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Retinitis pigmentosa (RP) is the most common group of inherited
retinal degenerative diseases, whose most debilitating phase is
cone photoreceptor death. Perimetric and electroretinographic
methods are the gold standards for diagnosing and monitoring RP
and assessing cone function. However, these methods lack the
spatial resolution and sensitivity to assess disease progression at
the level of individual photoreceptor cells, where the disease origi-
nates and whose degradation causes vision loss. High-resolution
retinal imaging methods permit visualization of human cone cells
in vivo but have only recently achieved sufficient sensitivity to
observe their function as manifested in the cone optoretinogram.
By imaging with phase-sensitive adaptive optics optical coherence
tomography, we identify a biomarker in the cone optoretinogram
that characterizes individual cone dysfunction by stimulating cone
cells with flashes of light and measuring nanometer-scale changes
in their outer segments. We find that cone optoretinographic
responses decrease with increasing RP severity and that even in
areas where cone density appears normal, cones can respond dif-
ferently than those in controls. Unexpectedly, in the most severely
diseased patches examined, we find isolated cones that respond
normally. Short-wavelength–sensitive cones are found to be more
vulnerable to RP than medium- and long-wavelength–sensitive
cones. We find that decreases in cone response and cone outer-
segment length arise earlier in RP than changes in cone density
but that decreases in response and length are not necessarily cor-
related within single cones.

retinitis pigmentosa j optoretinography j photoreceptors j adaptive optics j
optical coherence tomography

Retinitis pigmentosa (RP) is the most common group of
inherited retinal degenerative diseases that lead to irrevers-

ible vision loss (1–3). It is characterized by progressive loss of
peripheral vision that is separated from a shrinking island of
healthy central vision by a transition zone (TZ) of reduced
vision. As the disease progresses, the healthy island contracts,
and the TZ migrates inwards. Degeneration typically starts in
rod photoreceptors with early manifestation of nyctalopia and
visual field loss then progresses to cone photoreceptors (4–6).
Gene mutations of RP occur primarily in rods, resulting in
extensive rod loss, but the loss of cones has a far more debilitat-
ing effect on vision. Cones mediate photopic vision and are
essential for high visual acuity and color discrimination.

Recent advancements in gene replacement therapy, neuro-
protective strategies, and stem cell therapy have heralded a
new era for saving photoreceptors—cones in particular—in
patients with RP and other inherited retinal degenerative dis-
eases (7–9). All of these treatments as well as the disease itself
act at the cellular level, yet methods for use in human subjects
to assess the functional consequences of these changes on pho-
toreceptors at this microscopic scale are limited.

Cone function (the ability to capture and transduce photons
into visual signals) is routinely examined using perimetry and
electroretinography (ERG) (1, 10). These methods are effective
at indicating how the disease affects cone function, but they

measure responses of aggregations of cones. Perimetric sensi-
tivity is typically mediated by the tens to hundreds of cones that
are affected by the stimulus and the many downstream neurons,
so decreases may not even be caused by receptoral damage.
Microperimetry has recently been enhanced with adaptive
optics (AO) for improved resolution and with high-speed active
tracking for correcting eye motion; these enhancements permit
linking the visual percept associated with the activity of single
cone cells (11), but this method (like all perimetry) is inherently
subjective, requiring feedback from the subject, and sequential,
stimulating one cone at a time. ERG and multifocal ERG are
insensitive to the local spatial variations in disease progression
that occur in RP because the measured electrical signal is gen-
erated by the combined responses of thousands to millions of
the cone photoreceptors in the retina. In contrast, structural
measurements made by clinical optical coherence tomography
(OCT) and autofluorescence imaging enable considerably
better spatial resolution and reproducibility, but they do not
directly assess function (8).

Recent technological advances in high-resolution retinal
imaging—AO in particular—have enabled cellular-level studies
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of RP in the living human retina. Studies using AO flood illu-
mination and AO scanning laser ophthalmoscopy have shown
cellular structural changes (12–19), including during treatment
to slow RP-related retinal degeneration (20). These structural
measurements have also been combined with microperimetric
functional measurements (21). However, functional changes in
individual cones have yet to be studied in RP (or indeed in any
other cause of irreversible vision loss [e.g., age-related macular
degeneration, diabetic retinopathy, or progressive myopia]).

To address this need, we investigate an optical biomarker
to quantify the dysfunction of individual cone cells in RP sub-
jects. We combine AO and phase-sensitive OCT (PS-AO-OCT)
(22–26) to measure nanometer-scale optical path length changes
(ΔOPL) occurring inside photoreceptors during photoactivation
(photoreceptor response to light; Fig. 1). Unlike the previous
AO imaging methods applied to RP, our PS-AO-OCT method
has sufficient resolution to reveal the three-dimensional reflec-
tance profile of individual cones (structure) and sufficient sensi-
tivity to detect photostimulated OPL changes as small as 5 nm
in the same individual cones (function).

The ΔOPL cone response that we measure is part of the
cone optoretinogram, the optical analog of the electroretino-
gram but based on changes in optical properties of cones
instead of on their electrical activity when stimulated with light
(27). Prior work by us and others has established the cone opto-
retinogram’s ΔOPL response as a correlate of cone function in
healthy subjects (23–26, 28–34). This includes ΔOPL measure-
ments with PS-AO-OCT to classify individual cones into the
three spectral types that are sensitive to short- (S), medium-
(M), and long- (L) wavelength light (24), to quantify the spec-
tral sensitivity of S, M, and L cones (31), to reveal how color
vision phenotype and genotype manifest in individual cones
cells (32), to elucidate steps of the phototransduction cascade
(26), and to reveal functional responses of both rods and cones
(30). Intensity manifestations of ΔOPL responses as measured
with AO flood illumination fundus cameras and AO scanning
laser ophthalmoscopes have been used as optical measures of
cone function (28, 33, 34) and photopic luminosity (29). Collec-
tively, these studies provide strong support for the use of the

cone optoretinogram’s ΔOPL response as a measure of cone
function.

Here, we improve and extend this work to measurement of
abnormal or impaired function (dysfunction). We quantify
responses and classify cells in different retinal locations and in
different subjects with varying degrees of disease severity. We
describe disease severity of a given retinal location in a particu-
lar eye by its location with respect to the TZ in that eye, with
severity increasing from the inner to the outer edge of the TZ.
We define TZ operationally (following ref. 12) as the region of
retina between two eccentricities: one at which the cone photo-
receptor outer segment (OS, the cell compartment packed with
photosensitive pigment to capture light) begins to abnormally
shorten and another at which it disappears. These are esti-
mated from a clinical OCT image as the terminations of the
hyper-reflective bands corresponding to the cone outer segment
tip [COST, also referred to as the interdigitation zone (35)] and
photoreceptor inner-segment/outer-segment junction [IS/OS,
also referred to as the ellipsoid zone (35)] (see Fig. 2).

We test the hypothesis that the cone ΔOPL response to light
decreases with increasing disease severity (see Fig. 1; [i.e., that
the response of a given cone cell is influenced by its location
with respect to the TZ in that eye]). More specifically, based on
cone OS length derived from clinical OCT images we hypothe-
size that cone responses should be normal in the healthy cen-
tral island (if present) and gradually decrease across the TZ to

Fig. 1. It is known that cone OSs briefly increase their optical path length
(e.g., elongate as shown) when exposed to a light flash. We hypothesize
that this response decreases with severity of the disease, with cones
responding less when degenerating than when healthy. a, axon; ELM,
external limiting membrane; G, Golgi; l, lysosome; m, mitochondria; md,
membranous discs; r, reticulum; and s, soma.

Fig. 2. Effect of RP disease on cone photoreceptor hyperreflective bands
as observed in clinical OCT images. Cross-sectional (B-scan) images
obtained with Spectralis OCT reveal the TZ between healthy and severely
diseased retina. Shown are one of the controls and the three RP subjects
with different stages of RP disease. Foveal center is at the right edge of
image; images subtend 10° along the temporal horizontal meridian. The
TZ (yellow) is defined as the area between the two retinal eccentricities
where the COST and IS/OS hyperreflective bands merge with the underly-
ing RPE band and thus become indistinguishable in the B-scan (12). Super-
imposed on the OCT images are the retinal locations (beige boxes) we
imaged with AO-OCT (2, 4, 6, and 8°). RPE, retinal pigment epithelium.
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zero at its outer boundary, where cells show no OS. To test at
the single-cone level, we compare the individual ΔOPL
response and OS length of cones in the same retinal patch. We
measured cone ΔOPL responses at 1) the same retinal location
in different RP subjects with varying disease severity (early to
advanced, based on proximity of the TZ to the fovea and clini-
cal visual sensitivity) and 2) multiple retinal patches in the
same RP subject but located differently with respect to the TZ.
To establish confidence limits, we compare the results with
those from healthy controls. Having established a relationship
between ΔOPL and clinical measures of cone health, we exam-
ine whether particular cone spectral classes (S, M, and L) or
individual cones within a class are more vulnerable in RP.

Results
Clinical and AO-OCT Measurements. Clinical and AO-OCT meas-
urements were obtained on six subjects: three RP subjects
(RP1, RP2, and RP3; all autosomal recessive) and three age-
matched controls (Control1, Control2, and Control3). The
three controls fell in the normal population range (95% confi-
dence interval [CI]) for cone density (measured with AO-
OCT), cone OS length (measured with Spectralis OCT), visual
sensitivity (measured with Octopus 900), and had normal color
vision (measured with pseudoisochromatic plates and anomalo-
scope). Details of these measurements are in SI Appendix, Figs.
S1–S3 and Table S1. The three controls also had ΔOPL

responses that fell in the 95% CI of a separate, larger control
group of responses from 14 healthy subjects with measurements
at 3.7˚ temporal eccentricity (32) (Materials and Methods).

Clinical OCT images (Fig. 2) and perimetry maps (SI
Appendix, Fig. S3) of the three RP subjects reveal the character-
istic central healthy island in early-to-moderate stages of RP.
These subjects were rank ordered by disease severity and
labeled RP1 (early stage), RP2 (midstage), and RP3 (advanced)
based on the proximity of the TZ to the fovea and reduction in
visual sensitivity. B-scans from clinical OCT images reveal the
location of the TZ (RP1: 5.5 to 9˚; RP2: 3 to 8.5˚; and RP3: 0 to
4˚ retinal eccentricities) and its position relative to the 2, 4, 6,
and 8˚ retinal eccentricities imaged with AO-OCT along the
temporal horizontal meridian as shown in Fig. 2. For RP3, the
TZ covers the fovea. Color vision was normal in subjects RP1
and RP2, but RP3 had a tritan defect on the anomaloscope test.
SI Appendix, Table S1 summarizes our clinical measures.

During AO-OCT imaging, we used three stimuli at different
wavelengths across the visible spectrum (450, 528, and 637 nm).
These allowed us to test the functional response of all cone
types to better separate the responses of diseased cones and to
avoid ambiguity between S, M, and L cones and possible non-
absorbing or nonresponding cones.

Fig. 3 presents our structural (Left Column) and functional
(Right Column) measurements of cone cells acquired with
AO-OCTat 2˚ retinal eccentricity in the three RP subjects and

Fig. 3. Cone photoreceptor structure and function. AO-OCT en face images of the cone mosaic at 2° eccentricity in one of the controls (A, and B) and
the three RP subjects: RP1 (C and D), RP2 (E and F), and RP3 (G and H). Magnified views are shown for cones in red boxes. Cone densities are 31,491 (Con-
trol1), 22,750 (RP1), 25,258 (RP2), and 14,041 (RP3) cones/mm2. Traces of individual cones’ ΔOPL responses to 637-nm stimulus are shown in B, D, F, and H.
Traces are randomly color coded, and histograms of peak responses (average ΔOPL from 0.75 to 1.25 s after stimulus) are shown to the right of each plot.
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one control (Control1). For brevity, photostimulation data are
shown for only one of the three stimuli. The 2˚ location fell
into the central healthy area of RP1 and RP2 and inside the
TZ of RP3. As evident in Fig. 3 A, C, and E, the en face inten-
sity images of subjects RP1 and RP2 show regular cone
mosaics, similar to that of Control1. In order to substantiate
this observation, we measured the cone density and aggregate
OS length in RP1 and RP2 and compared them to the normal
population (SI Appendix, Figs. S1 and S2).

At 2˚, RP1 and RP2 indeed have cone densities within the
normal range and OS lengths that align to the lower edge of
the 95% CI, similar to that of Control1. Interestingly, however,
functional measures of the 2˚ cones, as captured by their
ΔOPL traces after photostimulation, reveal notable differences
(Fig. 3 B, D, and F) between control and RP subjects. The con-
trol subject exhibits three distinct peaks in cross-section [indi-
cating three cone spectral sensitivity clusters, as expected in
normals (24, 32) and described in Principal Component Analy-
sis], whereas RP1 and RP2 each show just two reduced peaks.
For the late-stage RP subject (RP3) (Fig. 3 G and H), cone
density and OS length fall below the normal population ranges
(SI Appendix, Figs. S1 and S2), and functional measures of the
remaining cones have a single, reduced peak, suggesting that
almost all of them are severely compromised.

Principal Component Analysis. To facilitate analysis of the cone
responses and to classify cones by spectral type, we remapped
the combined ΔOPL traces from the three stimuli (Fig. 4 A–D)
using principal component (PC) analysis (see details in SI
Appendix, SI Materials and Methods). We then plotted the val-
ues of the first and second PC components, which captured
most of the variance in the cone responses (Fig. 4E). We identi-
fied the S-, M- and L-cone clusters following our previous work

(24). Finally, we estimated the center of each cluster by
smoothing the two-dimensional (2D) distribution of cone
responses in the PC space (approximately 1,000 cones per loca-
tion) with a kernel density estimate (Fig. 4F) and determining
the peak density location of the smoothed distribution for each
cluster. In the PC plots, larger (radial) distances from the origin
correspond to stronger cone responses, and the origin [0,0] is
the location of nonresponding cones. M and L cones generally
respond more strongly than S cones to the three stimuli used.
Angular directions from the origin are determined by spectral
sensitivities of the cones, thus S, M, and L cones have different
angular positions.

Early-Stage RP Subject. Fig. 5 presents cone responses in PC
space from RP1 and their age-matched control. For the control,
we see three distinct response clusters corresponding to the
three cone spectral types (S, M, and L). The narrow radial
extents of the clusters relative to their distances from the origin
[0,0] indicate that almost all cones responded to light. The clus-
ters are present at all four retinal eccentricities (2, 4, 6, and 8˚)
and shift little between eccentricities, as indicated in Fig. 5E by
their close proximity to each other and location within the 95%
CI of the 14-subject control group (specified in next paragraph).

Conversely, RP1 exhibits only two distinct groups, corre-
sponding to controls’ M and L clusters; this subject appears to
have no functioning S cones. These clusters are broader and
shifted toward the origin [0,0], indicating that RP1 cone
responses are generally more variable and weaker. To facilitate
comparison between cone spectral types and subjects, we define
the relative response strength as the ratio of the distance of a
cluster center from the origin to that of the average of the cor-
responding spectral-type clusters across the 14-subject control
group; a relative response strength of 100% thus represents a

Fig. 4. Key steps for processing the cone response traces, illustrated using control subject (Control3). The ∼1,000 cones respond differently depending on
the wavelength of the flash stimulus: 637 (A), 528 (B), and 450 nm (C). Flash stimulus occurs at time equal to 0 s. Individual cone traces are randomly col-
ored. The 5-s-long cone traces in A, B, and C are concatenated to form 15-s long traces (D) that are then transformed to PC space to reveal cone clusters
(E), one for each of the three cone spectral types (S, M, and L). (F) A kernel density estimate is applied to the PC plot in E to locate the peak of each clus-
ter, whose relative position to the origin [0,0] (green marker) is a measure of each spectral type’s collective response.
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normal response, whereas 0% represents no response to light.
Using this relative response strength, the 95% CIs of the
14-subject control group are 67 to 133% (S), 83 to 117% (M),
and 79 to 121% (L). At 2 and 4˚ (Fig. 5 F and G), the relative
response strengths of the L and M clusters in RP1 are 96 and
90% (L cones) and 102 and 104% (M cones), values that are
well within the controls’ 95% CI. At 6˚, the corresponding val-
ues are 68 and 73%, both falling below the 95% CI of the
14-subject control group (Fig. 5H). At 8˚ (Fig. 5I), RP1 has
only one cone cluster, so we are unable to distinguish the cone
spectral types. The relative response strengths of the cone clus-
ters are summarized in Fig. 6A, plotted as a function of retinal
eccentricity and cone spectral type (where possible).

RP1’s foveal color vision was normal, so the apparent
absence of functional S cones at 2˚ (Fig. 5F) is of particular
interest. To investigate this apparent discrepancy, we took
advantage of the fact that S cones can be anatomically distin-
guished by their slightly longer inner segments (36) and that
consequently their IS/OS reflections are shifted slightly deeper
in the retina compared to those of M and L cones (37). Fig. 7
illustrates our process. Fig. 7A contains the projected image of
the cone mosaic obtained from segmentation of the AO-OCT
volume at the depth of the IS/OS junction of M and L
cones. We repeated the segmentation at a slightly greater depth
(∼5 μm), where we expected to find the IS/OS junction of S
cones if they were present. This is shown in Fig. 7B and reveals
a sparse array of bright reflections; we take these to indicate
the presence of S cones, and the location of 94 of them are
marked by red arrowheads. In Fig. 7C, we show the segmenta-
tion of the same volume at the depth of COST. While M and L
cones still have reflections in the COST image, the S cones just
identified generally do not (indicated by the dark gaps at their
locations in the COST image). This lack of COST reflections
suggests that the S-cone tips are either lost or displaced. We
manually inspected each S cone in the volume and found that
only 49 (of the 94 identified) had a COST reflection, and all but
1 of those occurred at a shallower depth than those of M and L
cones; the OSs of these 49 S cones were on average 9 6 2 μm

shorter than those of M and L cones. Having located their OSs,
we were able to perform the PC analysis on these 49 S cones.
The 11 strongest responding cones of the 49 are plotted in Fig.
7 E and F; the remaining responses were not significantly dif-
ferent from zero (<610 nm, that is less than 62 SD of the sen-
sitivity of our measurement). As evident in the PC plot, even
these 11 strongest cones (colored blue) cluster about the origin
[0,0], with only two cones approaching the average S-cone
response of the 14-subject control group (plus symbol in plot).
To summarize, we find evidence of S cones at 2˚ in RP1, but
most have abnormally shortened OSs and little or no response
to light.

Midstage RP Subject. Our cone response results in PC space for
RP2 and their age-matched control are shown in Fig. 8. The cor-
responding relative response strengths in RP2 are summarized
in Fig. 6B, plotted as a function of retinal eccentricity and cone
spectral type. As shown in Fig. 8D, clusters’ peak positions in
the control subject are relatively stable with retinal eccentricity
and locate within the 95% CI of the 14-subject control group.

Results for RP2 are similar to those for RP1, except that RP2
does have an S-cone cluster in the PC plot at 2˚. RP2’s clusters
are increasingly shifted toward the origin [0,0]—indicating
weaker responses to light—as eccentricity increases. At 2˚ (Fig.
8E), the relative response strength of the M cluster is 90%, fall-
ing within the controls’ 95% CI, while those of the L- and
S-cone clusters are 78 and 59%, respectively, falling below the
95% CI. At 4˚ (Fig. 8F), relative response strengths for the L-
and M-cone clusters are 62 and 36%, and at 6˚, they are 30 and
23% (Fig. 8G), respectively. There was no evidence of S cones
at 4˚ and 6˚. L- and S-cone responses at 2˚ and all responses at
4˚ and 6˚ fall below the 95% CI of the control group. No meas-
urements were made at 8˚ as a weak cone response was reached
at 6˚.

Late-Stage RP Subject. Fig. 9 presents cone responses from RP3
and their age-matched control. Due to the severity of the dis-
ease, cones respond substantially less in RP3 than in control
subjects, even close to the fovea at 2˚. We observe only one

Fig. 5. Cone ΔOPL response decreases as disease severity increases with retinal eccentricity in RP1. The cone response to the three LED stimuli is projected
along the first two principal components following the process shown in Fig. 4. The first row is the age-matched control at 2 (A), 4 (B), 6 (C), and 8° (D)
retinal eccentricity. (E) All cluster peaks from Control1 overlaid in one plot. Each color corresponds to one location. The second row is RP1 at 2 (F), 4 (G),
6 (H), and 8° (I) retinal eccentricity and a summary plot of the four previous locations (J). In all plots, solid green marker indicates [0,0] location. Black plus
markers are the cluster positions of the control (Control1), as computed from the kernel density estimate. Open blue markers are cluster positions of RP1,
also computed from the kernel density estimate. In J, black plus markers are the average cluster positions of S, M, and L cones of Control1 over the four
retinal locations in A–D.
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cluster, near the origin [0,0] in PC space, so we cannot catego-
rize most cones by spectral type. A very small proportion of
cone responses (10 out of more than 850 cones still present,
1.2%) were more than 50% of the distance from the origin to
the cluster positions of the control (Fig. 9B). We classified these
strongly responding cones by comparing their angular positions
in the PC plot to the averages of the 14-subject control cluster
centers (see also red and green colored cones in Fig. 9E): seven
were M cones and three were L cones. Of these, four M cones
and one L cone fell within the 95% CI of the 14-subject control
group, thus these five cones were statistically normal. In Fig. 9C,
the traces of the response from the seven M cones to 528 nm
are plotted in green, while traces of the remaining cones are
plotted in gray. The seven M cones exhibit significantly stronger
responses than all other cones. In Fig. 9D, cone responses to 637
nm are plotted. Similarly, the three L cones, identified in the PC
space, exhibit stronger responses than others.

Discussion
We successfully characterized the responsiveness of single cone
cells in subjects afflicted with RP and compared them to those
in normal healthy subjects. To achieve this, we stimulated cone
cells with brief flashes of light at different wavelengths and
measured their resulting nanometer-scale changes in optical
path length using PS-AO-OCT. We used PC analysis to examine
the optical path length changes, allowing us to quantify each
cone’s response strength and to distinguish S-, M-, and L-cone
responses in normal and diseased eyes. Listed by topic, we dis-
cuss key findings from the study.

Cone Response with Severity of Disease. We tested the hypothesis
that the cone ΔOPL response decreases with increasing disease
severity, that is, that the response of a given cone cell is influ-
enced by its location with respect to the TZ in that eye. In all
cases examined, we found this to be true. By comparing ΔOPL
responses at different retinal locations in the same RP subject
(see Figs. 5J and 8H PC plots and Fig. 6 summary plots for the
early- and midstage RP subjects), we observed the following
important trend: responses decline precipitately with retinal
eccentricity, consistent with the expected degradation of the
outer retina in the TZ (Fig. 2).

Between subjects, the overall cone response decreases with
disease progression from early to advanced, as evidenced most
clearly by the results summarized in Fig. 6. RP1 shows a plateau
of near-normal M- and L-cone responses at 2 and 4˚ retinal
eccentricity followed by a rapid decline at larger eccentricities.
RP2 shows only a similar rapid decline starting immediately at

2˚. RP3 shows virtually no cone responses, with a single cluster
around the origin [0,0] at 2˚ (Fig. 9B), the least-diseased loca-
tion we imaged in this subject.

We find these overall trends are less predictive of individual
cone responses in diseased compared to normal retina. In the
control subjects, cone cells of the same retinal patch and same
spectral type responded more or less similarly to the same light
flash (compact cluster in PC space). In the RP subjects, the
responses were more variable, with some cones seemingly more
affected by the disease than others. This is particularly evident
in the TZ. For example, cones in RP1 at 6˚ (Fig. 5H) and RP2
at 4˚ (Fig. 8F) show responses ranging from normal healthy
cone responses to no response at all. It appears that ΔOPL
responses of some cones are much more vulnerable to the dis-
ease than others.

It is curious that in some severely diseased patches we found
isolated cones with ΔOPL response magnitudes that were above
50% of normal, and a few of these were statistically normal [e.g.,
in RP3 at 2˚ eccentricity (Fig. 9), we found seven such M cones
and three such L cones]. As shown in Fig. 9E, these 10 cones do
not appear to form a local cluster. What is it that renders these
particular cones apparently immune—at least temporarily—to
the dystrophy about them? This resistance might hold clues to
the underlying (and unknown) causes of cone death of which sev-
eral hypotheses have been proposed for RP. These include 1) tox-
ins from the degeneration of surrounding rods (38); 2) cytotoxic
factors released by glial cell activation (39); 3) oxidative damage
(40–42); 4) loss of rod-derived trophic support (5, 43, 44); and 5)
starvation and nutritional imbalance, driven by the insulin/
mammalian target of rapamycin pathway (6, 45). Extending our
imaging method to the cells that surround cones, in particular
rod photoreceptors, that often contain the RP gene mutation or
microglial cells that respond by invading the outer retina (46),
would add additional power to test these hypotheses.

Vulnerability by Cone Spectral Type. It is well known that subjects
with RP often suffer from acquired color vision deficiencies
(M–L-cone pathway, S-cone pathway, or both) due to cone
photoreceptor damage (47). The S-cone pathway is more com-
monly and more severely damaged than the M–L-cone pathway
(47–49). Thus, we sought to determine if our RP subjects’ S, M,
and L cones were differentially vulnerable.

In subjects RP1 and RP2, S cones were observed only at the
closest foveal location that we imaged (2˚ eccentricity). For
subject RP1, S cones had OSs that were notably shorter than M
and L cones (see Fig. 7C) and ΔOPL responses that were con-
siderably reduced (see Fig. 7 E and F). For subject RP2, S cones

Fig. 6. Relative ΔOPL response strength of cones as a function of retinal
eccentricity and cone spectral type for RP1 (A) and RP2 (B) subjects. Response
strength is relative to the 14-subject control group (100%). The 95% CIs of S,
M, and L clusters are for the 14-subject control group and are centered on
100%. Traces are color coded by spectral type: S (blue), M (green), and L
(red). For reference, the gray horizontal bars at the bottom denote the loca-
tion and range of the TZs of the RP subjects.
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had OSs of normal length but responses that were reduced (a
relative response of 59%; Fig. 6). M- and L-cone responses in
both RP subjects decreased similarly, showing little evidence
that one of these two cone types was more vulnerable to RP
than the other. For these two RP subjects, S cones were at a
more advanced stage of the degeneration than M and L cones,
pointing to more compromised color vision in the S-cone path-
way than the M–L-cone pathway. Interestingly, despite these
losses, both RP subjects had normal color vision as measured
with the pseudoisochromatic plates and anomaloscope, presum-
ably because a sufficient number of S cones remained function-
ing in the fovea.

For subject RP3, we found no evidence of S cones in our
AO-OCT dataset. We measured no S-cone cluster and found
no cones with a displaced IS/OS reflection. These findings are
consistent with the tritan defect we measured in this subject
using the pseudoisochromatic plates and anomaloscope. While
we were unable to distinguish M and L cones in the single clus-
ter of cones centered on the origin [0,0] in PC space, the weak
response of these cones indicates both M and L cones were
severely compromised by the disease.

In general, we find that S cones were more vulnerable than
M and L cones to RP in our subjects; this trend is consistent
with previous reports using psychophysics and ERG (47–49),
but now we can measure this acquired color vision deficiency at
the level of single-cone cells as it evolves across the retina.

Comparison of Structure and Function from Imaging. Cone den-
sity is the most commonly used structural metric of cone photo-
receptors in high-resolution retinal imaging studies of RP and
has been reported significantly lower in these subjects (20,
50–52). However, cone density is inherently variable between
subjects. In our study, we measured cone density at all retinal
locations imaged and in subjects RP1 and RP2 found cone
densities were within the normal range as reported in the liter-
ature (detailed in SI Appendix, Fig. S1). Only in subject RP3,
who had the most severely diseased retina, did cone density
fall significantly below normal (outside 95% CI). In con-
trast, cone ΔOPL responses as quantified in PC space were
reduced, dramatically so at the larger retinal eccentricities for
M and L cones and at all locations for S cones. Even retinal
locations, where the average cone response was near zero [0,0],
retained normal cone density, see Figs. 5I (RP1) and 8G
(RP2).

Furthermore, we were struck by how disconnected the
appearance of a cone cell in an en face AO-OCT image could
be from its response to light (e.g., compare the appearances of
the 10 strongest responding M- and L-cone cells in Fig. 9 E
and F [RP3] to those of their weakly responding neighbors).
We found that many cones that appeared structurally normal
(bright punctate reflection in the en face image as for example
those marked by white arrowheads in Fig. 9F) had diminished
responses, sometimes dramatically so.

Fig. 7. Structural and functional evidence of S cones at 2° eccentricity in subject RP1. En face images are projections over different depths in the photo-
receptor layer of the AO-OCT volume: IS/OS band (A), immediately below the IS/OS band (B), and COST band (C). Bands were determined from the pro-
jected cross-sectional image of the volume as labeled in D. The three colored rectangles specify the projection ranges and have vertical widths of 7
(green), 5 (blue), and 10 μm (brown). In B, the relatively sparse array of bright punctuated reflections (many indicated by red arrowheads) are consistent
with S cones, whose inner segments are known to be 10% longer than M and L cones (36). For this retinal patch, the apparent S-cone IS/OS reflection is
shifted about 5 μm deeper than that of M and L cones. The pattern of red arrowheads in B are superimposed in C, revealing that most S cones lack a
reflection in the COST band. (E) ΔOPL response of the 11 strongest responding S cones to the 450-nm stimulus are shown, selected from the 45 S cones
that were manually identified based on a bright reflection in B and a COST reflection at a depth shallower than the COST band in C (see details in Early-
Stage RP Subject). (F) In PC space, the 11 apparent S-cones are colored blue, and those previously identified in Fig. 5F are colored gray. For reference, the
black plus markers are the cluster positions of the control (Control1) at 2° eccentricity as computed from the kernel density estimate.
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We found cone OS length measured with clinical OCT to be
a more sensitive structural measure of disease severity than
cone density. OS length was significantly reduced (falling out-
side the 95% CI) for eccentricities ≥4˚ for RP1 and ≥2˚ for
RP2 and RP3 (detailed in SI Appendix, Fig. S2). Interestingly,
our aggregate ΔOPL responses of M and L cones were no
more sensitive than clinical OCT OS length measurements.
Specifically, we measured significant reductions in M- and L-
cone responses at ≥6˚ for RP1, ≥4˚ for RP2, and ≥2˚ for RP3
(see Figs. 6 and 9B); SI Appendix, Fig. S2 demonstrates that RP
subjects’ OS lengths fall below the normal 95% CI at similar
eccentricities to these. Similar sensitivity of the two metrics is
perhaps not surprising as the capacity of a cone photoreceptor
to hold photopigment increases with OS length and in turn
increases the potential for a stronger hyperpolarization signal
and a stronger ΔOPL response ( we examine this hypothesis at
the level of individual cones in Correlation of Individual Cone
ΔOPL Response with OS Length). In contrast to M and L cones,
the S-cone response was significantly reduced at all locations
and in all subjects measured, even in the supposedly healthy
island of the retina (closer to the fovea than the beginning of
the TZ).

Correlation of Individual Cone ΔOPL Response with OS Length. We
examined the responses of 4,296 individual cones in six retinal
patches (one from each control and RP subject) to test for a
correlation between cone ΔOPL response and cone OS length.
Results are shown in Fig. 10 for Control1 and RP1 at 6˚, Con-
trol2 and RP2 at 4˚, and Control3 and RP3 at 2˚. Cones were
classified and examined by spectral type. In the three controls
(Fig. 10 A, B, and C), a significant positive effect was observed
in six of nine conditions (three cone spectral types × three sub-
jects), but the effect was weak in five of those six (R2 = 4.4, 6.6,
15, 1.1, and 2.3%) and strong in only one (R2 = 57%). The cor-
relations were not significant in the remaining three conditions.

For the three RP subjects (Fig. 10 D, E, and F), we limited
our analysis to cones that could be classified as M or L; weakly
responding cones that located near the PC space origin could
not be classified by spectral type and thus were labeled as unde-
termined in our plots. Of the 286 and 652 analyzed cones in
RP1 and RP2, respectively, 263 (92%) and 567 (87%) were
classified as M or L and were observed to have a significant
positive relationship between cone ΔOPL response and OS
length: for RP1, R2 = 60.9 (L) and 39.8% (M) and for RP2,
R2 = 29.9 (L) and 36.5% (M).

For RP3, much fewer cones could be classified as M or L (38
out of 338 [11%] analyzed cones). M cones were observed to
have a significant positive relationship between cone ΔOPL
response and OS length (R2 = 35.6%), while L cones showed
no significance. Considering the response of all the analyzed
cones, the Fig. 10F plot for RP3 shows that while most cones
responded weakly, their OS lengths varied more than sevenfold
(4 to 31 μm). Interestingly, the strongest responding cones
(those that could be classified) also had OS lengths that varied
considerably (7 to 29 μm). Furthermore, the cones with the lon-
gest OSs (30 to 31 μm) had responses that were indistinguish-
able from the vast majority of other cones; in fact, we were
unable to spectrally classify them.

In general, our results for the three controls and three RP
subjects suggest that the relationship between cone ΔOPL
response and OS length changes with cone cell health. We
found little correlation between cone ΔOPL response and OS
length in healthy cones (controls), an increased correlation in
cones at patches afflicted with RP (RP1 and RP2), and little
correlation in cones at the one severely diseased patch exam-
ined (RP3). At best, cone OS length appears to be a coarse pre-
dictor of cone ΔOPL response in our results, even among cones
of the same spectral class.

Finally, it is interesting to note the dramatic impact RP has
on the distribution of cone OS lengths as evident in the Fig. 10

Fig. 8. Cone ΔOPL response decreases as disease severity increases with retinal eccentricity in RP2. The cone response to the three LED stimuli is projected
along the first two principal components following the process shown in Fig. 4. The first row is the age-matched control at 2 (A), 4 (B), and 6° (C) retinal eccen-
tricity. (D) All cluster peaks from Control2 overlaid in one plot. Each color corresponds to one location. The second row is RP2 at 2 (E), 4 (F), and 6° (G) retinal
eccentricity and a summary plot of the three previous locations (H). In all plots, solid green marker indicates [0,0] location. Black plus markers are the cluster
positions of the control (Control2) as computed from the kernel density estimate. Open blue markers are cluster positions of RP2, also computed from the ker-
nel density estimate. In H, black plus markers are the average cluster positions for S, M, and L cones of Control2 over the three retinal locations in A, B, and C.
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histograms. For the controls, OS lengths are relatively uniform
and Gaussian distributed. As expected for the RP subjects, OS
lengths are generally shorter than for the age-matched controls.
Unexpectedly, the distribution of OS lengths in the RP subjects
is exceedingly wide, with cones as short as a few microns and
others as long as those in controls. For RP1 and RP2, the distri-
bution is bimodal, with peaks slightly shorter and much shorter
than those in controls. For the most severely diseased patch
examined (RP3), the distribution is unimodal but peaks at a
short OS length of 7 μm. AO-OCT imaging exposes consider-
able variability in cone OS structure caused by this devastating
disease that is missed by clinical OCT imaging.

Attribution of Cone ΔOPL Response. This study takes advantage of
prior work that has established the ΔOPL response as an optical

correlate of cone function (the ability to capture and transduce
photons into visual signals) (22–26, 30–32). A growing consensus
holds that the large increase (up to hundreds of nanometers) in
the cone OPL after photostimulation is attributable to osmotic
swelling, an increase in the cytoplasmic volume of the cone OS,
and triggered by excess osmolytes produced by phototransduction.
Direct evidence of this attribution remains limited (53); if it is cor-
rect, ΔOPL responses are a downstream effect of phototransduc-
tion and are thus likely to be affected by dysfunction at any stage
of the phototransduction cascade occurring within the OS. This
should make ΔOPL responses sensitive to a broad range of dis-
ease mechanisms that afflict photoreceptors, just as is hyperpolari-
zation, the final functional response of the cone. This makes the
ΔOPL response a potentially attractive biomarker for assessing
the impact of disease severity on photoreceptor function.

On the other hand, we do not know how cones’ structural
integrity (which could affect OS biomechanics) might be com-
promised by diseases such as RP. Our ΔOPL response would
probably also capture abnormalities in the OS biomechanical
response to osmotic stress due to the breakdown in structural
integrity. A significant biomechanical effect could complicate
our interpretation of the ΔOPL response and may require dis-
tinguishing changes in phototransduction from changes in OS
biomechanics. Testing this idea would require comparing indi-
vidual cone ΔOPL responses against the same cones’
hyperpolarization-induced electrical responses. While this was
not possible in our study, the use of AO single-cell microperime-
try might help by associating changes in the electrical responses
of individual cone cells to changes in visual perception (11).
Regardless, the results in our study show a clear trend: a
decrease in ΔOPL response with increase in the degree of dis-
ease severity characterized using the TZ from clinical OCTand
supported by clinical perimetry.

Repeatability Error. A cross-sectional study was performed to
determine repeatability of our cone functional measurements.
We divided the 12 videos acquired with each of the three (450,
528, and 637 nm) stimuli in RP1 at 6˚ into two sets (6 videos
each). We mapped the OPL traces of the two sets using PC
analysis, smoothed the 2D distribution of cone responses, and
determined the peak density location of the smoothed distribu-
tion for the M- and L-cone clusters. The difference in the rela-
tive response strengths of the M and L clusters was less than 1
and 3%, respectively, indicating high repeatability (results in SI
Appendix, Fig. S5). Of course, we would expect smaller errors if
all 12 videos had been used.

Therapeutic Applications and Future. The recent explosion in
gene replacement therapy, neuroprotective strategies, stem cell
therapy, and optogenetics for RP and other inherited retinal
degenerative diseases have placed increased demands on rapid
outcomes and improved sensitivity to measure safety and effi-
cacy. For these, our method may be useful in augmenting exist-
ing diagnostics for more precise assessment of the functionality
of remaining retinal cells. For patient screening, this could be
valuable in more precisely determining the extent to which
existing photoreceptors can be rescued and thus the suitability
of the different therapeutic options (7). Similarly, because RP
is a slowly progressing disease, the ability of our method to
measure dysfunctional changes in single cells may be particu-
larly powerful in shortening the time to determine treatment
efficacy. The inward progression of the TZ in RP is about 90 to
300 μm/y depending on mode of inheritance, retinal location,
and study (54–56). OCT is one of the most sensitive clinical
methods to measure progression, providing 95% test–retest
reliability of 74 to 259 μm depending on the study (54–56); this
yields a sensitivity to detect progression of about 6 to 36 mo.
The ability of our method to track changes—now both

Fig. 9. Cones in RP3 are severely compromised except for a small fraction
that respond normally. ΔOPL response in PC space in age-matched control
(Control3) (A) and RP3 at 2° retinal eccentricity (B). The cone response to
the three LED stimuli is projected along the first two PC components. Solid
green marker indicates [0,0] location. Black plus markers are the cluster
positions of the control (Control3) as computed from the kernel density
estimate. While most cones are clustered around [0,0] in B, 10 cones iden-
tified as M (green) and L (red) based on their PC mapping exhibit a strong
response (inside the two dashed boxes), some sufficiently so that they are
indistinguishable from cones in the control. The sides of the boxes closest
to the origin [0,0] are located halfway (50%) between the origin and black
plus markers of the control. Traces are shown of all cones’ ΔOPL responses
to the 528- (C) and 637-nm stimuli (D); histograms of peak responses (aver-
age of ΔOPL from 0.75 to 1.25 s after stimulus) are shown to the right of
each plot. In C, the strong response of the seven M cones (green) is distinct
from the other cones’ responses (gray), confirming the PC analysis results.
Similarly, in D, the strong response of the three L cones (red) is distinct
from the other cones’ responses (gray). (E) These 10 cones were then
mapped back to the AO-OCT en face image and labeled with green (M
cones) and red (L cones) circles. (F) Close-up of a smaller area highlights
three of the strongly responsive cones, two identified as M cones and one
as an L cone. White arrowheads point to bright cones that did not respond
strongly to the stimuli. (Scale bars in E and F, 10 μm.)
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structural and functional—in single cells could make it possible
to detect progression on a much shorter time scale, from 0.4 to
1.1 mo. This sensitivity assumes the ability to detect the loss of
a single-cone cell (of diameter 8 μm) and a typical rate of dis-
ease progression as reported in refs. 54–56.

Even when visual function is restored with gene therapy, the
extent to which cone photoreceptors functionally and structur-
ally recover is often unknown. Several early landmark clinical
trials demonstrated the successful use of a gene augmentation
technique to treat Leber congenital amaurosis, an inherited
blinding disease that afflicts photoreceptors (57–59). This inter-
vention provided at least short-term recovery of visual function
(9), but surprisingly, this was not accompanied by cessation of
structural degeneration of the cone photoreceptors (60). It has
been hypothesized that this structure–function paradox is attrib-
utable to the survival of some healthy photoreceptors in the
treated retina and the degeneration of others that may be in a
preapoptic stress state. Our results in severely diseased patches
support this hypothesis in that we find a small fraction of cones
that still respond normally (see Fig. 9). The application of our
method to treated subjects could directly test this hypothesis.

Furthermore, recent work in gene therapy increasingly
requires measurements at the resolution limit of clinical imag-
ing instruments in order to confirm posttreatment regeneration
of retinal structures. For example, the first in-human gene ther-
apy trial on X-linked RP caused by mutations in RPGR used
clinical OCT to detect the apparent emergence of a new layer
above the retinal pigment epithelium. This layer may represent
regenerating photoreceptor OS, but it could not be identified
as such because of insufficient resolution (61). Our AO-OCT
method, with its much higher resolution and sensitivity, can

provide considerably more detailed information about the sus-
pected regrowth of photoreceptor OSs, including their func-
tional state.

While our study with PS-AO-OCT was confined to changes
in cone photoreceptors in RP subjects, our measurements have
broader significance. PS-AO-OCT and variants of it are being
extended to measure function in other retinal cells, including
retinal pigment epithelium (62), rod photoreceptors (30), reti-
nal ganglion cells (63), and neural connections in the inner
plexiform layer (64). Continued development of the method
raises the exciting possibility of tracking the evolution of cell
dysfunction across the entire thickness of retinas afflicted by
RP and other diseases.

Materials and Methods
Subjects. We recruited three RP subjects whose diagnosis was based on the
clinical appearance of the fundus, patient history, visual fields, and full-field
electroretinogram results. The subjects had a best corrected visual acuity of
20/30 or better and a spherical equivalent refraction no greater than 65 D to
avoid signs of degenerative myopia. RP subjects were excluded if they had evi-
dence of macular pathologies such as macular cysts or epiretinal membranes,
a history of other ocular diseases (such as macular degeneration, diabetic reti-
nopathy, or glaucoma), or clinical OCT images of poor quality. All subjects
required clear ocular media, stable fixation, and a nonsyndromic inheritance
(adRP, arRP, or X-linked RP). For imaging reasons, subjects were selected with
a TZ between healthy and diseased retina that was located within 10° of the
fovea center.

We also recruited three age-matched controls that were imaged at the
same retinal locations as the RP subjects. These controls had no known pathol-
ogy of the visual system and no previous history of clinically significant sys-
temic disease. They had a best corrected visual acuity of at least 20/20 and a
spherical equivalent refraction no greater than 65 D to avoid possible

Fig. 10. Cone OS length is a coarse predictor of cone ΔOPL response, a relationship that varies with severity of the RP disease. The magnitude of each
cone’s response in PC space is plotted against OS length. Cones are classified as S (blue), M (green), L (red), and undetermined (black). The distribution of
cone OS lengths is shown at the top of each plot and color coded by spectral type. Control and RP subjects are in A–C and D–F, respectively. Control1 (A)
and RP1 (D) cones were obtained from 6° retinal eccentricity (SI Appendix, Fig. S4 A and D); Control2 (B) and RP2 (E) cones were obtained from 4° retinal
eccentricity (SI Appendix, Fig. S4 B and E); and Control3 (C) and RP3 (F) cones were obtained from 2° retinal eccentricity (SI Appendix, Fig. S4 C and F).
Black lines are linear regression fits.
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complications due to degenerative myopia. As a second, larger control group,
we pooled the cone responses from 14 healthy subjects that we previously
reported, all at 3.7° retinal eccentricity (32). The 14 excluded 2 subjects that
were also used in this study. Because some of the subjects had color vision
anomalies (3 color normals, 3 deuteranopes, 2 protanopes, and 6 deuteranom-
alous trichromats), we pooled the S cone responses from all 14, the M cone
responses from the 3 normals and 2 protanopes, and the L cone responses
from the 3 normals, 2 deuteranopes, and 6 deuteranomalous trichromats. We
used this group as a normative baseline to compare our three age-matched
controls and three RP subjects.

Procedures. Measurements on the subjects included AO-OCT imaging, OCT
imaging, genetic testing, color vision testing, eye length, and visual sensitivity.
All procedures on the subjects adhered to the tenets of the Declaration of Hel-
sinki and were approved by the Institutional Review Board of Indiana Univer-
sity. Written consent was obtained after the nature and possible risks of the
study were explained. See SI Appendix, SI Materials andMethods.

Experiment Design for AO-OCT Imaging. The subject’s eye was cyclopleged
and dilatedwith tropicamide 0.5% and aligned to the Indiana AO-OCT system
(described in SI Appendix, SI Materials and Methods). AO-OCT volume videos
(0.8° × 1°) were collected at four retinal eccentricities in all subjects: 2, 4, 6,
and 8°, except at those that were too severely diseased to be used in this
study. Depending on severity of the disease, these retinal eccentricities were
located at the healthy central area (if present), at the border between the
healthy area and TZ (if present), and within the TZ. Volumes were acquired at
10 Hz for 5 s; at 2.5 s, a 5-ms flash of visible light was delivered to the retina

using one of the three light-emitting diode (LED) sources (peak energy at 450,
528, and 637 nm).

A total of 12 PS-AO-OCT volume videos were acquired at each location and
each stimulus wavelength (450, 528, and 637 nm), one every 2 min over a
24-min period, in order to improve the signal-to-noise ratio by averaging. A
total of 36 videos were acquired per location. Between videos, there was an
empirically determined 90 s of dark adaption to reduce influence of photopig-
ment bleaching that occurred during preceding videos.

Postprocessing of AO-OCT Volumes. Volumes were reconstructed, dewarped
to correct nonlinearities in the fast-axis scan pattern, and registered to each
other to correct eye motion artifacts. The latter achieved subcellular accuracy
using our custom 3D registration algorithm (65) followed by semi-automatic
identification of cones in the en face image. Registration entailed selecting
one volume as a reference based on good image quality and minimum eye
motion artifact. All volumes collected at the same retinal location were regis-
tered to this reference, regardless of stimulus protocol. Using a common refer-
ence allowed us to compare changes in the same cones under different stimu-
lus conditions. Temporal changes in the OPL of each cone OS were extracted
from the registered AO-OCT volumes using the complex form of the IS/OS and
COST reflections (SI Appendix, SI Materials andMethods).

Data Availability. All study data are included in the article and/or SI Appendix.

ACKNOWLEDGMENTS. We thank William Swanson and Brett King for discus-
sions about RP and HaeWon Jung and William Saunders for assistance with
the experiments. This study was supported by NIH Grant Nos. R01-EY018339
and R01-EY029808.

1. K. Gregory-Evans, M. E. Pennesi, R. G. Weleber, “Retinitis pigmentosa and allied dis-
orders” in Retina, S. J. Ryan, Ed. (Elsevier Inc., ed. 5, 2013), pp. 761–835.

2. C. H. Bunker, E. L. Berson,W. C. Bromley, R. P. Hayes, T. H. Roderick, Prevalence of ret-
initis pigmentosa inMaine.Am. J. Ophthalmol. 97, 357–365 (1984).

3. J. A. Boughman, P. M. Conneally, W. E. Nance, Population genetic studies of retinitis
pigmentosa.Am. J. Hum. Genet. 32, 223–235 (1980).

4. D. S. Narayan, J. P. M. Wood, G. Chidlow, R. J. Casson, A review of the mechanisms of
cone degeneration in retinitis pigmentosa.Acta Ophthalmol. 94, 748–754 (2016).

5. N. Aït-Ali et al., Rod-derived cone viability factor promotes cone survival by stimulat-
ing aerobic glycolysis. Cell 161, 817–832 (2015).

6. C. Punzo, K. Kornacker, C. L. Cepko, Stimulation of the insulin/mTOR pathway delays
cone death in a mouse model of retinitis pigmentosa. Nat. Neurosci. 12, 44–52
(2009).

7. J.-A. Sahel, J. Bennett, B. Roska, Depicting brighter possibilities for treating blind-
ness. Sci. Transl. Med. 11, 1–4 (2019).

8. D. A. Thompson et al., Advancing clinical trials for inherited retinal diseases: Recom-
mendations from the Second Monaciano Symposium. Transl. Vis. Sci. Technol. 9, 2
(2020).

9. S. G. Jacobson et al., Improvement and decline in vision with gene therapy in child-
hood blindness.N. Engl. J. Med. 372, 1920–1926 (2015).

10. M. Menghini, J. Cehajic-Kapetanovic, R. E. MacLaren, Monitoring progression of reti-
nitis pigmentosa: Current recommendations and recent advances. Expert Opin.
Orphan Drugs 8, 67–78 (2020).

11. R. Sabesan, B. P. Schmidt, W. S. Tuten, A. Roorda, The elementary representation of
spatial and color vision in the human retina. Sci. Adv. 2, e1600797 (2016).

12. L. W. Sun et al., Assessing photoreceptor structure in retinitis pigmentosa and usher
syndrome. Invest. Ophthalmol. Vis. Sci. 57, 2428–2442 (2016).

13. K. G. Foote et al., Relationship between foveal cone structure and visual acuity mea-
sured with adaptive optics scanning laser ophthalmoscopy in retinal degeneration.
Invest. Ophthalmol. Vis. Sci. 59, 3385–3393 (2018).

14. J. L. Duncan et al., High-resolution imaging with adaptive optics in patients with
inherited retinal degeneration. Invest. Ophthalmol. Vis. Sci. 48, 3283–3291 (2007).

15. A. Roorda, Y. Zhang, J. L. Duncan, High-resolution in vivo imaging of the RPE mosaic
in eyes with retinal disease. Invest. Ophthalmol. Vis. Sci. 48, 2297–2303 (2007).

16. E. Bensinger et al., Loss of foveal cone structure precedes loss of visual acuity in patients
with rod-cone degeneration. Invest. Ophthalmol. Vis. Sci. 60, 3187–3196 (2019).

17. K. Ratnam, J. Carroll, T. C. Porco, J. L. Duncan, A. Roorda, Relationship between
foveal cone structure and clinical measures of visual function in patients with inher-
ited retinal degenerations. Invest. Ophthalmol. Vis. Sci. 54, 5836–5847 (2013).

18. S. P. Park et al., Early structural anomalies observed by high-resolution imaging in
two related cases of autosomal-dominant retinitis pigmentosa. Ophthalmic Surg.
Lasers Imaging Retina 45, 469–473 (2014).

19. M. J. Gale, S. Feng, H. E. Titus, T. B. Smith, M. E. Pennesi, “Interpretation of flood-
illuminated adaptive optics images in subjects with retinitis pigmentosa” in Retinal
Degenerative Diseases, C. Bowes Rickman et al., Eds. (Advances in Experimental Med-
icine and Biology, Springer International Publishing, 2016), pp. 291–297.

20. K. E. Talcott et al., Longitudinal study of cone photoreceptors during retinal degen-
eration and in response to ciliary neurotrophic factor treatment. Invest. Ophthalmol.
Vis. Sci. 52, 2219–2226 (2011).

21. K. G. Foote et al., Comparing cone structure and function in RHO- and RPGR-
associated retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 61, 42 (2020).

22. R. S. Jonnal, O. P. Kocaoglu, Q. Wang, S. Lee, D. T. Miller, Phase-sensitive imaging of
the outer retina using optical coherence tomography and adaptive optics. Biomed.
Opt. Express 3, 104–124 (2012).

23. D. Hillmann et al., In vivo optical imaging of physiological responses to photostimula-
tion in human photoreceptors. Proc. Natl. Acad. Sci. U.S.A. 113, 13138–13143 (2016).

24. F. Zhang, K. Kurokawa, A. Lassoued, J. A. Crowell, D. T. Miller, Cone photoreceptor
classification in the living human eye from photostimulation-induced phase dynam-
ics. Proc. Natl. Acad. Sci. U.S.A. 116, 7951–7956 (2019).

25. M. Azimipour, J. V. Migacz, R. J. Zawadzki, J. S. Werner, R. S. Jonnal, Functional retinal
imagingusing adaptive optics swept-sourceOCT at 1.6MHz.Optica6, 300–303 (2019).

26. V. P. Pandiyan et al., The optoretinogram reveals the primary steps of phototransduc-
tion in the living human eye. Sci. Adv. 6, 1–12 (2020).

27. J. B. Mulligan, D. I. A. MacLeod, In Search of an Optoretinogram in Vision Science and
Its Applications (Technical Digest Series, Optical Society of America, 1994), vol. 2, pp.
167–170.

28. R. F. Cooper, D. H. Brainard, J. I. W. Morgan, Optoretinography of individual human
cone photoreceptors.Opt. Express 28, 39326–39339 (2020).

29. R. F. Cooper, W. S. Tuten, A. Dubra, D. H. Brainard, J. I. W. Morgan, Non-invasive
assessment of human cone photoreceptor function. Biomed. Opt. Express 8,
5098–5112 (2017).

30. M. Azimipour et al., Optoretinogram: Optical measurement of human cone and rod
photoreceptor responses to light.Opt. Lett. 45, 4658–4661 (2020).

31. M. T. Bernucci et al., Measuring S, M, and L cone sensitivities in the living human eye
using phase-sensitive AO-OCT. Invest. Ophthalmol. Vis. Sci. 62, 52 (2021).

32. F. Zhang et al., Revealing how color vision phenotype and genotypemanifest in indi-
vidual cone cells. Invest. Ophthalmol. Vis. Sci. 62, 8 (2021).

33. R. S. Jonnal et al., In vivo functional imaging of human cone photoreceptors. Opt.
Express 15, 16141–16160 (2007).

34. K. Grieve, A. Roorda, Intrinsic signals from human cone photoreceptors. Invest. Oph-
thalmol. Vis. Sci. 49, 713–719 (2008).

35. G. Staurenghi, S. Sadda, U. Chakravarthy, R. F. Spaide; International Nomenclature
for Optical Coherence Tomography (IN•OCT) Panel, Proposed lexicon for anatomic
landmarks in normal posterior segment spectral-domain optical coherence tomogra-
phy: The IN•OCT consensus.Ophthalmology 121, 1572–1578 (2014).

36. C. A. Curcio et al., Distribution and morphology of human cone photoreceptors
stainedwith anti-blue opsin. J. Comp. Neurol. 312, 610–624 (1991).

37. D. T. Miller, K. Kurokawa, Cellular-scale imaging of transparent retinal structures and
processes using adaptive optics optical coherence tomography. Annu. Rev. Vis. Sci. 6,
115–148 (2020).

38. H. Ripps, Cell death in retinitis pigmentosa: Gap junctions and the ‘bystander’ effect.
Exp. Eye Res. 74, 327–336 (2002).

39. R. S. Roque, A. A. Rosales, L. Jingjing, N. Agarwal, M. R. Al-Ubaidi, Retina-derived
microglial cells inducephotoreceptor cell death in vitro.Brain Res. 836, 110–119 (1999).

40. S. Usui et al., Increased expression of catalase and superoxide dismutase 2 reduces
cone cell death in retinitis pigmentosa.Mol. Ther. 17, 778–786 (2009).

41. K. Komeima, B. S. Rogers, L. Lu, P. A. Campochiaro, Antioxidants reduce cone cell death
in amodel of retinitis pigmentosa. Proc.Natl. Acad. Sci. U.S.A. 103, 11300–11305 (2006).

M
ED

IC
A
L
SC

IE
N
CE

S

Lassoued et al.
Cone photoreceptor dysfunction in retinitis pigmentosa revealed by optoretinography

PNAS j 11 of 12
https://doi.org/10.1073/pnas.2107444118

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107444118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107444118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107444118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107444118/-/DCSupplemental


www.manaraa.com

42. J. Shen et al., Oxidative damage is a potential cause of cone cell death in retinitis pig-
mentosa. J. Cell. Physiol. 203, 457–464 (2005).

43. L. C. Byrne et al., Viral-mediated RdCVF and RdCVFL expression protects cone
and rod photoreceptors in retinal degeneration. J. Clin. Invest. 125, 105–116
(2015).

44. T. L�eveillard et al., Identification and characterization of rod-derived cone viability
factor.Nat. Genet. 36, 755–759 (2004).

45. A. Venkatesh et al., Activated mTORC1 promotes long-term cone survival in retinitis
pigmentosamice. J. Clin. Invest. 125, 1446–1458 (2015).

46. E. B.Miller, P. Zhang, K. Ching, E. N. Pugh Jr., M. E. Burns, In vivo imaging reveals tran-
sient microglia recruitment and functional recovery of photoreceptor signaling after
injury. Proc. Natl. Acad. Sci. U.S.A. 116, 16603–16612 (2019).

47. M. P. Simunovic, Acquired color vision deficiency. Surv. Ophthalmol. 61, 132–155
(2016).

48. W. H. Swanson, D. G. Birch, J. L. Anderson, S-cone function in patients with retinitis
pigmentosa. Invest. Ophthalmol. Vis. Sci. 34, 3045–3055 (1993).

49. D. C. Hood, N. I. Benimoff, V. C. Greenstein, The response range of the blue-cone
pathways: A source of vulnerability to disease. Invest. Ophthalmol. Vis. Sci. 25,
864–867 (1984).

50. Y. Makiyama et al., Macular cone abnormalities in retinitis pigmentosa with pre-
served central vision using adaptive optics scanning laser ophthalmoscopy. PLoS One
8, e79447 (2013).

51. N. Tojo, T. Nakamura, C. Fuchizawa, T. Oiwake, A. Hayashi, Adaptive optics fundus
images of cone photoreceptors in the macula of patients with retinitis pigmentosa.
Clin. Ophthalmol. 7, 203–210 (2013).

52. S. Nakatake et al., Early detection of cone photoreceptor cell loss in retinitis pigmen-
tosa using adaptive optics scanning laser ophthalmoscopy. Graefes Arch. Clin. Exp.
Ophthalmol. 257, 1169–1181 (2019).

53. P. Zhang et al., In vivo optophysiology reveals that G-protein activation triggers
osmotic swelling and increased light scattering of rod photoreceptors. Proc. Natl.
Acad. Sci. U.S.A. 114, E2937–E2946 (2017).

54. D. G. Birch et al., Spectral-domain optical coherence tomography measures of outer
segment layer progression in patients with X-linked retinitis pigmentosa. JAMAOph-
thalmol. 131, 1143–1150 (2013).

55. C. X. Cai, K. G. Locke, R. Ramachandran, D. G. Birch, D. C. Hood, A comparison of pro-
gressive loss of the ellipsoid zone (EZ) band in autosomal dominant and x-linked reti-
nitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 55, 7417–7422 (2014).

56. T. Cabral et al., Retrospective analysis of structural disease progression in retinitis pig-
mentosa utilizingmultimodal imaging. Sci. Rep. 7, 10347 (2017).

57. J.W. B. Bainbridge et al., Effect of gene therapy on visual function in Leber’s congeni-
tal amaurosis.N. Engl. J. Med. 358, 2231–2239 (2008).

58. A. M. Maguire et al., Safety and efficacy of gene transfer for Leber’s congenital
amaurosis.N. Engl. J. Med. 358, 2240–2248 (2008).

59. W.W. Hauswirth et al., Treatment of Leber congenital amaurosis due to RPE65muta-
tions by ocular subretinal injection of adeno-associated virus gene vector: Short-term
results of a phase I trial.Hum. Gene Ther. 19, 979–990 (2008).

60. A. V. Cideciyan et al., Human retinal gene therapy for Leber congenital amaurosis
shows advancing retinal degeneration despite enduring visual improvement. Proc.
Natl. Acad. Sci. U.S.A. 110, E517–E525 (2013).

61. J. Cehajic-Kapetanovic et al., Initial results from a first-in-human gene therapy trial
on X-linked retinitis pigmentosa caused bymutations in RPGR.Nat. Med. 26, 354–359
(2020).

62. Z. Liu, K. Kurokawa, D. X. Hammer, D. T.Miller, In vivomeasurement of organellemotil-
ity in human retinal pigment epithelial cells.Biomed. Opt. Express 10, 4142–4158 (2019).

63. K. Kurokawa, J. A. Crowell, F. Zhang, D. T. Miller, Suite of methods for assessing inner
retinal temporal dynamics across spatial and temporal scales in the living human eye.
Neurophotonics 7, 015013 (2020).

64. C. Pf€affle et al., Simultaneous functional imaging of neuronal and photoreceptor
layers in living human retina.Opt. Lett. 44, 5671–5674 (2019).

65. K. Kurokawa, J. A. Crowell, N. Do, J. J. Lee, D. T. Miller, Multi-reference global regis-
tration of individual A-lines in adaptive optics optical coherence tomography retinal
images. J. Biomed. Opt 26, 016001 (2021).

12 of 12 j PNAS Lassoued et al.
https://doi.org/10.1073/pnas.2107444118 Cone photoreceptor dysfunction in retinitis pigmentosa revealed by optoretinography

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 


