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Abstract

Inherited retinal diseases (IRDs) are at the forefront of innovative gene-
specific treatments because of the causation by single genes, the availability
of microsurgical access for treatment delivery, and the relative ease of quan-
titative imaging and vision measurement. However, it is not always easy to
choose a priori, from scores of potential measures, an appropriate subset to
evaluate efficacy outcomes considering the wide range of disease stages with
different phenotypic features. This article reviews measurements of visual
function and retinal structure that our group has used over the past three
decades to understand the natural history of IRDs. We include measures of
light sensitivity, retinal structure, mapping of natural fluorophores, evalua-
tion of pupillary light reflex, and oculomotor control. We provide historical
context and examples of applicability. We also review treatment trial out-
comes using these measures of function and structure.
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1. INTRODUCTION

Inherited retinal diseases (IRDs) make up a heterogeneous group of conditions in which thou-
sands of distinct mutations in more than 300 genes act on rod or cone photoreceptors to cause
vision loss that can range from barely noticeable to complete blindness. Some of the genetic
causes of IRD are exceedingly rare, whereas others are relatively common (Pontikos et al. 2020,
Stone et al. 2017). Across the world, as many as 1 in 3 people may be unaffected carriers, and
1 in 1,000 may be affected by IRDs (Hanany et al. 2020). With the success of gene augmentation
therapy in one rare form of IRD (Cideciyan 2010), there has been an explosive interest over
the past decade in the development of gene-based or mechanism-specific treatments that aim
to improve visual function or slow the progression of IRDs. Dozens of clinical trials have been
performed, and scores more are being planned (Garafalo et al. 2020, Scholl et al. 2016, Thompson
et al. 2020). In this article, we review some key measures of visual function and retinal structure
that may be useful to evaluate phenotypic features and natural history of IRDs and determine
efficacy and safety in clinical treatment trials.

2. PSYCHOPHYSICAL MEASURES OF LIGHT SENSITIVITY

Vision is initiated with the absorption of photons in photoreceptors, which in turn activates
interneuronal signaling pathways that reach the brain. Psychophysical methods in vision relate
physical light stimuli to visual sensations perceived by a subject. Visual acuity is one of the most
common psychophysical measures used to determine the extent and progression of visual disabil-
ity in IRDs and response to interventions. Standard visual acuity measures involve recognition of
the smallest high-contrast letters at a distance and provide a measure of spatial resolving power at
a single retinal location chosen reflexively by the subject. Retinal locus of gaze during this task is
located at either the fovea or another location if the fovea is dysfunctional. Despite its simplicity
and widespread acceptance, visual acuity testing does not provide informative insight into visual
functioning across the vast expanse of the retina.

Another common psychophysical method is measurement of light sensitivity, which refers to an
observer’s ability to detect a change in visual stimulation (Hood & Finkelstein 1986). Psychophys-
ical light sensitivity measurements can be performed with focal stimuli, which provide spatial in-
formation across the visual field, or with full-field stimuli, which provide no spatial information.

2.1. Light-Adapted Chromatic Perimetry

The focus in studies of IRDs is on photoreceptor disease, and these studies often assume that
postreceptoral pathways and higher visual centers are functioning normally. Therefore, a change
in light sensitivity can provide a quantitative measure of the main function of photoreceptors.
Spatial distribution of light sensitivity corresponding to the spatial distribution of retinal disease
severity can be obtained with modern perimeters using computerized methods (Johnson 2013) to
stimulate focal regions across the retina and keep track of the patients’ responses.

Perimeters can use different colors of stimuli presented on background lights to pref-
erentially test subsets of photoreceptor systems. Most commonly, a white background
(10 phot-cd.m2) is used to desensitize rod photoreceptors, and white stimuli are presented
to determine incremental light sensitivities that—in normal subjects—can safely be assumed to
be mediated by long-wavelength (LW)- or middle-wavelength (MW)-sensitive cone photorecep-
tors (LWS/MWS-cones).

In some IRDs, however, LWS/MWS-cone mediation of white-on-white perimetry cannot
be assumed; not only short-wavelength (SW)-sensitive cones (SWS-cones) but also light-
adapted rods could be mediating or contributing to perception (Tikidji-Hamburyan et al. 2017).
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Therefore, our group used monochromatic (600 nm) orange stimuli to minimize stimulation
of SWS-cones and rods and maximize stimulation of LWS/MWS-cones (Jacobson et al. 1990,
2010). The most obvious evidence for an unexpected contribution by light-adapted rods to visibil-
ity of white-on-white stimuli comes from congenital cone disorders. Subjects with achromatopsia
(ACHM) caused by CNGA3 mutations (Zelinger et al. 2015) demonstrate white sensitivities
near or just below the lower limit of normal (Figure 1a, /eft). Sensitivity to orange stimuli pre-
sented on the same white background, in contrast, is substantially reduced compared to normal
(Figure 1b, left). Sensitivity differences between white and orange are consistent with predictions
of LWS/MWS-cone mediation in normal eyes but with rod mediation in CNGA3-ACHM
(Figure 1c, /ef?). In blue cone monochromacy (BCM) caused by mutations in LWS/MWS-cone
opsin genes (Luo etal. 2015), rods contribute to the visibility of white stimuli but not orange stim-
uli (Figure la—c, right). In our group’s experience with IRDs, light-adapted chromatic perimetry
(LACP) with orange stimuli on a white background provides the most reliable estimates of
LWS/MWS-cone function in mild to moderate disease stages of IRDs (Cideciyan et al. 1998,
2020), whereas standard white-on-white stimuli may be better suited to evaluate severe disease
stages at the expense of greater uncertainty regarding the source of photoreceptor mediation
(Charng et al. 2016, Cideciyan et al. 2018a).

2.2. Dark-Adapted Chromatic Perimetry

Rods not only constitute the great majority of photoreceptors across the retina, but also tend to be
among the earliest-affected cells in many IRDs. There are many methods of measuring rod func-
tion (McGuigan et al. 2016), and nearly all of them are performed under dark-adapted conditions
where both rods and cones could be active. Psychophysical spectral sensitivity functions can clearly
distinguish between different photoreceptor types (Cideciyan et al. 1997, 2000, 2013a). However,
this approach is more appropriate for a single retinal location and too onerous for the evaluation
of regional variation of function sampled across the visual fields of IRD patients. As a substantially
more efficient alternative, measurement of sensitivity to two spectrally distinct stimuli has been
proposed, in combination with manual (Gunkel 1967, Massof & Finkelstein 1979, Zeavin & Wald
1956) or automated perimetry (Ernst et al. 1983, Jacobson et al. 1986, Roman et al. 2005).

Dark-adapted chromatic perimetry (DACP) in IRD patients provides not only spatial distribu-
tion of light sensitivity, but also information regarding rod and cone photoreceptor mediation. A
patient with autosomal dominant retinitis pigmentosa (ADRP) due to a Class B rhodopsin (RHO)
mutation followed serially over 30 years with DACP between the ages of 14 and 43 provides
an illustrative example (Figure 2). Light sensitivity measured with monochromatic 500 nm and
650 nm stimuli (1.7 deg diameter, 200 ms duration) is relatively homogeneous across the retina at
age 14. By ages 39 and 43, there is evidence of severe progression across the retina with relative re-
tention of the inferonasal visual field (Figure 24). At a single location in the midperipheral tempo-
ral field, progressive changes of rod and cone function can be observed by examining the expected
spectral sensitivities from the DACP values (Figure 25). At age 14, the two-color difference is
31 dB, and both colors are rod (R) mediated. Cone sensitivity is not knowable. At age 39, there is
a further loss of 22 dB for 500 nm stimulus, but there is a loss of only 14 dB for 650 nm. These
results can be explained if the two colors are mixed (M) mediated; that is, the 500 nm stimulus
is seen by rods, and the 650 nm stimulus is seen by cones. At age 43, there is yet further loss of
16 dB for 500 nm but no significant change for 650 nm; both colors have become cone (C) me-
diated, and the rod sensitivity is not knowable. Mediation analyses performed across the visual
field demonstrate progression from a nearly complete R-mediated visual field to development of
M- and C-mediated locations, except in the case of the inferonasal quadrant.
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Figure 1

Light-adapted perimetry in congenital cone photoreceptor diseases. (#,b) Sensitivities along the vertical
meridian crossing fixation in patients with CNGA3-ACHM (left; n = 9) and patients with BCM (right;

n = 21) compared to normal ranges (/ight blue area; mean =+ 2 standard deviation). (#) Broadband white or
(b)) monochromatic (600 nm) orange stimuli are used on a white background. (¢) White minus orange
sensitivity difference in patients (blue) compared to average normal individuals (o7unge). Right column
adapted from Luo et al. (2015). Left column adapted with permission from Zelinger et al. (2015), copyright
American Academy of Ophthalmology 2015. Abbreviations: BCM, blue cone monochromacy;
CNGA3-ACHM, CNGA3-associated achromatopsia; F, fixation; I, inferior visual field; S, superior visual field.

Our group has used DACP in combination with LACP for more than 30 years to define
spatial distribution, progression, and intervention response of rod and cone dysfunction in a
wide spectrum of IRDs (Cideciyan et al. 2008, 2009b, 2021; Guziewicz et al. 2018; Haider et al.
2000; Herrera et al. 2008; Jacobson et al. 1995, 2010; Roman et al. 2007; Wright et al. 2004).
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Figure 2 (Figure appears on preceding page)

Serial DACP measurements performed in a RHO-ADRP patient over 30 years. (2) Sensitivity values (in dB) with blue 500 nm and red
650 nm stimuli measured at three ages. Higher values indicate better sensitivity, and lower values indicate worse sensitivity. To equate
the two colors for radiance, 16 dB is added to the raw values obtained with the blue stimulus. The green circle represents a single locus
further analyzed in panel 4. Small gray squares demarcate the physiological blind spot. (%) Relative sensitivity values with two stimulus
colors at the locus shown in panel 4. Spectral sensitivity functions associated with rod (b/ue solid and dashed lines) and cone (red solid and
dashed lines) vision are fit to the DACP values. At age 14, both values are rod (R) mediated, and cone sensitivity is not known. At age 39,
the 500-nm stimulus is R mediated, whereas the 650-nm is cone (C) mediated; this is called mixed (M) mediation. At age 43, both
stimuli are C mediated. (¢) Mediation maps at the three ages across the retina. Spatiotemporal development of R, M, and C mediation
with disease progression is shown. Additional abbreviations: DACP, dark-adapted chromatic perimetry; I, inferior visual field; N, nasal
visual field; S, superior visual field; T, temporal visual field.
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The test-retest variability of DACP has been estimated (Cideciyan et al. 2018a, Roman et al.
2005). To our knowledge, DACP can be performed with at least five types of equipment: the
Humpbhrey field analyzer (Jacobson et al. 1986, McGuigan et al. 2016, Roman et al. 2005), Nidek
MP1 scotopic microperimeter (Birch et al. 2011, Crossland et al. 2011, Strauss et al. 2019), MAIA
scotopic microperimeter (Pfau et al. 2017), Medmont dark-adapted chromatic LED perimeter
(Bennett et al. 2019, Cideciyan et al. 2016), and Metrovision MonCvOne perimeter (Roman
et al. 2019, Simunovic et al. 2020). Only two of these choices (Humphrey and Metrovision) can
perform both DACP and LACP on the same equipment, allowing estimation of colocalized rod
and cone photoreceptor function across the visual field.

2.3. Full-Field Stimulus Test

Early-onset and severe forms of IRDs in the diagnostic category of Leber congenital amaurosis
(LCA) cause dysfunction and/or degeneration of outer retinal photoreceptors, either congenitally
or in early life. Visual acuities are often severely reduced, and perimetric approaches are not
possible, since most subjects with LCA are not able to fixate (Cideciyan & Jacobson 2019;
Cideciyan et al. 2009a, 2015a). Our group has previously developed a psychophysical full-field
stimulus test (FST) to evaluate visual function in severe vision loss (Roman et al. 2005, 2007) and
applied it to improve understanding of the disease stages in different genetic forms of LCA and
some other IRDs (see Aguirre et al. 2007; Cideciyan et al. 2011; Jacobson et al. 2011a, 2013a,
2017a; Luo et al. 2015).

FST results are dominated by the most sensitive retinal region, which may be located cen-
trally, midperipherally, or in the far periphery (Roman et al. 2005). In LCA patients where reli-
able perimetry is not possible, the locus of high sensitivity may not be known. Similar to DACP,
dark-adapted FST (DA-FST) can be performed with two colors; the difference in light sensitivity
between the two colors provides information regarding the dominant photoreceptor type con-
tributing to perception, assuming that both colors are being perceived at the same retinal region.
Different background lights can be used in light-adapted FST (LA-FST) to preferentially test sub-
sets of photoreceptor systems. Red and blue stimuli presented on white backgrounds (Cideciyan
etal. 2019, 2021; Jacobson et al. 2013a), or red stimuli presented on blue backgrounds and blue
stimuli presented on yellow backgrounds (Luo et al. 2015), have been used to probe different cone
photoreceptor populations. In all psychophysical methods, the algorithm used for estimation of
the threshold can be very important. For FST, our group has used the perimetric standard of 200-
ms-long stimuli and a single response button to perform a 4/2 dB staircase to reach two response
inversions, having taken the last-seen intensity as the estimated threshold. Several thresholds are
quickly repeated per session to obtain intrasession reliability.

Several commercial programs exist that provide testing with some similarity to our group’s
DA-FST methodology. One of these products is the Diagnosys Full-field Stimulus Threshold
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(D-FST) program, which provides an estimate of the light sensitivity to variable-length (4 ms or
shorter) stimuli using a proprietary program with forced-choice strategy, auditory cues, and two
response buttons to generate a psychometric function (Birch et al. 2020, Klein & Birch 2009).
Another commercial program is the Diagnosys FST-dark-adaptation, which uses a single-button
response (Cideciyan et al. 2019). Two-color DA-FST was a key outcome measure in our group’s
gene therapy clinical trial for patients with RPE65-associated LCA (Jacobson et al. 2012). White
D-FST (Maguire et al. 2009) and two-color Diagnosys FST-dark-adaptation (Cideciyan et al.
2019, 2021) have also been used in clinical trials.

3. STRUCTURAL IMAGING OF THE RETINA AND RETINAL
PIGMENT EPITHELIUM

Human retina is an approximately 250-pm-thick tissue composed of neurons and glia sandwiched
between the internal limiting membrane and the retinal pigment epithelium (RPE). The outer
retina refers to the distal portion of this tissue, which is composed of approximately 100 million
photoreceptor cells organized into an exquisite spatial mosaic. Light-absorbing outer segments of
each photoreceptor insert tightly into apical processes of the monolayer of RPE cells, which sup-
port phototransduction. Nearly all monogenic defects causing IRDs act upon the outer retina and
the RPE. Structural abnormalities caused by IRDs in humans and their animal models have been
historically investigated ex vivo with light and electron microscopic methods (LaVail 1981, Milam
etal. 1998). Three discoveries brought structural measures of the retina and the RPE to living eyes:
optical coherence tomography (OCT) (Huang et al. 1991) and two forms of autofluorescence
imaging consisting of SW (Delori 1994, Kitagawa et al. 1989, von Riickmann et al. 1995) or near-
infrared (NIR) (Cideciyan et al. 2007b, Keilhauer & Delori 2006, Piccolino et al. 1996, Weinberger
et al. 2006) excitation lights. We do not cover adaptive-optics imaging in this review, despite its
relevance to retinal structure in IRDs (Miller & Kurokawa 2020, Roorda & Duncan 2015).

3.1. Optical Coherence Tomography

OCT uses low-coherence interferometry to measure the intensity of light reflected as a function of
depth within the retina. The extreme sensitivity of OCT to small changes in reflection, together
with the naturally layered structure of the retina, allows for the differentiation of micron-scale
subcellular structures in this nearly transparent tissue.

3.1.1. Interpretation of outer retinal reflections. Initial images of the retina with OCT
showed two highly reflective layers that were interpreted as the retinal nerve fiber layer in the
inner retina and the RPE and choriocapillaris in the outer retina; specifically, photoreceptor cells
were thought to have minimal reflectivity (Hee et al. 1995, 1996; Huang et al. 1991). Our group
was the first to recognize that a major reflection originates from near the photoreceptor inner
and outer segments; in contrast, the outer nuclear layer (ONL), where the rod and cone nuclei
reside, has low reflectivity (Huang et al. 1998, 2000; Jacobson et al. 2000). Our understanding of
the correspondence between OCT signals and histologically definable structures has evolved over
the past two decades as the axial, lateral, and temporal resolution of OCT systems have improved
and as the numbers of observations in molecularly clarified retinal pathology and treatments in
humans and animals have increased (Cideciyan & Jacobson 2019; Cideciyan et al. 2011, 2013a,
2020; Drexler et al. 2001; Guziewicz et al. 2018; Hood et al. 2011; Jonnal et al. 2014, 2017; Litts
et al. 2018; Liu et al. 2016, 2019; Sajdak et al. 2018; Sakami et al. 2011; Spaide & Curcio 2011;
Srinivasan et al. 2008; Zawadzki et al. 2005; Zhang et al. 2021).
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Figure 3

OCT scan along the horizontal meridian through the fovea in a normal subject. The inset shows the location of the scan. Red boxes
outline foveal and perifoveal outer retinal regions, which are shown magnified below. Overlaid are the LRPs. Hyperscattering signals
are highlighted and labeled with the IN.OCT nomenclature or variants thereof. Figure adapted from Cideciyan & Jacobson (2019).
Abbreviations: BrM, Bruch’s membrane; COST/RPE, near the interface of cone outer segment tip and RPE contact cylinder; ELM,
external limiting membrane; IS/OS, near the junction between inner and outer segments; LRP, longitudinal reflectivity profile; OCT,
optical coherence tomography; ROST/RPE, near the interface between rod outer segment tips and RPE apical processes; RPE, near
the cell bodies of the retinal pigment epithelium.

Regrettably, the standard nomenclature often used in the retina clinic (Staurenghi et al. 2014)
has remained inadequate and confusing. Our current understanding of outer retinal signals in a
normal human OCT is illustrated in Figure 3. We first consider the lamination of the perifovea,
and then consider the fovea. In the normal perifovea, there are often six peaks distinguishable
on longitudinal reflectivity profiles (LRPs). We label them based on the consensus OCT lexicon
(Staurenghi et al. 2014), modifying the labels when necessary. Peak 9 likely originates near the
external limiting membrane (ELM), and peak 11 likely originates near the junction of the inner
and outer segments (IS/OS). The distance between peaks 9 and 11 is expected to be proportional
to the length of inner segments and includes both rods and cones. Peak 13 originates near the
tips of cone photoreceptor outer segments and the RPE apical processes that encase them, and
the distance between peaks 11 and 13 is expected to be proportional to the length of cone outer
segments. The remaining three peaks are labeled peaks 14a, 14b, and 14c because they tend to
form a single bright band due to the limited dynamic range of grayscale or pseudocolor clinical
OCT images but are often distinguishable into distinct subpeaks when LRPs are considered.

754 Cideciyan et al.



Peak 14a likely originates near the tips of rod photoreceptor outer segments and RPE microvilli,
and the distance between peaks 11 and 14a is expected to be proportional to the length of rod
outer segments. Peak 14b originates in the RPE cell body, and peak 14c originates near the
Bruch’s membrane (BrM). Near the center of the fovea, likely corresponding to the rod-free
foveola, there is often a small region where peaks 13 and 14a merge and likely represent the tips
of elongated cone photoreceptor outer segments and RPE apical processes.

3.1.2. Retinotopic distribution of outer nuclear layer thickness. Monogenetic defects of
IRDs are expressed in rod photoreceptors, cone photoreceptors, or RPE cells. Expression is uni-
form across the retina, but the disease severity often shows large intraretinal variation that remains
mostly unexplained. Evaluation of retinotopic disease distribution provides important information
regarding the natural history and prognosis, increases our understanding of visual field defects,
and can guide localized treatments and assess their consequences. Our earliest studies quanti-
fied the topography of the overall retinal thickness to show phenotypic features and intraretinal
variation of IRDs (Jacobson et al. 2004, 2005, 2006, 2009¢). With better technology and better
understanding of outer retinal signals, retina-wide distribution of photoreceptor (ONL) topogra-
phy was achievable (Cideciyan et al. 2007a, 2008, 2011; Jacobson et al. 2008a,b, 2009c, 2016; Luo
etal. 2015).

Current OCT imaging methods do not distinguish between rod and cone photoreceptor nu-
clei within the ONL. It is well known that, in normal retinas, the foveal ONL consists mostly of
cone nuclei, whereas the ONL at the rod ring (an annulus at the eccentricity of about 15 degrees)
is dominated by rod nuclei. Very important for the understanding of the evaluation of macular
disease are parafoveal regions, where rod and cone densities can be comparable. Our group re-
cently took a first step in attempting to understand rod and cone contributions to the parafoveal
ONL by considering patients with normal cone function but lacking rods (Cideciyan et al. 2020).

3.1.3. Progressive changes in outer nuclear layer thickness. The common feature of the
natural history of different IRDs involves gradual death of photoreceptor cells and a correspond-
ing progressive thinning of the ONL, but spatiotemporal details of the loss of photoreceptors
across the retina and across time can vary dramatically. Based on histopathology of animal models
of IRD, it has been hypothesized that photoreceptor loss follows a delayed exponential function,
at least to a first approximation (Clarke et al. 2000). Noninvasive OCT imaging allowed for evalu-
ation of this hypothesis in human subjects. To our knowledge, the first estimates of photoreceptor
degeneration rate based on serial ONL thickness measurements were made by our group in pa-
tients with Usher syndrome due to MYO74 mutations (Jacobson et al. 2011b) and in patients
with LCA due to RPE65 mutations who were being evaluated with gene therapy (Cideciyan et al.
2013b). Some scientists doubted that retinal degeneration can be measured in living human eyes
[e.g., Wojno et al. (2013) argue that it “.. .remains difficult to reliably measure change in retinal
structure using the ONL metric. . .”]. However, such measurements have become routine in our
center for defining the natural history of disease in human patients (Calzetti et al. 2018; Cideciyan
etal. 2020; Jacobson et al. 2015, 2017b; Matsui et al. 2016; McGuigan et al. 2017; Sumaroka et al.
2019a) and evaluating interventions in animal models (Beltran et al. 2012, 2015; Cideciyan et al.
2018b; Gardiner et al. 2019).

Importantly, there is sometimes a stage of disease in IRDs where the ONL becomes mildly
hyperthick (Jacobson & Cideciyan 2010). This has been detected so far in the foveas of patients
with choroideremia (Jacobson et al. 2006), the periphery of patients with NPHPS- or CEP290-
associated LCA (Cideciyan et al. 2011), and immediately surrounding the macular drusen in
age-related macular degeneration (AMD) (Sadigh et al. 2013). Mild thickening of the ONL has
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also been observed in animals as a consequence of interventions or mild disease states (Beltran
et al. 2015, Cideciyan et al. 2018b, Guziewicz et al. 2018). It is unlikely that the thickened
ONL observed across diverse IRDs and that observed in AMD arise from the same underlying
pathophysiological cause; however, involvement of subclinical edema due to abnormalities
at the RPE—photoreceptor interface or reactive gliosis can be postulated at least for some of these
cases.

3.2. Autofluorescence Imaging

Distal to the retina are the RPE and choroid layers. RPE cells contain three major pigments: lipo-
fuscin (L), melanin (M), and melanolipofuscin (ML) (Bermond et al. 2020, Feeney 1978, Pollreisz
et al. 2020, Weiter et al. 1986). The choroid also contains melanin-related pigments but with
physical properties and embryonic origins that are distinct from those of the RPE (Boulton &
Dayhaw-Barker 2001, Schraermeyer & Heimann 1999). Lipofuscin-related pigments (L. and ML)
accumulate with normal aging because of incomplete degradation of material originating from
phagocytosis of outer segments. The amounts of melanin-related pigments (ML and M), in con-
trast, tend to decrease with age (Weiter et al. 1986). All RPE and choroidal pigments have varied
but overlapping scattering, absorption, and intrinsic autofluorescence characteristics, and their
spatial and axial distribution in health and disease complicate interpretation. This review is lim-
ited to two types of autofluorescence signals measurable with noninvasive imaging in living human
eyes that likely originate from lipofuscin- and melanin-related pigments (Figure 44).

Conventional autofluorescence imaging of lipofuscin-related pigments of the RPE uses
SW and relatively high irradiance excitation lights (Delori et al. 1995, Kitagawa et al. 1989,
Sparrow et al. 2020, von Riickmann et al. 1995). Direct evidence in scores of animal studies and
circumstantial evidence in human studies have shown that SW lights could confound the natural
history of retinal disease in susceptible eyes (Berson 1980; Cideciyan et al. 1998, 2005a; Paskowitz
et al. 2006). Thus, it would be prudent to consider the iatrogenic potential for negative effects of
conventional autofluorescence imaging. Our group developed SW-excited reduced-illuminance
autofluorescence imaging (SW-RAFI), which substantially reduces retinal irradiance and exposure
time (Cideciyan et al. 2007b). SW-RAFT and conventional autofluorescence imaging produce
comparable results (Strauss et al. 2016b), and SW-RAFT was used successfully in a multicenter
setting for the Progression of Atrophy Secondary to Stargardt Disease (ProgSTAR) studies
(Strauss et al. 2016a). A representative SW-RAFI image in a normal eye shows a small dark region
at the fovea dominated by absorption of the SW illumination by the macular pigment. An annular
region of relatively low intensity surrounds the dark center, and the highest intensities correspond
to retinal regions approximately at the eccentricity of the optic nerve head (Figure 45).

NIR excitation results in autofluorescence emissions originating from melanin-related pig-
ments of the RPE and choroid (Cideciyan et al. 2007b, 2015b; Gibbs et al. 2009; Keilhauer &
Delori 2006; Piccolino et al. 1996; Taubitz et al. 2019; Weinberger et al. 2006). NIR-excited aut-
ofluorescence is inherently low luminance owing to the large separation of this wavelength from
the region of peak visual pigment absorption; thus, our group called this modality NIR-RAFI
(Cideciyan et al. 2007b). A representative NIR-RAFT image in a normal eye shows a broad region
of higher intensity near the fovea (Figure 4b).

Several disease processes can result in excessive lipofuscin buildup. In the best-understood
example, dysfunction of the photoreceptor disc rim protein ABCA4 results in bisretinoid fluo-
rophores that accumulate as lipofuscin (Sparrow et al. 2012; Weng et al. 1999). Correspondingly
SW-RAFT in ABCA4-associated retinal degenerations (4BCA4-RDs) shows diffuse accumulation
of lipofuscin preceding photoreceptor loss and dysfunction (Cideciyan et al. 2004, 2005b, 2007b;
Zhang et al. 2015). Unexpectedly, NIR-RAFT also shows homogeneous hyperautofluorescence
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Figure 4 (Figure appears on preceding page)

Autofluorescence imaging of lipofuscin- and melanin-related pigments. (#) Schematic of retinal
autofluorescence emission (Em) signals with short-wavelength (SW; 488 nm) and near-infrared (NIR; 790
nm) excitation (Ex). Dominant interactions are shown for melanin (M), melanolipofuscin (ML), and
lipofuscin (L) pigments in cases with intact retinal pigment epithelium (RPE), Bruch’s membrane (BrM), and
choroid (CH), as well as cases with atrophic RPE. RPE cell drawing based on data from Bermond et al.
(2020). (b)) SW-and NIR-reduced-illuminance autofluorescence imaging (RAFI) in a representative normal
individual. Panel adapted with permission from Cideciyan et al. (2007b). () Normalization by NIR
reflectance (NIR-REF) to reduce the choroidal signal contribution to NIR-RAFT in a patient with Stargardt
disease (ST'GD) with central RPE atrophy. Panel adapted from Cideciyan et al. (2015b). (d) Images from two
STGD patients demonstrating major differences in trailing disease front (TDF) at the boundary of central
RPE atrophy and in leading disease front (LDF) at the peripheral boundary of local NIR-RAFI
heterogeneity. The square indicates the location of the SW-RAFT shown in the inset. Panel adapted from
Cideciyan et al. (2015¢). Additional abbreviation: NIR-RAFIn, normalized NIR-RAFI.

in ABCA4-RD (Cideciyan et al. 2007b). The exact cause of the latter increase is not known, but
hypotheses include melanogenesis (Peters et al. 2000, Poliakov et al. 2014) and increased optical
cross-section or photo-oxidation of melanin-related pigments. In general, autofluorescence
signals with SW and NIR excitation provide complementary and overlapping information.

The natural history of ABCA4-RD generally follows a macula-to-periphery expansion of
disease sweeping across the retina (Cideciyan et al. 2009b) while avoiding the parapapillary
region (Cideciyan et al. 2005b). The movement of the disease front over time can be used as
a quantitative measure of disease progression, which is especially important for evaluating the
efficacy of interventions. Studies have commonly considered the expansion of RPE atrophy, which
is easily detectable as an area lacking autofluorescence signal with SW excitation. NIR-RAFT also
shows abnormalities at regions of RPE atrophy, but interpretation of these results is sometimes
complicated due to the existence of melanin-based fluorophores within both the RPE and choroid
layers. When the RPE is atrophied, the resulting window unmasks the choroidal autofluorescence
signal (Figure 44). Our group hypothesized that choroidal melanin has a greater backscatter
component than RPE melanin (Cideciyan et al. 2015b) and used normalization by coregistered
NIR reflectance (NIR-REF) images to enhance the RPE component and suppress the choroidal
component of the NIR-RAFI signal (Figure 4¢). Quantitative comparison of atrophy areas
measured in ABCA4-RD patients showed no significant difference between the SW-RAFT and
normalized NIR-RAFT approaches. Use of NIR-RAFT for estimating atrophy growth in clinical
trials would not only reduce retinal irradiance of actinic lights and make the testing more
comfortable, but also allow evaluation of atrophy in retinoid cycle diseases such as RPE65-LCA,
where natural accumulation of lipofuscin is blocked, and SW' autofluorescence is not usable
(Cideciyan et al. 2015b).

For many treatment approaches, it is more difficult to stop the degeneration of photoreceptors
in retinal areas with severe disease than to prevent the initiation of the earliest stages of disease.
RPE atrophy defines the end stage of disease, and the atrophied RPE is often surrounded by
regions of severe disease. Thus, measures of atrophy expansion represent the movement of the
trailing disease front (TDF), whereas measures of the expansion of the leading disease front (LDF)
may be more relevant for most treatments (Cideciyan et al. 2015¢). In ABCA4-RD eyes, the TDF
and LDF can be widely separated where end-stage disease in the macula can be associated with
early disease across the retina (Figure 4d). The expansion rate of the LDF is often much faster
than the growth rate of the atrophy (Cideciyan et al. 2015c¢). Similar NIR-RAFI methods have
been used to define the retained retinal areas in the periphery (Charng et al. 2016), in the macula
(Jacobson et al. 2017b), and in paramacular regions (Sumaroka et al. 2019a).
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4. FUNCTIONAL IMAGING

In the context of IRDs, functional imaging can be defined as evaluation of multidimensional data
that provides insight into the performance of the visual system. Typically, data acquisition is tem-
porally synchronized to a visible stimulus to extract features that are mainly driven by vision. In
this section, we review two modalities, pupillometry and oculomotor control, which we find to be
particularly promising outcome measures for treatment trials in IRDs. Other functional imaging
modalities not reviewed include functional magnetic resonance imaging (fMRI), in which activi-
ties in different brain regions stimulated by vision are obtained by detecting changes to local blood
flow (Aguirre et al. 2017, Cideciyan et al. 2015a), and functional imaging of the retina involving
light-driven changes to reflection or absorption properties or physical movements of reflective
boundaries (Bizheva et al. 2006, Guziewicz et al. 2018, Lu et al. 2017, Margrain et al. 2020, Miller
& Kurokawa 2020).

4.1. Pupillometry

In the center of the iris is the pupil, through which light passes to reach the retina, thus initiating
the earliest stages in vision. The size of the pupil is determined by the relative tone of the sphincter
and dilator muscles of the iris and ranges from 1.5 to 8 mm in diameter (Loewenfeld & Lowenstein
1999). Changes to the pupil diameter can be driven by sound, attention, fatigue, memory load,
emotion, and other activities within the central nervous system. However, it is the pupillary light
reflex (PLR), driven by lights activating retinal photoreceptors (Lowenstein & Loewenfeld 1959),
that is most relevant for evaluating vision outcomes.

The PLR offers an opportunity to assess the functioning of the visual system by evaluating the
combined effects of phototransduction, afferent signal transmission from the retinal photorecep-
tors to centers in the midbrain, and efferent pathway signaling to the iris muscles. Unlike more
common measures of visual function (e.g., visual acuity and perimetry), which are subjective and
require the cooperation of the subject, measurement of the PLR is objective and is not affected
by the level of cooperation as long as the subject can hold their eyes open for a few seconds.
Assuming normal postreceptoral pathways, the PLR can be used to evaluate photoreceptor func-
tion objectively in severe forms of human IRDs, including in young children who cannot perform
psychophysical tasks.

The pupillary pathway includes retinal ganglion cells (RGCs), whose axons form the optic
nerve. The optic nerve fibers from the nasal retina of each eye cross at the optic chiasm to the
contralateral optic tract, whereas fibers from the temporal retina do not cross but continue as
the ipsilateral optic tract. Since both cerebral hemispheres receive information from both eyes,
the PLR can be assessed in two ways. The direct PLR measures the pupillary contraction in the
eye that was presented with the stimulus, whereas the consensual PLR measures the pupil of
the eye that is contralateral to the one presented with the stimulus. Spatial distribution of the
light stimulus can be delimited to focal retinal regions, or it can cover the full visual field, taking
advantage of the spatial integration properties of the PLR (Schweitzer 1956) and rendering the
response independent from the instantaneous direction of gaze. Short-duration stimuli allow
the fast and transient PLR (TPLR) to be recorded while minimizing artifacts from blinks and
eye movements. This review is limited to our experience with the direct TPLR, with full-field
short-duration stimuli presented to dark-adapted eyes.

4.1.1. Quantitative transient pupillary light reflex. The human pupil in primary gaze is
normally circular. A TPLR trace consisting of the instantaneous diameter of the dark-adapted
pupil plotted as a function of time before and after the onset of a short stimulus can provide useful
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quantitative information regarding visual function (Figure 54, /ef?). Major features of the TPLR
trace include a steady diameter before the stimulus onset, a rapid constriction phase of the pupil
after the stimulus onset, and a redilation phase that slowly returns the pupil size back to baseline.
Use of a range of stimuli produces a family of TPLR traces (Figure 54, right), allowing quantita-
tive interrogation of the full dynamic range of the visual system. Complex mathematical models
can be used to describe such families. We find that, practically, a small number of easily measured
parameters are often adequate to quantitatively define the effects of different photoreceptor
diseases and their treatments. One parameter is the baseline pupil diameter, which provides
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Figure 5 (Figure appears on preceding page)

Direct transient pupillary light reflexes (TPLRs) in normal subjects and in subjects with retinal disease. (7) A
normal TPLR trace (Jeff) of pupil diameter change as a function of time after the onset of light (1 s long
stimulus monitor shown in gray). Insets show pupil images at three key time points (1 s before and 1 and 4 s
after stimulus onset) with margins highlighted for visibility. Families of TPLR traces (right) with
short-wavelength (SW; blue) and long-wavelength (LW; red) stimuli over the range of —4.7 to +2.3 log
scot-cd.m~2. Vertical dashed lines mark 0.9 s, which is the point at which the TPLR amplitude is measured.
(b) A GUCY2D-Leber congenital amaurosis (LCA) patient with rod-mediated TPLRs. The family of TPLR
traces (left) and luminance-versus-response functions (right) with SW (square) and LW (circle) stimuli are
shown. Each family is fit with a hyperbolic function (dashed curves for the normal subject and solid lines for the
patient), and the threshold luminance that evoked a criterion response (0.3 mm, horizontal dashed line) is
determined. The thresholds are elevated by approximately 1.5 log unit (x axis intercepts, #r7owbeads) in the
patient compared to the normal subject. Panel adapted from Jacobson et al. (2017a). () CEP290-LCA patient
with cone-mediated TPLRs. The family of TPLR traces (/eft) and latency-versus-luminance functions (right)
with LW and SW stimuli are shown. Latencies to reach the criterion response of 0.3 mm are considerably
slower in patients (filled symbols) than in controls (unfilled symbols) across the range of luminance. Panel
adapted from Krishnan et al. (2020).

information about the maximal dilation achieved in the dark-adapted eye. Another parameter is
the extent (amplitude) of the pupil constriction achieved early after stimulus onset. We prefer
to measure this parameter at a fixed time, rather than the more common approach of measuring
the minimum pupil diameter achieved; the timing of the latter approach tends to become
progressively delayed with brighter stimuli. Another key parameter is the delay (latency) of the
start of pupillary constriction. We prefer to measure the latency as the time to reach a criterion
amplitude. Parameters of individual traces are considered across families of waveforms to estimate
the TPLR threshold, which refers to the luminance at which a criterion amplitude is achieved.
TPLR thresholds allow for a direct comparison with perceptual or electrophysiologic measures
of visual function (Aguirre et al. 2007; Jacobson et al. 2013a, 2017b; Krishnan et al. 2020).

4.1.2. Different photoreceptor systems driving the transient pupillary light reflex. The
human TPLR can be driven by the rod or the LWS-, MWS-, and SWS-cone photoreceptors of
the outer retina, as well as by the melanopic intrinsically photosensitive RGCs (ipRGCs) of the
inner retina (Gamlin et al. 2007, McDougal & Gamlin 2010). Tailored spectral modulations us-
ing digital light engines under varied adapting conditions can be used to isolate contributions of
individual photoreceptors. However, such specialized testing is usually not practical in a clinical
setting with IRD patients, where pupillometry is only one of many tests being performed. In-
stead, two chromatic stimuli located in the SW and LW regions of the human visible spectrum
can be used to identify photoreceptor systems dominating the PLR in an individual. In normal
dark-adapted eyes, dim chromatic stimuli that are matched by their scotopic luminance evoke
identical PLRs driven by the rod system (Figure 5b). With brighter stimuli, responses become
more complex, with expected contributions from SWS-cones and ipRGCs to SW stimulation and
from LWS/MWS-cones to LW stimulation.

4.1.3. Consequences for transient pupillary light reflex of photoreceptor loss in severe
forms of inherited retinal disease. Objective measures of remnant vision in LCA are difficult
to obtain. Electroretinograms (ERGs) are often not detectable (Kardon et al. 2011), and fMRI
measurements are complicated by severe oculomotor abnormalities. The TPLR, in contrast, is
nearly always detectable and can often be interpreted in terms of the function of the remnant
photoreceptors.
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A subset of patients with various genetic forms of LCA demonstrate profound vision loss
with no-light-perception vision. Imaging studies of these patients typically show complete loss
of outer retinal structure and relatively retained inner retinal structure (Jacobson & Cideciyan
2010, Jacobson et al. 2013b). Charng et al. (2017) quantified the direct PLR in such patients, in
whom signaling from all rod and cone photoreceptors across the retina is expected to be lack-
ing. With typical stimuli, TPLRs were not detectable. With longer-duration or brighter short-
duration stimuli, robust TPLRs were detectable in the majority of patients with profound vision
loss. These TPLRs had small amplitudes and substantially delayed latencies and likely represented
the activation of human ipRGCs in isolation from rod or cone photoreceptor input (Charng et al.
2017).

Many LCA patients have some remnant vision originating from partially functioning rod or
cone photoreceptors, and our group has spent two decades evaluating them with the objective
functional imaging approach afforded by the direct TPLR (Aguirre et al. 2007; Aleman et al.
2004; Charng et al. 2017; Jacobson et al. 2009b, 2011a, 2013a, 2017a,b; Krishnan et al. 2020). The
abnormal pupillary reactions that have been qualitatively observed had long been considered to
be a feature of the clinical presentation of patients with LCA. Our group developed methods to
record TPLRs using a range of stimuli extending over approximately 9 log units to quantify visual
function in dark-adapted eyes (Aleman et al. 2004). Our group showed that sluggish responses in
LCA can mostly be explained with loss of quantum catch at the outer retinal photoreceptors, and
TPLR latencies can be normal when adjusted for individual differences in sensitivity resulting
from the biochemical block of chromophore supply to both rods and cones in RPE65-associated
LCA (Aguirre et al. 2007). In other studies, our group used chromatic TPLRs to provide objective
evidence for unexpectedly retained rod function in AIPL1-associated LCA (Jacobson etal. 2011a)
and an unexpectedly large spectrum of rod dysfunction in GUCY2D-associated LCA ranging from
near normal (Figure 55) to complete loss (Jacobson et al. 2013a). In a larger cohort of GUCY2D-
LCA, chromatic TPLR results could differentiate between individuals with remnant cone function
and those with remnant rod function (Jacobson et al. 2017a). In another molecular form of LCA
due to CEP290 mutations, our group found TPLRs with slow latencies (Figure 5¢) dominated by
remnant foveal cones (Jacobson et al. 2017b). More recently, our group provided a hypothesis to
explain how individual differences in parafoveal remnant vision contribute to differences in TPLR
latency in CEP290- and NPHPS5-associated LCA (Krishnan et al. 2020).

4.1.4. Transient pupillary light reflex-based outcome measures in clinical trials. The
TPLR has been and continues to be used as an objective outcome measure in clinical trials
evaluating interventions in severe forms of IRDs (Thompson et al. 2020). Our group’s RPE6S
gene augmentation therapy measured chromatic TPLR amplitudes at fixed times across a range
of luminances and derived the threshold to reach a criterion amplitude as the objective outcome
measure (Cideciyan et al. 2008, Jacobson et al. 2012). At baseline, the TPLR of RPE65-LCA eyes
were 5.6 log units less sensitive than normal eyes, similar to the 5.5-log-unit loss of sensitivity
measured with subjective perception. After treatment, there were highly significant changes, with
a 1.2-log-unit improvement of TPLR thresholds on average (Cideciyan et al. 2008, Jacobson et al.
2012). More recently, in a clinical trial evaluating the efficacy of an antisense oligonucleotide,
our group showed correspondence between objective visual function improvements with TPLR
and subjective vision improvements (Cideciyan et al. 2021). Test-retest variability of TPLR
parameters has been quantified, and TPLR protocols are being used as objective outcomes in
several ongoing clinical trials (Jacobson et al. 2017a,b; Krishnan et al. 2020; Lisowska et al.
2017). The TPLR can also be used as an inclusion criterion to confirm functional fidelity of the
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retinopretectal tract, despite lack of light perception in patients who would be candidates for
retinal regenerative therapies such as those involving optogenetics (Jacobson & Cideciyan 2010).

4.2. Oculomotor Control

Perception of fine visual detail in normal eyes requires a complex oculomotor system that main-
tains correspondence between a feature of interest and the fovea (Kowler 2011). In IRDs with
congenital vision loss, the visual feedback necessary for normal development of the oculomotor
system is interrupted. In later-onset IRDs, foveal disease causes abnormalities in the oculomotor
system. Depending on the timing and severity of the vision loss, a wide spectrum of oculomotor
abnormalities can occur, ranging from classic sensory defect nystagmus (instability of fixation but
retained ability to find and attend to a visual target) to wandering eyes (complete lack of oculomo-
tor control). Our group has developed two functional imaging modalities to quantify the range of
oculomotor abnormalities observed in different IRDs.

Nystagmus recordings primarily aim to measure the instantaneous gaze to a target over time
with respect to the location of the fovea. It is generally assumed that the target is visible to the sub-
ject. In patients with IRDs, differences in visual sensitivity and/or visual field may limit visibility of
the target such that what is visible to some patients is not visible to others. In RPE65-LCA, for ex-
ample, major differences in rod and cone sensitivities make it difficult to know a priori what target
luminances may be comparably visible across a cohort of patients (Aguirre et al. 2007; Jacobson
etal. 2007,2009a). Accordingly, our group developed a method to measure nystagmus as a function
of target luminance in IRDs by explicitly including the following three key aspects. First, NIR illu-
mination was used to record the instantaneous location of the target with respect to the anatomical
fovea at video rate. Second, all testing was performed in darkness such that there were no visible
distractions beyond the target. Third, recording epochs always started with a high-luminance tar-
get easily visible to the subject, and lower-luminance targets were then tested to obtain nystagmus
parameters as a function of the luminance straddling visibility threshold of each individual.

The five RPE65-LCA eyes shown in Figure 6 demonstrate the spectrum of oculomotor
abnormalities observed. P15, P11, and P1 are patients with minor (Figure 6b,c) or moderate
(Figure 6d) oculomotor abnormalities, although they retain foveal fixation. P5 and P7, in con-
trast, demonstrate more severe stages of disease with extrafoveal fixation (Figure 6¢) or very
large-amplitude nystagmus (Figure 6f). To understand the extent of the visual feedback on nys-
tagmus, our group performed recordings of long duration that included an initial period in which
a stimulus perceptible to the eye was tested, followed by a longer period without the stimu-
lus. Three examples demonstrate the range of observations upon removal of the visible tar-
get. In P3, there is very little change in the amplitude of the nystagmus as the fixation loca-
tion slowly drifts nasally away from the fovea, and there is a slight reduction in the frequency
of nystagmus (Figure 6g). In P8, there is substantial dampening of the nystagmus amplitude
and frequency, along with drift of the retina away from where the visible target was earlier
(Figure 6b). In P9, there is initially no change in the amplitude or frequency of the nystagmus for
nearly 30 s as the fixation location drifts away from the fovea. Afterward, however, the jerk com-
ponent of the nystagmus completely disappears, and there remains only a slow drift (Figure 67).

Quantitation of oculomotor characteristics can help interpret the consequences of treatments
attempting to improve vision. Our group provided evidence for emergence of new or additional
fixation locations in a subset of patients following gene therapy but found no evidence of a decrease
in amplitude or frequency of nystagmus (Cideciyan et al. 2008, 2009a, 2015a).

At the most severe end of the LCA spectrum are patients who report being congenitally blind
and having never experienced visual perception. Lack of visual experience in early childhood leads
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to the failure to develop any oculomotor control and wandering eyes (Kompf & Piper 1987, Leigh
& Zee 1980). Since reproducible retinal imaging over any length of time is often not possible in
severe LCA, our group developed a simple corneal video imaging method to record oculomotor
control and instability in any retina clinic (Jacobson et al. 2017b). Quantitative analyses of videos
recorded in the dark with and without a fixation target allow better understanding of visual
feedback to the oculomotor system in patients with very severe vision loss. The method has been
used as an outcome measure in a clinical trial where early results suggest efficacy (Cideciyan
etal. 2019, 2021).
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Figure 6 (Figure appears on preceding page)

Range of nystagmus features in RPE65-LCA. (4—f) Results from (#) a representative normal subject are compared to patients (4) P15, (¢)
P11, (d) P1, () P5, and (f) P7. For each subject, 10-s-long epochs of eye movement data during fixation to a large visible target are
shown in spatial and spatiotemporal coordinates. Spatial distribution of fixation clouds are shown on standard circles (with radii at
1.65°, 5°, and 10°) representing the macular region centered on the anatomical foveal depression. Spatiotemporal distribution of eye
movements are shown on chart records for X and Y directions; up is N for X and S for Y. All results are presented as equivalent right
eyes for comparability. Horizontal lines (/ight blue) on the chart records depict the location of the anatomical fovea. Dots between X and
Y traces represent the timing of the high-frequency eye movements. (g—) Representative fixation records from (g) P3, (b) P8, and (i) P9
demonstrating the interindividual differences in nystagmus waveforms as a function of the visibility of the target in an otherwise
darkened ambient environment. Low-frequency components have been removed from the long-duration X,Y chart records (but not
from the fixation clouds shown on standard circles) to better demonstrate nystagmus characteristics as the eyes drift away from the
anatomical fovea upon extinguishing of the visible target. The break in axis for P9 represents the period of 25 to 80 s. Figure adapted
from Cideciyan et al. (2015a). Abbreviations: div, division; I, inferior retina; LCA, Leber congenital amaurosis; N, nasal retina; S,
superior retina; T, temporal retina.

5. CONCLUSIONS

An important prerequisite for the successful development of new therapies for IRDs is better un-
derstanding of the visual dysfunction, structural abnormalities, and natural progression associated
with these genetically and clinically heterogeneous conditions. The ease of optical access to the
retina for imaging, combined with the exquisite dynamic range of human vision, provides scores
of possibilities for measurement. In this article, we review a small subset of measurements that we
have found useful and informative in IRDs. Of course, all measures will not be appropriate for all
patients. Selections will have to depend on many factors, such as the primary disease pathology,
stage of severity, and level of cooperation expected. In patients retaining stable fixation, for ex-
ample, perimetric methods of LACP and DACP provide excellent information content regarding
the spatial distribution of function across different photoreceptor types, whereas FST methods
are more appropriate for patients without stable fixation. Objective measures of visual function,
such as pupillometry, can complement perceptual measures such as perimetry. Micron-level fea-
tures can be easily measured and interpreted in terms of subcellular photoreceptor features. Better
understanding of vision deficits in IRDs will require building quantitative models relating visual
function and retinal structure. Our group has performed some of the initial studies in this en-
deavor (Cideciyan et al. 2008, 2020; Jacobson et al. 2005; Sumaroka et al. 2019b), but modeling
more complex structure—function relationships remains an important challenge to the field.
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