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Abstract

Structure and Function in Normal and Diseased S-cone Photoreceptor Pathway
By
Yiyi Wang
Doctor of Philosophy in Vision Science
University of California, Berkeley

Professors William Tuten & Austin Roorda, Co-Chairs

Short-wavelength-sensitive cones, known as S-cones, constitute a small fraction (5-10%)
of the photoreceptors in the human retina, playing crucial roles in color vision and
regulating circadian rhythms. While their distribution is coarse, they hold potential as
biomarkers for detecting structural and functional changes in retinal diseases. However,
our understanding of S-cone topography remains limited, with only a few studies using
histology and high-resolution imaging to explore their foveal distribution and role in
supporting spatial resolution, particularly in conditions like Enhanced S-cone Syndrome.
This dissertation includes three projects that share a common goal of furthering the
understanding of the S-cone topography and function in healthy and diseased eyes.

The first study investigated S-cone-mediated acuity in subjects with Enhanced S-cone
syndrome (ESCS), serving as a model to elucidate adaptive mechanisms to abnormally
distributed photoreceptors during retinal development. By comparing S-cone acuity
between ESCS subjects and normal individuals, we identified and validated supernormal
S-cone acuity in Enhanced S-cone Syndrome. Our discussion delves into potential retinal
re-organization mechanisms, possibly involving the recruitment of elements from the rod
pathway to achieve superior S-cone acuity.

Subsequently, upon noting fixation displacement mediated by the S-cone pathway during
acuity experiments, we embarked on a comprehensive exploration of oculomotor function
guided by the S-cone pathway. A consistent superior displacement of the S-cone-
mediated preferred retinal locus (PRL) of fixation in six normal subjects was observed.
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This displacement was also found in saccade landing positions between chromatic (S-
cone-mediated) and luminance (L/M-cone-mediated) systems, indicating that the S-cone
pathway could mediate its own stimulus detection and saccade initiation.

Moreover, the investigation into the human S-cone topography heterogeneity entailed
functional mapping of the S-cone-free zone in normal eyes using adaptive optics
microperimetry. Macular pigment imaging aided in addressing the pre-receptoral blue
filtering effect on S-cone sensitivity. We discussed the interplay between S-cone acuity,
S-cone preferred retinal locus displacement, and S-cone scotoma size.

These findings collectively demonstrate the utility of adaptive optics imaging and
psychophysics in understanding the functional topography of the S-cone pathway,
shedding light on its heterogeneity and potential implications for visual function in both
normal and pathological conditions.
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1 Chapter 1 | Introduction

1.1 Introduction

A normal human eye contains around 120 million rod photoreceptors and 6 million cone
photoreceptors. In the mature retina, rods and cones exhibit distinct topographical density
profiles, the result of complex and finely orchestrated developmental processes that are
initiated during gestation and continue postnatally until roughly 4 years of age (Yuodelis
& Hendrickson, 1986). Rods — which are sensitive to dim light and responsible for scotopic
vision — are absent at the foveola, and outside the fovea their packing density rises
steadily with eccentricity, reaching a peak between 10° and 20° before declining again in
the peripheral retina (Curcio et al., 1990; Lee et al., 2019). Despite the large number and
high spatial density of rods, visual acuity is comparatively poor under scotopic conditions
due to spatial convergence in rod-driven circuits (Lee et al., 2019; Lennie & Fairchild,
1994; Wilkinson et al., 2020). The packing density of cone photoreceptors peaks at the
foveal center and falls sharply with increasing eccentricity (Curcio et al., 1990; Y. Wang
et al., 2019).
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Figure 1.1 Rods and Cones Density as a Function of Retinal Eccentricity

The densities of human rod and cone photoreceptors along the horizontal meridian are illustrated. Rods
are absent at the fovea but reach their highest density around 20° eccentricity. Cones exhibit the highest
density at the fovea, with their density decreasing rapidly beyond the foveal center. This figure is adapted
from (Dsterberg, 1937).



1.2 S-cone Structure and Topography

Humans with normal color vision have three cone types, sensitive to long, medium, and
short wavelengths of light and referred to as L-, M-, and S-cones, respectively. Like rods,
S-cones are also likely excluded from the centralmost fovea and follow a non-monotonic
density profile, with a peak spatial density occurring near 1° eccentricity (Curcio et al.,
1991). Another histology report indicates a decrease in S-cone density at the foveola
without a region completely devoid of S-cones (Ahnelt, 1998). Nevertheless, the fraction
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Figure 1.2 S-cone Density in the Human Retina from (Calkins, 2001)

(A) Measurements of the density of S-cones stained using opsin-specific antibodies along the cardinal
meridians, modified from (Curcio et al., 1991). (B) The fraction of S-cones based on immunocytochemical
identification (Curcio et al., 1991) and morphological identification (Ahnelt et al., 1987) .



of S-cones is lowest at the foveal center and gradually increases with greater retinal
eccentricity.

S-cones comprise 5-10% of the overall cone photoreceptor population, with L/M-cones
making up the remaining 90-95%. L/M-cones are mostly densely packed at the foveal
center. Consistent with their high packing density, L/M-cones in the central retina are
wired into specialized neural circuits canonically associated with high-resolution spatial
vision (Rossi & Roorda, 2010; Zhang et al., 2020), whereas S-cones primarily feed into
chromatic pathways with lower resolving capacity (Anderson et al., 2002; Sekiguchi et al.,
1993). Among all types of photoreceptors including rods, S-cones represent a mere
~0.2% of all photoreceptors in normal eyes (Roorda & Williams, 1999).
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Figure 1.3 Mouse and Human Photoreceptor Development

The photoreceptor development paths of mice and human are shown. In humans, cones and rods are
generated around fetal week (Fwk) 8 and Fwk 10, respectively. The generation of cones is completed
prenatally, whereas the generation of rods continues into the early postnatal period. Expression of S-opsin
is observed around Fwk 12, while the expression of L-opsin, M-opsin, and rhodopsin occurs around Fwk
15. Functional maturation of photoreceptors continues postnatally. Figure from (Swaroop et al., 2010).

The outer segment of S-cones contains the photopigment cyanolabe, or S-opsin, which
is sensitive to blue light, with a peak sensitivity around 420-440 nm. S-cones have taller
inner segments than rods and L/M-cones, with a more posteriorly located inner/outer
segment junction (Calkins, 2001; Curcio et al., 1991). This morphological difference in S-
cones is used for cell identification in histology (Ahnelt et al., 1987; Curcio et al., 1991)
and in modern optical imaging tools such as adaptive optics optical coherence
tomography (AO-OCT), which identify S-cones by their shorter outer segment length,
longer inner segment length, bigger IS/OS junction diameter and more posteriorly located
IS/OS junction layer (Ji et al., 2023; Jonnal et al., 2007; Miller & Kurokawa, 2020;
Pandiyan et al., 2021).



Reports on S-cone foveal topography have been limited to histological studies. Adaptive
optics-based densitometry and OCT-based optoretinography have limited resolution at
the foveal center, making foveal cone classification challenging (Sabesan et al., 2015;
Schleufer et al., 2022).
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Figure 1.4 Photoceptor Absorbance Spectra

The absorbance spectra of photoreceptors include rods, which peak at 498 nm (indicated by filled circles),
and cone outer segments. The cones are categorized into three types based on their peak absorbance: S-
cones peak at 420 nm, M-cones peak at 534 nm, and L-cones peak at 564 nm. This figure was adapted
from (Bowmaker & Dartnall, 1980).

1.3 S-cone Photoreceptor Development

S-cones are the default primordial cone cells, and they develop before L/M-cones. S opsin
is expressed about a month before L/M opsin, and the same expression pattern is
observed for both mRNA and protein (Xiao & Hendrickson, 2000). S opsin first appears
near the fovea at fetal week 10.9 and covers more than 90% of the retina by fetal week
18—19. However, L/M opsin protein does not appear until fetal week 14—15 in the fovea
and reaches the retinal edge by fetal week 34—37 (Xiao & Hendrickson, 2000). Rhodopsin
is produced after S-opsin but around the same time as L/M opsin expression, which is
present in fetal week 15. The S-cone density in human fetal retina was reported three
times as adult level at fetal week 14-18, and the ratio of S-cones to L/M-cones changes
significantly as other photoreceptor types are developed, suggesting an identity switch
from the S-opsin to L- or M-opsin expression by the precursor cells (Swaroop et al., 2010;
Xiao & Hendrickson, 2000). Furthermore, S-opsins are expressed first before a portion of
precursor cells changes to M-cones in rodent retinas (Szél et al., 1994).
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1.4 S-cone Function

The neural sampling limit for human vision is governed by the retinal ganglion cells
(RGCs) that convey signals from the retina to the brain (Dacey, 1993). At the fovea, there
is minimal convergence from cones to midget retinal ganglion cells, as one cone
photoreceptor connects to at least one ON-ganglion cell and one OFF-ganglion cell. This
preserves visual information such that central foveal vision is limited by optical aberrations
and the sampling of the cone photoreceptors (Dacey, 1993). Just outside of the fovea,
spatial vision becomes poorer than predicted by the sampling limit of the photoreceptors,
and better matches the sampling limit of midget ganglion cells as they collect signals from
multiple cones (Anderson et al., 2002, 1992; Rossi & Roorda, 2010; Thibos et al., 1987).

S-cones are generally considered not to contribute significantly to the pathways that
support fine spatial vision for several reasons. First, S-cones are not present in the foveal
center (Curcio et al., 1991; Williams et al., 1981b). Second, they are quite sparse
elsewhere in the retina comprising only 10% of the cones at most. Third, S-cone excitatory
signals are transmitted by a different class of retinal ganglion cells, the small bistratified
retinal ganglion cells (Dacey & Lee, 1994). In a normal eye, S-cone mediated spatial
resolution is very poor, and closely correlates with the sampling limit of the small
bistratified cells (Anderson et al., 2002; Dacey, 1993). The density range of the human
small bistratified retinal ganglion cells (sbRGCs) is estimated to range from 400 cells/mm?
centrally to 20 cells/mm? peripherally (Dacey, 1993). Given maximal density of around
400 cells/mm? centrally, the predicted maximal S-cone acuity guided by sbRGCs is
around 3 cycles/deg. The S-cone mediated acuity reported in several psychophysical
studies are generally below 8 cycles/degree in the central and peripheral retina (Anderson
et al., 2002; Coates & Chung, 2016; Metha & Lennie, 2001).

1.5 Adaptive Optics Retinal Imaging and Psychophysics

Studying the relationship between photoreceptor structure and function requires a high-
resolution tool that can visualize cell topography and deliver stimuli accurately to specific
regions of the retina. Imaging individual cone photoreceptor structures in living eyes,
especially near the fovea, necessitates the correction of optical aberrations within the
imaging system. Even when spectacles and contacts lenses can correct for defocus and
astigmatism, higher-order aberrations still prevent diffraction-limited imaging of the retinal
cells.

Adaptive optics (AO) addresses the optical imperfections of the human eye. It measures
the optical aberrations of the eye using a wavefront sensor and converts the wavefront
information into voltage signals for the actuators of a deformable mirror. The mirror then
actively compensates for the aberrated wavefront by pushing and pulling as needed
(Liang et al., 1997).

The adaptive optics scanning laser ophthalmoscope (AOSLO) system is a point-scanning
laser system that uses AO to achieve near diffraction-limited imaging of individual cone
photoreceptors, even at their densest packing in the fovea (Roorda et al., 2002; Y. Wang
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et al., 2019). AOSLO systems are used in multiple laboratories worldwide and are
extensively employed for both basic and clinical research (Litts et al., 2017; Roorda &
Duncan, 2015; Sincich et al., 2016).

In addition to structural imaging, AO-based instruments enable several key functional
measurements. These include the assessment of the preferred retinal locus (PRL), AO-
corrected visual acuity, and AO-microperimetry.

Preferred Retinal Locus (PRL) Assessment

Evaluation of the PRL can be achieved by modulating the visible light channel, often using
543 nm or 680 nm light, or a decrement stimulus in the 840 nm channel. The duty cycle
and size of the stimulus can be pre-determined and fixed within the imaging raster. While
the subject fixates on the PRL stimulus, a retinal video is recorded simultaneously. The
exact retinal locations where the stimulus lands during fixation, as captured in the video,
are used to determine the mean PRL and fixation stability.

AO-Corrected Visual Acuity

Foveal acuity is guided by the sampling limit of the cone photoreceptors and optical
factors (Tuten & Harmening, 2021). Normal human vision can achieve a mean acuity of
20/9.8 when optical aberrations are bypassed, with the best recorded acuity being 20/7
in one normal subject (Rossi et al., 2007). AO-corrected visual acuity measures spatial
resolution primarily limited by photoreceptor spacing, minimizing the optical factors.
These measurements are made on the AOSLO system, where an AO-corrected
decrement letter is delivered on a dark red background by modulating the 840 nm laser
raster at appropriate times within the scan (Foote et al., 2018). The psychophysical
method for determining the acuity threshold can be customized using QUEST adaptive
staircase and a 4-alternative forced choice, tumbling-E paradigm (Watson & Pelli, 1983).

AO-Microperimetry (AOMP)

Retinal sensitivity is commonly evaluated with visual field and perimetry methods in
clinical settings. Individual variability and eye motion can cause measurement errors. AO-
based microperimetry (AOMP) with real-time eye tracking can examine the retinal
sensitivity of targeted areas using small, retinally stabilized increment stimuli (Tuten et al.,
2012). AOMP measurements are made on the same AOSLO platform, with simultaneous
imaging and tracking with infrared light and visible-light stimulus presented at targeted
locations via the same raster scan. The vergence of the visible-light channel is set to
offset the eye’s native longitudinal chromatic aberration, ensuring the AOMP stimulus is
focused on the same plane as the infrared imaging light (Harmening et al., 2012). Test
locations are manually selected by experimenters, and the intensity of the test stimuli can
be guided by a customized adaptive staircase procedure.

S-cone AO-Psychophysics




A monochromatic short-wavelength laser can be incorporated into the AOSLO stimulation
system to achieve S-cone-mediated psychophysical measurements. Chromatic
adaptation is utilized to desensitize L/M-cones while S-cones are stimulated with short-
wavelength light, or blue light. Utilizing AOSLO ensures accurate stimulation, correction
of longitudinal and transverse chromatic aberrations, and allows customization of the
spatial, temporal, and chromatic aspects of the experimental stimuli.

The S-cone AOMP uses a blue-on-yellow paradigm along with real-time eye tracking to
allow psychophysical measurements of the S-cone pathway. More details of this method
will be elaborated in Chapter 4.

AOSLO has limited application in measuring S-cone acuity primarily due to the size of the
S-cone threshold letter, which averages 20/200. The typical AOSLO raster size is about
1°, constrained by the human isoplanatic patch, which limits consistent wavefront sensing
(Bedggood et al., 2008). Since a 20/200 Snellen letter nearly spans a 1° visual field, the
AOSLO system alone is insufficient for this task. Therefore, an additional projector display
is required to deliver the appropriately sized stimuli for accurate S-cone acuity
measurements.



2 Chapter 2 | Structure and Function in Patients with Enhanced

S-cone Syndrome

2.1 Abstract

We provided the first measures of S-cone spatial resolution as a function of retinal
eccentricity in patients with Enhanced S-cone Syndrome (ESCS) and discussed the
possible mechanisms supporting their supernormal S-cone acuity.

We used an adaptive optics scanning laser ophthalmoscope (AOSLO) to characterize
photoreceptor packing. A custom non-AO display channel was used to measure L/M- and
S-cone mediated visual acuity during AOSLO imaging. Acuity measurements were
obtained using a 4-alternative forced choice, tumbling-E paradigm, along the temporal
meridian between the fovea and 4° eccentricity in 5 of 6 ESCS patients and in 7 control
subjects. L/M-cone acuity was tested by presenting long-pass-filtered optotypes on a
black background, excluding wavelengths to which S-cones are sensitive. S-cone
isolation was achieved using a two-color, blue-on-yellow chromatic adaptation method
that was validated on 3 control subjects.

Inter-cone spacing measurements revealed a near-uniform cone density profile (ranging
from 0.9-1.5 arcmin spacing) throughout the macula in ESCS. For comparison, normal
cone density decreases by a factor of 14 from the fovea to 6°. Cone spacing of ESCS
subjects was higher than normal in the fovea and subnormal beyond 2°. Compared to
control subjects (N=7), S-cone-mediated acuities in ESCS patients were normal near the
fovea and became increasingly supernormal with retinal eccentricity. Beyond 2°, S-cone
acuities were superior to L/M-cone-mediated acuity in the ESCS cohort, a reversal of the
trend observed in normal retinas.

Higher-than-normal parafoveal cone densities (presumably dominated by S-cones)
confer better-than-normal S-cone mediated acuity in ESCS subjects.

2.2 Introduction

As described in Chapter 1, humans with normal color vision have three types of cones (L-
, M-, and S-cones). S-cones, excluded from the central fovea, peak near 1° eccentricity
and increase in proportion up to 10° eccentricity, comprising 5-10% of the cone population
(Curcio et al., 1991; Schleufer et al., 2022). L/M-cones make up 90-95% and are wired
for high-resolution spatial vision (Marcos & Navarro, 1997; Rossi & Roorda, 2010; Thibos
et al., 1987; Williams & Coletta, 1987; Zhang et al., 2020). S-cones primarily contribute
to chromatic pathways with lower resolving capacity (Anderson et al., 2002; Dacey, 1993;
Sekiguchi et al., 1993), representing ~0.2% of all photoreceptors.

Enhanced S-cone Syndrome (ESCS) is a rare inherited retinal degeneration in which
photoreceptor differentiation is disrupted during development and rod precursors are
misdirected to form photoreceptors that express opsin typically associated with S-cones.

ESCS was first described in 1989 with pathognomonic electroretinogram (ERG) findings
8



and its name came from the enhanced short-wavelength-sensitive cone function
measured with ERG and psychophysics (Jacobson et al., 1990; Marmor, 1989; Marmor
et al., 1990). Together, these results point towards a supernormal complement of S-cones
in patients with ESCS (Audo et al., 2008; Garafalo et al., 2018; Roman et al., 2019).

ESCS is mostly associated with biallelic disease-causing variants in the nuclear receptor
subfamily 2, group E, member 3 (NR2E3) gene, which encodes a transcription factor that
promotes rod differentiation and suppresses the cone-expressing genes in the
photoreceptor progenitor cells, as shown in the rd7 mutant mouse, a model for human
ESCS (Corbo & Cepko, 2005). Other NR2E3 gene mutations that solely affect rod
photoreceptor transactivation result in autosomal dominant retinitis pigmentosa (adRP)
instead (Coppieters et al., 2007). ESCS can also be associated with mutations in the NRL
(neural retina leucine zipper) gene, a transcription factor upstream of NR2E3 (Littink et
al., 2018; Mears et al., 2001). Biallelic pathogenic variants in the NRL or the NR2E3 gene
misdirect rod precursors to produce S-cones. More details of the ESCS structure and
function can be found in this review article (Wang et al., 2023a).

Characterizing outer retinal cellular topography in ESCS is an important first step toward
understanding the structural and functional consequences of disruptions to the regulatory
networks that determine photoreceptor fate. In the simplest scenario, where precursor
cells fated to become rods instead develop into S-cones, and no other developmental
processes are affected, the S-cone density profile should mirror that of rods in the normal
retina, with supernormal cone densities outside the fovea. Postmortem findings from a
77-year-old ESCS donor eye confirmed the absence of rod photoreceptors and showed
a twofold increase in overall cone density at a mid-peripheral retinal location (~15° nasal)
analyzed via immunohistochemistry, with S-cones comprising 92% of the remaining
photoreceptors (Milam et al., 2002). More recently, high-resolution retinal imaging studies
using adaptive optics have shown in a small number of subjects that the supernormal
cone densities observed histologically are also present in vivo at eccentricities as low as
3° (Ammar et al., 2021; Roorda et al., 2010), although overall cone counts at some
parafoveal eccentricities were lower than the combined number of rods and cones that
would normally be present in a healthy eye (Roorda et al., 2010). Furthermore, cone
densities at the foveola, where S-cones and rods are excluded, were reduced compared
to normal (Roorda et al., 2010). Currently, it remains unclear if the genetic mutation(s)
underlying ESCS also interfere with the development of the L/M-cone subsystem, or if the
reduced cone densities observed previously are the consequence of an ongoing diffuse
degenerative process that causes cell loss in all extant receptor types.

The supernormal cone densities observed in these previous studies raise the intriguing
possibility that patients with ESCS may, under certain conditions, be equipped with
supernormal visual capacities. Realizing this possibility requires that the post-receptoral
visual system can take advantage of the information encoded by the abnormally dense
receptor array. While prior studies have shown that the supernumerary complement of S-
cones in ESCS confers improved performance on tasks such as contrast detection
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(Garafalo et al., 2018; Greenstein et al., 1996), and flicker perception (Ripamonti et al.,
2014), the extent to which these benefits extend to the spatial domain is less clear.
Greenstein and colleagues measured S-cone-isolated grating acuity at 6° eccentricity in
three ESCS patients and reported a twofold improvement compared to normal
(Greenstein et al., 1996), although the underlying receptor distribution at their test location
was not known. In this study, we use a custom high-resolution retinal imaging and visual
function testing platform to characterize cone topography across the central retina in
ESCS subjects while simultaneously measuring L/M- and S-cone-mediated visual acuity.
Understanding the structure-function relationship in the ESCS retina could shed light on
the potential benefits of NR2E3 gene-related therapeutic treatments (Haider et al., 2006;
Nakamura et al., 2016; Upadhyay et al., 2020), as well as the possibility of retinal
remodeling during development when photoreceptors are abnormally distributed.

Subject | Exam | Age | Gender | Genetics Visual Color Note
Year Acuity Vision
10055 | 2009 |59 | Female | NR2E3: ¢.373C>T 20/200 Not
(p.Argl25Ter) 20/200 measured
NR2E3: c.626dup
(p.Tyr209Ter)
10054 | 2009 | 35 Male NR2ES3: ¢.229C>T (p.Arg77Trp) | 20/32 Normal Nephew of
NR2E3: ¢.373C>T 20/32 10055
2022 | 48 (p.Argl25Ter) 20/321 Normal
20/401
40188 | 2019 | 19 | Female | NR2E3: c.932G>A 20/20 Normal
(p.Arg311GIn) homozygous 20/20
2021 | 21 20/162
20/20%*
40231 | 2021 |22 | Male NR2E3: c.932G>A 20/30%2 Normal
(p.Arg311GIn) homozygous 20/40%2
40234 | 2022 | 20 | Female | NR2E3: c.932G>A 20/60- Normal Sister of
(p-Arg311GIn) homozygous 20/40 40231
40133 | 2015 | 16 | Male NR2E3: ¢.702G>A, p.(Trp234*) | 20/25 Normal
NR2E3: ¢.223G>T 20/25
2021 | 22 (p.Val75Leu) VUS 20/25
20/25

Table 2.1 Demographics and Clinical Data of 6 ESCS Subjects
The age, genetics, best-corrected visual acuity, and color vision results are from the clinical eye examination

of the corresponding years. The visual acuities of the right eye (upper) and left eye (lower) were reported in
two separate rows.
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2.3 Materials and Methods

2.3.1 Subjects

Retinal structure of 6 and function of 5 ESCS subjects were measured at University of
California, San Francisco (UCSF). ESCS subjects' results were compared with age-
matched normal subjects (N = 7) recruited and imaged at the University of California,
Berkeley (UCB). Informed consent was obtained from all subjects after explaining the
purpose and possible consequences. The research protocol was approved by the
institutional review boards of the University of California, San Francisco and the University
of California, Berkeley.
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Figure 2.1 Imaging and Psychophysics System Schematic

(A) The psychophysical Optotype E is delivered from the high-resolution Digital Light Processing (DLP)
projector display through a different light path coaligned with the AOSLO beam. The focus of the letter E is
adjusted with a focus-tunable lens subjectively. In the S-cone isolation condition, a background adapting
light is created from an external light source coaligned with the projector path and AOSLO beam. The yellow
adapting light is turned bright enough to desensitize the L/M-cones during S-cone acuity measurement. In
the L/M-cone isolating condition, a yellow letter E is created by filtering a white light through a long-pass
Wratten 16 filter whose spectrum is outside of the sensitive region of the S-cones. (B) Cone isolation is
achieved utilizing differences in spectral sensitivities (Stockman & Sharpe, 2000). In the S-cone isolation
condition, the subject views a blue letter E against a bright yellow background. In the L/M-cone isolation
condition, the subject views a yellow letter E against a black background. The red AOSLO infrared raster is
present and centered with the letter in both conditions.

All ESCS subjects had clinical eye examinations prior to the research visits and
consented to release their medical records. Full-field ERG testing in all subjects showed
characteristic findings (Marmor et al., 1990), and genetic testing results revealed biallelic
disease-causing variants in the NR2E3 gene and confirmed the diagnosis of ESCS in all
subjects. Best-corrected visual acuity was measured during clinical eye examination
based on the Early Treatment of Diabetic Retinopathy Study (ETDRS) protocol (Ferris et
al., 1982). Color vision was assessed in all subjects with Farnsworth D-15 Dichotomous
Color Blindness Test (Cole, 2007). Cross-sectional scans of the retinas were obtained
1



with spectral-domain OCT (SD-OCT,; Spectralis HRA+OCT system [Heidelberg
Engineering, Vista, CA, USA]). For each subject, the eye with better-appearing retinal
structure integrity on OCT was selected to perform adaptive optics scanning laser
ophthalmoscope (AOSLO) retinal imaging and psychophysical measurements. In some
cases, AOSLO images of the fellow eye were also obtained, but time constraints
prevented additional psychophysical testing. Subject 10055 was not recalled for updated

_ 10054R . 10054L

40188R

40231R
v

40234R

10055R 10055L

L. -

Figure 2.2 Optical Coherence Tomography (OCT) images of 6 ESCS subjects

Both eyes of all subjects are shown. Each OCT scan is 30 degrees except for 10055 (20 degrees). All
subjects showed abnormal retinal lamination in the outer nuclear layer where an additional hyperreflective
band (indicated by red arrows) is observed, possibly representing abnormally visible Henle’s fiber layer
(Ammar et al., 2021). 10054R, 40188R, 40231R&L, and 40234R&L showed intraretinal cysts (indicated by
yellow arrows). 5 eyes of 6 subjects were measured with cone-type-isolated acuity, and the presumed test
locations are indicated by the white arrowheads from fovea to 4° temporal retina.
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AOSLO imaging and additional psychophysical measurements due to extensive retinal
degeneration and poor visual acuity found in 2009.

2.3.2 High Resolution Retinal Imaging and Analysis

All subjects were dilated with 1% tropicamide and 2.5% phenylephrine in both eyes before
their research visits. AOSLO images of were acquired using the systems at UCSF and
UCB (Duncan et al., 2007; Y. Wang et al., 2019). Both systems have similar optical design
and identical software controls. Retinal videos at 512 x 512 pixels of ESCS subjects were
acquired at 30 frames per second over a 1.2° x 1.2° field of view on the retina (0.9° x 0.9°
field of view for normal subjects using the UCB system). We imaged ESCS subjects in
the central 5° area and extended the horizontal meridians out to 8° eccentricities with the
UCSF system; whereas normal subjects at UCB were imaged out to 4° along the temporal
meridian where visual acuity was measured. High-resolution retinal images were
generated offline with custom software after correcting for distortion caused by fixational
eye movements (Stevenson et al., 2010). All images at the macula and along the
horizontal meridian were stitched together (Photoshop; Adobe Systems, Inc, Mountain
View, CA, USA) into a single montage using custom software (Chen et al., 2016).

In each ESCS retinal montage in areas where contiguous arrays of cones were well-
resolved, 0.2° x 0.2° regions of interest (ROIs) were manually selected. Cone spacing
was analyzed within these ROls using custom software (Mosaic Analytics, Translational
Imaging Innovations, Hickory, NC, USA) designed to analyze cell mosaics from AOSLO
images, as previously described (Cooper et al., 2016). The Z-score value of each ROI's
cone spacing was reported as standard deviations from a normal database at the
measured eccentricity (Duncan et al., 2023).

2.3.3 Measuring S- and L/M-Cone Isolated Visual Acuity

S-cone isolation was achieved using a two-color, "blue-on-yellow” chromatic adaptation
method, which leveraged the distinct spectral sensitivities of the S- and L/M-cone types
to suppress the sensitivity of L/M-cones while preserving S-cone contrast (Anderson et
al.,, 2002; Coates & Chung, 2016; Figure 2.1A). A modified high-resolution (136
pixels/degree) Digital Light Processing (DLP) projector (Tl DLP LightCrafter 4500, Texas
Instruments Inc., Dallas, TX, USA) was used to present the blue S-cone-isolating letter E
in a Maxwellian view configuration. The spectral power distribution of the DLP’s blue
primary is shown in Figure 2.1B. The focus of the DLP display was controlled by an
electrically tunable liquid lens (EL-3-10, Optotune Switzerland AG, Dietikon, Switzerland)
placed in a plane conjugate to the subject’s pupil; the aperture of the liquid lens formed a
2.5-mm artificial pupil through which the subject viewed the acuity stimulus. The focus of
the DLP display was adjusted manually by the experimenter while the subject judged the
sharpness of an ETDRS acuity chart rendered with the blue projector primary. A cylindrical
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trial lens was placed adjacent to the liquid lens to correct for any residual astigmatism
based on the subject’s refractive error.

To create a long-wavelength adapting background, broadband light from a fiber optic
illuminator source was passed through a narrowband filter (Acenter = 580 nm, FB580-10,
Thorlabs Inc., Newton, NJ, USA; Figure 2.1B) and delivered to the retina in Maxwellian
view; the adapting field subtended approximately 18° and was coaligned to the projector
display and AOSLO imaging raster. The luminance of the stimulus and adapting channels
was measured using a spectroradiometer (PR-650 Spectra Scan, Photo Research Inc.,
Chatsworth, CA, USA). On average, the luminance of the projector with blue stimulus was
21.4 cd/m?, and the yellow background was set to be = 6400 cd/m? to produce the 2300:1
luminance ratio previously demonstrated to achieve S-cone isolation (Coates & Chung,
2016). Measurements obtained from three out of seven control subjects at UCB confirmed
that blue-on-yellow acuity performance plateaued at a similar luminance ratio in our
apparatus, indicative of S-cone isolation (Figure 2.3).

Prior to data collection, all study participants completed a practice run of 15 trials following
the procedures described below. These trials were intended to familiarize participants with
the experimental procedure and were discarded from subsequent analyses. At the
beginning of each block of trials, the subject first aligned a reticle target presented in the
DLP display to the AOSLO imaging raster. This step ensured that DLP stimuli could be
presented spatially coincident to the imaging raster, thereby permitting the recovery of the
retinal location stimulated on each trial by analyzing retinal videos recording during each
trial (see below). Next, the subject adapted for 60 seconds to the yellow background to
induce adaptation in L/M-cones. Once the adaptation period concluded, visual acuity was
measured using a 4-alternative forced choice (4AFC) tumbling-E paradigm. Each trial
consisted of a one-second interval during which a blue letter E was presented for 200
milliseconds (N = 4) or 500 milliseconds (N = 1; see below) against the bright yellow
background. We note that subject 40234, whose clinical acuities were reduced due to
macular edema, required a longer stimulus duration (500 milliseconds) to reliably detect
the acuity stimulus. Targeted retinal locations were selected for acuity testing along the
temporal meridian between the fovea and 4° eccentricity in 1° increments. At each
eccentricity, acuity was estimated using two 25-trial QUEST staircases collected in
succession (Watson & Pelli, 1983). Staircase data were then fitted with a psychometric
function (Prins & Kingdom, 2018) to determine the letter size at which the subject was
able to correctly identify its orientation 62.5% of the time. The subject initiated each trial
and submitted their responses via keypress. All experimental procedures were written in
Matlab (Mathworks, Natick, MA) using routines available in the Psychtoolbox (Brainard,
1997).

Because ESCS is a degenerative condition that could produce an overall reduction in
visual acuity, L/M-cone-isolated acuities were also measured at each test location to
serve as a control against which S-cone acuities could be compared. L/M-cone acuities
were obtained following the procedures described above with two exceptions. First, no
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adapting light was used to suppress the sensitivity of a particular cone class. Second, a
yellow optotype was created by filtering a white letter E from the projector system with a
long-pass filter (Wratten 16, Eastman Kodak Company, Rochester, NY, USA) to create a
stimulus that excluded the part of the spectrum to which S-cones are sensitive. The focus
of the DLP display arm was adjusted to optimize the sharpness of a white ETDRS chart
viewed through this filter. The mean luminance of the yellow E stimulus was 13.94 cd/m?,
and its spectral power distribution is shown in the lower right panel of Figure 2.1B.
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Figure 2.3 Normal S-cone Acuity as a Function of Background Luminance

The blue-on-yellow acuity of 3 out of 7 normal subjects was measured with increasing yellow background
luminance until a plateau was reached. Measured retinal locations include fovea, 2° and 4° eccentricities.
The black curve shows the control experiment using white letter instead of blue. Error bars are standard
errors of the mean.

The targets used to control fixation depended on test eccentricity but were otherwise kept

consistent between measurement conditions and subject groups. When measuring

acuities away from the fovea, a white square (20 x 20 arcmin) delivered via the projector

display was used as a fixation marker. A relatively large marker was chosen to ensure

visibility when the bright yellow adapting field was present. For foveal measurements, a
15



large (~3° x 3°) white square outline was presented concentric to the AOSLO imaging
raster; the subject was instructed to fixate at the center of this box during the foveal task.

3 degrees

4 degrees 2 degrees 1 degree Fovea

; . , 20213R

- 10054L:

Normal

ESCS Subjects

Figure 2.4 AOSLO Images with Fixation Contours during Psychophysics

Each image shows a patch of retina from the fovea to 4° temporal retina. The images of 10054L and 40234L
are horizontally mirrored to position the fovea on the right side. The white bar indicates a 0.5° scale. Yellow
and cyan contours show 68% fixation distribution from the L/M-cone and the S-cone acuity task,
respectively. Within each contour, one large dot indicates the peak density location of the fixation

distribution.

For all test conditions, a one-second AOSLO retinal video was recorded concurrently with
each psychophysical trial. To synchronize the image acquisition with stimulus
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presentation on the DLP, a digital marker was added to the AOSLO video frames
corresponding to the onset and offset of the acuity stimulus delivered via the projector.
AOSLO video frames on which the DLP stimulus was present were extracted and
combined into a master video file for each test condition and eccentricity. A reference
frame was manually selected from this master video, and all other frames were registered
to it with the cross-correlation function in MATLAB; the displacements required to register
frames in the master video provide an estimate of eye position during stimulus delivery.
An isoline contour analysis algorithm was used to determine the retinal region that
encircled 68% of stimulus deliveries (Bowers et al., 2021; Castet & Crossland, 2012). The
isoline contour image was then aligned manually to the AOSLO image montage
generated as described in the preceding section.

2.4 Results

2.4.1 Structural Analysis

6 ESCS patients had retinal eye examinations and 5 of them underwent high-resolution
retinal imaging along with visual psychophysics in 2021 and 2022. The detailed subject
profile is shown in Table 2.1. Optical Coherence Tomography (OCT) scans showed
abnormal lamination in the outer nuclear layer (ONL) in all the ESCS patients, and cystoid
spaces in both eyes of 40231 and 40234, and in the right eye of 40188 (Figure 2.2),
similar to findings reported previously (de Carvalho et al., 2021; Jacobson et al., 2004;
Yzer et al., 2013). In eyes without macular edema, the foveal pit appeared normal even
though the photoreceptor packing in and around the fovea was atypical.

Cone spacing was measured from manually selected regions in the AOSLO images that
had contiguous mosaics of unambiguous cones. However, the mosaics in the ESCS
patients were not uniform, containing regions with no discernable cones (Figure 2.4). This
could reflect cone degeneration (supported by nonuniformity of the photoreceptor
lamination in the OCT images), reduced cone reflectivity, or shadows and scattering from
edema and the boundaries of the cystoid spaces in the inner retina. Given this uncertainty,
one should not use local spacing estimates to infer total cone counts. Rather the cone
spacing represents the local maximum density at each eccentricity (Figure 2.5A).

Figure 2.5A shows the cone spacing as a function of eccentricity for 40 normal eyes
(Duncan et al., 2023; Y. Wang et al., 2019) and the 7 ESCS eyes. In normal subjects,
cone spacing increases with eccentricity, as cone density declines. Cone spacing in 5
ESCS subijects is higher in the fovea than normal but remains uniform with increased
eccentricity, with lower-than-normal cone spacing (higher cone density) outside of the
fovea. Subject 10055 has increased cone spacing (lower cone density) within 2° of the
macular region due to more advanced retinal degeneration, but cone spacing falls within
the normal range beginning 3° from the fovea. In the remaining subjects, the majority of
cone spacing measurements fall between 1.0 and 1.5 arcmin. Using a previously
described approach (Rossi & Roorda, 2010), their cone spacing corresponds to a Nyquist
sampling limit of 0.87 and 1.30 arcmin, respectively, for a hexagonally packed cone
mosaic. These values correspond to Snellen acuities of 20/17 and 20/25, respectively. To
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compare the ESCS cone spacing profile with normal subjects, Figure 2.5B shows the Z-
scores of the cone spacing in ESCS subjects across different eccentricities. Z-score
values are below zero beyond 2° eccentricity in 5 subjects. 10055L has a higher-than-
normal Z-score around the fovea (outside of the y-axis range of Figure 2.5B) with normal
Z-scores at eccentricities greater than 2°.
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Figure 2.5 ESCS Cone Spacing Analysis

(A) Cone spacing as a function of retinal eccentricity. Normal data (Duncan et al., 2023; Y. Wang et al.,
2019) is plotted with black circles on a common eccentricity axis. (B) Cone spacing Z-score as a function
of retinal eccentricity. The Z-scores are computed considering retinal locations at four major meridians
(Duncan et al., 2023). The horizontal zero line shows a Z-score of 0 and the grey lines show +1.96 standard
deviation from the mean (95% confidence interval). Cone spacing Z-scores outside of the y-axis range
(which all come from 10055) are not shown in the plot.

2.4.2 S-and L/M-cone Isolated Visual Acuity
AOSLO retinal images obtained simultaneously with psychophysical testing allow us to
recover the trial-by-trial location of stimulus delivery for each test condition from the fovea

to 4° eccentricity in the temporal retina (Figure 2.4). Although the stimulus delivery
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Figure 2.6 ESCS Visual Acuity Analysis

(A) L/M-cone acuity performance as a function of retinal eccentricity in ESCS and normal subjects. Red
open circles show averaged L/M-cone acuity in 7 normal subjects and red diamonds show averaged L/M-
cone acuity in 5 ESCS subjects. Error bars are standard error of the mean. (B) S-cone acuity performance
as a function of retinal eccentricity in ESCS and normal subjects. The Y-axis is adjusted to show low-spatial-
frequency region, and data are shifted laterally to minimize overlap. Blue open circles show S-cone acuity
in 7 normal subjects, and the blue filled diamonds represent averaged S-cone acuity in 5 ESCS subjects.
Error bars are standard error of the mean. (C) Log+o Acuity ratio as a function of retinal eccentricity in ESCS
and normal subjects. The horizontal zero line represents equal S-cone and L/M-cone acuity. The area
above the horizontal zero line shows where S-cone acuity is better than L/M-cone acuity at the targeted
eccentricity. Error bars are standard error of the mean. (D) Normalized Log+o acuity ratio in cycles per
degree. The horizontal zero line represents equal acuity in ESCS and normal subjects. The area above the
horizontal zero line shows when ESCS acuity is better than normal subjects.

through the DLP projector was not contingent on eye positions, the regular spacing of the

isoline contours confirms that subjects were maintaining their gaze on the fixation target
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during the psychophysical task, and acuity measures were obtained at the intended
eccentricities. Moreover, the stimuli in both conditions appear to be landing on the same
part of the retina at all eccentricities except for the fovea, where S-cone-isolating
conditions tend to produce larger and sometimes displaced fixation patterns. A similar
trend is observed in the foveal S-cone-isolating data from normal subjects (Figure 2.4,
top row) and may reflect a behavioral adaptation to the absence of S-cones in the central
fovea (Curcio et al., 1991). Due to poor retinal video quality along the horizontal meridians
in 40231R from intraretinal cysts, the eye positions of 40231R were not analyzable and
thus the retinal image with incomplete fixation plots were not shown in Figure 2.4.

Figure 2.6A shows the average L/M-cone acuity as a function of retinal eccentricity in 7
normal subjects and 5 subjects with ESCS. In all 7 normal subjects, L/M-cone acuity is
20/20 or better at the fovea and declines with increasing eccentricity, consistent with
previous findings (Anderson et al., 1991; Rossi & Roorda, 2010). In the ESCS cohort, the
average L/M-mediated acuity is about 20/60 at the fovea — reduced approximately
threefold compared to normal — and exhibits a monotonic decline across the parafovea,
approaching near-normal levels by 4° eccentricity (Figure 2.6A).

The relationship between S-cone-isolating acuity and retinal eccentricity is shown in
Figure 2.6B. In normal subjects, the average S-cone acuity is about 20/200 at the fovea
and 1° eccentricity, and then declines to 20/300 by 4° eccentricity. The averaged normal
S-cone acuity results we obtained at the fovea agree well with previous measurements in
normal subjects (Anderson et al., 2002). By contrast, S-cone acuities in the ESCS
patients are near normal at the fovea and improve steadily with increasing eccentricity. At
4°, ESCS patients perform nearly three times better than normal subjects measured
under the same conditions (Figure 2.6B). In fact, the average S-cone acuity for ESCS
subjects (20/107) is similar to the mean L/M-cone acuity in normal subjects (20/90) at the
4° |ocation, while S-cone acuity in normal subjects at 4° is reduced to 20/300.

To compare our subjects’ performance more quantitively across the tested eccentricities,
we show performance ratios between test conditions (S- vs L/M-cone acuity; Figure 2.6C)
and between subject groups (ESCS vs Normal; Figure 2.6D). Figure 2.6C shows the log1o
acuity ratio of S-cone acuity against the L/M-cone acuity for normal subjects (open circles)
and patients with ESCS (black diamonds). Data below the horizontal zero line indicates
that S-cone acuity is worse than L/M-cone acuity, whereas points above the zero line
correspond to locations where S-cone acuity is superior to that mediated by L/M-cones.
As expected, normal subjects have worse S-cone acuity than L/M-cone acuity at all
eccentricities we measured, consistent with the idea that L- and M-cones provide the
primary inputs to retinal pathways involved in high acuity vision (Marcos & Navarro, 1997;
Thibos et al., 1987; Williams & Coletta, 1987; Zhang et al., 2020). By contrast, in ESCS
subjects, the discrepancy between L/M- and S-cone mediated acuity in the central fovea
is smaller, and beyond 2° eccentricity, the S-cone pathway slightly outperforms its L/M
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counterpart. Together, these data suggest S-cones make a greater contribution to the
pathway(s) subserving spatial vision throughout the central retina in ESCS.

Figure 2.7 Structure-Function Relationship of ESCS

Data of one normal (upper panel) and one ESCS subject (lower panel) are shown. From right to left, the
retinal images show the fovea to 4° temporal region. White bar shows 0.5° scale. The acuity threshold
letter size of each retinal location and S- and L/M-cone-isolating condition is represented by the cyan and
yellow letters, respectively. Each letter E is centered at the stimulus delivery location. In the normal eye
(top image), L/M-cone threshold letter size (yellow) is small at fovea and increased with eccentricity; similar
trend was seen in S-cone task, but S-cone threshold letter size (cyan) is significantly larger. In an ESCS
subject (lower image), L/M-cone acuity threshold size is slightly larger than normal but follows the same
trend. Most noticeably, the S-cone acuity of this ESCS subject is worse than normal at fovea but gradually
improves from 1° to 4° eccentricity, showing the exact opposite trend as normal S-cone acuity.

Figure 2.6D quantifies ESCS performance relative to normal for the S- and L/M-cone-
mediated acuity tasks. Near the fovea, S-cone acuity is similar across the two groups,
while L/M-cone acuity is significantly diminished in ESCS compared to normal. At 4°
eccentricity, however, the disparity in L/M performance between the two groups appears
to be less severe, and ESCS patients exhibit supernormal S-cone acuity. Finally, to
illustrate qualitatively how the relationship between structure and function varies between
normal subjects and patients with ESCS, Figure 2.7 shows how threshold E letter size for
the two cone-isolating conditions scales with outer retinal structure for exemplary subjects
from each cohort.

We note here that our L/M-cone acuities measured at the fovea in ESCS are generally
lower than the corresponding clinical acuities reported in Table 2.1, although differences
in measurement conditions may have contributed to the discrepancies in the performance
we observed. Specifically, the acuity stimuli used in the experimental and clinical
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measurements differed in their spectral content (S-cone-excluding vs. broadband),
temporal characteristics (200 milliseconds presentation vs. unlimited viewing), and spatial
frequency composition (similar Fourier spectra in the 4AFC task vs. more varied spectra
in the ETDRS optotypes (Marmor et al., 1999). Subjects 40231 and 40234 have bilateral
macular edema shown in Figure 2, which could have contributed to the poorer L/M-cone
foveal acuities compared to the other three subjects with relatively less disrupted foveal
architecture (Table 2.1).

2.5 Discussion

While all inherited retinal degenerations are characterized by a progressive loss of one or
more specific visual functions, ESCS is unusual in the sense that its atypical phenotype
also has the potential to confer a gain in function along another dimension of human
vision. We confirm the findings from previous histological (Milam et al., 2002) and imaging
studies (Ammar et al., 2021; Roorda et al., 2010) supporting the notion that ESCS retinas
are equipped with a surplus of S-cone-like photoreceptors (at the expense of rods and
thus scotopic vision). A detailed understanding, however, of how younger ESCS patients
capitalize on this excess number of S-cones has until now remained largely unknown,
particularly at the cellular scale. Specifically, the functional consequences associated with
this unusual phenotype have been studied primarily using electroretinographic (Hood et
al., 1995; Marmor, 1989; Marmor et al., 1990, 1999) and psychophysical perimetric
techniques (Garafalo et al., 2018; Jacobson et al., 1990; Roman et al., 2019; Sohn et al.,
2010), which provide no information about how, or whether, post-excitation mechanisms
might leverage the supernormal complement of cones to improve spatial vision.

In this study, we combined high-resolution adaptive optics retinal imaging with
simultaneous visual function testing to examine cone topography and spatial vision
across the fovea and parafovea in ESCS. Our imaging results reveal subnormal cone
densities occurring within the central 2° and supernormal cone densities beyond 2°, out
as far as 8° (Figure 2.5A). For L/M-cone-mediated acuity, the largest difference between
our study groups was observed at the fovea, where ESCS patients performed roughly
threefold worse than the control group (Figure 2.6A). For S-cone-mediated acuity, the
ESCS and control groups performed similarly at the fovea and 1°. At greater
eccentricities, performance between the two groups diverged, with ESCS patients
exhibiting increasingly supernormal acuities out to the largest eccentricity studied (4°;
Figure 2.6B). This finding extends the results of Greenstein and colleagues (Greenstein
et al., 1996), who found a twofold improvement in S-cone grating acuity at 6° eccentricity
in a group of 3 ESCS patients whose cone mosaic topography was unknown. Below we
discuss the implications of our results for receptoral and post-receptoral organization in
ESCS.
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2.5.1 Arrangement of L/M and S-cone Submosaics.

While the abundance of S-cones in the retinas of ESCS patients is well established, the
organization of L/M- and S-cone submosaics is less clear, particularly in and around the
fovea. Young ESCS patients often have normal color vision, which suggests that L/M-
cones are present in some number (Marmor et al., 1999). Clinical visual acuity
measurements in ESCS are highly variable between subjects, ranging from 20/20 to
20/1000 depending on different disease stages (de Carvalho et al., 2021). In the normal
retina, L/M-cones are concentrated in the foveal center, and acuity is ultimately limited by
the L/M-cone mosaic sampling. AOSLO imaging showed reduced foveal cone densities
in our ESCS subjects (Figure 2.5A), presumably due to reduced densities of L/M-cones.
The reduced photoreceptor density we observed in our retinal images is consistent with
the slightly reduced foveal L/M-mediated visual acuities in our ESCS subjects without
macular edema (10054, 40133 and 40188; Table 2.1). Unlike L/M-cone acuity, foveal
measurements of S-cone acuity in the ESCS group were similar to the normal cohort
(Figure 2.6B), suggesting that ESCS retinas develop an S-cone-free foveola similar to
that found in normal eyes. Collectively, our imaging and psychophysical results imply that
the central fovea in ESCS is characterized by an overall reduction in cone density but
features an otherwise normal spectral topography.

Away from the foveal center, L/M-mediated acuity was also worse in the ESCS group
compared to normal, although the two curves appeared to converge with increasing
eccentricity (Figure 2.6A). While it is tempting to view this confluence as evidence of a
relatively normal parafoveal L/M-cone mosaic, it is important to point out that visual acuity
at these eccentricities is likely limited by spatial pooling in the midget retinal ganglion cell
(mRGC) pathway rather than by the packing density of the cone mosaic (Rossi & Roorda,
2010). As such, our imaging and psychophysical results do not exclude the possibility that
the reduction in cone density observed at the fovea does not extend to the L/M-cone
submosaic in the parafovea as well. Whether the reduced L/M-cone densities suggested
by our data exist from birth or are the consequence of ongoing degeneration is not known,
although the progressive loss of L/M-cone function observed in longitudinal perimetry
studies support the latter interpretation (Garafalo et al., 2018). In contrast to L/M-cone
acuity, S-cone acuities in the ESCS group became increasingly supernormal with
increasing eccentricity (Figure 2.6B), presumably due to the rise in cone numbers we
observed via high-resolution imaging (Figures 2.4 and 2.5).

The fact that the elevated cone counts in ESCS did not extend to the foveal center is
consistent with the histological finding that rod precursors are already excluded from the
incipient fovea when the earliest expression of NR2E3 occurs around fetal week 12
(O’Brien et al., 2004). The apparently limited role in NR2E3 for foveal specialization is
consistent with a framework wherein the development of the normal trichromatic cone
mosaic is initiated prior to rod precursors being misdirected to form the surplus S-cones.
This leads to the prediction that the excess S-cones fill in the band of retinal eccentricities
normally inhabited by rods. Our data are broadly consistent with this view, which is also

supported by previous work that shows cone photoreceptors develop before rods
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(Hendrickson et al., 2008; Swaroop et al., 2010), that NR2E3 expression pattern follows
the eccentricities normally occupied by rods (Garafalo et al., 2018), and that the
topography of S-cone sensitivity in ESCS subjects resembles that of the normal rod
system (Hood et al., 1995; Jacobson et al., 1990). Whether the genetic mutations that
underpin ESCS interfere with foveal photoreceptor development could be clarified by
applying in vivo imaging techniques to characterize cone packing in younger carriers of
NR2E3 mutations, whose retinas would presumably be less affected by degeneration. If
foveal cone density is normal in younger ESCS patients, that would suggest the primordial
cone mosaic develops normally but is then afflicted with degeneration secondary to the
aberrant development of rod precursors.
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Figure 2.8 S-cone Fraction Change in ESCS

(A) S-cone percentage as a function of retinal eccentricity in different levels of retinal degeneration models.
Normal S-cone percentage is shown in the black curve from normal S-cone topography data (Curcio et al.,
1991). ESCS subjects show significantly higher S-cone density across all eccentricities modeled with 0%
retinal degeneration (cyan), 25% degeneration (blue) and 50% degeneration (black). (B) S-cone density
increases as a function of eccentricity with different degrees of retinal degeneration described in (A).
Assuming no degeneration, S-cones are increased 28-fold at 7° eccentricity in ESCS subjects. And with
50% degeneration, the S-cones at 7° is increased by 65-fold. If all rods become S-cones, the maximum
ratio of S-cone density increase is shown in the black curve calculated from normal photoreceptor
topography (Curcio et al., 1990, 1991). Error bars are standard error of the mean.
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The measurements of cone spacing we derived from our retinal images enabled us to
estimate local cone counts and, by extension, to place bounds on the relative increase in
S-cone numbers found in the ESCS retina. Assuming hexagonal cone packing and
varying degrees of degeneration of the L/M-cone submosaic, we estimated the overall S-
cone percentage and S-cone increase (relative to normal S-cone counts) in ESCS at each
eccentricity based on previously reported normal database and methods (Curcio et al.,
1991; Duncan et al., 2023; Rossi & Roorda, 2010; Y. Wang et al., 2019). In the normal
eye, S-cones make up 5-7% of the cone mosaic at the non-foveal eccentricities studied
here (Curcio et al., 1991). By contrast, if no degeneration of the L/M-cone mosaic is
assumed in ESCS retinas, we estimate that S-cones constitute 22% of the cone mosaic
at 2°; by 7° eccentricity, this number rises to 68% of the receptor array (Figure 2.8A). Note
that these estimates should be considered a lower bound since they assume a normal
number of L/M-cones — any loss of the L/M-cone mosaic would necessarily push these
estimates higher. For comparison, the ESCS histology study reported a 92% S-cone
percentage and an abnormally reduced number of L/M-cones. Because ESCS retinas
exhibit supernormal parafoveal cone densities, the increase in S-cone numbers relative
to normal counts are even more striking: at 7° eccentricity, we estimate the increase in S-
cones to be anywhere from 26-fold (assuming no L/M-cone degeneration) to 65-fold
(assuming a uniform 50% cone degeneration; Figure 2.8B). These estimates lie within
the wide range reported in the literature, which range from the 11-fold increase estimated
from the temporal acuity study 30 to the 75-fold increase derived from analysis of full-field
ERG responses (Hood et al., 1995).

2.5.2 What is mediating S-cone acuity?

The S-cone acuities obtained from the control subjects in our study are broadly consistent
with previous measurements in which a similar blue-on-yellow chromatic adaptation
method was used to isolate S-cones (Anderson et al., 2002; Coates & Chung, 2016;
Redmond et al., 2013; Zlatkova et al., 2003). Although under normal circumstances the
S-cone submosaic is sparsely distributed, S-cone acuity falls well below their sampling
limit imposed in the outer retina, implying that resolution in the S-cone pathway is instead
limited by the spatial density of post-receptoral neurons — most likely the small bistratified
retinal ganglion cells (sbRGCs) that receive direct excitatory input from multiple S-cones
(Anderson et al., 2002; Curcio et al., 1991; Dacey, 1993; Dacey & Lee, 1994). In ESCS,
we observed a supernormal number of cone photoreceptors — the bulk of which are
presumably S-cones — and a resultant increase in S-cone-mediated acuity. The neural
basis for this enhanced resolving capacity is not known, although it implies a departure
from how S-cone signals are normally processed by post-excitation mechanisms. Here,
we present three hypotheses for how supernormal spatial vision in ESCS may arise.

Small bistratified retinal ganglion cell pathway: The sampling limit of the sbRGC mosaic
has been shown to agree well with S-cone acuity measurements obtained from 0 to 40°
eccentricity (Anderson et al., 2002). If the same pathway supported the supernormal S-
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cone acuity we observed in ESCS subjects, there would have to be a concomitant
increase in sbRGC density. Such an increase of sbRGCs in ESCS subjects was
previously suggested (Greenstein et al., 1996) but not confirmed. Although visual
experiences seem to shape the synaptic connections established during retinal
development (Dunn et al., 2013), it has also been shown that RGCs develop before
photoreceptors and bipolar cells (Xu & Tian, 2004), and RGCs can maintain normal
morphology and projections in the absence of normal outer retinal inputs (Mazzoni et al.,
2008). Considering the order of retinal development, it seems most likely that normal
numbers of sbRGCs develop and differentiate prior to the aberrant specification of
photoreceptor fate in ESCS, and that the excess S-cones in these retinas instead gain
access to other retinogeniculate pathway(s) with higher spatial resolution.

Direct input to the Midget RGC pathway: Could the supernormal S-cone acuity in ESCS
subjects be mediated directly by the midget pathway? Midget RGCs primarily receive
input from L- and M-cones and are widely believed to be the cell class meditating
achromatic visual acuity across the visual field (Marcos & Navarro, 1997; Rossi & Roorda,
2010; Thibos et al.,, 1987; Williams & Coletta, 1987). However, anatomical and
physiological data from animal models indicate that a small portion of S-cone signals are
also carried by the midget RGC pathway (Field et al., 2010; Klug et al., 2003; Patterson
et al., 2019). If the weak S-cone signal observed in mRGCs is due to the low proportion
of S-cones in a normal eye, then it stands to reason that a larger proportion of S-cones
would give rise to a proportional increase in that signal. In fact, our results indicate that
S-cone acuity in ESCS starts to approach the L/M-mediated acuities we obtained from
our normal cohort at 4° eccentricity, suggesting that two functions might be limited by a
common neural pathway in the band of eccentricities where S-cones may predominate in
the ESCS retina.

Midget RGCs via the rod pathway: In normal eyes, rod photoreceptors and rod bipolar
cells gain access to the cone-driven ganglion cell pathway primary through the connection
to the All amacrine cells (Lee et al., 2019). In patients with ESCS, multifocal ERG findings
demonstrate a significant delayed b-wave in response to blue light, suggesting that the
signals from the misdirected rod precursors may still feed into the relatively sluggish
pathway (Marmor et al., 1999). This implication is supported by histological and
electrophysiological evidence from the nrl knockout mice, which shows that the excess
S-cones establish functional connections with conventional rod-driven circuits (Bush et
al., 2019; Strettoi et al., 2004).

The spatial resolution of rod-mediated vision across the central 15°-20° of the retina
matches the Nyquist sampling limit of the All amacrine cells, the coarsest array in the rod
pathway, with psychophysical measurements of rod grating acuity reported to be 5-7
cycles/degree at 5° eccentricity (Lee et al., 2019; Wilkinson et al., 2020). This is better
than the normal S-cone grating acuity of 2 cycles/degree (Anderson et al., 2002) and the
averaged normal S-cone resolution acuity of 2.1 cycles/degree at 4° eccentricity found in
our study (Figure 2.6B). In addition, the All sampling density increases with retinal
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eccentricities in the central retina, which aligns with the similar trend in the S-cone acuity
found in our ESCS subjects (Figure 2.6B). The All amacrine cell array sampling limit could
potentially support the supernormal S-cone acuity found in our ESCS subjects, which
reached 5.6 cycles/degree at the 4° temporal retinal location.

The latter two hypotheses presented above require that S-cones in ESCS infiltrate retinal
pathways ordinarily driven by L/M-cones. The strongest evidence to support this notion
comes from a study in which a flicker perception task was used to examine the temporal
characteristics of S-cone processing (Ripamonti et al., 2014). The critical flicker fusion
(CFF) frequencies obtained from a cohort of ESCS patients were consistent with a
sluggish, but amplified, signal carried by the traditional S-cone pathway (i.e., SbRGCs)
existing alongside a sizable, faster, phase-shifted component that could originate in a
‘luminance” pathway ordinarily driven by L/M-cones. Although the study authors did not
speculate on the neural substrate of this achromatic pathway, physiological and
psychophysical experiments have demonstrated that primate mRGCs are responsive to
fast high-contrast flicker and could contribute psychophysical CFF measurements (Lee
et al., 1989; Merigan & Maunsell, 1990). It is also noted that the authors of the temporal
contrast sensitivity testing study (Ripamonti et al., 2014) did not rule out the faster phase-
shifted component in their temporal contrast sensitivity function as being due to the S-
cones connecting to the conventional rod pathway rather than via direct input. To
distinguish between these two hypotheses, it would be of interest to measure S-cone
mediated acuity in an even younger cohort of ESCS subjects with little to no outer retinal
degeneration. Within the central 5° to 20°, scotopic acuity is limited by the All amacrine
cell mosaic, whose spatial sampling is coarser than the mRGC mosaic (Lee et al., 2019).
If the S-cone acuity in early-stage ESCS mirrors the Nyquist sampling limit imposed by
the All amacrine cells across the parafovea, it would support the hypothesis that the
conventional rod pathway provides an alternate conduit for S-cone signals in ESCS.

2.5.3 How could we learn more?

Previous structural analysis of the ESCS retinas showed an absence of rods, but cones
- presumably S-cones - were the dominant cone type in retinal areas outside of the fovea
(Ammar et al., 2021; Milam et al., 2002; Roorda et al., 2010). Our structural and functional
results further establish that S-cones are in the majority in the parafoveal retina in ESCS.
To objectively confirm the abnormal distribution of the L/M and S-cone photoreceptors in
ESCS eyes, however, a retinal densitometry (Roorda & Williams, 1999; Sabesan et al.,
2015) or an optoretinogram-based cone classification method (Pandiyan et al., 2020;
Zhang et al., 2019) could be used. In addition to providing a cellular-scale spectral
classification of the outer retina, optoretinography could also be used to characterize the
responsivity of individual cones to light flashes (Lassoued et al., 2021), which could aid
in directly assaying cellular dysfunction that might be difficult to reveal psychophysically
due to potential compensatory adaptations in post-receptoral circuits.

Further study is also needed to confirm the exact retinal wiring that supports the
supernormal S-cone acuity we observed in patients with ESCS. New retinal connectomics
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tools such as serial block-face scanning electron microscopy have been used to elucidate
the functional connectivity between cone photoreceptors and their downstream synaptic
partners (Patterson et al., 2020; Wool et al., 2019; Zhang et al., 2020). Similar techniques
could be applied to ESCS donor tissue to determine whether the abundant S-cone signal
is primarily conveyed by an increased number of sbRGCs (which can be readily identified
by their morphology), if those short-wavelength signals instead infiltrate ordinarily L/M-
driven pathways with higher spatial resolution (i.e., mMRGCs), or if novel wiring schemes
emerge in the presence of a highly atypical set of outer retinal inputs.

In this study, we used a blue-on-yellow procedure to measure S-cone-isolated visual
acuity. While the long-wavelength adapting field is effectively unabsorbed by the S-cone
opsin, it can indirectly influence S-cone signals by polarizing cone-opponent circuits
downstream, leading to perceptual phenomena such as transient tritanopia (Mollon &
Polden, 1977; Stiles, 1949) and changes in the shape of the S-cone contrast sensitivity
function (CSF) with increasing background intensity (Humanski & Wilson, 1992;
Stromeyer et al., 1984; Swanson, 1996). While transient tritanopia has been
demonstrated in ESCS (Kellner et al., 1993), the extent to which S-cone-mediated spatial
vision depends on the adaptation state of L- and M-cones is unknown. Examining the S-
cone CSF across a range of background intensities may provide additional insights into
post-receptoral organization in ESCS.

In conclusion, ESCS subjects exhibit higher than normal S-cone density and supernormal
S-cone acuity outside the fovea. The supernormal S-cone acuity in ESCS could indicate
retinal plasticity during development where abnormally increased numbers of S-cones re-
establish connectivity to the downstream pathways ordinarily driven by L/M-cones.

Contents of this chapter have been published as a journal article:

Wang, Y., Wong, J., Duncan, J. L., Roorda, A., & Tuten, W. S. (2023). Enhanced S-Cone
Syndrome: Elevated Cone Counts Confer Supernormal Visual Acuity in the S-Cone
Pathway. Investigative Ophthalmology  and Visual Science, 64(10).
https://doi.org/10.1167/iovs.64.10.17
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3 Chapter 3 | Preferred Retinal Locus of Fixation in the S-cone

Pathway

3.1 Abstract

The unique anatomy of the fovea is leveraged by the oculomotor system to sample our
visual environment with high resolution. Under normal conditions, the preferred retinal
locus (PRL) of fixation is in the foveola, but non-foveal PRLs can develop in cases where
central vision is lost. The role of S-cone signals in guiding visuomotor behavior is not fully
understood. We investigate whether a similar shift in the PRL exists in the S-cone pathway
of normal subjects, where a small natural scotoma is present due to the absence of S-
cones in the foveola. We also present an analysis of saccadic landing behavior under
these same conditions.

We used an adaptive optics scanning laser ophthalmoscope (AOSLO) to record retinal
videos while subjects (N = 6) viewed a tumbling-E stimulus presented under L/M- and S-
cone isolating conditions through a custom RGB display channel coaligned with the
AOSLO raster (as described in Chapter 2). For each condition, the size of the letter E was
set to match the subject’s acuity threshold measured in a preliminary experiment in
Chapter 2. In the main experiment, trials consisted of a 5-second window during which
the optotype was presented randomly at 1 of 9 positions in a 2x2 square grid (grid spacing
= 0.5°) centered on the imaging raster. Subjects were instructed to direct their gaze at the
letter and report its orientation via keypress. Once the response was logged, the stimulus
disappeared for 200 ms before moving to a new location, where it was shown until the
subject responded again. This process repeated until the 5-second trial concluded.
AOSLO videos were recorded during each trial to monitor eye position. For each cone-
isolating condition, 60 trials (300 seconds of video) were obtained, corresponding to ~200
stimulus presentations. All trial videos were registered to a seamless retinal map
generated using custom software, enabling the determination of the retinal landing points
for every stimulus delivery. For each condition, the PRL was defined as the mean
stimulated retinal locus during the 233 ms preceding each response. Saccade landing
positions were computed from the post-saccadic retinal landing positions one video frame
(33 ms) after the saccadic eye movement.

Relative to the L/M-cone PRL, the S-cone PRL was shifted superiorly in most subjects by
an average of 9.79 £ 1.57 arcmins. The magnitude of this shift varied between subjects,
with smaller shifts observed in subjects who exhibited better S-cone acuities. The average
displacement between the L/M- and S-cone saccade PRL was 10.51 £ 1.72 arcmin,
similar to that reported previously for fixation. The mean (x SEM) saccade landing areas
were 220.66 + 19.29 arcmin? and 735.22 + 176.41 arcmin? for the L/M- and S-cone
conditions, respectively (p<0.01; paired t test). For both conditions, the post-saccadic
isoline area (ISOA) reduced over the course of ~300 ms.
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These results suggest there may be heterogeneity in the foveal topography of S-cones in
normal individuals, and the retinal locus directed to a target of interest depends on the
visual pathway mediating its detection.

3.2 Introduction

The acquisition of visual information is an active process. The oculomotor system directs
our gaze to objects in the environment so that they are sampled by the fovea, a
specialized retinal region with neuroanatomical features that facilitate the perception of
spatial detail. Hallmarks of foveal anatomy include a densely packed array of
photoreceptors (Curcio & Allen, 1990; Y. Wang et al., 2019), private-line connections to
downstream bipolar and ganglion cells (Zhang et al., 2020), and laterally displaced post-
receptoral layers that give rise to its characteristic pit-like appearance (Bringmann et al.,
2018; Polyak, 1941; Provis et al., 2013).

The preferred retinal locus (PRL) is the subregion within the fovea used during fixation.
The advent of high-resolution retinal imaging and stimulation techniques has enabled
precise characterization of the extent to which the PRL co-localizes with other foveal
landmarks (Wilk et al., 2017). In the healthy eye, the PRL is usually located within a few
arcminutes of the locus of maximum cone density (Putnam et al., 2005; Reiniger et al.,
2021; Y. Wang et al., 2019; Wilk et al., 2017), thus ensuring spatial information in the
retinal image is sampled near-optimally by the cone mosaic. Further, the PRL is generally
robust to the visual task used to measure it (Bowers et al., 2021), is repeatable over time
(Kilpeldinen et al., 2021), and exhibits positional symmetry between the right and left eyes
(Reiniger etal., 2021). These results indicate the PRL is an important and stable reference
point for the oculomotor system, with its development presumably orchestrated to
leverage the fine neural grain of the foveola (Poletti et al., 2013).

Characterizing how oculomotor behavior changes when signals from the habitual PRL
are no longer available may provide insights into the organization and plasticity of the
brain areas involved in controlling fixation (Krauzlis et al., 2017). In patients with central
vision loss due to macular disease, for example, a new PRL often forms at an eccentric
retinal location (Crossland et al.,, 2005; White & Bedell, 1990). Likewise, healthy
individuals viewing a gaze-contingent display with an artificial central scotoma can learn
to fixate eccentrically after a training period (Agaoglu et al., 2022; Kwon et al., 2013;
Prahalad & Coates, 2020; Rose & Bex, 2017). In both cases, changes to oculomotor
behavior take time to manifest, as the visual system learns to adjust its strategies for
visual exploration following the loss of information from the central retina.

Although much attention has been devoted to understanding how pathological disruption
of the central visual field affects the PRL, it is interesting to consider that natural blind
spots also exist in the healthy retina. For example, a small central scotoma emerges in
dim light conditions due to the nonuniform spatial distribution of rod photoreceptors. In
stark contrast to cones, rods are largely absent from the central 1.25° (Curcio et al., 1990)
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Instead, rod density reaches its peak between 15° and 20° eccentricity, with a slight bias
toward the superior meridian (Curcio et al., 1990). Previous work has shown that humans
and other primates tend to adjust their gaze direction upwards when performing visual
tasks in scotopic light levels. This adjustment places targets on the superior retina and
positions the scotoma in the upper visual field (Barash et al., 1998; Goffart et al., 2006;
Paulun et al., 2015; Snodderly, 1987). This finding suggests the healthy visual system
may be capable of actively adjusting its oculomotor strategies to achieve optimal retinal
sampling under the prevailing conditions (Najemnik & Geisler, 2005).

Hypothesis 1 Hypothesis 2  Hypothesis 3

L/M-cone

PRL
S-cone
Saccade
Landing
S-cone
PRL

Figure 3.1 Proposed Hypotheses of the Influence of the S-cone System on Saccades and Fixations

The L/M-cone saccade landing position (orange) and L/M-cone PRL (yellow) are centered on the fovea,
indicated as (0,0). Hypothesis 1 suggests an alignment of both the S-cone saccade landing (blue) and S-
cone PRL (violet) with the L/M-cone PRL. Hypothesis 2 proposes an initial foveating S-cone saccade
landing followed by displacing the S-cone PRL. Hypothesis 3 shows an innate S-cone PRL location,
directing both S-cone saccade landing and S-cone PRL away from the L/M-PRL.
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In this study, we examine the visuomotor consequences of a second natural scotoma
associated with the human fovea, one that is roughly an order of magnitude smaller than
the foveal rod-free zone. Within the central ~20 arcmin, short-wavelength-sensitive (S)
cone photoreceptors are thought to be excluded in favor of long- (L) and middle-
wavelength (M) sensitive cones which provide input to the high-resolution parvocellular
pathway. Previous investigators have drawn an explicit link between the so-called “fixation
area” of the foveola and the tritanopic zone, implying the habitual PRL would be located
in a region devoid of S-cones (Wald, 1967).

It is currently unknown whether the PRL measured under S-cone-isolating conditions
would differ from that obtained using targets that selectively activate L and M cones. We
propose three hypotheses regarding the oculomotor behavior mediated by the S-cone
system (Figure 3.1). Hypothesis 1 suggests that there are no differences in saccade
landing positions or preferred retinal locus (PRL) between L/M-cone and S-cone
conditions. White and colleagues examined saccadic eye movements made to near
peripheral (3° to 12° eccentricity) equiluminant targets with chromaticities situated along
the four cardinal axes of DKL color space (White et al., 2006). Compared to saccades
made to luminance-defined targets, they found no systematic difference in the accuracy
of visually guided eye movements to stimuli on the S-cone-isolating DKL axis, which may
match the first hypothesis, although the spatial accuracy of the video-based eye tracker
used in the study may have been too coarse to reveal subtle functional differences
associated with the minute S-cone-free zone. Hypothesis 2 proposes that the eye will
initially make a foveating saccade upon stimulation with an S-cone stimulus but will
eventually land on a non-foveal location for fixation. This phenomenon was observed in
studies utilizing artificial scotoma induced by a gaze-contingent display in normal-sighted
individuals (Agaoglu et al., 2022) . Hypothesis 3 suggests that both the saccade landing
positions and PRL locations are eccentric, implying the involvement of a separate
chromatic system for detection and initiating eye movements.

In the present study, we tracked retinal position with high resolution using an adaptive
optics scanning laser ophthalmoscope (AOSLO; Roorda et al., 2002) while color-normal
subjects completed a visual-search-and-identification task. Specifically, subjects were
asked to make eye movements to identify the orientation of tumbling-E stimuli presented
in the central visual field. The retinal landing positions of the tumbling-E stimuli during the
visual-search-and-identification task were used to determine the saccade landing
endpoints and pre-response PRLs for targets that favored either the L/M- or S-cone
pathways.
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Figure 3.2 S-cone Fixation Experiment and Data Analysis Pipeline

(A) An artificially representative foveal cone mosaic displaying L-cones (red), M-cones (green), and S-cones
(blue). Suggested 0.3° S-cone-free zone in enclosed with a cyan dashed circle. (B) Spatial coordinates for
psychophysical experiments while using scanning laser ophthalmoscopy for retinal video recording.
Subjects (N = 6) made small saccades to tumbling-E stimuli within a 2x2 square grid (0.5° spacing).
Tumbling-E stimuli (yellow, drawn to scale) appear from time 1 to 4 with orientation and location indicated,
each labeled with colors corresponding to eye traces in C. (C) Eye traces in horizontal (x, upper panel) and
vertical (y, lower panel) directions analyzed from retinal video stabilization. Grey-shaded areas indicate
stimulus duration. The left edge of the grey rectangle marks the frame of stimulus onset, while the black
circle on the right edge indicates stimulus offset triggered by a keyboard response, defined as the frame of
response. Black squares represent detected maximal eye movements, indicating the frame of saccade.
The lower row D-G shows the retinal locations analysis overlayed with a retinal map from subject 20114R.
(D) Scatter plots show all data points of L/M-cone condition with yellow representing PRL locations, and
orange showing the saccade landing endpoints. (E) Application of 68% isoline contour with weighted
centroid method to data points with a contour encompassing 68% of data, and the centroid location
identified by a cross. (F) Saccade landing endpoints (blue) and PRL locations (violet) of the S-cone isolating
condition. (G) Overlay of isoline contour and centroid locations of S-cone PRL (violet) and saccade landing
endpoints (blue).

3.3 Methods

3.3.1 Human subjects
Six participants without any known medical or ocular conditions were enrolled in the study
and underwent imaging and psychophysical procedures at the University of California,
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Berkeley. All research activities adhered to the ethical principles outlined in the 2008
Declaration of Helsinki. Prior to their participation, each subject provided informed
consent, which included an explanation of the study's objectives and potential outcomes.
The research protocol received approval from the Institutional Review Board at the
University of California, Berkeley.

3.3.2 Experimental procedures
All subjects were dilated with 1% tropicamide and 2.5% phenylephrine in the study eye
before retinal imaging and psychophysical experiments.

We developed the psychophysical paradigm with a modified high-resolution (136
pixels/degree) digital light processing (DLP) projector (TI DLP LightCrafter 4500, Texas
Instruments Inc., Dallas, TX, USA) that was co-aligned with an adaptive optics scanning
laser ophthalmoscope (Wang et al., 2023b). Utilizing the difference in spectral sensitivities
between S-cones and L/M-cones, each pathway was isolated to study the fixation
behavior Coates & Chung, 2016; Wang et al., 2023b. The retinal videos were recorded
during the psychophysical experiments using AOSLO with a frame rate of 30 Hz. The
wavefront sensing laser was 940 nm, and the imaging light was 840 nm. All experiment
scripts controlling the projector screen were developed in MATLAB (Mathworks, Natick,
MA) and Psychtoolbox (Brainard, 1997).

Subject | Eye Visit Date S-acuity | S-PRL LM-PRL | S-PRL S-sac LM-sac S-sac
ID logMAR | Contour | Contour | displacement | Contour | Contour displacement
arcmin? | arcmin® | arcmin arcmin? | arcmin? arcmin

10001 Right 12/2022 0.82 165.37 59.50 2.35 309.54 176.19 3.30

10003 Left 11/2022 1.02 756.54 52.16 12.05 1486.7 225.45 13.60

20114 Right 12/2022 1.06 335.28 45.39 9.90 489.33 153.56 11.44

20212 Left 11/2022 0.94 472.74 99.58 10.92 725.18 276.02 13.94

20217 Left 10/2022 1.00 399.47 156.85 13.25 950.24 257.91 13.10

20230 Right 11/2022 0.98 425.16 81.14 10.24 450.45 234.86 7.70

Table 3.1 Comprehensive Data from One Visit of All Six Subjects

Information includes subject ID, study eye, S-cone acuity in logMAR, S-cone and L/M-cone PRL 68%
contour area size, displacement between S- and L/M-cone PRL centroid locations, and S-cone and L/M-
cone saccade 68% contour area sizes, along with the displacement of the saccade landing centroid
location.

As outlined previously in Chapters 2 and 3, in the S-cone-isolating condition, the blue
letter E optotype was presented using a high-resolution projector display, accompanied
by adapting light from an external fiber illuminator to desensitize the L/M-cones. To
achieve L/M-cone desensitization for the experiment involving S-cone-isolating targets,
subjects adapted to a background yellow light generated by passing broadband light from
a fiber optic illuminator through a narrowband filter (Acenter = 580 nm, FB580-10,
Thorlabs Inc., Newton, NJ, USA) for 60 seconds before each experiment block. In the
L/M-cone-isolating condition, a broad-band white letter E was projected from the display,
filtered through a long-pass yellow Wratten filter. To address longitudinal chromatic

aberration, the focus of the projector targets under different color conditions was
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optimized using an electrically tunable liquid OptoTune lens (EL-3-10, Optotune
Switzerland AG, Dietikon, Switzerland). Transverse chromatic aberrations were
subjectively measured during the final visit by aligning a colored target (2x2 grid pattern)
in the projector with a decrement target (a black cross) in the imaging raster five times.
The average displacement between the yellow and blue projector targets during this
assessment was recorded as the subjective transverse chromatic aberration (TCA) for
each subject. The S-cone acuity threshold was measured during the first visit of the
fixation experiment or previously measured in the study described in Chapter 2 (Wang et
al., 2023Db).

At the beginning of the experiment, the subject used a keyboard to subjectively center a
grid target from the projector with another alignment target from the 1.4° AOSLO raster
to ensure the centration and alignment of imaging and stimulus paths. Upon initiating the
trial, a blue Tumbling-E target with an adapting yellow background was utilized to
selectively target S-cones. The adaptive optics ophthalmoscope recorded retinal videos
as normal subjects (N = 6) made small saccadic eye movements to observe a tumbling-
E stimulus appearing at random locations within a 2 x 2 square grid with 0.5° spacing.
The stimulus remained visible until the subject reported the letter orientation via keypress.
Subsequently, the target moved to a new random location within the central 1° field. The
same psychophysical paradigm was applied for the L/M-cone isolating condition, with
adjustments to the stimulus profile targeting L/M-cones exclusively (threshold letter size
for L/M-cones and wavelength profile outside of the S-cone sensitivity curve). Temporal
synchronization of projector target delivery and eye motions was achieved through a
digital marker added to the AOSLO video frames corresponding to the projector stimulus
onset and keyboard press, respectively.

An additional control experiment was added at the last visit of 5 subjects when the S-
cone-targeted letter size was interleaved randomly using the subject’s own S-cone acuity
threshold size (20/200 on average) with a smaller size of 20/130 (threshold of subject
10001R). Atotal of 60 five-second videos were collected for each cone-isolating condition
for most visits. 120 five-second videos were collected in the S-cone condition using
interleaved letter sizes.

3.3.3 Data Analysis

Following each experiment, the positions of stimuli were recorded in a MATLAB file,
documenting the target location that initiated saccadic eye movement. Retinal videos
captured during each experiment were utilized to extract eye position traces and pinpoint
stimuli in retinal coordinates.

A specialized software, Retinal-based Simultaneous Localization and Mapping (R-
SLAM), as described by Shenoy and colleagues, was employed to generate a seamless
3° retinal map (Shenoy et al., 2021). The second generation of R-SLAM facilitated the
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stabilization of multiple videos onto a common retinal map, producing output displaying
frame-to-frame eye position displacements.

The duration from trial onset to keyboard response varied across trials for each stimulus
delivery. The first saccade frame was identified by the maximal frame-to-frame
displacement in the first half of each stimulus duration. Saccade landing positions were
computed using the eye positions of one frame immediately after the saccade frame.
Preferred retinal locus (PRL) analysis encompassed 5 frames (167 ms) during each
stimulus delivery, with the selected frames being 2 frames prior to the response frame to
reduce noise observed at the trial's conclusion. The average of these 5 frames was
employed to compute the PRL, representing one location per stimulus delivery.

Saccade landing positions can be noisy and variable immediately after the first saccade,
which is identified from maximal retinal motion in the 30 Hz video. However, the first frame
after the saccade is crucial for analyzing saccade landing endpoints. Fixation stability was
considered when determining the number and selection of frames for fixation PRL
analysis per stimulus. Subjects tended to drift their gaze as they input their response via
keyboard press, resulting in larger ISOA from 0 to 2 frames before response, as shown
in Figure 3.3. Averaging 5 frames per stimulus delivery demonstrated better fixation
stability compared to including only 1 frame, a trend observed in both the L/M-cone
(Figure 3.3, top panel) and S-cone (Figure 3.3, lower panel).

As described above, the eye positions for saccade landing endpoints were determined
immediately following the initial saccade, and fixation locations were identified just before
the subject's response. For each condition (saccade versus fixation, L/M- versus S-cone),
around 200 eye positions (one position per stimulus delivery) were analyzed. The
saccade landing PRL and fixation PRL locations were calculated by processing the eye
position density map with a 2-D Gaussian filter with a fixed 5-arcmin smoothing size. A
non-uniform contour was fitted to encircle 68% of the eye positions, and the centroid
location of these eye positions within the contour was computed to determine the PRL
locations. The 68% contour was also used to calculate the isoline area (ISOA) as
described previously (Bowers et al., 2021; Castet & Crossland, 2012). The ISOA contours
and centroid locations of saccade landing positions and fixation PRLs in each cone-
isolating condition were visually presented and overlaid on the seamless retinal map,
depicting the locations in retinal coordinates (created using lllustrator; Adobe Systems,
Inc, Mountain View, CA, USA). The fixation displacement between L/M-cone and S-cone
conditions, as well as between saccade landing and PRL locations, was quantified by
measuring the distance between the centroid locations. Additionally, linear regression of
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S-cone acuity and the displacements in saccade landing PRL and fixation PRL was
performed using the Pearson correlation function in MATLAB.
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Figure 3.3 Isoline Area Size with Different Frame Sample Sizes

The Isoline Area Size (ISOA) was analyzed as a function of different frame sample sizes to determine the
optimal number of frames for fixation PRL analysis per stimulus. The ISOA was largest at the response
moment (0 on the x-axis). When analyzing just 1 frame per stimulus, the ISOA started to stabilize after
looking back at least 2 frames. Additionally, averaging 5 frames showed better fixation stability compared
to including only 1 frame. This trend was consistent in both the L/M-cone (top panel) and S-cone (lower
panel) conditions. The black arrows indicate the middle frame of the 5 frames used in the PRL analysis.

3.4 Results

Table 3.1 presents comprehensive data from one visit of all six subjects, encompassing
subject ID, study eye, S-cone acuity in logMAR, S-cone and L/M-cone PRL ISOA,
displacement between S- and L/M-cone centroid PRL locations, and S-cone and L/M-
cone saccade ISOA, along with the displacement of the saccade centroid location.
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The average threshold letter size for S-cones in 6 normal subjects was 47.3 + 3.43
arcminutes (Mean £ SEM), corresponding to a logMAR of 0.970 + 0.034 (Mean + SEM).
Additionally, the average threshold letter size for L/M-cones was 5.88 + 0.67 arcminutes
(Mean £ SEM), with a logMAR of 0.063 + 0.037 (Mean + SEM).
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Figure 3.4 Results of Saccade Landing and PRL from one 2022 Visit

(A) Saccade landing 68% isoline area (ISOA) contours for L/M-cone (orange) and S-cone (blue) conditions
are centered on the L/M-saccade endpoint centroid, with a black cross indicating the centroid location of
the S-cone saccade landing position. (B) Linear regression plot illustrating the relationship between S-cone
acuity in LogMAR and S-cone saccade endpoint displacement using Pearson correlation. The solid red line
indicates the linear fit (not statistically significant), and dashed curved red lines represent the 95%
confidence intervals. (C) PRL 68% ISOA contours for L/M-cone (yellow) and S-cone (violet) conditions are
centered on the L/M-PRL centroid location, with a black cross indicating the centroid location of the S-cone
PRL. (D) Linear regression plot showing the correlation between S-cone acuity in LogMAR and S-cone PRL
displacement from L/M-cone PRL using Pearson correlation. The solid red line indicates the statistically
significant linear fit, with dashed curved red lines representing the 95% confidence intervals.

Figure 3.2D-G shows the retinal location analysis from one visit of subject 20114R. In
Figure 3.2D, the scatter plot illustrates the distribution of L/M-cone fixation PRL locations
(yellow dots) and L/M-cone saccade landing positions (orange). Simplified contour plots
with centroid locations (cross) for L/M-cone saccade landing position (orange) and PRL
location (yellow) are presented in Figure 3.2 E, revealing significant overlap and minimal
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displacement. A similar pattern is observed in the S-cone condition between saccade
landing endpoints in blue and PRL locations in violet (Figure 3.2F&G).
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Figure 3.5 Results of Control Experiment using Interleaved S-cone Letter Sizes

(A) The left figure illustrates the transverse chromatic aberration subjectively measured from each subject
during a control visit in October 2023. (B) The overlay depicts S-cone PRL contour and centroid locations
measured with interleaving letter sizes of the subject’s threshold S-cone letter size (violet) and a small S-
cone letter size from 10001R (purple). Subject 10001R did not participate in this task.

Figure 3.4A & C visually represents PRL and saccade landing displacements from one
visit across all 6 subjects, same visit shown in Table 3.1. Figure 3.4A illustrates the
saccade landing endpoints of each subject, with the L/M-cone condition represented in
orange and the S-cone condition in blue. The averaged size of the of L/M-cone saccade
landing positions (orange) contours is 220.66 + 19.29 arcminutes®. The S-cone saccade
landing positions (blue) are superiorly displaced from the L/M-cone saccade landing
positions, with a mean displacement of 10.51 + 1.72 arcminutes and a 68% isoline contour
size of 735.22 + 176.41 arcminutes®. The 68% ISOA of the S-cone saccade landing
positions is significantly larger than the L/M-cone saccade ISOA (Paired t-test p=0.0288).
The linear regression analysis between saccade landing displacement and S-cone
LogMAR does not reveal statistical significance (Figure 3.4B).

Figure 3.4C shows the relative displacement between the L/M-cone PRL (yellow) and
sPRL (violet). The L/M-cone PRL is situated in the foveal region, with consistent fixation
stability (L/M-PRL ISOA: 83.44 + 16.98 arcminutes?) among all subjects. In contrast, the
sPRL location (violet cross) is superiorly displaced in all subjects, accompanied by
variable S-cone 68% contour (violet) sizes (sSPRL ISOA: 425.76 + 79.23 arcminutes?). The
sizes of the PRL ISOA contours between LM-PRL and sPRL are significantly different
(Paired t-test p=0.0085). The mean displacement between L/M-cone and sPRL centroid
locations is 9.79 * 1.57 arcminutes. This displacement magnitude is significantly
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correlated with S-cone-mediated logMAR (Pearson correlation, R?= 0.605; p=0.0423),
with smaller shifts observed in subjects exhibiting better S-cone acuities (Figure 3.4D).
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Figure 3.6 The lllustration of PRL Displacement from All Visits

Data from left eyes were mirrored to align with the direction on the scale (rightward-nasal). Concentric rings
represent retinal eccentricity in 5-arcmin steps, with the L/M-cone PRL as the center. Each grey arrow
represents sPRL displacement from one experiment date, spanning from 2021 to 2023. Violet arrows
denote the mean vector for each subject, indicating the average S-cone PRL displacement magnitude and
direction across all visits.

To investigate whether letter size could influence sPRL displacement, a control
experiment was conducted during the final visit in 2023 (Figure 3.5B). In this experiment,
five normal subjects performed the S-cone fixation task with interleaved letter sizes: their
own threshold S-cone letter size (approximately 20/200) and 10001R's S-cone letter size
(MAR=6.56, 20/130 Snellen letter). The average percentage of correctly identifying letter
orientation visualizing the threshold letter size versus the small letter size was 77.38%
and 53.45%, respectively. The sPRL contour with small letter size (purple) overlaying with
the threshold letter condition (violet), showing largely overlapping fixation areas between
two conditions. The appearance of the sPRL displacement and its 68% contour was
similar to that observed during the 2022 visit (Figure 3.4C). The Transverse Chromatic
Aberration (TCA) measurement performed in all six subjects included in Figure 3.5A
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shows that such S-cone displacement is not driven by the TCA effect between yellow and
blue stimuli.
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Figure 3.7 The lllustration of Saccade Landing Endpoint from All Visits

Data from left eyes were mirrored to align with the direction on the scale (rightward-nasal). Concentric rings
represent retinal eccentricity, with the fovea as the center. Each grey arrow represents S-saccade landing
displacement from each experiment date, spanning from 2021 to 2023. Blue arrows indicate the mean
vector for each subject, representing the average S-cone saccade landing displacement magnitude and
direction across all visits. Additionally, the averaged S-cone PRL displacement (violet arrow), as reported
in Figure 3, is retained in these plots, demonstrating consistent superior displacement in both the saccade
landing and PRL comparison between L/M- and S-cone conditions.

The repeatability of observed findings was assessed by measuring sPRL displacement
across at least two visits in all subjects, conducted between 2021 and 2023, with a
minimum one-month interval between visits. Figure 3.6 visually represents the sPRL
displacement data from all visits. Grey arrows in the figure depict the sPRL displacement
for each visit, with the L/M-cone PRL location measured at the same session as the
reference point. The violet arrow illustrates the vector average of all visits. Notably, all
subjects consistently exhibit superior displacement of the sPRL. Furthermore, the
repeatability of saccade landing endpoints also demonstrated consistency across



different visits, with the vector average (blue arrows) indicating superior displacement, as
shown in Figure 3.7.

3.5 Discussion

Our study investigated the fixation behavior in the isolated S-cone pathway, in which we
found superiorly displaced S-cone PRL as well as S-cone saccade landing position when
comparing with the L/M-cone, luminance pathway. The magnitude of the S-cone PRL
displacement was variable among subjects and significantly correlated with individual
variation in S-cone acuity. The S-cone saccade landing position was spatially coincident
with the S-cone PRL and therefore displaced from the L/M-cone PRL.

Is the displacement of the S-cone PRL genuine?

Subjective measurement of transverse chromatic aberration (TCA) revealed minimal
spatial displacement between S-cone and L/M-cone targets, affirming that the observed
PRL displacement is not attributable to TCA (Figure 3.5A).

The S-cone letter size was, on average, ten times larger than the L/M-cone target, with
individual variations in S-cone threshold letter sizes ranging from 33 to 57 arcminutes. In
the final visit for five out of six subjects, S-cone fixation behavior was assessed by
interleaving the smallest 33 arcmin letter (20/130 Snellen size) with the subject's own
threshold letter during the experiment. When analyzed separately, the S-cone PRL
locations using both letter sizes were largely consistent (Figure 3.5B).

Moreover, all six individuals repeated the experiment at least six months after their initial
visit, demonstrating consistent results for both S-cone PRL locations and S-cone saccade
landing positions.

Why is S-cone PRL superiorly displaced?

Normal PRLs do not coincide with the area of peak cone density at the fovea, showing
an average displacement of 5-6 arcminutes, more often superior than inferior (Reiniger
et al., 2021; Y. Wang et al., 2019). Eccentric PRLs were investigated in patients with
macular diseases that resulted in central vision loss, revealing that the eccentric PRL
developed after the onset of central vision loss most showed superior displacement from
the lesion areas (Crossland et al., 2005b; Greenstein et al., 2008; Krishnan & Bedell,
2018; Messias et al., 2007; Reinhard et al., 2007; Rohrschneider et al., 2008; Timberlake
et al., 2005; Verdina et al., 2017). These studies show considerable individual variability
in patients with different sizes of macular lesions and disease stages. The structure-
function relationship of eccentric PRL in patients with central vision loss were not fully
understood as the location of PRL is not always correlated with retinal sensitivity or visual
acuity (Greenstein et al., 2008; Krishnan & Bedell, 2018; Verdina et al., 2017).

The S-cone PRL in our subject cohort consistently exhibited a superior or superior
temporal displacement. Histological examination of human donor retinas revealed a 0.3°
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S-cone-free zone (Curcio et al.,, 1991). On the horizontal meridian, S-cone density is
higher in the temporal meridian compared to the nasal, and vertically, the superior retina
has a greater S-cone density than the inferior retina (Curcio et al., 1991). While a recent
publication utilizing adaptive optics optoretinography to classify cone photoreceptor types
near the fovea did not observe such meridional differences in S-cone density (Schleufer
et al., 2023), the tendency for the sPRL to be displaced superiorly could be attributed to
the spatial distributions of S-cones around the fovea, possibly indicating an area of the
highest density of S-cones immediately outside the S-cone-free zone.

Other studies investigating fixation behaviors under scotopic conditions, where a natural
functional scotoma (rod-free zone) exists, have observed an upward shift in fixation
location during visual tasks in both humans (Paulun et al., 2015) and Macaca fascicularis
monkeys (Barash et al., 1998). Two possible hypotheses are proposed to explain this
upward shift in scotopic conditions: differences in visual capabilities and oculomotor
control. Barash and colleagues suggested that the superior region in the parafovea,
characterized by the highest density of rods (a rod hotspot), likely possesses enhanced
visual capacity for scotopic vision compared to other meridians (Barash et al., 1998).

Why does the S-cone saccade landing positions spatially coincide with S-cone PRL, but
not with the L/M-PRL?

The saccadic eye movement is known to be generated and controlled by the superior
colliculus (SC), an essential structure in the midbrain involved in the visual control of eye
movements (Dorris et al., 1997). The neurons in the SC are organized topographically,
with specialized regions in the SC corresponding to specific areas of the visual field (Lock
et al., 2003). As a visual target was recognized, based on the location in the visual field
and the characteristics of this target, specific neurons in the SC were activated and would
generate motor commands to initiate appropriate saccadic eye movements. Other regions
of the brain such as oculomotor nuclei in the brainstem, were communicated and
coordinated to control the eye movement precisely. It was previously believed that the
signals transmitted by the S-cones were invisible to the SC neurons due to the lack of
direct projection from the color-opponent cells to the SC shown in monkey studies (De
Monasterio, 1978; Marrocco & Li, 1977; Schiller & Malpeli, 1977). Consequently, the
absence of direct projection suggested that S-cone-isolating targets might not induce the
initiation and precise adjustment of saccadic eye movements. However, S-cone stimuli
could induce normal attentional effect, indicating that a direct collicular pathway was not
required in the involuntary attentional shifts (Sumner et al., 2002). Furthermore, studies
have demonstrated that even S-cones signals which bypassed the retinotectal pathway
could cause saccade distraction, or the Remote Distractor Effect (RDE), contrary to the
prior understanding that only signals within the retinotectal pathway contributed to
saccade distraction (Bompas & Sumner, 2009).
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3.6 Conclusion

The PRL and saccade landing mediated by S-cone pathway are both superiorly
displaced, although the magnitude of this shift varied between subjects. These results
suggest there may be heterogeneity in the foveal topography of S-cones in normal
individuals. The S-cone saccade landing positions coincide with the S-cone PRL instead
of the L/M-cone PRL suggest that the S-cone system mediates its own stimulus detection,
and saccade initiation.

Contents of this chapter have been published as conference abstracts:

Wang, Y., Wang, C., Ng, R., Tuten, W. S. (2023).High-Resolution Assessment of Saccadic
Landing Positions for S-Cone-lIsolating Targets. Journal of Vision, 23(15), 74.

Wang, Y., Vu, B. T., Wang, C., Ng, R., & Tuten, W. S. (2023). Preferred Retinal Locus of
Fixation in the S-cone Pathway. Investigative Ophthalmology & Visual Science, 64(8),
468.
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4 Chapter 4 | Human S-cone Topography and Function

4.1 Abstract

The human fovea is a highly specialized retinal region characterized by densely packed
photoreceptors, laterally displaced post-receptoral neurons, and an absence of short-
wavelength-sensitive receptors in the central ~20 arcmin. High-resolution retinal imaging
systems have enabled cellular-scale assessments of foveal structure and function,
revealing significant variation in peak cone density and foveal pit morphology within the
normal population. In this study, we used an adaptive optics platform to examine whether
individual differences extend to the spatial properties of the foveolar S-cone scotoma.

We assessed S-cone-mediated sensitivity across the central fovea of six color-normal
subjects (same subjects from Chapter 3) using a two-color increment threshold paradigm.
Square flashes (A = 460+£10 nm; diameter = 10 arcmin; duration = 200 ms) were delivered
to targeted retinal locations via a multi-wavelength adaptive optics scanning laser
ophthalmoscope (AOSLO). These test increments were superimposed on a bright yellow
background (CIEx,y = [0.545, 0.451]) from an external projector. Threshold-versus-
intensity curves in a subset of subjects confirmed S-cone isolation. Retinal-stabilized
stimuli were presented in a pseudorandom order to a 5x5 grid of retinal targets, mapping
short-wavelength sensitivity over the central 50x50 arcmin area. An adaptive staircase
guided by the QUEST algorithm estimated detection thresholds at each location.
Transverse chromatic aberration between test and imaging wavelengths was
psychophysically corrected to align the sensitivity map with the high-resolution retinal
image.

We compared individual short-wavelength sensitivity patterns to measurements of the
preferred retinal locus of fixation (PRL) under S-cone isolating conditions from an earlier
study (Wang, Vu, et al., 2023; Wang, Wang, et al., 2023). Macular pigments were imaged
using dual-wavelength measurements guided by AOSLO visible light imaging, employing
interleaved low-power imaging with 840-nm light at odd pixel lines and visible light (543-
nm or 488-nm) at even pixel lines. This paradigm allowed tracking in the 840-nm channel
and imaging in the green or blue channel, with defocus and intensity optimized using a
per-pixel rolling average of stabilized frames.

All subjects showed a central region with reduced sensitivity to short-wavelength stimuli.
The number of scotomatous loci (areas unable to detect the highest stimulus intensity)
varied among subjects and correlated with the distance between their S- and L/M-cone
PRLs. Specifically, greater displacement between the S-cone and L/M-cone PRLs was
associated with larger S-cone scotomas. Additionally, macular pigment optical density
analysis revealed a central region with dense macular pigments. However, the peak
location of these pigments did not always align with the S-cone scotoma regions.

Our findings reveal individual differences in foveal sensitivity to short-wavelength light,
suggesting variability in S-cone distribution patterns among subjects. High-resolution
short-wavelength imaging to map macular pigment optical density (MPOD) indicates that
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macular pigment distribution does not always correlate with retinal sensitivity to blue light.
These techniques collectively enhance our understanding of how preretinal filtering and
S-cone topography affect foveal vision.

4.2 Introduction

S-cones, a type of cone photoreceptor sensitive to short-wavelength light, constitute 5-
10% of the retina, exhibiting the lowest cell density at the fovea compared to parafoveal
regions (Calkins, 2001; Curcio et al., 1991). Studies have revealed variations in the
distribution of S-cones at the foveal center, with histology studies suggesting a small S-
cone-free zone of about 0.35° (Curcio et al., 1991), while others indicate a decrease in S-
cone density without complete absence at the foveola (Ahnelt, 1998). This individual
variability was observed in early psychophysical studies as well, with reports of foveal
tritanopic areas ranging from 8 to 25 arcmin (Wald, 1967; Williams et al., 1981b; Willmer,
1944; Willmer & Wright, 1945). Additional techniques such as retinal densitometry and
optoretinogram-based cone classification have been employed to classify cone
photoreceptor types, yet they have limitations in resolving the spectral profiles of foveal
cones within the central 0.5° (Pandiyan et al., 2020; Roorda & Williams, 1999; Sabesan
et al., 2015; Zhang et al., 2019).

Previous psychophysical studies using short-duration, small-spot stimuli have outlined a
central region of reduced sensitivity to blue stimulus, indicating a potential foveal S-cone-
free zone (Williams et al., 1981a). Our study aims to further investigate individual
variability in S-cone topography by mapping the foveal S-cone distribution using adaptive
optics microperimetry (AOMP) with real-time eye tracking. To address pre-receptoral blue
filtering effects by macular pigments, we have developed imaging tools to quantify the
distribution of macular pigment optical density in our subject cohort.

Macular pigments, carotenoids present in photoreceptor axons, exhibit blue filtering
properties, absorbing light within the range of 400-520 nm with peak absorbance at 460
nm (Whitehead et al., 2006). This absorption is most pronounced at the fovea and
diminishes beyond 3° retinal eccentricity, with differences in retinal reflectance between
green and blue light serving as a measure of blue light absorption by macular pigments
(Lima et al., 2016; Nolan et al., 2008).

4.3 Methods

4.3.1 Adaptive Optics Microperimetry

We conducted high-resolution retinal imaging of the outer retinal structure in and around
the fovea using an adaptive optics scanning laser ophthalmoscope (AOSLO) equipped
with a confocal detector configuration. This system allowed us to achieve high-resolution
imaging of the cone photoreceptor mosaic by measuring and optically correcting for blur-
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causing aberrations in the eye. We utilized 840-nm light to record a series of 1.7° x 1.7°
videos of the macula.

Assessment of the preferred retinal locus (PRL) was carried out by recording an AOSLO
video with 840-nm light while the patient fixated on a small, blinking decrement-spot
delivered via the same AOSLO raster scan. The mean PRL and fixation stability were
determined based on the retinal locations where the stimulus landed during fixation over
the course of the video. Subsequently, using the retinal video recorded during the PRL
measurement, we generated a stabilized retinal map as a reference frame for retinal
tracking. The estimated foveal center was manually selected at a location close to the
PRL, characterized by the smallest foveal cones and a darker region on the retinal map.
A 5 x 5 test grid with 10-arcmin spacing was then centered on the selected foveal center
for the subsequent microperimetry procedure (Figure 4.1A).
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Figure 4.1 Adaptive Optics Microperimetry Experiment in One Normal Subject

(A) The preferred retinal locus (PRL) was measured at the fovea, shown as a yellow dot with a contour
compassing 68% of fixation distribution. The location of the foveola was manually chosen near the PRL
location based on the foveal cone appearance. The 5 x 5 test grid was centered on the selected foveolar
location. The blue stimulus, with a 200-ms duration, was delivered to interleaved spatial locations. The
intensity of the blue stimulus was guided by a QUEST staircase algorithm and controlled linearly, with
possible values spanning 3 log units from 0.1% to 100% intensity. The color of each location indicates
sensitivity to the blue stimulus, with bluer areas representing higher sensitivity. The purple box with a red
outline indicates an area with unmeasurable threshold. Threshold results from 3 test locations are shown.
(B) The QUEST-guided staircases for the 3 test locations corresponding to those in (A) are shown. Test
spots in solid grey indicate a response of "not seen". Differences in detection thresholds among the 3 spatial
locations are visualized. (C) The detection threshold for all 25 test locations was determined using a
psychometric function set to 75% visibility. Among the 25 locations, 16 areas show an unmeasurable
threshold, outlined by a red box within these regions.

We employed AO-based microperimetry (AOMP) with real-time eye tracking to examine
the retinal sensitivity of the central 50 x 50 arcminutes area using retinally stabilized
increment stimuli (Tuten et al., 2012). This procedure was conducted on the same AOSLO
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platform used for retinal imaging and tracking, employing 840-nm light for retinal imaging
and tracking, while a 10-arcmin blue stimulus (460-nm, created from a second laser
source, SuperK Fianium FIU-15 with VARIA tunable filter, NKT Photonics, Denmark) was
presented at targeted locations via the same raster scan. Retinal sensitivity at each
location was measured using a yes-no Quest adaptive staircase procedure with 15 trials
per location (Watson & Pelli, 1983). An example of the staircases from 3 locations is
shown in Figure 4.1B. One-second AOSLO videos were recorded during each AOMP trial
to precisely determine the stimulus position on the retina and assess tracking fidelity.

S-cone isolation was achieved similarly to the chromatic adaptation method described in
Chapter 2. We utilized an external projector to create a yellow background (CIEx,y =
[0.545, 0.451], 2024 cd/m?). Transverse chromatic aberration (TCA) between 840-nm and
460-nm was psychophysically adjusted by overlaying a blue square from the 460-nm
channel with a black decrement square from the 840-nm channel, and this TCA correction
was applied to the stimulus location during the experiment (Harmening et al., 2012) .

At the conclusion of the experiment, the staircase results with estimated thresholds were
evaluated by the examiner. If the highest threshold spot fell on the edge of the 5 x 5 test
grid, another block of experiments with a 3x3 grid centered on the previously measured
highest threshold spot was performed.

L

Peak MPOD: 0.87

Figure 4.2 Macular Pigment Imaging and Analysis of One Normal Subject

Foveal maps imaged with 543 nm (A) and 488 nm (B) are presented in the figure. Both maps were
seamlessly analyzed using R-SLAM and overlaid using the cross-correlation function in MATLAB. The
macular pigment optical density (MPOD) map (C) displays the distribution of macular pigment at the
macula, with a peak MPOD value of 0.87 in this subject. All 3 subfigures have the same image scale with
the 30-arcminute scale bar. Imaging data are from the same subject in Figure 4.1.

4.3.2 Macular Pigment Imaging

Macular pigments of six subjects were imaged using dual-wavelength measurements

guided by AOSLO visible light imaging at a separate session. We employed interleaved

low-power imaging with 840-nm at every odd pixel line and visible light (543-nm or 488-
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nm) at every even pixel line, enabling tracking in the 840-nm channel and imaging in the
green or blue channel. The 488-nm light source was provided by a SuperK Fianium FIU-
15 with a VARIA tunable filter, as described in a previous section. The defocus and
intensity of the visible light imaging channel were optimized using a per-pixel rolling
average of the last few stabilized frames.

We recorded one 3-second video at 4° eccentricity and nine 3-second videos at and
around the fovea using 543-nm and 488-nm imaging lights separately. Additionally,
background videos at each retinal location with both imaging lights were recorded to
establish a baseline intensity level for each imaging condition. Throughout the imaging
process, a red fixation dot was employed to guide the subject’s gaze during imaging.
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Figure 4.3 Adaptive Optics Microperimetry Results from All Normal Subjects

Each white box shows 10-arcmin stimulus size within the 5 x 5 stimulus grid. The colored square inside
each test location indicates the threshold to blue stimulus for this retinal location. The areas with
unmeasurable sensitivity (functional scotoma) are shown in bright purple and labeled with a red outline. As
shown in Figure 4.1, the yellow dot surrounded by a contour represents the PRL location and 68% ISOA
contour.

4.3.3 Data Analysis
The stimulus intensities and subject responses obtained from the QUEST-guided
staircase for each location were utilized to determine the detection threshold. A
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psychometric function was fitted to identify the 75% visibility threshold utilizing the
Palamedes toolbox (Prins & Kingdom, 2018). Subsequently, the AOMP results were
superimposed onto the corresponding retinal images using Adobe lllustrator (Figure
4.1C).

In areas of the retina where subjects consistently reported "not seen" even with the
highest stimulus intensity that was delivered, the threshold was not measurable within the
test intensity range. Such areas were defined as S-cone scotomas. The number of S-
cone scotomas was recorded from the S-cone sensitivity map. The displacement of the
subject's corresponding S-cone preferred retinal locus (PRL) from Chapter 3 and the
radius of scotoma areas were analyzed using the Pearson correlation function in
MATLAB.

To obtain the macular pigment distributions, seamless retinal maps of both the infrared
(IR) and blue channels at all tested retinal eccentricities were generated separately using
R-SLAM to de-interleave the signals, as described in Chapter 3. The mean pixel value of
the background videos was subtracted to generate radiometrically accurate retinal
intensity maps.

Furthermore, the mean intensity ratio between the green and blue channels at 4-degree
eccentricity was computed and applied to the foveal maps to offset any difference in
image intensity between the green and blue channels (Equation 1). The foveal maps of
the green and blue channels were cropped and overlaid at the exact same location and
then blurred with a Gaussian filter with a standard deviation of 5 pixels. Blurring images
with filters, such as a Gaussian filter, is necessary to reduce high-frequency noise, smooth
the image, and improve alignment accuracy when overlaying images from different
channels.

The ratio between the blurred green and blue foveal maps was converted to the
logarithmic scale to compute the macular pigment optical density (Equation 2).

__ Mean Luminancesasnm — Background Luminancesssnm
Mean Luminancesssnm — Background Luminancesssnm

Equation 1. Luminance Ratio between two imaging channels. Background luminance was adjusted.

Foveal Map543nm
K * Foveal Mapasssnm

Macular Pigmental Optical Density = log10( % *

Equation 2. Calculation of macular pigment optical density.
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4.4 Results

Figure 4.3 illustrates the S-cone sensitivity findings for all six normal subjects overlaid
onto their respective retinal maps. The grid of 5 x 5 with 10-arcminutes spacing delineates
stimulus locations, where detection thresholds for blue stimuli are depicted using a color
scale. Blue light intensity spans from 0.1% to 100%, represented logarithmically from -3
to 0. Five out of six subjects had the same highest intensity of 0.008 yW. However, Subject
10003L was unable to see the highest laser intensity, so the upper power range was
adjusted to 0.025 pW for this subject. It's important to note that the sensitivity map of
Subject 10003L was not calibrated to the same highest laser power as other subjects.
Due to numerous locations with unmeasurable thresholds in this subject, adjusting the
measurable thresholds retrospectively does not alter the finding of 16 out of 25
scotomatous areas (Figure 4.1A).
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0.2

Macular Pigment Optical Density (MPOD)

Figure 4.4 Macular Pigment Optical Density Maps

The S-cone scotomas are shown in purple squares with the red outline and the PRL was labeled as a yellow
dot, same presentation as Figure 4.3. The color map is the macular pigment optical density map for each
individual subject with warmer color showing higher optical density. The peak optical density is labeled the
red circle. The relative distances between the PRL, S-cone scotoma and peak MPOD were visualized.

Threshold values for all subjects are plotted on a shared scale from -1.5 to 0,
corresponding to intensities from 3.2% to 100%. Lower log thresholds indicate heightened
sensitivity to blue stimuli, depicted by a more pronounced blue color; conversely,
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decreased sensitivity appears as a deeper purple on the color scale. Regions with
unmeasurable thresholds are highlighted in bright purple with a distinct red outline,
indicating instances where the subject consistently reported "not seen" when the stimulus
was presented at 100% intensity. Across all subjects, a central region of diminished
sensitivity to short-wavelength stimuli is evident, while parafoveal regions exhibit varying
sensitivity to blue light. Among the six subjects, the number of S-cone scotomatous areas
ranged from 1 to 16. These scotomatous areas correspond to diameters approximately
ranging from 10 to 40 arcminutes. The preferred retinal locus (PRL) measured with
decrement in the 840-nm laser channel is denoted by a yellow dot on the retinal map,
illustrating its relative distance from the S-cone-free zone area. While the PRL locations
in all subjects tend to be near the S-cone scotomatous areas, these two landmarks do
not align perfectly.

Macular pigment optical density (MPOD) maps were generated for each subject, with
peak MPOD values indicated by a red circle, ranging from approximately 0.6 to 1.0 optical
density units. An example of the MPOD imaging and analysis is depicted in Figure 4.2.
The overlay of S-cone sensitivity maps and macular pigment distribution maps revealed
that the L/M-cone PRL aligns with the peak MPOD, but the S-cone-free zone (S-cone
scotoma) does not always correspond to areas of dense macular pigment distribution
(Figure 4.4).
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Figure 4.5 Relationship between Radius of Scotomatous Areas and Fixation Displacement

The X-axis represents the square root of the scotoma numbers, which better reflects the radius of the
scotomatous areas. (A) The mean PRL displacement of six normal subjects and their AOMP results were
analyzed using linear regression. Subjects with larger S-cone scotoma areas tend to have greater S-cone
PRL displacement, although this statistical correlation was not significant. (B) The mean displacement of
saccade landing endpoints was correlated with the number of S-cone scotomas. This linear correlation
shows statistical significance.
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The sPRL location and its displacement from the L/M-cone PRL measured in Chapter 3
were not plotted in Figure 4.4 due to the difference in test stimuli used in the two
experiments: an externally aligned projector in Chapter 3 versus a co-aligned tunable
laser in Chapter 4. Additionally, the stimulus sizes and optical quality differed significantly
between the experiments. The Chapter 3’s experiment used a threshold letter size for S-
cone acuity, approximately 50 arcmin, adjusted with spherical and cylindrical correction,
whereas the S-cone AOMP experiment in Chapter 4 used a 10-arcmin blue square
stimulus with adaptive optics and transverse chromatic aberration (TCA) correction.

Quantitative analysis of S-cone-mediated PRL and saccade landing endpoint
displacements as a function of the radius of the S-cone scotoma is shown in Figure 4.5.
Subjects with larger S-cone scotoma areas tend to have greater S-cone PRL
displacement, although this correlation was not statistically significant (Pearson
correlation, R?= 0.583, p = 0.0772). However, the mean displacement of saccade landing
endpoints was significantly correlated with the number of S-cone scotomas (Pearson
correlation, R?= 0.772, p = 0.0213).

4.5 Discussion

This study is the first to functionally map the S-cone-free zone in normal subjects using
adaptive optics-corrected and retinal-tracked microperimetry. Our results revealed that all
normal subjects exhibited a central region of reduced sensitivity to short-wavelength
stimuli. The areas of unmeasurable blue sensitivity varied among individuals, ranging
from 1 to 16 out of 25 test locations. This corresponds to S-cone scotomatous areas with
diameters approximately ranging from 10 to 40 arcmin. Subjects with larger S-cone PRL
displacement, as shown in Chapter 3, tended to have bigger S-cone scotomas. These
findings are consistent with limited existing histology reports that demonstrate variable
foveal S-cone topography (Ahnelt, 1998; Curcio et al., 1991).

Our sample size consisted of 6 normal subjects with data on S-cone acuity, S-cone PRL
displacement, and S-cone scotomas. The statistical analysis is limited by this small
sample size. Although the correlation between S-cone PRL displacement of one visit and
S-cone acuity is statistically significant, S-cone-mediated acuity is more related to the
sampling limit of small bistratified ganglion cells rather than foveal S-cone topography.
The correlation between S-cone PRL displacement and the radius of the S-cone scotoma
is also constrained by the small sample size.

The estimation of S-cone scotomas has limitations, including the coarse scale of a 10-
arcmin stimulus size, in contrast to previously reported psychophysical data, which used
a 1.1-arcmin stimulus size (Williams et al., 1981a). Additionally, our stimulus duration of
200 ms is longer than the 50 ms used by Williams et al. While the shorter duration
controlled for errors caused by fixational eye movements, our experimental paradigm
incorporates real-time retinal tracking to correct for eye movement-related factors. Since
S-cones are known to have slower kinetics than L/M-cones (Baudin et al., 2019), allowing
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a longer blue stimulation duration helps rule out the possibility that S-cone kinetics caused
invisibility.

Due to the length of each experimental session, each participant could only complete one
staircase of 15 trials per retinal location (25 locations in total). Using the S-cone isolation

method with a bright yellow background and ensuring accurate stimulus delivery with real-
time retinal tracking, each session lasted about 2 hours.

Our microperimetry results were not corrected for macular pigment optical density
(MPOD) due to the coarse scale of the stimulus grid and the test stimulus intensity range,
which led to unmeasurable thresholds in the foveal region. The test stimulus was set at
100% maximum intensity yet subjects still could not perceive the blue light at certain
locations, making the stimulus staircase unadjustable by MPOD, leading to uncorrectable
intensities. We overlaid the macular pigment optical density map with the S-cone
sensitivity map and found that the locations of peak macular pigment optical density did
not always overlap with areas of S-cone scotomas. Thus, the heterogeneity of functional
scotomas to blue light cannot be solely explained by macular pigment distribution.

Future steps include repeating the sensitivity measurements at the same retinal locations
and adding more trials per location, as the existing dataset consists of only 15 trials per
location. Additionally, measuring S-cone sensitivity as a function of background luminance
for each subject is necessary to validate S-cone isolation and optimize the stimulus
intensity range. Ultimately, the S-cone sensitivity map should be corrected for MPOD to
provide a true mapping of S-cone topography.

4.6 Conclusion

In conclusion, this study represents a pioneering effort to functionally map the S-cone-
free zone in normal subjects using AOSLO microperimetry. Our findings demonstrate a
central region of reduced sensitivity to short-wavelength stimuli in all normal subjects,
with variable areas of unmeasurable blue sensitivity. The observed correlation between
larger S-cone PRL displacement and larger S-cone scotomas, despite the small sample
size, provides valuable insights into the relationship between S-cone PRL displacement
and S-cone-free zone size. Limitations, such as the coarse stimulus scale and lack of
MPOD correction, highlight the need for refined methodologies. Future research should
aim to increase the number of trials per retinal location and incorporate MPOD corrections
to achieve a more accurate mapping of S-cone topography. This study lays the
groundwork for deeper understanding and more precise measurement techniques in the
assessment of S-cone foveal topography.
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