological motion within the vessels can 

be of similar velocity to the eye motion artifacts, making them difficult to distinguish from 

one another.
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Flood imaging captured over shorter time periods is less vulnerable to these difficulties. AO 

NIR flood imaging was coupled with a new computational method relying on spatiotemporal 

filtering of the sequence to isolate blood flow from noise in low-contrast sequences. This 

provided a wide field of view, minimized distortion and addressed issues of low contrast, 

allowing calculation of blood flow velocity (Gofas-Salas et al., 2019). AOSLO fluorescein 

angiography can also capture simultaneous structure and flow information, and though the 

resolution of the images acquired with this method is exquisite, the minimal additional 

benefit over OCT-A images does not outweigh the small but present risks attendant to 

exogenous fluorescein administration. One advantage to retinal vascular imaging with 

fluorescein or ICG with or without AO is the ability to detect leakage from capillaries 

and vessels, which is not possible with OCT-A and may indicate microscopic damage to 

capillary endothelial cells in eyes with retinal vascular disease before these are visible on 

standard dye-assisted fundus angiography techniques.

Another effective strategy for imaging blood flow with AOSLO systems involves tracking 

leukocyte motion within vessels. Leukocytes appear as bright spots on AOSLO images, 

which may occur by direct visualization of the leukocytes or ‘indirect’ visualization due to 

reflection of light from underlying photoreceptors (Martin and Roorda, 2005). The smallest 

capillaries in the retinal vasculature are narrower in diameter than erythrocytes and therefore 

cause their “squeezing” and aggregation as they pass through. These are seen as darker 

shadows or tails that follow the leukocytes and their velocity has been examined as a 

marker of retinal hemodynamics (Arichika et al., 2013). Methods for taking into account the 

speed of three moving entities in relation to one another – blood flow movement relative 

to background tissue, background tissue in relation to eye movement and the motion of the 

AOSLO as it performs raster scanning – to accurately determine blood flow velocity were 

described by Tam and Roorda (2011).

Leukocytes make up only 1% of blood cells, therefore imaging based on their movement 

suffers from temporal sparsity and is limited to smaller vessels in which the blood 

flow forms a single column. The velocity of erythrocytes, which make up 40–50% of 

blood volume, can be imaged in medium-sized vessels using confocal AOSLO. Despite 

traditionally lower frame rates due to the time required to form the image, a technique to 

‘freeze’ scanning on the cross-section of a single vessel facilitates accurate reconstruction 

and measurement of flow (Zhong et al., 2008). This method has been employed to examine 

the variation of blood flow throughout the cardiac cycle (Zhong et al., 2011) and has been 

adapted to image a range of vessel sizes in animal models non-invasively with safe light 

levels (Joseph et al., 2019). Line scanning can facilitate a faster scan rate up to 800 Hz but 

with sacrifices in field of view (Flower et al., 2008; Gu et al., 2018).

3. Understanding physiology and pathology in disease

As reviewed in the previous section, AOSLO enables non-invasive imaging of many 

different cell types with single-cell resolution. Accordingly, there are a host of fundamental 

neuroscience and basic biological questions that have been explored with AOSLO (Burns 

et al., 2019; Roorda and Duncan, 2015; Williams, 2011), but we will focus on clinical 

applications here. We have chosen a subset of the hundreds of clinical studies using AOSLO 
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to review here as they provide clear examples of both the promises and pitfalls of AOSLO in 

the clinical realm – specifically with respect to photoreceptor imaging.

3.1 Inherited color vision defects

While there were earlier reports of applying AOSLO to image the retina in patients with 

cone-rod dystrophy, (Duncan et al., 2007; Wolfing et al., 2006) the first examples where AO 

imaging enabled a significant discovery relating to disease mechanism came from studies in 

individuals with inherited red-green color vision deficiency (Carroll et al., 2004). Clinical 

applications have expanded to other less common forms of color vision deficiency and we 

review these below.

3.1.1 Red-green color vision deficiency—Congenital red-green color vision defects 

are due to mutations within the OPN1LW and OPN1MW photopigment gene array on 

the X chromosome and affect approximately 8% of men (Neitz and Neitz, 2011). Normal 

trichromatic color vision requires expression of functional OPN1LW and OPN1MW genes 

in the retina, which results in the existence of L- and M-cone classes, respectively. The 

relationship between genotype and the severity of color vision deficiency is fairly well 

understood (Neitz and Neitz, 2011). Anomalous trichromacy is the most common variant of 

red-green color vision deficiency and arises when the first two genes in the array encode 

spectrally-distinct photopigments belonging to the same spectral class (L- or M-), resulting 

in a retina that contains either two types of L cone (deuteranomalous trichromacy) or two 

types of M cone (protanomalous trichromacy). The more severe dichromatic phenotypes 

arise when patients have only a single functional gene in their array (a single functional 

OPN1LW gene results in deuteranopia, while a single functional OPN1MW gene results 

in protanopia). This can be due to a deletion of all but one of the genes in the array or a 

mutation within the other gene(s) in the array.

Given that mutations within the rhodopsin gene, which encodes the photopigment in rods, 

cause degeneration of rod photoreceptors, it seemed plausible that similar mutations in the 

OPN1LW and OPN1MW photopigment genes could not only result in a loss of function 

but may also cause changes in photoreceptor structure. This was first explored using a 

flood-illuminated AO fundus camera – patients with a single OPN1LW or OPN1MW gene 

had a contiguous cone mosaic (Carroll et al., 2009; Carroll et al., 2004; Wagner-Schuman 

et al., 2010). This was not unexpected given the stochastic nature of gene expression within 

the OPN1LW and OPN1MW photopigment gene array – when only a single gene is present, 

the non-S cones simply express the remaining gene in the array. In contrast, a sparse array of 

gaps (Figure 6) in the mosaic was visible in a patient harboring a unique OPN1MW variant 

that results in exon skipping, and thus no functional photopigment (Carroll et al., 2004). 

Subsequent work with split-detector AOSLO showed that these gaps contained remnant IS 

of non-functional cones (Patterson et al., 2018), so we now believe that the presence of this 

gene variant disrupts normal OS structure and thus normal waveguiding is impaired. Other 

work in patients with missense mutations revealed contiguous but disordered cone mosaics, 

suggesting early degeneration of the cones expressing the mutant photopigment (Carroll et 

al., 2012).
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3.1.2 Blue cone monochromacy (BCM)—Blue cone monochromacy (BCM) is an 

X-linked condition characterized by absence of both L- and M-cone function. Like the 

red-green defects, there are multiple genetic pathways that lead to BCM – often referred 

to as ‘one-step’ or ‘two-step’ pathways (Ayyagari et al., 2000; Nathans et al., 1989; 

Nathans et al., 1993), though it is more useful in the modern era to disclose the specific 

mutations. One mutational pathway involves a deletion in the cis-regulatory DNA elements 

(locus control region; LCR) necessary for transcription of the L- and M-opsin genes. 

The other genetic pathway involves the presence of a mutation in all of the expressed 

OPN1LW and OPN1MW genes in the array, with the most common mutation being 

the C203R substitution. In most cases, the presence of this mutation is accompanied by 

gene rearrangements that result in only OPN1LW or OPN1MW genes being present (thus 

the ‘two-step’ nomenclature). Regardless of the underlying genetic mechanism, affected 

individuals have poor acuity (20/80 to 20/120), impaired color discrimination, myopia, 

nystagmus, and minimally detectable photopic electroretinogram (ERG) responses with 

normal amplitudes and delayed timing of scotopic responses (Nathans et al., 1989). There is 

accumulating evidence for macular atrophy and progressive loss of visual function in BCM 

(Ayyagari et al., 1999; Fleischman and O’Donnell, 1981; Kellner et al., 2004; Michaelides et 

al., 2005; Mizrahi-Meissonnier et al., 2010) though it is not currently understood why some 

individuals show progression and others do not.

There has been successful restoration of cone function in a mouse model of BCM (Deng 

et al., 2018; Zhang et al., 2017b). As such, understanding cone structure in BCM has taken 

on increased clinical importance in recent years. Given how rare BCM is, the ability to 

obtain cellular-resolution assessment of retained photoreceptor structure is of tremendous 

value in identifying which patients may be most likely to benefit from therapies that emerge 

for human trials. Initial imaging with confocal AOSLO revealed an absence of normal 

cone structure at the central fovea (Carroll et al., 2012), with the pattern of visible cells 

(presumably S-cones) revealing what appears to be the S-cone-free zone known to exist 

at the foveal center (Curcio et al., 1991) (Figure 7). Presence of remnant L- and M-cones 

in the retina of individuals with BCM caused by an LCR deletion was confirmed using 

OCT and AOSLO (Cideciyan et al., 2013). This is somewhat controversial though, as the 

absence of any opsin in a photoreceptor is not thought to be compatible with cell viability 

(Carroll et al., 2010). More recently, work with split-detection AOSLO has revealed cone 

IS structures in the retina of individuals with BCM caused by multiple C203R mutations 

(Patterson et al., 2017). These cells were at a density higher than that expected for the 

S-cone mosaic and in many cases they co-localized with hyporeflective cells in the confocal 

image – offering support for an interpretation that they are indeed remnant non-functional 

L/M cones. However, an alternate explanation is that post-natal migration of S cones in the 

absence of L/M cones results in an altered topography of the S-cone mosaic. It may be 

that some of the evolving advanced AO-OCT methods could be leveraged in these patients 

to assess both the IS and outer segment (OS) structure with greater axial precision and to 

conclusively identify the location of the S-cones (Zhang et al., 2019a).

3.1.3 Achromatopsia (ACHM)—Patients with congenital ACHM have severely 

diminished or absent cone function, with about 70–80% of cases due to mutations in the 
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genes encoding the alpha and beta subunits of the cone cyclic-nucleotide gated ion channel 

(CNGA3 and CNGB3, respectively) (Michaelides et al., 2004). Symptoms include reduced 

visual acuity, increased light sensitivity, nystagmus, and a lack of color discrimination. 

ACHM is thought to be a stationary condition – the reduced visual acuity, photoaversion, 

and impaired color discrimination are largely stable throughout life, though nystagmus tends 

to decrease with age (Michaelides et al., 2004; Simunovic and Moore, 1998). However, 

there are conflicting reports regarding the stability of retinal structure over the lifespan 

of individual subjects. Several cross-sectional studies report increasingly abnormal cone 

structure imaged with OCT at older ages (Langlo et al., 2016; Thomas et al., 2012; Yang 

et al., 2014). Longitudinal OCT studies (mean follow-up duration of 62 months) revealed 

minimal change in outer retinal structure, although 6 of the 50 patients (12%) showed 

qualitative progression of foveal structure between baseline and follow-up, and a small 

(average < 2 um) but significant increase in outer nuclear layer thickness, which the authors 

attributed to intervisit variation in scan placement in eyes with nystagmus (Hirji et al., 2018). 

Most clinical trials in inherited retinal degenerations are expected to last between 12–48 

months since clinically significant changes in current standard outcomes such as ellipsoid 

zone band and quantitative perimetry have been reported over that time frame (Birch et 

al., 2015; Csaky et al., 2017). Comprehensive natural history data over periods of time 

comparable to the length of a clinical trial are invaluable, as they provide an expected rate of 

change against which to assess any therapeutic response in treated patients.

In fact, as with BCM, recent years have seen renewed clinical interest in ACHM, as gene 

replacement therapies have proven effective at restoring cone function in multiple animal 

models of ACHM (Zobor et al., 2015). AOSLO has played a critical supporting role in 

translating these successes to human trials, providing direct evidence of remnant cone 

structure in patients with ACHM. An early case report in a patient with CNGB3-associated 

ACHM revealed absence of normal cone structure using flood-illuminated AO, with dark 

gaps throughout the retinal images (interleaved amongst presumed rod photoreceptors) 

(Carroll et al., 2008; Genead et al., 2011). However, the presence of remnant cone IS 

structure was confirmed in these patients by aligning the structures visible in split detector 

AOSLO images with the dark gaps in the confocal AOSLO photoreceptor mosaic (Figure 

8) (Scoles et al., 2014b). A larger subsequent natural history study of CNGB3-associated 

ACHM revealed that while all patients had remnant cone structure, peak foveal cone density 

was significantly reduced compared to normal values (Langlo et al., 2016). This direct 

evidence that the necessary cellular target for gene replacement therapy exists in nearly 

all patients with ACHM provides the basis for the potential success of phase I/II studies 

underway at multiple sites around the world (ClinicalTrials.gov Identifiers NCT02599922, 

NCT02935517, NCT03758404). However, the degree of remnant cone structure was highly 

variable between patients (Figure 9) (Langlo et al., 2016). Such variability suggests that 

not all patients with ACHM may have the same therapeutic potential – all other things 

being equal, patients with more remnant cones may have greater potential for functional 

recovery. As is the case with BCM, the ability to identify patients with the greatest potential 

of success for gene replacement therapy could be enormously valuable to early phase trials 

where patient cohorts are typically smaller in number. The emerging importance of such data 
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requires tools that can provide accurate measures of the extent of residual cone structure (see 

Section 4).

Continued AOSLO studies in patients with ACHM have revealed a number of new insights 

related to the disease. First, longitudinal studies lasting up to 26 months have not shown 

significant changes in cone structure assessed with AOSLO (Langlo et al., 2017), in 

agreement with some of the OCT studies mentioned above. In addition, a recent study has 

observed a high degree of inter-ocular symmetry of remnant cone structure within individual 

subjects (Litts et al., 2020), which suggest the contralateral eye could be used as a control 

for the treated eye in longitudinal clinical trials. Finally, detailed studies have so far failed 

to identify any differences in cone structure in patients with CNGA3- vs CNGB3-associated 

ACHM (Georgiou et al., 2019a). In contrast, AOSLO has shown that patients with GNAT2­

associated ACHM have relatively well-preserved cone structure (Georgiou et al., 2020), 

while a near absence of cone structure was reported in all patients with ATF6-associated 

ACHM (Mastey et al., 2019). Patients with PDE6C mutations present with typical symptoms 

of ACHM but show a slowly progressive maculopathy and little residual macular cone 

structure in adulthood (Georgiou et al., 2019b). Taken together, these various studies suggest 

there is a range of therapeutic opportunity in patients with ACHM, both between and within 

genotypes.

3.2 Retinitis pigmentosa (RP)

Rods are the primary site of disease in retinitis pigmentosa (RP), causing difficulty with 

night vision and mid-peripheral visual field loss. Eventually cone function is also affected, 

either secondary to rod degeneration or directly in forms of RP caused by genes expressed 

in both rods and cones. AO imaging enables characterization of cones in eyes with RP, both 

in combination with flood-illuminated (Gale et al., 2019) and AOSLO systems (Duncan 

et al., 2007; Makiyama et al., 2013; Sun et al., 2016a). The ability to isolate the IS and 

OS structure of the photoreceptor is important, as photoreceptors are thought to degenerate 

in a stepwise fashion – first with changes to the OS, then the IS, and finally the nucleus 

(Milam et al., 1998). As different modalities depend on different aspects of retinal structure 

to create images, their use can be complementary and provide synergistic information 

regarding disease pathophysiology and progression. Shortening of the OS can be adequately 

estimated by bulk OS band thickness measurements on standard OCT but the potential for 

segmentation error is high (Stepien et al., 2014). AO flood imaging can be used to assess 

change of OS length (Jonnal et al., 2010) but definitive OS length measurements require 

ultra-high resolution AO-OCT to measure optical path length (Liu et al., 2016). AOSLO 

can also be used to estimate cone IS diameter (Scoles et al., 2014b), with enlarged remnant 

cones being demonstrated in RP (Sun et al., 2016a) and choroideremia (Sun et al., 2016b).

Using multiple imaging modalities (AOSLO in combination with OCT) to image the 

same patch of retina in RP patients could provide a means to stage the relative state of 

degeneration on a more focal basis, potentially even allowing the staging of the health of 

individual cells (Foote et al., 2019b; Foote et al., 2020; Sun et al., 2016a; Sun et al., 2016b).

AOSLO images of the cone mosaic have been correlated with images from other modalities, 

including OCT, SW-AF, NIR-AF and OCT-A, to characterize the retinal phenotype of 
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many different genetic forms of RP. The relationship between AOSLO and OCT differs in 

different conditions, and the features provide insight into how different genetic mutations 

affect cone and rod photoreceptors. For example, eyes with choroideremia show early 

loss of choriocapillaris flow, whereas eyes with achromatopsia and RPE65-related retinal 

degeneration often show retained cone structure in regions with severely reduced function. 

Subjects with RP may have lower macular photoreceptor density, even in the presence of 

preserved acuity. OS length and outer nuclear layer (ONL) thickness measured on OCT 

are considered indirect markers of photoreceptor density, as the ellipsoid zone (EZ) or 

inner segment/outer segment junction band represents intact photoreceptor OS segments, 

and the ONL represents photoreceptor nuclei. AOSLO images showed reduced cone density 

correlates with ONL thinning at the fovea (Makiyama et al., 2013), although eccentricity is a 

better predictor of cone density than ONL thickness. Though there is an association between 

density and ONL thickness across all eccentricities in both normal subjects and RP patients, 

ONL cannot be used to predict cone density measurements (Menghini et al., 2014).

Patients with RP due to mutations in rod-specific genes like rhodopsin (RHO) may show 

similar cone losses in the macula as patients with mutations in genes expressed both in 

rods and cones, such as RPGR, but cone function and OS length is better preserved in 

patients with RHO mutations (Foote et al., 2020). When macular function was tested using 

AO, sensitivity per cone was normal in eyes with RHO mutations, but reduced in eyes 

with RPGR mutations (Foote et al., 2020) (Figure 10). Several genes that cause retinal 

degeneration result in dissociation between visual function and measures of retinal structure, 

including RPGR (Foote et al., 2020), RPE65 (Jacobson et al., 2005), RPGRIP1, TULP1, 
NPHP5, and CEP290 (Garafalo et al., 2019). When genes cause retinal degeneration 

where retinal structure does not predict function, the likelihood of visual improvement 

after therapeutic intervention is greater. In support of this principle, gene augmentation for 

patients with RPE65-related retinal degeneration received approval from the U.S. Food 

and Drug Administration (Russell et al., 2017) and patients with CEP290-related RP 

demonstrated visual improvement in response to treatment with an antisense oligonucleotide 

treatment (Cideciyan et al., 2019). As described above, CNGA3- and CNGB3-associated 

ACHM also demonstrate structure-function dissociation and therefore may be good 

candidates for gene augmentation. Even in retinal degenerations featuring structure-function 

dissociation, candidates for therapeutic improvement must be selected based on preserved 

retinal structure to predict improvement in visual function after treatment.

Syndromic forms of RP such as Usher syndrome types 1, 2 and 3 (Ratnam et al., 2013b; 

Sun et al., 2016a), in which rod-cone degeneration is associated with hearing loss, have 

shown lower cone density than RP (Sun et al., 2016a). Cone structure measured within 0.2 

degrees of the foveal center correlates with visual acuity in eyes with RP (Bensinger et al., 

2019; Foote et al., 2018; Ratnam et al., 2013a). Cone density decreases by up to 62% in 

eyes that retain visual acuity of 20/25 or better (Ratnam et al., 2013a; Sun et al., 2016a), 

suggesting AOSLO images may be a more sensitive measure of photoreceptor degeneration 

than measures from other modalities (Sun et al., 2016a). Cone spacing increases during 

longitudinal evaluation of RP patients while visual acuity does not change significantly 

(Bensinger et al., 2019). Longitudinal measures of cone density at selected regions of 

interest (ROIs) showed significant declines of about 20% over 2–3 years (Talcott et al., 
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2011) (Figure 11), suggesting AOSLO cone metrics could also be a useful measure of 

disease progression or outcome measure for clinical treatment trials. Larger longitudinal 

studies of disease progression in eyes with RP are necessary to demonstrate intervisit, 

interocular and intergrader variability and rate of progressive cone loss over time (see 

Section 4).

As discussed, rods can be visualized with AOSLO systems (Dubra et al., 2011; Merino 

et al., 2011; Wells-Gray et al., 2016). Split detection images are necessary to reliably 

disambiguate cone and rod profiles on confocal AOSLO images (Morgan et al., 2018). 

As the lateral resolution of split detection images is lower, rods are not always clearly 

visualized on split detection. In patients with ACHM, the reduction in cone density results 

in the surrounding rods expanding to fill in the vacant space in the photoreceptor mosaic, 

allowing them to occasionally be resolved on split detection. There is one report of AOSLO 

imaging of rods in RP (Sun et al., 2016a), though they are not easily resolved (see Figure 

12 for an example). Another contributing factor to the lack of routine imaging of rods in 

RP is that cone degeneration is secondary to rod degeneration in RP – by the time changes 

in the cone mosaic are seen in AOSLO, there has been significant rod loss. Developing 

improved techniques to resolve rod and cone structures in RP is essential for advancing our 

understanding of the early pathophysiological changes in RP.

3.3 Choroideremia

Choroideremia is an X-linked form of retinal degeneration, affecting about 1 in 50,000–

100,000 males who carry hemizygous mutations in the CHM gene, which encodes Rab 

escort protein 1 (REP1) (Pennesi et al., 2019). Women with heterozygous CHM mutations 

may also develop retinal degeneration due to Lyonization (Coussa and Traboulsi, 2012; 

Renner et al., 2009; Syed et al., 2001; Syed et al., 2013). The CHM gene is expressed in 

all cells but doesn’t have any extraocular manifestations. Although disease severity does 

not correlate with the extent or type of CHM mutation, levels of messenger RNA (mRNA) 

transcript produced by the mutant gene correlate with disease severity (Di Iorio et al., 2019). 

Because CHM is expressed in photoreceptors, RPE cells and choroidal cells (Bernstein and 

Wong, 1998), degeneration affects all cell types. The earliest manifestations of disease are 

rod-mediated, including nyctalopia, and rod function is reduced early in disease prior to 

visible RPE atrophy (Aleman et al., 2017). Choriocapillaris perfusion measured with OCT-A 

is also affected in regions of preserved outer retinal structure (Foote et al., 2019c; Jain et al., 

2016). AOSLO images have demonstrated preservation of cone structure in the macula of 

patients with choroideremia (Morgan et al., 2014; Syed et al., 2013; Tuten et al., 2019) and 

extending beyond the margins of preserved RPE imaged using SW-AF (Foote et al., 2019b) 

(Figure 13). Split detector AOSLO has been used to visualize remnant cone IS in outer 

retinal tubulations, regions of RPE loss where photoreceptors remodel that are common in 

patients with choroideremia (Sun et al., 2016b; Tuten et al., 2019). AOSLO has also been 

used to deliver visual stimuli precisely to retinal regions with outer retinal tubulations, where 

visual function was recordable but severely reduced, suggesting photoreceptors in regions 

with RPE loss may not be amenable to gene augmentation therapies (Tuten et al., 2019) 

(Figure 13). However, the persistence of cone IS and cone profiles in confocal AOSLO 

images that extend beyond RPE visualized with SW-AF suggests the use of SW-AF as 
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an outcome measure to identify regions for treatment may underestimate retinal cells with 

potential to respond to therapy (Foote et al., 2019b). Combined with OCT and OCT-A, 

AOSLO may play an important role in identifying candidates likely to benefit from gene 

augmentation and may provide a more sensitive outcome measure of treatment response 

than SW-AF.

3.4 Albinism

Albinism is a multi-system inherited disorder that disrupts melanin biosynthesis and/or 

trafficking and presents with hypopigmentation of the skin, hair and eyes. Subtypes are 

classified depending on amount of residual melanin, presence or absence of cutaneous 

involvement, and presence or absence of other systemic associations such as platelet 

dysfunction in Hermansky Pudlak syndrome and immunodeficiency in Chediak Higashi 

syndrome. The most common inheritance pattern is autosomal recessive, followed by 

X-linked and rare dominant inheritance reported. The most common subtypes are 

oculocutaneous albinism (OCA) 1–7 and ocular albinism 1. Mutations in TYR, OCA2, 

TYRP1, SLC45A2 SLC24A5, C10ORF11, and GPR143 account for most cases, however 

not all mutations have been identified and work is ongoing to identify all causative 

mutations (Montoliu et al., 2014; Simeonov et al., 2013). Regardless of gene implicated all 

forms of albinism are associated with abnormal development of the visual system; reduced 

visual acuity, foveal hypoplasia and aberrant decussation at the optic chiasm. Visual function 

is highly variable among subjects with albinism and there has long been an interest in 

understanding the anatomical basis of visual dysfunction in an effort to provide an accurate 

visual prognosis to families (since albinism can often be diagnosed at birth or shortly 

thereafter) and to guide therapeutic development.

The fovea is critical for high acuity vision and has a number of anatomical specializations 

relative to the rest of the retina. As such, the reduced visual acuity in albinism was initially 

attributed to the absence of a foveal pit (Seo et al., 2007). However, recent OCT studies 

have revealed enormous variability in the degree of foveal hypoplasia in albinism, with 

categorical clinical grading schemes developed to assess the severity of hypoplasia (Thomas 

et al., 2011). Grade 1 foveal hypoplasia is described as having a shallow foveal pit – further 

subdivided into 1a and b depending on whether this pit has normal pit characteristics or 

is a tiny dip by Wilk et al., 2014. Grade 2 does not have an identifiable foveal pit but 

has demonstrable OS lengthening. Grade 3 has no OS lengthening but ONL widening and 

Grade 4 demonstrates none of these features. Many individuals with poorly defined foveal 

pits according to these categorizations have relatively preserved visual acuity (Harvey et al., 

2006; Summers et al., 1996), and there is significant overlap in visual acuity between these 

categorical foveal hypoplasia grades. (Curcio, 2001)This lack of concordance has motivated 

additional anatomical studies of the retina in albinism.

A comprehensive AOSLO study by (Wilk et al., 2014) revealed variable foveal cone density 

in albinism, with some patients having values within normal limits. This was in conflict 

with existing models of foveal development that suggested cone packing did not occur 

in the absence of a pit. Further work with OCT has advanced quantitative measures of 

other anatomical specializations of the foveal region, including ONL thickening and the 
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displacement of inner retinal layers (Lee et al., 2018; Woertz et al., 2020a). Rather than 

remarking on the presence or absence of a given specialization, high resolution imaging, 

including AOSLO, allows precise quantitative measurement of the structure of interest. 

This allows placement of any given retina on a developmental spectrum of foveal maturity 

relative to another retina, which may aid in future structure-function correlations in albinism. 

A similar approach is being taken in aniridia, another condition associated with foveal 

hypoplasia (Pedersen et al., 2019). An example of the anatomical manifestations of foveal 

hypoplasia in albinism is shown in Figure 14.

It is worth noting that, Wilk et al. (2014) did not observe a correlation between visual 

acuity and foveal cone density. This observation, together with the lack of a relationship 

between cone density and cortical magnification in albinism (Woertz et al., 2020b), suggests 

that altered post-receptoral connectivity of the foveal cones may underlie the visual acuity 

deficits in albinism. Larger studies seeking to incorporate estimates of foveal cone packing 

into their structure-function models are hindered by the inability to obtain high quality 

AOSLO images in a subset of those with albinism due to the presence of nystagmus. 

(Wilk et al., 2017) found that OS length measured using OCT correlates with peak foveal 

cone density in subjects with albinism. This relationship is consistent with histological data 

showing that cones have a nearly constant volume (Hoang et al., 2002), meaning that as cone 

packing density increases, the length of the OS would also increase. In this way, OS length 

can be used as a surrogate marker for foveal cone density. This is important as AOSLO is 

not widely available and is only successful in about 60% of patients with albinism, whereas 

OCT is widely available and high-quality OCT images can be obtained in upwards of 90–

95% of these patients. Thus, even as the direct clinical applications of AOSLO imaging 

continue to be debated by some, the value of AOSLO in validating other clinical imaging 

approaches is nevertheless significant.

4. Photoreceptor-based biomarkers

Ophthalmic diseases have seen a rapid expansion of emerging treatments for previously 

untreatable disease like inherited retinal degenerations. Genetic therapies have been 

developed for safe delivery to retinal and RPE cells in animals and humans. As the 

pipeline of available treatments expands, clinical trials with sensitive measures are required 

to test the efficacy of the treatments. OCT measures have fulfilled this function to date. 

Despite the exciting images provided by AO-based retinal imaging tools, there have been no 

photoreceptor-based metrics validated or used as primary outcome measures for multicenter 

clinical trials. AOSLO certainly has a role to play – at very least in validation of OCT 

measures, and potentially in replacing OCT as the definitive means of characterizing 

photoreceptor structure for the purposes of clinical trials. The accurate establishment of 

photoreceptor structure offered by AOSLO is crucial in facilitating the selection of the 

appropriate therapeutic approach in specific disease groups – i.e., stem cell or implant 

therapies in those without any residual cellular structure – and identification of which 

patients within each group have potential to respond to therapy - as in ACHM where 

split detection imaging of remnant cone structure may represent a cellular pre-requisite 

for positive therapeutic response. This section will examine existing structural OCT and 

Wynne et al. Page 21

Prog Retin Eye Res. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AOSLO biomarkers and compare to potential novel AOSLO biomarkers. We present the 

evidence in support of and cautioning against their applications in clinical trials.

4.1 Structural AOSLO biomarkers

4.1.1 Defining the extent of photoreceptor damage—As the most commonly used 

imaging modality for quantitative imaging, OCT is regularly used to define the extent 

of photoreceptor damage in a wide range of retinal diseases. En face OCT imaging can 

reveal the extent of atrophic lesions in age related macular degeneration, which appear as 

bright areas due to increased light penetration into the choroid (Yehoshua et al., 2011). It 

is also possible to assess the cone photoreceptor layers on OCT. For example, the ONL is 

comprised of photoreceptor nuclei, and measuring the thickness of this layer theoretically 

provides a direct measure of photoreceptor structure (Jacobson et al., 2009). However, 

conventional techniques to assess the ONL ignore the contribution of the Henle fiber 

layer. Directional OCT allows visualization of the Henle fiber layer and thus extraction 

of “true” ONL thickness measurements (Lujan et al., 2015; Menghini et al., 2014). Even 

these measures inform only gross photoreceptor structure, as they cannot differentiate 

relative cone and rod contributions to the ONL. As well, the ONL thickness is affected 

only after a cell has degenerated completely, making it a somewhat late biomarker in the 

process of photoreceptor degeneration. The second outer retinal band visible in OCT scans 

has been attributed to the ellipsoid portion of the inner segments (EZ band) or to the 

boundary between the inner segments and outer segments of photoreceptors (Jonnal et al., 

2015; Jonnal et al., 2014; Spaide and Curcio, 2011; Staurenghi et al., 2014; Tao et al., 

2016). OCT combined with AO provided high resolution images of individual cones that 

demonstrated the band was several times thinner than in clinical OCT images and supported 

the designation of inner segment-outer segment junction rather than the inner segment 

ellipsoid (Jonnal et al., 2014). However, an international consortium proposed use of EZ to 

describe this band given the lack of definitive evidence defining the origin of the band, and 

uses the term “zone” to denote that more than one anatomic structure likely contributes to 

the reflectivity of the band (Staurenghi et al., 2014). Recently, there has been significant 

interest in using the integrity of the EZ band as a more sensitive biomarker of photoreceptor 

health (Tao et al., 2016). The reflective EZ band is generated by the photoreceptors (Spaide 

and Curcio, 2011), and metrics related to retained EZ width or EZ lesion area have become 

established markers of disease progression in inherited pathologies (Birch et al., 2013; 

Hariri et al., 2017; Tee et al., 2019) and have been used as outcome measures in clinical 

trials (Chew et al., 2018). However, when the EZ band is present, it does not mean the 

photoreceptor mosaic is intact. AO can reveal photoreceptor damage that is not visible in 

EZ images. When EZ is absent photoreceptors may be present. Studies examining the same 

retinal areas with both OCT and AOSLO have revealed important disconnects between EZ 

integrity and the underlying photoreceptor mosaic, including examples of cone density loss 

in the absence of any measurable change in the EZ band (Talcott et al., 2011). Also, cone 

function may be measurable in regions where the EZ is disrupted and cone profiles are not 

be visible using confocal AOSLO, a condition termed “dysflective cones” (Tu et al., 2017). 

These observations can inform the interpretation, accuracy and sensitivity of both AOSLO 

and EZ metrics in quantifying the extent of underlying photoreceptor damage.
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When examining eyes with ACHM, it has been shown that the intensity of the EZ band is 

reduced compared to the normal retina (Sundaram et al., 2014). These patients have reduced 

cone density (with the remnant non-functional cones having altered reflectance in AOSLO 

images) and apparently normal rod photoreceptors, suggesting that rods and cones both 

contribute to the EZ reflectivity. However, that the EZ band was intact despite the significant 

reduction in cone density also highlights the concept that the presence of the EZ alone does 

not inform as to the underlying cone numerosity. Consistent with this, a normal-appearing 

EZ was observed in patients with altered cone mosaics due to OPN1LW / OPN1MW 
mutations (Patterson et al., 2018; Rha et al., 2010). In addition, patients with reduced cone 

density from acute macular neuroretinopathy or Stargardt disease show a preserved EZ 

(Hansen et al., 2015; Razeen et al., 2016). Taken together, this evidence reinforces that 

a normal-appearing EZ band cannot be interpreted as a normal underlying photoreceptor 

mosaic. However some studies have reported that EZ reflectivity is positively correlated 

to cone density measured with AOSLO in normal subjects, patients with resolved central 

serous chorioretinopathy and hydroxychloroquine and traumatic maculopathies (Saleh et al., 

2017; Scoles et al., 2016). This is consistent with the findings in ACHM and suggests that 

EZ reflectivity is a viable biomarker of the photoreceptor mosaic.

When defining EZ lesions with OCT, there are two important concepts revealed from 

AOSLO studies. First, small lesions within the photoreceptor mosaic can be missed on 

OCT. This has been demonstrated in patients with mild traumatic brain injury or closed 

globe ocular trauma (Braza et al., 2018; Flatter et al., 2014; Kaizu et al., 2016; Stepien 

et al., 2011). This is most likely due to lateral resolution and sampling patterns used in 

clinical OCT protocols (it is not uncommon to sample 6 mm of retina with a few hundred 

B scans, resulting in a gap between B scans of 10–20 microns). Second, even visible EZ 

lesions on OCT do not indicate that there is an absence of photoreceptor structure. There 

have been numerous reports of persistent cell structure in areas of absent EZ reflectivity; 

for example, in cone rod dystrophy associated with GUCY2D mutations, after closed globe 

blunt ocular trauma (Scoles et al., 2016) (Figure 15), ACHM (Georgiou et al., 2019b; Langlo 

et al., 2016), macular telangiectasia type 2, and BCM (Scoles et al., 2016). Importantly, 

the residual cone structure is visible typically only with split detection AOSLO; confocal 

AOSLO often also shows areas of reduced reflectance within OCT-defined EZ lesions (Ooto 

et al., 2010; Ooto et al., 2011). This has important therapeutic implications, as the absence 

of EZ reflectivity does not out rule the presence of residual cone structure, which may 

or may not be salvageable. Further studies using AOSLO and OCT in the same retinae 

will undoubtedly expand our understanding of the limitations of EZ-based biomarkers for 

defining the extent of photoreceptor damage.

4.1.2 Cone photoreceptor density and geometry—Traditionally, approximate 

sizes of gross fundus pathology were estimated with reference to the diameter or area of 

large landmarks like the optic disc. AOSLO facilitates precise measurements on the order 

of micrometers – with pathology detectable even at subclinical thresholds (as reviewed 

in 4.1.1). As significant cell destruction can be present prior to noticeable symptoms and 

retinal degenerations typically progress slowly, clinical measures would be insensitive to 

therapeutic effects within the 1–3 year timeframe of standard clinical trials (Csaky et al., 
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2017). AOSLO is well-positioned to detect early manifestations of pathology (while vision 

may still be salvageable), and identify small, incremental or diffuse longitudinal changes in 

established disease. These changes are often impossible to discern with the naked eye, so for 

accurate measurement of disease using AOSLO images, quantitative metrics are required, 

the most basic and intuitive of which is density.

The first example of application of this to a clinical trial population was an ancillary study 

to a multicenter clinical trial of ciliary neurotrophic factor (CNTF) which demonstrated 

the use of cone density as a sensitive outcome measure to assess cone structure in a 

subset of patients (Talcott et al., 2011). One eye of each patient was randomly assigned to 

receive sustained-release CNTF, a neurotrophic factor being investigated for potential role 

in slowing the progression of retinal degeneration (LaVail et al., 1992; MacDonald et al., 

2007), and the fellow eye was assigned to sham treatment. Over 24 months, no changes in 

standard clinical outcome measures such as visual acuity, visual field sensitivity or ERG 

responses were observed in either the sham-treated or CNTF-treated eyes. However, sham 

treated eyes showed a significantly larger decrease in cone density compared to the CNTF­

treated eyes (Figure 11). This demonstrated the potential use of AOSLO as a sensitive and 

reliable measure for longitudinal follow up – not only in natural history studies but also 

in assessing response to treatment. It provides a strong rationale for combining standard 

clinical measurements with high-resolution measures of photoreceptor structure in treatment 

trials over a limited period in slowly progressive conditions.

Density is not the only structural metric of the cone mosaic; there are a number of spacing 

and regularity metrics used to describe the cone mosaic (Chui et al., 2008; Kram et al., 2010; 

Li et al., 2010; Martin et al., 2000; Rodieck, 1991) (Figure 16). One of the challenges in 

relying on structural biomarkers is disambiguating true cell loss from cell misidentification. 

The optimum metric would be able to capture and reflect small true cone losses without 

being overly sensitive to missed cones caused by poor image quality or ambiguous 

appearance of cells in the diseased retina. Cooper et al. (2016) reviewed these metrics 

and their individual merits in detecting disruptions of the cone photoreceptor mosaic. Other 

authors have described different methods of describing cone structure, including measuring 

cone spacing using density recovery profile histograms (Rodieck, 1991), Voronoi cell area 

regularity (Dees et al., 2011; Li and Roorda, 2007; Lombardo et al., 2014; Ramamirtham 

et al., 2016; Wells-Gray et al., 2016), anisotropy (Chui et al., 2008) and global regularity 

index (Kram et al., 2010). Many of the measures of mosaic regularity (e.g., percentage of 

six-sided Voronoi cells, Voronoi cell area regularity, and number of neighbors regularity) 

are vulnerable to inaccuracies caused by cell identification errors. Spacing measures like 

nearest neighbor distance and density recovery profile distance are very robust, though this 

may come at the cost of being insensitive to loss of small numbers of cells which would 

reduce their sensitivity to detect small changes over time. The inescapable minimal residual 

distortion seen in AOSLO images has little effect on global metrics such as cell density and 

spacing, but it has a significant effect on local metrics such as regularity index and Voronoi 

geometry (Cooper et al., 2013a). Combining metrics may increase their utility by harnessing 

complementary but distinct advantages. Longitudinal studies can also be used to assess 

inter-visit variation and reduce variability and mitigate metrology issues when conducted in 

normal individuals. Ultimately the choice of metric(s) for estimating cone loss longitudinally 
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may differ depending on the anticipated pattern and rate of cell loss within the pathology 

being monitored.

The validity of nearly all spatial metrics of the cone mosaic relies on accurate knowledge 

of the image scale. Most measurements are made in units of absolute retinal distance, 

which requires a conversion from visual angle to retinal size/distance (usually in microns or 

millimeters). This conversion relies on several assumptions and some form of a schematic 

eye (Storani de Almeida and Carvalho, 2007). These scaling assumptions are used by 

convention and represent the best estimates of the geometry of the ‘ideal eye’. There are 

likely inaccuracies that arise from assumptions about the average anterior chamber depth, 

lens curvature, lens thickness, etc. Whole-eye biometry (such as with OCT or magnetic 

resonance imaging) may be valuable in developing personalized eye models, though it is still 

not known exactly how much error may be present in current scaling estimates. Furthermore, 

disease features such as intraretinal microcysts (a common non-specific manifestation 

of many retinal diseases) can impact image scaling. They have been shown to cause 

magnification of the underlying photoreceptors by acting as spherical lenses (Langlo et 

al., 2014; Meadway et al., 2020). Such features may have little to no impact on assessment 

of gross pathology, but as the precision of biomarkers increases, the impact and relevance of 

these features must be considered.

4.1.3 Measurement Errors—A thorough understanding of the measurement errors 

associated with the above AOSLO-based biomarkers is essential for their incorporation 

into large multicenter clinical trials. Measurement errors in the context of AOSLO-based 

biomarkers have multiple sources – the specific instrument being used, the modality 

(confocal or split detection) being used to image the retina, and inter- and intra-observer 

variability. The terms agreement, reliability, reproducibility, and repeatability are used 

throughout the AOSLO literature – often times interchangeably. Thus, it is important to first 

define the terminology we will be using. Here, repeatability refers to variability in repeated 

measures made on the same subject under identical conditions. If the same observer made 

the measurements, this would be termed “intra-observer repeatability”. Likewise, if the same 

subject was imaged multiple times with the same device, this might be considered “intra­

device repeatability”. In contrast, reproducibility refers to variability in repeated measures 

made on the same subject under changing conditions. If the same subject was imaged on two 

different AOSLO systems, this would allow assessment of the “inter-device reproducibility”. 

Likewise, if we had multiple observers measure the same set of images, this would reveal the 

“inter-observer reproducibility”. If we were assessing the same subject over a short period of 

time, this might be referred to as “inter-visit repeatability” (over a longer time period, this 

might be “inter-visit reproducibility”). Finally, reliability (or intraclass correlation, ICC) is 

used to relate the real variability between subjects to the measurement error.

The majority of publications regarding the measurement errors associated with cone metrics 

involve studies of normal data sets. In one of the larger studies on measurement error, 

(Liu et al., 2014) 10 observers measured cone density three times in 90 confocal AOSLO 

images from individuals with normal vision (270 measurements per observer) and a variance 

components model was used to define the various contributions to the overall variability. 

The study found that the observer only contributed about 1% of the overall variability – 
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suggesting the inter-observer repeatability is very high. Similar findings were produced in 

a smaller study using a commercial prototype confocal AOSLO, where they also assessed 

the contribution of the photographer (Davoudi et al., 2018). Liu et al. (2014) also reported 

a separate cohort imaged on two different instruments; 160 pairs of images were measured 

by the same observer. The inter-instrument reproducibility was found to be very good, with 

between 2.5–6.9% of the total variance being attributed to differences between the devices. 

Morgan et al. (2018) showed that the inter-observer reproducibility for cone density in 

parafoveal images was better using split detection compared to confocal images. While these 

are of value in defining the upper limit of performance of these metrics, unfamiliar and 

unusual patterns of disease and degeneration make features more difficult to discern than in 

the pristine normal retina, not to mention increased prevalence of characteristics that degrade 

image quality like fixational instability, light sensitivity, and media opacity and increased 

aberrations.

There have been few studies of repeatability in patients with inherited retinal disease. In 

a cohort of patients with inherited retinal degenerations imaged with confocal AOSLO, 

Zayit-Soudry et al. (2015) reported an inter-observer ICC of 0.89, compared to 0.84 for 

their control group. The inter-visit repeatability was good, with a mean difference of about 

5% in the inherited retinal degeneration group (ICC ranged from 0.87 – 0.98) and 4% in 

the controls (ICC ranged from 0.93 – 0.95). Low quality images from eyes with retinal 

degeneration affected intersession repeatability of cone measures (Davoudi et al., 2018; Gale 

et al., 2019) and measures from large measurement windows (150 um x 150 um) were most 

consistent (Davoudi et al., 2018). Subsequent studies have revealed that the measurement 

errors are modality and disease dependent (Morgan et al., 2020; Tanna et al., 2017). 

Similar to findings in normal eyes (Morgan et al., 2018), reliability was lower when graders 

measured confocal compared to split detector AOSLO images (Abozaid et al., 2016; Tanna 

et al., 2017). In addition, reliability varies among different diseases. Images from patients 

with Stargardt disease showed greater inter-grader reliability than images from patients with 

RPGR-related RP (Tanna et al., 2017). Unsurprisingly, intraobserver repeatability is better 

with experienced graders, as demonstrated in ACHM and choroideremia (Abozaid et al., 

2016; Morgan et al., 2020).

While evidence of low measurement error even in patients with inherited retinal 

degenerations is encouraging, longitudinal inter-visit reproducibility must be established 

prior to the use of AOSLO in clinical trials. An additional factor in these studies is ensuring 

the same retinal location is being analyzed consistently. Even images taken over short time 

periods in individuals with normal vision can vary in their absolute retinal position. This 

is because the preferred retinal locus of fixation is an area of approximately one degree 

(Putnam et al., 2005). If relying solely on the subject’s fixation to guide the general (or 

global) location for image analysis, intra-visit repeatability (2.77 times the within-subject 

standard deviation) is 17.1%. This drops to 6.4% if the images are first aligned such that the 

exact same cones are being included in the analysis (Garrioch et al., 2012). This approach 

was used by (Jackson et al., 2019) in a 2-year longitudinal study, though they had to 

also normalize the appearance of images from different time points, since the reflectivity 

of individual cones varies dramatically over time and can confound image alignment. 

As disease progression can negatively impact fixational stability, the ability to image and 
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analyze precisely the same retinal locations over time can be quite challenging. Use of other 

anatomical landmarks (foveal avascular zone, foveal pit center, retinal vascular landmarks) 

across imaging sessions could help, but even these structures may not remain stable in a 

degenerating retina. Aligning entire montages from different time points is possible, though 

this does not account for situations where the same retinal area was not captured between 

the two sessions. Methods to improve the precision of longitudinal measures of the cone 

mosaic are one of the most important areas of need for advancing the clinical application of 

AOSLO.

4.2 Functional AOSLO biomarkers

As reviewed so far, correction of the eye’s aberrations through the use of AO has been 

leveraged primarily to evaluate retinal structure. However, recent years have seen exciting 

growth in the use of AO-based imaging modalities (including AOSLO) to probe retinal 

function on a cellular scale. Depending on the specific disease, functional changes measured 

at such a fine spatial scale could have improved sensitivity over structural biomarkers. Two 

AOSLO-based approaches to assess the function of individual photoreceptors are reviewed 

here.

4.2.1 Adaptive optics microperimetry (AOMP)—Several studies have investigated 

the relationship between cone measures from AOSLO images and clinical measures of 

visual function. Precise alignment of AOSLO images to data acquired during fundus-guided 

microperimetry demonstrated significant correlations between cone spacing and macular 

sensitivity in eyes with RP, Usher syndrome (Foote et al., 2019a) and choroideremia 

(Foote et al., 2019b). However, clinical fundus-guided microperimetry employs real-time 

fundus tracking at 25 frames/second with an SLO and a Goldman III (26 arcmin, 0.43°) 

stimulus, which covers a region containing hundreds to thousands of cones (depending on 

the eccentricity). This spatial redundancy of the stimulus decreases the ability to detect focal 

structural changes that may occur early in the disease process. Furthermore, Ratnam et al. 

(2013a) observed that despite reduction in cone density by up to 62%, subjects’ retained 

visual acuity of 20/25 or better, pointing towards the role of eye motion in alleviating 

the impact of cone loss. Detailing the grain of visual dysfunction on a cellular scale 

entails targeting the retina with punctate stimuli upon compensating for the both the eye’s 

aberrations and motion.

Correction of optical aberrations with AOSLO can not only improve resolution of structural 

images, but can also be used to deliver visual stimuli precisely to small groups of cones, 

a technique called AO microperimetry (AOMP) (Makous et al., 2006; Tuten et al., 2012). 

Just as with clinical microperimetry, AOMP can be performed with or without tracking 

the retina in real-time. As shown in Figure 10, AOMP demonstrated reduced sensitivity 

in cones of patients with RPGR-associated RP when compared to normal cones and to 

cones in patients with RHO-associated RP (Foote et al., 2020). The discrepancy between 

photoreceptor structure and visual function suggests that the remnant cones in patients with 

RPGR-related RP may be amenable to functional improvement in response to therapies, 

which may be measurable in a shorter timeframe than that required to see reduced rates of 

disease progression. As mentioned above, AOMP in patients with CHM demonstrated that 
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outer retinal tubulations at the margins of degeneration have severely reduced visual function 

(Tuten et al., 2019) (Figure 12).

One area where AOMP has proved particularly useful is assessing retinal areas devoid of 

normally-waveguiding cones. As reviewed above in Section 3, the absence of a reflective 

signal on confocal AOSLO cannot be interpreted as the absence of cones. In many cases, 

split-detection AOSLO has revealed remnant inner segment structure in genetic conditions 

predominantly affecting cones like ACHM and BCM. Here the lack of normal waveguiding 

can likely be attributed to morphological disturbances within the cone itself (perhaps the 

OS), caused by the respective genetic mutations (Carroll et al., 2005; Langlo et al., 2016). 

However, dimly reflective or ‘dysflective’ cones can be observed in normal retinas and 

conditions in which cones are not the site of disease. AOMP offers the ability to directly 

characterize the function of these dysflective cells and studies in bilateral foveolitis (Tu et 

al., 2017), macular telangiectasia type 2 (Wang et al., 2015) and in normal eyes (Bruce 

et al., 2015; Horton et al., 2015; Tu et al., 2017), indicating residual function despite 

absence of reflectivity. Moreover, longitudinal studies in eyes with macular telangiectasia 

type 2 (Wang et al., 2015) and acute idiopathic blind spot enlargement syndrome (Horton 

et al., 2015) demonstrated improved visual function and resumed reflectivity in regions that 

had previously shown reduced reflectivity and associated clinically demonstrable scotomas, 

suggesting that dysflective status is not an indicator of permanent, irreversible cellular 

dysfunction.

Like conventional clinical microperimetric testing, AOMP is a time-consuming process. 

The improved spatial resolution comes at the price of having sampled less retinal area in 

a given amount of time and reliable assumptions cannot be made about how the function 

of a particular group of cells in one retinal area relates to the retina as a whole or cells 

in other specific retinal locations. Responses generated on AOMP testing may not always 

be exclusively attributed to photoreceptor cells – we know the cones surrounding the 

cell being stimulated may influence the perception of the stimulus color (Schmidt et al., 

2018b) and as in standard clinical microperimetry in glaucoma post-receptoral processing by 

retinal ganglion cells may contribute to subjective perception and responses (Gardiner et al., 

2014). Efforts to disentangle how signals from photoreceptors are transduced to the cortex 

could be supported by the use of AOSLO to precisely stimulate small retinal areas while 

simultaneously recording from the LGN or cortex in non-human primate models (Sincich et 

al., 2009).

4.2.2 Cone photoreceptor response to light—Beyond the number and distribution 

of cone photoreceptors in a given image, there may be valuable information in the 

waveguiding properties, manifest as reflectance of individual cells in confocal AOSLO 

images. The reflectivity of all photoreceptors is inherently variable over space and time 

(Cooper et al., 2011; Pallikaris et al., 2003; Zhang et al., 2006). The fact that this intrinsic 

variability is not specific to rods or cones suggests a common physiological source. The 

temporal variability has been leveraged to improve the quality of AOSLO images of the 

photoreceptor mosaic (Cooper et al., 2011; Dubra et al., 2011), but recent work has led 

to renewed interest in using photoreceptor reflectance as a biomarker of photoreceptor 

function.
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Cone visualization is compromised in confocal AOSLO images of eyes with irregular 

retinal topography, including subretinal drusenoid deposits (Xu et al., 2017; Zhang et 

al., 2014), drusen (Zayit-Soudry et al., 2013) and Best macular dystrophy (Kay et al., 

2013). This disruption of cone visualization is likely due to photoreceptor misalignment 

and reduced reflectivity mediated by the Stiles-Crawford effect (Morris et al., 2015). In 

addition to misalignment, cone visibility may be impaired where cone reflectivity is reduced 

in cone-rod dystrophy as a consequence of OS disruption (Duncan et al., 2007). Reduced 

reflectivity in diseases causing severe structural abnormalities like BCM and ACHM can 

reveal a correlation between structure and function (Carroll et al., 2005; Langlo et al., 

2016). Studies in ACHM support a strong association between reflectivity and function, 

with the CNGB3 and CNGA3 genotypes having reduced or absent reflectivity of remaining 

cones (none of which are thought to function), and patients with GNAT2-associated ACHM 

having increased cone reflectivity along with measurable residual cone function (Dubis et 

al., 2014). More evidence to support this association was shown when visual sensitivity 

was reduced proportionally to the percentage of non-waveguiding cones in a subject with 

deuteranopia as tested with AOMP (Makous et al., 2006). However, as reviewed above, there 

are some instances where dysflective cones retain some visual function.

Beyond relating cone reflectivity in a single image to cellular function, recent studies have 

explored the temporal variability of cone reflectance as a possible measure of cellular 

activity. Variability in cone reflectance over time has been linked to changes in the OS 

structure, such as shedding and regeneration of OS discs (Jonnal et al., 2010; Kocaoglu 

et al., 2016; Pircher et al., 2010). Faster changes in reflectivity occur after exposure to 

visual stimuli that are due to photoisomerization of pigment chromophore (Cooper et al., 

2017). These changes are measurable with OCT or SLO (Hillmann et al., 2016; Zhang 

et al., 2017a). This principle is the foundational principle for the truly revolutionary 

optoretinogram (Azimipour et al., 2020; Pandiyan et al., 2020a; Pandiyan et al., 2020b), 

an AO-assisted approach that employs phase-resolved OCT imaging and allows dynamic 

assessment and recording of the cellular responses to light stimuli. Initial rapid contraction 

of the OS followed by a slower expansion are related to membrane potential changes and 

osmosis respectively, accompanying phototransduction (Figure 17), (Pandiyan et al., 2020b) 

which are detectable as a change in the optical phase of the OCT signal between the cone IS 

and OS tips. This new technology offers an avenue for direct comparison of photoreceptor 

structure and function on a single-cell scale. Establishing the spatiotemporal changes in 

the photoreceptor light response on the scale of nanometers and milliseconds could allow 

detection of microscopic photoreceptor dysfunction prior to cell death. In contrast to the 

extent of the EZ band on OCT scans, which provides a binary measure of areas with 

surviving photoreceptors and areas where the photoreceptors have died, an optoretinogram 

could allow detection of cell dysfunction within a salvageable window. As a high-resolution 

analogue of ERG, the optoretinogram offers significant advantages, providing an objective 

assessment of single cell function and a sensitive measure of more subtle dysfunction than 

a full-field or multifocal ERG can discern. This could demonstrate whether dysfunction 

in a given retinal area is due to many partially-functioning cells or a reduced number of 

fully-functioning cells. Such information would be quite valuable in understanding disease 

pathophysiology and guiding therapeutic decisions.
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5. Barriers to clinical adoption of AOSLO

5.1 Lack of commercialized, uniform hardware to facilitate patient imaging

Barriers to clinical use of AOSLO are many, including the limited examples of duplicated 

hardware in the research environment. There are some grassroots efforts aiming to share 

details of designs and techniques and facilitate strides toward unification, such as Austin 

Roorda’s Consortium for Retinal Imaging and Tracking Experiments (C-RITE),https://c­

rite.github.io/). However, reporting and sharing of experimental details is still an area 

with significant room for improvement. The insights discussed in section 3 have all been 

achieved even in the absence of significant hardware standardization but the variability of 

these customized systems presents a major obstacle to their incorporation into clinical trial 

regimes, in spite of mounting clinical need.

Commercialization of AO systems could address this pitfall. The first commercially 

available AO system was released in 2011. The rtx1 AO flood illuminated retinal camera 

from Imagine Eyes (Orsay, France) is licensed in some territories which has enabled many 

groups to publish images from this system. The rtx1 system permits image acquisition 

quickly with a wide field of view, incorporates montaging software, and avoids the distortion 

that can result from scanning systems. The rtx1 system has been used to provide detailed 

morphometric information regarding small vascular structures (Koch et al., 2014; Meixner 

and Michelson, 2015; Zalenska-Żmijewska et al., 2019) and photoreceptor measures (Bidaut 

Garnier et al., 2014; Gale et al., 2016; Jacob et al., 2017; Legras et al., 2018; Lombardo et 

al., 2013a; Lombardo et al., 2013b; Muthiah et al., 2014; Querques et al., 2016; Tumahai 

et al., 2018; Woog and Legras, 2019; Zalenska-Żmijewska et al., 2017) in normal subjects 

and eyes with retinal disease. However, it has the significant limitation of being unable to 

resolve foveal cones and parafoveal rods. This significantly limits its widespread utility in 

studying inherited retinal degenerations. Various other commercial entities such as Boston 

Micromachines, Canon, and Physical Sciences Incorporated have developed protypes or 

offer custom built solutions for research purposes. The lack of 510k clearance from the FDA 

is a significant barrier to multicenter standardized investigations like clinical trials.

AOSLO reduces image blur caused by monochromatic aberrations in the eye, but many 

other features of the human eye can reduce the retinal image quality; chromatic aberrations, 

high refractive errors, astigmatism, poor pupil dilation, tear film abnormalities, unstable 

fixation, high axial hyperopia or myopia and media opacities. All of these factors can 

vary throughout life but occur at greater frequencies in those with complex inherited 

retinopathies and elderly patients, two populations likely to benefit most from AOSLO 

imaging. Another factor complicating AOSLO imaging in the elderly is the increased 

scattering from the lens, either due to the presence of cataract or from capsular scarring 

following cataract surgery. While this does not preclude obtaining a retinal image, it can 

interfere with accurate measures of the wavefront, making this a population in which 

wavefront sensorless approaches could help. A wide field of view SLO instrument with 

integrated AOSLO imaging has been described to reduce image motion by a factor of 

about 400, offer steering to focus on pathological lesions and may eliminate post-processing 

with real-time averaging (Zhang et al., 2015). Likewise, other imaging systems capable of 
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visualizing the photoreceptor mosaic without AO, like the commercially available Spectralis 

high magnification module from Heidelberg Engineering (Mendonça et al., 2020; Wynne 

et al., 2020), are being developed that could facilitate patient selection for more involved 

AOSLO imaging sessions.

Eye motion degrades the quality of AOSLO images, despite system features designed 

to minimize their impact like bite bar stabilization. AOSLO image acquisition requires 

concentration and co-operation of subjects. The stable fixation required over long imaging 

sessions is not within the capabilities of all subjects and can be especially challenging for 

young children, those with neurological movement disorders or cognitive neurodegenerative 

disease. Even microsaccadic eye movements in the normal population occur at speeds 

comparable to scan rates and cause warping distortions in AOSLO images (Vogel et al., 

2006). These effects are amplified by the small field of view (1–3 degrees) required 

to achieve sufficient spatial sampling rates. AOSLO images are therefore particularly 

susceptible to effects of eye movement disorders like nystagmus – a common finding in 

multiple patient subgroups that could benefit from clinical AOSLO imaging – albinism, 

ACHM and congenital retinal dystrophies. Flood illuminated AO imaging can circumvent 

issues with AO image quality caused by eye movements, but that benefit comes with some 

costs; reduced axial sectioning, insufficient transverse resolution to image foveal cones, 

and limited capabilities for capturing fluorescence images and features unique to other 

wavelengths. Use of improved tracking technology, such as systems that integrate wide 

field SLO with AOSLO (Zhang et al., 2015) or tracking SLO with an AOSLO (Sheehy et 

al., 2015) may compensate partially for eye movement artifacts but is unlikely to entirely 

eliminate them.

5.2 Processing and analysis overhead

There have been some efforts to improve the efficiency of AOSLO image collection (Huang 

et al., 2012; Zhang et al., 2015), but the majority of software development efforts relate 

to processing and analysis of the AOSLO images. After acquisition, raw AOSLO videos 

must go through a series of processing steps before analysis. There have been many 

advances toward automation in steps including de-warping (Bedggood and Metha, 2017), 

reference frame selection (Salmon et al., 2017), automatic montaging (Davidson et al., 

2018b), and longitudinal montaging (Chen et al., 2019; Chen et al., 2016). Even with 

incorporation of these automated steps the end-to-end processing pipeline involves some 
manual intervention and is not entirely objective. The time to produce usable images and 

the lack of standardization has to date interfered with widespread clinical adoption. Besides 

the timing, most processing takes place after the imaging session is complete. This serial 

processing effectively eliminates the opportunity to rectify scenarios where all or part of the 

processed montage is inadequate for subsequent quantitative analysis.

Most of the quantitative cone mosaic metrics reviewed in Section 4 require the identification 

of the cones in the image, though there are methods to extract modal cone spacing that do 

not require determining which structures are cones (Cooper et al., 2013b). As a result, there 

has been considerable effort placed on developing automated cone identification algorithms 

for both confocal and split-detection AOSLO (Cunefare et al., 2017a; Cunefare et al., 2019; 
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Cunefare et al., 2017b; Davidson et al., 2018a; Heisler et al., 2018; Li and Roorda, 2007; 

Liu et al., 2017a; Morgan et al., 2020). There is even a fully automated algorithm capable 

of calculating cell spacing across an entire montage using multiscale fitting and residual 

peak finding (Cooper et al., 2019). There appears to be a great deal of redundancy in these 

efforts – tailoring algorithms for specific AOSLO systems or specific diseases. Continual 

iterative efforts to achieve more efficient or novel cone counting algorithms may provide 

little incremental dividend with respect to time saved, particularly with consideration of 

the invested resources. The opportunities for improved efficiencies with resource sharing 

between investigators in this regard cannot be ignored.

6. Future directions and conclusions

As mentioned above, AOSLO measures have great potential to provide sensitive, objective, 

reliable outcome measures of disease progression and treatment response in eyes with 

inherited retinal degenerations. The factors limiting widespread use have contributed to the 

limited number of clinical trials reporting AOSLO measures to date, including the lack 

of a commercially-available instrument, time-intensive image acquisition, processing and 

analysis, limited data on repeatability of measures between visits and between graders, 

and limited longitudinal studies in normal eyes (Jackson et al., 2019) and eyes with 

retinal degeneration (Talcott et al., 2011). Despite this, protocols are being developed 

and deployed as ancillary studies to larger natural history studies such as the Rate of 

Progression of USH2A-Related Retinal Degeneration (RUSH2A) study (Duncan et al., 

2020). Collaboration among investigators at sites with AOSLO confocal and split detector 

image acquisition capability will enable these studies, which should facilitate inclusion 

of AOSLO into multicenter clinical trials of treatments for patients with inherited retinal 

degenerations.

Even with these efforts to expand the use of AOSLO in multicenter clinical trials, the 

image processing and analysis continues to pose a significant barrier to widespread use 

of AOSLO imaging in clinical care. Artificial intelligence and machine learning are 

already making advances in this regard. Artificial intelligence, described by the World 

Economic Forum as the fourth industrial revolution, has had particularly useful applications 

in ophthalmology and is set to revolutionize clinical care for many common pathologies 

(Schmidt-Erfurth et al., 2018; Ting et al., 2019). Sensitive and cost-effective automated 

software for grading of fundus photos in diabetic retinopathy (Tufail et al., 2017) and 

glaucoma (Li et al., 2018), and OCT images in macular degeneration (Lee et al., 2017), have 

been demonstrated. These conditions are exceptionally common with large input datasets 

for machine learning algorithms. Unfortunately, though the inherited retinal degenerations 

most likely to benefit from the applications of AOSLO are a large group together, the low 

numbers of individuals with specific conditions and genotypes poses technical challenges 

to the implementation of artificial intelligence techniques for AOSLO image analysis. 

Although automated convolutional neural network-based methods can be trained to identify 

cones with excellent agreement with expert graders, performance varies across different 

conditions and thus training of the neural networks with images from the specific disease of 

interest seems to be required (Morgan et al., 2020). That said, there may be opportunities 

to combine the large amounts of imaging data across labs to develop more generalized 
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machine learning approaches for analysis of photoreceptor phenotypes in AOSLO images. 

Separate efforts would be required for other AO modalities and even other structures and cell 

types. Nevertheless, such approaches could enable analyzing larger montages, eliminating 

subjective ROI selection and improving objectivity in AOSLO image analysis.

Although OCT and AOSLO were first reported around the same time (Huang et al., 1991; 

Liang et al., 1997; Swanson et al., 1993), OCT has been widely incorporated into clinical 

care of retinal patients, while AOSLO remains a research tool. Part of the reason for 

the widespread adoption of OCT is that its commercial development evolved concurrently 

with the development of effective treatments for macular diseases including anti-vascular 

endothelial growth factor therapies and grid photocoagulation (Bolz et al., 2010; Mylonas 

et al., 2013) that required an accurate measure of treatment impact on retinal thickness. 

AOSLO provides unique access to evaluate retinal cells; however, there are currently few 

therapies that have been effective in improving photoreceptor survival, so AOSLO remains 

largely an academic research tool. That said, there are over 30 clinical trials of treatments 

for inherited retinal degenerations underway, and it has been challenging to demonstrate 

efficacy in slowing the rate of disease progression for diseases where visual acuity is 

preserved until late stages (Thompson et al., 2020). AOSLO, AOMP and optoretinography 

are novel tools with cellular resolution that may provide sensitive, objective outcome 

measures to demonstrate improvements in photoreceptor survival and function. Thus, while 

AOSLO may not currently have an everyday home in the ophthalmologist’s office, these 

technologies offer real promise to expedite development of treatments for a number of 

visually devastating diseases.
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Highlights:

• AOSLO allows non-invasive imaging of individual retinal cells.

• Few commercial systems and laborious analysis limit clinical use of AOSLO.

• AO-based systems enable assessing function of individual photoreceptor cells.

• AOSLO metrics could provide sensitive outcome measures for clinical trials.
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Fig. 1. 
Representative resolution of various retinal imaging modalities relative to human retinal 

anatomy, inspired by Miller et al. (2011). Drawing of a sagittal section of a human eye 

created by Teresa Patitucci, PhD, Medical College of Wisconsin (not to scale). Histological 

cross section provided by Dr. Christine Curcio, University of Alabama at Birmingham, 

from a larger image originally published in Tian et al. (2015). The width and length of the 

shapes approximate the resolution of each modality (lateral and axial, respectively). None of 

these are absolute, as a number of variables can influence the actual resolution – including 
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differences in imaging light source (wavelength, bandwidth), confocal pinhole diameter, 

pupil size, and axial length of the eye. Retinal layer labels: RNFL = retinal nerve fiber 

layer; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; 

OPL = outer plexiform layer; HFL = Henle fiber layer; ONL = outer nuclear layer; IS = 

photoreceptor inner segments; OS = photoreceptor outer segments; RPE = retinal pigment 

epithelium; ChC = choriocapillaris; Chor. = choroid. Scale bars = 50 μm.
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Fig. 2. 
Example confocal AOSLO montage of the living human foveal cone mosaic from a 26­

year-old female with normal vision. Each bright reflective structure is an individual cone 

photoreceptor. The location of peak cone density at the fovea is marked with an ‘x’ at the 

left side of the image. Moving away from the fovea, cone density declines and cone spacing 

increases precipitously, with smaller rods beginning to appear. Scale bar = 100 μm.
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Fig. 3. 
AOSLO images of the parafoveal cone mosaic. A, C: Confocal AOSLO images of the rod 

and cone mosaic. Cones appear as a dark ring with a central reflective core, with the smaller 

rods filling the space between cones. B, D: Corresponding split-detection AOSLO images at 

the exact same retinal location as the confocal images. The large circular structures are cone 

inner segments, with the smaller rods not typically visible due to the lower lateral resolution 

of this modality. Scale bar = 50 μm.
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Fig. 4. 
False-colored image of the human trichromatic cone mosaic. The reflectance of each cone 

in an AOSLO image was evaluated following various selective bleaching protocols. Based 

on the relative change in reflectance under each bleaching condition, the spectral identity of 

the photopigment within each cell could be inferred. Cones interpreted as long-wavelength 

sensitive are colored red, those that were middle-wavelength sensitive are colored green, and 

the short-wavelength sensitive cones are colored blue. Scale bar = 2 arcmin. Reproduced 
from Sabesan et al. (2015).
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Fig. 5. 
Images of retinal pigment epithelial (RPE) cells. A: RPE cells visualized in confocal 

adaptive optics scanning laser ophthalmoscopy (AOSLO) images of a patient with cone 

loss due to cone rod dystrophy (Roorda et al., 2007). B: AOSLO with short wavelength 

autofluorescence (AO-SWAF) capability shows RPE images in a monkey (Morgan et al., 

2009a). C: AOSLO dark-field images show hexagonal RPE cells in a normal subject (Scoles 

et al., 2013). D: AO optical coherence tomography (AO-OCT) images of RPE cells (Liu et 

al., 2016). E: AO-indocyanine green (AO ICG) image of RPE cells (Tam et al., 2016). F: AO 

infrared autofluorescence (AO IRAF) images of RPE cells (Liu et al., 2017b). Scale bars, 

50 μm. Modified from Roorda et al. (2007) and Morgan et al. (2009a), copyright by the 
Association for Research in Vision and Ophthalmology, Liu et al. (2016), Tam et al. (2016), 

Scoles et al. (2013) reprinted/adapted with permission from Drew Scoles, Yusufu N. Sulai, 
and Alfredo Dubra and Liu et al. (2017b), © The Optical Society.
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Fig. 6. 
Disrupted cone mosaics in patients with inherited red-green color vision deficiency. A: 

A deuteranope with the LIAVA haplotype expressed by his OPN1MW gene. B, C: Both 

patients are protanopes as a result of the LIAVA haplotype being expressed by their 

OPN1LW genes. The normally waveguiding cones are thought to be S-cones and L-cones 

in the patient in panel A and S-cones and M-cones in the patients in panels B & C. The 

dark gaps in all three mosaics are the location of non-functional cones expressing the LIAVA 

haplotype. The variable number of cones with altered waveguiding is thought to be due to 

the variable stochastic expression of the OPN1LW and OPN1MW genes across different 

patients. Scale bar = 25 μm.
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Fig. 7. 
S-cone free zone of 16-year-old subject with BCM caused by C203R L/M interchange 

mutation. A: OCT image shows a focal disruption of the EZ band at the fovea, with the 

arrows indicating the location of the corresponding confocal AOSLO montage in panel B. 

A large dark region can be seen, surrounded by sparsely distributed reflective structures, 

presumably S cones. Scale bar for A = 200 μm. Scale bar for B = 100 μm.
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Fig. 8. 
Confocal and corresponding split detection AOSLO images from one 43-year old male with 

CNGB3-associated ACHM. Dark areas on confocal imaging (left panels) correspond to cone 

inner segments on split-detection (right panels). The top and bottom image pairs are from 

2.6 degrees and 4.6 degrees temporal to the fovea, respectively. Scale bar = 50 μm.
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Fig. 9. 
Variability in the foveal cone mosaic in patients with ACHM. (Top) Foveal montages 

obtained using split-detector AOSLO for two subjects with sparse foveal mosaics—PCI-008 

with a peak density of 7,273 cones/mm2 and PCI-007 with 12,231 cones/mm2. (Bottom) 

Foveal montages for two subjects with relatively contiguous mosaics—PCI-009 with a peak 

density of 19,835 cones/mm2 and PCI-021 with 44,959 cones/mm2. Scale bar = 50 μm. 

Reproduced from Langlo et al. (2016).
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Fig. 10. 
Adaptive optics microperimetry (AOMP) revealed reduced sensitivity per cone density 

in eyes with mutations in RPGR, which is expressed in rod and cone photoreceptors, 

compared to normal eyes and eyes with mutations in RHO, which is expressed exclusively 

in rods. AOSLO split detector (top) and confocal (center) images with test locations and 

sensitivities are shown as colored circles above a spectral domain OCT scan (bottom) 

from the same retinal location. Retinal sensitivities are displayed using a color scale 

ranging from green (normal) to red (not seen). Center panels show AOSLO images at 

200% magnification; black scale bars in all AOSLO images are 1 degree. A: Sensitivities 

from a normal subject are normal, B: sensitivities from a patient with RHO c.810C>A, 

p.Ser270Arg are normal near the fovea but reduced (yellow) beginning at 4 degrees and not 

measurable (red) at 6 degrees temporal to the fovea, and C: sensitivities from a patient with 

RPGR c.1243_1244delAG, p. Arg415Glyfs*37 are normal near the fovea but more severely 

reduced (orange) beginning at 4 degrees and not measurable (red) at 6 degrees temporal 

to the fovea. D: Retinal sensitivity per cone density was significantly lower in eyes with 

RPGR mutations than normal eyes and eyes with RHO mutations. E: Outer segment (OS) 

thickness per cone density was significantly lower in eyes with RPGR mutations than eyes 

with RHO mutations and also significantly lower than normal. F: Retinal sensitivity was not 

significantly different among eyes with RHO and RPGR mutations or different from normal 

when normalized for OS thickness. Modified from Foote et al. (2020).
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Fig. 11. 
AOSLO images show changes in cone spacing over time in eyes with rod-cone degeneration. 

Images from 3 patients who received sham surgery (A and C, red outlines) in one eye 

and sustained-release ciliary neurotrophic factor (CNTF) (B, D and F, blue outlines) were 

imaged at baseline and 31–35 months later. Rectangles outline regions of interest where 

cone density was measured. E) Cone density decreased over time in all but 1 sham-treated 

region (red lines, n = 9), while all regions in the CNTF-treated eyes (n=12) remained within 
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the measurement error (± 6.3%, gray shaded bar). Reproduced from Talcott et al. (2011), 

copyright by the Association for Research in Vision and Ophthalmology.
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Fig. 12. 
Imaging rod photoreceptors in RP. Shown is a split detector image of the photoreceptor 

mosaic in a 49-year-old subject with autosomal recessive RP due to mutations in the USH2A 
gene. The panel on the right is the same image, with white arrows indicating the location of 

presumed remnant rod photoreceptors, which are much smaller in size than the larger cone 

inner segments. Scale bar = 50 μm.
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Fig. 13. 
AOSLO imaging and microperimetry demonstrates cone structure and function in eyes with 

choroideremia. AOMP demonstrates sensitivity near the margin of atrophy (yellow and 

orange spots), with dense scotomas (red spots) corresponding to outer retinal tubulations 

in confocal (A) or split detector (B) AOSLO images. C) Fundus-guided microperimetry 

shows retinal sensitivity in decibels ranging from good (yellow) to not seen (black) in an 

eye with choroideremia. The margin of retinal atrophy as determined from SW-AF images 

(black line) differs from the margin as defined from swept-source OCT images (blue line). 

Retinal sensitivity is measurable beyond the margin of retinal atrophy defined using both 

methods (orange spots), although the accuracy of the microperimetry stimulus delivery 

likely accounts for some of the difference. Other regions within the margin of retinal atrophy 

as defined from swept-source OCT images (blue line) show dense scotomas (black spots, <0 

dB). Confocal (D) and split detection (E) AOSLO images from the region outlined with a 
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white box in (C) show cone profiles within and beyond the black line (regions of interest 

outlined in red boxes; insets show cone profiles in regions of interest magnified 300%). 

Modified from (Foote et al., 2019b), copyright by the Association for Research in Vision 
and Ophthalmology and reprinted from Tuten et al. (2019) Copyright 2019, with permission 
from Elsevier.
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Fig. 14. 
Multimodal imaging in albinism. Shown are images depicting the features of foveal 

hypoplasia in a patient with oculocutaneous albinism. A: OCT B scan through the location 

of the incipient fovea (arrows delineate the region imaged with AOSLO in C). B: OCT-A 

image of the inner retinal vasculature showing the absence of a foveal avascular zone. C: 

AOSLO montage extending about 3 degrees temporal from the location of peak foveal cone 

density (asterisk). The extent of the montage is marked on the OCT image in panel A with 

small arrows under the RPE. Note the gradual decrease in packing density of cones moving 

away from the fovea. Scale bars for A and B = 200 μm. Scale bar for C = 25μm.
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Fig. 15. 
Multimodal imaging in closed-globe blunt ocular trauma subject WW_0923. The location of 

the en face OCT shown in (D) is outlined on the fundus photograph (A). En face imaging in 

this subject revealed a tripetaloid EZ disruption centered at the fovea (D). Dashed lines on 

(D) indicate locations of the horizontal and vertical B-scans (B and C), whereas the square 

represents the area shown in (E–G). Confocal AOSLO imaging revealed a similarly shaped, 

although enlarged, region of nonwaveguiding photoreceptors (F). Split-detector imaging 

revealed a nearly contiguous mosaic of photoreceptors, which change dramatically in size 
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within a small area (G). There is only one small region at the bottom right corner of the 

disruption, where there seems to be a complete absence of photoreceptor structure (G). 

B–D. Scale bars = 200 μm. E–G. Scale bars = 100 μm. Reproduced from Scoles et al. 

(2016) with license from Wolters Kluewer Health Inc. Please note the Creative Commons 
license does not apply to this content. Use of the material in any format is prohibited 
without written permission from the publisher, Wolters Kluwer Health, Inc. Please contact 
permissions@lww.com for further information.
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Fig. 16. 
A schematic of cone mosaic illustrating the basis of some commonly used spatial cone 

metrics. Each cone within the rectangular region of interest (ROI) is represented by a circle, 

light gray circles with unfilled surrounding areas are cells with a Voronoi domain that is 

unbounded. In contrast, the black circles with a shaded surrounding area are cells with a 

bound Voronoi domain (with the color representing the number of sides of the Voronoi 

polygon). Bound density is estimated by taking the number of bound cells and dividing by 

the total area of the bound Voronoi cells. Unbound density is simply the total number of 

cells in the ROI divided by the area of the ROI. For each bound cell in the ROI, the mean 

intercell distance (ICD) to its immediate neighbors can be calculated, along with the nearest 

immediate neighbor and the farthest immediate neighbor (NND and FND, respectively). In 

a perfectly triangular mosaic, all bound Voronoi cells will have six sides (i.e, a hexagon). 

The percentage of bound cells with six sides can be used to assess mosaic packing geometry. 

Finally, regularity metrics (M) look at the mean value of a metric across all bound cells (μM) 

divided by the standard deviation of the metric across those same cells (σM).
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Fig. 17. 
The optoretinogram images biophysical changes in photoreceptor outer segments (OS) in 

response to light. A) Line scanning ophthalmoscope retinal image with stimulus (528nm 

± 20nm) shown as horizontal red bars, B) OPL before stimulus shows minimal baseline 

activity, C) OPL 1.05 seconds after stimulus increases in stimulated regions. D) Stimulus 

areas of different size (yellow, 0.27 degrees2; gray, 0.20 degrees2; red, 0.14 degrees2; 

violet, 0.07 degrees2 corresponding to about 10 cones) elicit mean (solid) of 6 single OPL 

responses (dotted) at 0.27 degrees2 (E); stimuli of different sizes shown in (D) elicit OPL 
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changes of similar magnitude (F). (G) AO image shows individual cones, and (H) shows 

greater OPL changes in L/M cones in response to 29.7% average L and M bleach, than 

in S cones exposed to 0.3% bleach; magnified inset from area outlined in dashed square 

reveals early reduction in OPL immediately after stimulus onset in L and M cones (orange), 

but negligible early response in putative S-cones (blue). I) Light (yellow shaded area) 

causes changes in the electrical potential and surface tension of the OS disc membrane; 

this causes the OS to change shape, flattening the disks immediately after stimulus onset 

(early response). This is followed by a slower increase in optical path length (OPL) (late 

response) caused by osmotic changes during phototransduction. The OS length changes can 

be measured as a change in OPL by interferometry using phase-resolved OCT; with adaptive 

optics, resolution improves to study individual cells. The magnitude of the OPL change 

increases (J) and the time to peak response decreases (K) with stimulus intensity. Modified 
with permission from (Pandiyan et al., 2020b). Available at https://advances.sciencemag.org/

content/6/37/eabc1124. It is made available under a CC-BY-NC 4.0 International license: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode. Copyright the authors.
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