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PURPOSE. Retinitis pigmentosa (RP), the most common inherited retinal disease, is
characterized by progressive photoreceptor degeneration. It remains unknown to what
extent surviving photoreceptors transduce light and support vision in RP. To address this,
we correlated structure and functional measures using adaptive optics scanning laser
ophthalmoscopy (AOSLO), adaptive optics microperimetry, and adaptive optics optical
coherence tomography (AO-OCT)–based optoretinograms (ORGs).

METHODS. Four patients with RP were imaged with AOSLO across the visual field covering
the transition zone (TZ) of normal to diseased retina. Cone density was estimated in
discrete regions spanning the TZ. Visual sensitivity was assessed by measuring increment
thresholds for a 3-arcmin stimulus targeted via active eye tracking in AOSLO. ORGs were
measured at the same locations using AO-OCT to assess the cones’ functional response
to a 528 ± 20-nm stimulus. Individual cone outer segment (COS) lengths were measured
from AO-OCT in each subject.

RESULTS. Cone density was significantly reduced in patients with RP. Density reduction
correlated with TZ location in 3 patients with RP, while a fourth had patches of reduced
density throughout the retina. ORG amplitude was reduced in regions of normal and
reduced cone density in all patients with RP. ORG response and COS length were
positively correlated in controls but not in patients with RP. Despite deficits in cone
density and ORG, visual sensitivity remained comparable to controls in three of four
patients with RP.

CONCLUSIONS. ORG-based measures of retinal dysfunction may precede deficits in cone
structure and visual sensitivity. ORG is a sensitive measure of RP disease status and has
significant potential to provide insight into disease progression and treatment efficacy.

Keywords: optoretinography, adaptive optics, functional imaging, retinitis pigmentosa

Retinitis pigmentosa (RP) refers to a group of clini-
cally similar phenotypes with genetically heterogeneous

causes. The discovery of the first causative gene in 19901 and
subsequent discovery of over 80 causative genes for RP2

have provided further insight into the pathophysiology of
disease. RP is broadly characterized by a gradual loss of rods
resulting in night-vision impairment and progressive periph-
eral visual field loss followed by secondary cone degenera-
tion, leading to severe visual impairment and central vision
loss. The clinical diagnosis of RP currently relies on struc-
tural and functional measures of retinal integrity, includ-
ing clinical ophthalmoscopy, optical coherence tomography
(OCT), visual perimetry, and electroretinography (ERG). One
of the central findings in RP is disruption to the reflective
bands on OCT emanating from the photoreceptors. As visu-

alized by OCT, the transition zone (TZ) is the region of active
photoreceptor degradation that separates a “central island”
of relatively healthy-appearing retina from the more severely
diseased peripheral retina.While the principal biomarkers of
RP in the clinic signal broader regional changes in the retina,
we still lack a detailed understanding of disease status and
photoreceptor function at a cellular level.

Adaptive optics (AO) has enabled probing the struc-
tural features at the cellular level in patients with RP and
those afflicted with other retinal diseases.3 AO-scanning
laser ophthalmoscopy (AOSLO) images of patients with RP
have shown a variety of structural phenotypes depending
on disease severity, including normal-appearing cone mosaic
in the central macula, cones with abnormal waveguiding in
the TZ that appear dysflective (abnormal reflections),4–6 and
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severely disrupted mosaics that extend beyond the TZ. For
the cone mosaic that remains intact, it has been established
that cone density decreases and cell diameter increases in
the TZ of patients with RP.4 Moreover, even when cone
density is reduced by up to 62% below normal controls
near the fovea, visual acuity and sensitivity detected by
current clinical measures remained within normal limits.7

Thus, despite the advances in our ability to discern cone
structure, there is a need to develop tools with the sensitiv-
ity and resolution to assess cone function as well at a cellular
scale in RP.

Cellular-scale measures of cone dysfunction in RP have
been limited in comparison to the AO-based structural
metrics. AO-microperimetry (AOMP) corrects for eye move-
ments in real time by actively tracking the retinal image,
enabling the delivery of visual stimuli to specific cellular
targets, thereby overcoming the limited spatial specificity of
conventional microperimetry.8 In RP, for example, the use of
AOMP has shown that there is a decrease in visual sensitiv-
ity in patients with mutations in the RPGR gene but not in
those with patients with RHO mutation. Clearly, the specific
mutation in RP affects the mechanisms by which disease
manifests in cone structure and function.9

While all perimetric techniques, including AOMP, depend
on subjective feedback, the gold standard for objective func-
tional assessment is ERG. Although a full-field ERG is a
widely used functional test for the diagnosis of RP, its use
is restrictive in monitoring disease progression because of
the lack of spatial resolution. Even multifocal ERGs (mfERG)
have relatively coarse spatial resolution compared to other
functional assays such as macular visual field sensitivity and
microperimetry.10 ERGs measure the composite response of
large numbers of cones (e.g., ∼1.5° of retina in mfERG) and
are not measurable in advanced stages of disease. ERGs lack
the sensitivity to identify local variation in retinal response,
let alone probe retinal function at the level of individual
cells. Moreover, ERG requires subject cooperation with elec-
trode placement and can be challenging in the pediatric
population.

Thus, there is a need for noninvasive retinal imaging that
would provide cellular-scale resolution to assess the struc-
tural and functional state of the retina. Recent advances in
the use of AO-OCT to generate optoretinograms (ORGs)
have made it possible to quantify light-evoked responses in
the retina in an objective manner and at the level of single
cells with exquisite spatiotemporal resolution.11–16 This can
lead to a sensitive and comprehensive assay of cone viabil-
ity in RP. The technology is still relatively nascent in its
application to retinal diseases and has shown promising
early results. Lassoued et al.17 compared AO-OCT–derived
measures of cone density, cone outer segment length (COS),
and ORG as well as clinical measures of visual sensitivity.
They reported ORG responses were reduced in RP, even
in areas of apparently normal cone mosaics, indicating that
ORGs can detect dysfunction that may remain undetectable
with other measures. In another recent study, Gaffney et
al.18 reported subclinical deficits in RP using AOSLO-derived
intensity-based ORGs. To what extent deficits observed in
ORG are correlated with extant measures of cellular struc-
ture and function from AOSLO and AO retinally contingent
microperimetry remains uncharacterized. For future appli-
cability, it is not only important to compare findings across
different instruments and variants of ORG but also against
the more prevalent measures of high-resolution cone struc-
ture such as AOSLO. Our objective was to combine the

cellular-scale imaging tools of AOSLO, AOMP, and ORG in
the same individual patients with RP and to evaluate the
degree of correlation and covariance in these biomarkers.
Correlating the measures enables the assessment of the
sensitivity of these different metrics to disease and addresses
the inherent sources of limitations within each. We hypoth-
esize that ORG is more sensitive to cellular dysfunction than
AOMP and that it can be used to identify cells afflicted by
disease where there are no apparent structural defects. In
combination, these biomarkers that are all acquired via safe
and noninvasive tools will enable creation of a severity score
that can be used for assessing disease progression and the
efficacy of new targeted therapies in the future.

METHODS

Four patients (ages 25–30) clinically diagnosed with RP on
the basis of ophthalmologic exams and family history at
the Karalis Johnson Retina Center, Department of Ophthal-
mology at University of Washington were enrolled in the
study. Research procedures followed the tenets of the Decla-
ration of Helsinki. Age-similar normal controls were also
enrolled in the study. Informed consent was obtained from
all patients, and research protocols were approved by the
institutional review board of the University of Washington
(IRB#STUDY00002923).

Prior to experiments, a drop of 1% tropicamide was
administered to dilate the pupil and arrest accommodation.
RP patient biometrics are outlined in Table 1. The disease
TZ was verified using clinical OCT (Spectralis HRA+OCT
system; Heidelberg Engineering, Vista, CA, USA) according
to previously described methods19 and aligned to the AOSLO
image montage as a reference for subsequent measurements
of cone structure and function. Patients were then imaged
with AOSLO across the four cardinal meridians of the visual
field covering the TZ.

Individual AOSLO confocal reflectance images were
stitched together to form a high-resolution retinal montage
for each patient.20 Regions of interest (ROIs) of size 100 ×
100 μm were selected from the confocal image montage in
locations where circular, unimodal reflections were packed
in a roughly contiguous hexagonal mosaic. Because non-
confocal (also referred to as split detection or phase
contrast) images were unavailable at the time of the study,
we chose the ROIs starting from the first resolvable image
near the fovea until the end of TZ, the point at which
reflections from the inner-outer segment junction (ISOS) are
absent on clinical OCT. Cones were identified using custom
software and manually refined by two independent BJW
graders. If there was more than 10% disparity between the
two BJW graders, a third BJW grader was included for arbi-
tration. The two closest values were then averaged. The same
process was repeated for controls (n = 7). In one patient
(RP039), an AOSLO follow-up was performed using split
detection 32 months after the original study visit. Split detec-
tion procedures were conducted as in Scoles et al.21

TABLE 1. Biometrics of Patients Diagnosed With RP

Subject ID Age Sex Genotype TZ Start TZ End

RP025 25 F Indeterminate 1.3° inferior 3.0° inferior
RP039 28 M IMPDH1 2.5° inferior 5.0° inferior
RP040 29 F RHO 3.4° inferior 4.4° inferior
RP062 30 F SNRNP200 2.6° temporal 4.5° temporal
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Visual sensitivity was assessed in AOSLO by measuring
increment thresholds to a 535 ± 7-nm stimulus presented
for 500 ms against a 4.35-cd/m2 background. AOMP stimuli
were ∼3 arcmin in diameter, approximately 74 times smaller
than the Goldmann III stimulus used in standard perime-
try. Stimuli were targeted to retinal locations using real-time
eye tracking,8 and their intensities were modulated using a
yes/no adaptive staircase procedure guided by the QUEST
algorithm.22 Two interleaved staircases comprising 15 to 20
stimulus presentations converged to a sensitivity threshold,
and repeat measurements were acquired when convergence
was inadequate. In one test location where the stimulus was
not seen due to the severity of the disease (RP025, 6°), sensi-
tivity was assigned a value of 0 dB. Transverse chromatic
aberration was measured between the imaging and stimulus
channels for each experiment. The retinal locations chosen
for microperimetry aligned with the site of cone density and
ORG measurements.

ORGs were measured with line-field spectral domain AO-
OCT to assess cone function.42,43 The change in optical path
length (�OPL) between the cone outer segment tips (COST)
and ISOS reflections in AO-OCT following a bleaching stim-
ulus provided a measure of light-evoked activity in the outer
segment. ORGs were acquired with a 528 ± 20-nm light stim-
ulus, corresponding to a nominal photon density of 1.5 × 107

photons/μm2. Patients were dark adapted for 1 to 3 minutes,
and OCT volumes were acquired for 2.5 seconds at a rate
of 15 volumes/s over a field size of 1.0° × 1.3°. Each OCT
recording comprised 40 volumes, which were repeated 5
to 10 times at each ROI for each subject. AO-OCT image
processing followed conventional techniques and has been
published previously.11,42,43 Briefly, reconstructed AO-OCT
volumes were segmented and registered to yield en face
images of the COST and ISOS layers, from which individual
cones were selected for the extraction of ORGs. For ORGs,
the phase analysis followed Hillmann et al.13 and yielded, as
the final product, the temporal evolution of �OPL in indi-
vidual cone outer segments in response to the stimulus.

COS length was evaluated by identifying the reflections
corresponding to ISOS and COST at subpixel resolution
using a three-dimensional center-of-mass algorithm in 5138
control and 3575 RP cones. The algorithm automatically
identifies ISOS and COST peak reflections based on an
assigned depth range. The automatic procedure was refined
by manual graders for all RP (n = 3575) and a subset
of control (n = 1554/5138) COS lengths. For the manual
procedure, each cone’s A-line reflectance profile was cross-
referenced with the OCT en face image, and cones with
ISOS or COST reflections that could not be verified were
excluded from analysis (rejected cones, n = 5/1554 and
203/3575 for control and RP, respectively). Control COS
lengths differed by less than 1% between automatic and
manual methods. For seven of eight RP subject ROIs, mean
COS lengths differed slightly (2.8%–11%) between methods,
while RP040’s 3-degree ROI differed by 24% due to poorer
image quality. In general, the automatic method tended to
overestimate COS length when compared to the manually
verified method, likely due to confusion of the COST reflec-
tion with the retinal pigmented epithelial layer.

Then, the presence of a correlation was assessed between
�OPL and individual COS lengths. Cones were clustered as
either high or low �OPL for two-way ANOVA and linear
regression comparisons. High and low �OPL thresholds
were set to be 2 standard deviations from the mean of either
the high- or low-response cluster in controls for each eccen-

tricity. High/low �OPL thresholds were 348/172, 338/135,
and 290/115 nm at 1°, 2°, and 3° eccentricity, respectively.

To determine whether cells with low �OPL were
distributed randomly within an ROI, we employed Density
Recovery Profile (DRP)23 and Monte Carlo simulations as
previously described to measure structure in S-cone submo-
saics.24 The DRP measures the average density of a submo-
saic of interest as a function of distance from the points
within that submosaic and plots the result as a histogram.
Monte Carlo simulations are mosaics with the same overall
cone positions as the submosaic population but randomly
distributed within the mosaic. By comparing the measured
DRP to the statistics of Monte Carlo DRPs, bin by bin in a
histogram, it is possible to determine whether the measured
distribution is significantly different from random. At close
distances, a significantly low density of the DRP indicates
that the cones in the submosaic are spaced apart, whereas
a significantly high value indicates clumping. We gener-
ated 100 Monte Carlo simulated variants for every ROI to
assess differences from a random arrangement. DRPs were
computed with a bin width equal to the average nearest-
neighbor distance of the local cone mosaic, such that the
bins reflect the average density of cones approximately
“x” number of cones away from one another. This enables
capturing the degree of structure in the submosaic as it
varies between individuals and eccentricity, unlike the case
where bin widths are expressed in units of angular distance.
A z-score ≥ 0.95 at any bin was used to gauge whether the
measured DRP was significantly different from random.

RESULTS

Retinal Structure in RP: OCT Outer Retinal Bands
and High-Resolution AOSLO

The extent of disease progression was relatively similar
across the four patients with RP, as assessed by the loca-
tion of the TZ in conventional OCT. Mean TZ start was 2.47°
± 0.87°, and mean TZ length was 1.78° ± 0.64° (n = 4).
For three of four patients, the TZ colocalized to cones with
abnormal reflections (dysflective) in the AOSLO confocal
image (Figs. 1B, 1C). In contrast, patient RP039’s TZ aligned
to a normal-appearing cone mosaic, whereas adjacent areas
with intact photoreceptor bands on conventional SD-OCT
scans showed abnormal cone structure in AOSLO (Fig. 1D).

Cone Density in AOSLO

Cone density was significantly reduced compared to controls
in 21 of 41 ROIs across the four patients with RP (P < 0.05)
(Fig. 2A). RP062 had normal densities compared to controls
in the areas within and central to the TZ. RP025 had reduced
density in all locations measured, including central to the TZ.
RP040 had slightly reduced density, including central to the
TZ. While density declined with increasing eccentricity in
three of four patients (and controls), RP039 had dramatically
reduced density near the fovea, yet normal or close to normal
density at greater eccentricities, including in the TZ (see also
Supplementary Fig. S5).

Retinal Function in RP: Visual Sensitivity With AO
Microperimetry

Controls (n = 12) followed an expected eccentricity-
dependent linear decline in sensitivity to 535-nm, 3
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FIGURE 1. RP transition zone and ORG regions of interest. AOSLO montage (top) is aligned to OCT image (bottom) for each participant. Stars
(*) mark the patients’ fovea in AOSLO and OCT images (top and bottom, respectively). Blue box overlays on OCT B-scans represent the sites
where ORG was measured. Gold dashed lines in patients with RP indicate the TZ. (A) Example from control subject AO001 showing normal
cone mosaic in AOSLO and intact photoreceptor bands on OCT. In the RP subject (B, C), arrows 1 and 2 indicate regions of dysflective cones
and retinal pigmented epithelial (RPE) cell mosaic, respectively. In the RP subject (D), arrows 1 and 2 indicate low cone density mosaic and
abnormal reflections, respectively, both coaligned with intact photoreceptor bands on OCT. Arrow 3 indicates normal-appearing mosaic in
the TZ, where reflections from the COST are absent in OCT.

arcmin retinally tracked increment stimuli (Fig. 2B).
Each of the four patients with RP had locations with
significantly reduced sensitivity, albeit with different
patterns.

RP025 had normal sensitivity in areas of reduced cone
density until the far end of the TZ. Thereafter, sensitivity
reduced steadily until the stimulus was eventually not seen
at all at 6°. The test site at 6° corresponded to a retinal loca-
tion without reflections from the external limiting membrane
(ELM) in OCT, consistent with results from a study using
AOMP in macular telangiectasia type II where loss of sensi-
tivity was correlated with lack of reflections in OCT from
ELM but not the photoreceptor layers.25

Whereas RP025 retained normal levels of sensitivity
prior to the TZ and even in areas of reduced density,
RP062 had reduced sensitivity in all locations, including
prior to the TZ and in areas of normal cone density.
We observed a slight but significant decline in sensi-
tivity at 1° (pre-TZ) and 6° (post-TZ) for RP039, with
the remaining sites comparable in sensitivity to controls.
RP040 sensitivity was normal near the fovea and at 1°
but slightly reduced in the TZ. Although the four patients
with RP were at relatively similar stages of disease progres-
sion with respect to TZ onset, there was no clear trend
across patients on the degeneration’s effect on visual
sensitivity.

Retinal Function in RP: Single-Cone
Optoretinograms

In normal controls, ORG responses to a 528-nm stimulus
segregate into two clusters of �OPL, which is predicted
by the differential cone spectral sensitivities to be LM-
cones and S-cones, respectively. Example distributions of
normal ORGs are shown in Supplementary Figure S1. We
found RP ORGs to be degraded and variable to the extent
that it was not possible to clearly distinguish between
the expected two cone clusters as in controls. This poses
the challenge of distinguishing cells with a diminished
response from the expected population of cells, S-cones,
that are minimally responsive to 528 nm light. To quan-
tify �OPL degradation in RP, control �OPLs were first clus-
tered into a low and high �OPL group at each eccen-
tricity using Gaussian mixture model analysis. To quantify
degradation of the ORG signal compared to controls, the
mean of the high �OPL cluster minus two standard devi-
ations was then set as the threshold for defining the high
and low �OPL response subgroups in the patients with RP
(see Methods).

A normalized cumulative histogram helped compare the
distributions between controls and patients with RP. Two
features are noteworthy for comparison. A shallower slope
indicates greater variability (or variance of the distribution),
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FIGURE 2. (A) Cone density in RP. Control values (black open circles) are a running average of 0.35° bins from seven controls. Error bars
are the 95% confidence interval. Each RP data point is from a single confocal image. RP data points outside the control error bars are
significantly different from controls (P < 0.05, 21/41 ROIs). Individual RP TZs are aligned to the x-axis in each patient’s corresponding color
and symbol. (B) Visual sensitivity in RP. Controls’ (n = 12) mean sensitivity values and 95% confidence interval are shown in black open
circles. As expected, sensitivity shows an eccentricity-dependent linear decline (R2 = 0.99). Each RP data point is from an AOMP test for
that patient. Individual RP TZs are aligned to the x-axis in each patient’s corresponding color and symbol. The 0-dB result at 6° eccentricity
in RP025 is offset from the axis for visibility.

FIGURE 3. RP025 ORGs indicate degenerate cone response that increases with disease severity. (A, D) AO-OCT en face projection from
the COST layer where ORG was obtained (1.7° inferior, top; 2.3° inferior, bottom). (B, E) Corresponding cone ORG responses for (A) and
(D), respectively. Each line represents a single-cone ORG response. Histograms in (C) and (F) show the distribution of RP025 cone ORG
responses (red bars; 50-nm bins) overlaid with RP025 (red circles) and mean control (black line) cumulative histograms.

and a leftward shift of the cumulative histogram curve on
the x-axis indicates a lower average �OPL. For simplicity
and comparison, we show the control subject (n = 3) mean
fit overlain in the RP ORG in Figures 3 to 6.

In RP025, ORGs were acquired for two adjacent ROIs
spanning the central TZ boundary and TZ (see Fig. 1, upper
right panel). Both ORG sites overlap regions of signifi-
cantly reduced density and normal visual sensitivity (red



Optoretinography in Retinitis Pigmentosa IOVS | August 2024 | Vol. 65 | No. 10 | Article 45 | 6

FIGURE 4. RP039 ORGs indicate cones with normal response in regions of predominantly degenerate cone responses. (A,D) AO-OCT en face
projection from the COST layer where ORG was obtained (1° inferior, top; 3° inferior, bottom). (B, E) Corresponding cone ORG responses
for (A) and (D), respectively. Each line represents a single-cone ORG response. Histograms in (C) and (F) show the distribution of RP039
cone ORG responses (blue bars; 50-nm bins) overlaid with RP039 (blue circles) and mean control (black line) cumulative histograms.

circles, Fig. 2). ORGs at 1.7° revealed nearly normal distribu-
tion of �OPL, yet with a slight but significant increase above
controls in the number of cells with low �OPL (+5%, P >

0.05, Fig. 3). At TZ location 2.3°, �OPL is further degraded
(+53%, P > 0.005). In both ORG sites, cells with a normal
�OPL are intermingled with those that have a degraded
response. Surprisingly, there is a small population (4.9%) of
cells that showed a negative �OPL.

As shown in Figure 2A, RP039 was found to present an
atypical structural phenotype: dramatically reduced density
near the fovea, yet normal cone density in four of six ROIs
measured in the TZ. ORGs at 1° revealed a slight but signifi-
cant increase in the number of cells with low �OPL (+7.5%,
P < 0.05) in a location with reduced density and slightly
reduced sensitivity (Fig. 2, blue diamonds). However, at 3°
eccentricity, �OPL is dramatically reduced (+88.7%, P <

0.0005), while density is slightly reduced, and visual sensitiv-
ity is comparable to controls. Strikingly, ∼11% of the cones
retained a normal �OPL, even in the context of an overall
severely reduced ORG (Fig. 4).

RP040 ORGs were similar to normal controls at 1°, as
were cone density and visual sensitivity (Fig. 2, yellow trian-
gles). However, in the TZ at 3°, cone density was normal, and
sensitivity was slightly reduced,while the ORG response was
greatly reduced (+86.7% low �OPL cells, P < 0.005, Fig. 5).
Negative �OPLs were also observed in the TZ of RP040.

In RP062, we observed increases in the number of low
�OPL cells at both 1° (+29.3%, P < 0.005) and 2° (+21.6%,
P < 0.005). In normal controls, the 528-nm stimulus segre-
gates the cones into two discrete clusters of �OPL response,
corresponding to L/M- and S-cones. In RP062, however, the
histograms reveal three distinct clusters of �OPL (Fig. 6),

in contrast to the graded distribution of reduced responses
observed in the patients with RP above. The ORGs in
RP062 corresponded to locations of normal (1°) and slightly
reduced (2°) cone density but significantly reduced visual
sensitivity (Fig. 2).

ORG Results Summary

Mean saturated �OPL was reduced in all four patients with
RP compared to controls, and there was a higher propor-
tion of cones with reduced �OPL at increasing eccentricity
(Fig. 7A, P < 0.05). �OPL was likewise more variable in
RP, as evidenced by the significantly greater standard devi-
ation in Figure 7A and shallower slope in the cumulative
histograms (Figs. 3–6). Seven of eight ROIs across the four
patients had a significant increase in the number of cells
with low �OPL compared to controls (P < 0.05, Fig. 7B),
driving the increased variability in mean �OPL reported
in Figure 7A. ROIs central to TZ had fewer low �OPL cells
than those in the TZ in three of four patients with RP, while
RP062 ORGs were similarly reduced in both ROIs central
to the TZ (Fig. 7B). We observed cells with normal �OPLs
in areas with otherwise moderate (RP025 and RP062) and
severe (RP039) deficits in ORG (Figs. 3–5).

Cone Outer Segment Length and Correlation With
�OPL Response

Given that photoreceptor outer segment lengths are known
to shorten as the disease progresses in RP,26 we sought to test
whether a reduction in �OPL is correlated with COS length.
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FIGURE 5. RP040 ORGs indicate cones with normal responses in the healthy zone and degenerate response in TZ. (A, D) AO-OCT en
face projection from the COST layer where ORG was obtained (1° inferior, top; 3° inferior, bottom). (B, E) Corresponding cone ORG
responses for (A) and (D), respectively. Each line represents a single-cone ORG response. Histograms in (C) and (F) show the distribution
of RP040 cone ORG responses (maize bars; 50-nm bins) overlaid with RP039 (maize circles) and mean control (black line) cumulative
histograms.

We tested 5138 control and 3323 RP cones for which ORGs
were obtained. Control COS lengths were 34.2 ± 3.1 μm,
29.3 ± 2.7 μm, and 26.4 ± 2.6 μm for 1°, 2°, and 3° eccen-
tricity. On average across eccentricity, low �OPL cones had
11.2% ± 3.6% shorter COS lengths than high �OPL cones in
controls, purported to be S-cones.27 While the range of RP
COS lengths overlapped with controls (Supplementary Fig.
S3), they were significantly more variable (n = 8/8 ROIs; t-
test, P < 0.05) and shorter (n = 7/8 ROIs; one-way ANOVA,
Games–Howell test, P < 0.0005). COS length was signifi-
cantly longer than controls in one normal-appearing ROI in
RP062 at 1° eccentricity. Within individual ROIs, COS length
and �OPL in the high �OPL group were significantly corre-
lated in controls and in three of four normal-appearing RP
ROIs (R2 = 0.02–0.15, P < 0.05) but not in the TZ of RP
where �OPL was reduced (n = 4/4, P > 0.05, Supplemen-
tary Table S1). Two-way ANOVA and Fisher–Hayter contrasts
between controls and RP revealed a significant interaction
between outer segment (OS) lengths in high and low �OPL
subgroups, driven by the fact that controls had a larger
difference between the two subgroups than patients with
RP (Supplementary Fig. S4). When combined across patients
and eccentricities, �OPL scaled linearly with COS length
in controls (R2 = 0.26, P < 0.05), whereas the relationship
broke down in the RP data (Fig. 8), most likely due to the
drastic increase in variability in both �OPL and COS length.

Spatial Analysis of Low �OPL Cones

To assess whether cones with degraded ORGs are arranged
randomly in the mosaic or tend to neighbor one another, we

calculated DRP statistics (see Methods) on low �OPL cones
in each RP mosaic. In RP025, RP039, and RP040, the spatial
distribution of low �OPL cones was not significantly differ-
ent from random as assessed by comparing their DRP to
Monte Carlo simulations, suggesting that low �OPL cones
did not tend to cluster in the mosaic. However, ROIs at
1° and 2° in RP062 were significantly different (P < 0.05)
from random, indicating a higher likelihood for cells with
degraded ORG to be clumped within one or two cones of
each other at 1° and within a one-cone radius at 2° (Fig. 9).
In comparison, normal controls exhibited a semi-regular
arrangement of the low �OPL cones (i.e., S-cones), where
they were unlikely to be situated within a radius twice the
average distance between cones in that mosaic.

DISCUSSION

The high-resolution, multimodal assessment of retinal struc-
ture and function in RP provides a sensitive and comple-
mentary view of the disease process. Overall, our data
suggest that cone dysfunction in RP as measured by ORG
can precede loss of visual sensitivity, as well as reduction in
cone density and COS length. That this is a cross-sectional
study in a small subset of patients, as opposed to a larger
cohort longitudinal study, precludes a stronger conclusion
on the timing of deterioration of these high-resolution struc-
ture and function phenotypes in RP. Below, we review
the key high-resolution structure–function metrics in RP
obtained from this study in the context of prior literature.
We show the importance of comparing the ORG with more
established measures of disease in the same patients with
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FIGURE 6. RP062 ORGs indicate cones with degenerate responses. (A, D) AO-OCT en face projection from the COST layer where ORG
was obtained (1° temporal, top; 2° temporal, bottom). (B, E) Corresponding cone ORG responses for (A) and (D), respectively. Each line
represents a single-cone ORG response. Histograms in (C) and (F) show the distribution of RP062 cone ORG responses (green bars; 50-nm
bins) overlaid with RP062 (green circles) and mean control (black line) cumulative histograms.

FIGURE 7. ORGs are reduced and more variable in RP. (A) Mean saturated �OPL comparison between control mean (dark gray circles, n =
3) ± 95% CI and individual RP ROIs. RP data points are offset from control for visibility. (B) Percentage of cones with low �OPL compared
between controls (gray bars, ±1 SD, n = 3 patients) and RP ROIs at each eccentricity. Asterisks indicate a significant difference from controls:
*P < 0.05, **P < 0.005, ***P < 0.0005.

RP—COS length, AOSLO cone density, and AOSLO-based
microperimetry. Broadly, in the four RP cases presented
here, we do not find a clear trend between deficits in visual
sensitivity and high-resolution structural measures of cone
density from AOSLO and individual COS lengths in AO-

OCT. Of these, correlations between single COS length and
ORG have been reported once before,17 but our results
were not entirely consistent with this prior report in normal
controls, and we elaborate on the potential reasons for this
discrepancy. ORGs were found to be a sensitive measure of
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FIGURE 8. �OPL scales linearly with COS length in controls but not in RP. COS lengths are grouped by high (purple) and low (gray)
�OPL subgroups in control and patients with RP for all ROIs tested (1°–3° eccentricity). For high and low �OPL subgroups, R2 correlation
coefficients are 0.26 and 0.12 for controls and <0.01 and 0.15 for RP, respectively. Asterisk indicates a significant correlation (ANOVA; P <

0.05). While the low �OPL versus COS length subgroups are statistically significant in both controls and RP, the R2 values suggest only a
weak linear correlation.

FIGURE 9. Cones with reduced �OPL show spatial clustering in RP062. Top row: RP cone mosaics showing spatial distribution of low �OPL
cones (yellow). Left to right, low �OPL cells n = 31/435, <338 nm; n = 222/400, <338 nm; n = 255/930, <348 nm; n = 122/589, <338 nm.
Bottom row: histogram for each mosaic compared to 100 randomly shuffled Monte Carlo simulations (error bars = 95% confidence interval)
to test whether low �OPL cells are distributed randomly in the mosaic. Bin widths are set as the average intercone spacing for all cones
in each mosaic (for A = 1.8, B = 1.8, C = 1.2, and D = 1.6 arcmin). Asterisk indicates bins that are either significantly lower (A) or higher
(C, D) than the 95% confidence interval of the randomly shuffled mosaic. Results of the simulation indicate that low �OPL cells in RP062,
shown in panels (C) and (D), exhibit significant clustering, but those of RP025 are not distinguishable from random (B). The low �OPL
cones, i.e., S-cones, in controls (A) are arranged in a semi-crystalline manner (i.e., significantly spaced apart from each other than would be
expected from a random distribution).

cone dysfunction, as reduced responses were observed in
all patients with RP. While reductions in metrics of struc-
ture and function besides ORG are noted in most patients
with RP, the consistency with which the disease manifests
as a reduction in ORG is overall greater in comparison to
other phenotypes at the same eccentricity. This is evident

in Table 2, showing eccentricities where visual sensitivity
and cone density are comparable to controls, but ORG is
compromised. Even in ROIs with normal cone density (n
= 2/8) and normal visual sensitivity (n = 3/8), ORGs were
reduced significantly compared to controls. The converse
scenario was never observed.
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TABLE 2. Results Comparison of Different Metrics in Patients With RP Compared to Controls

RP Subject RP025 RP039 RP040 RP062

ROI 1.7° inferior 1° inferior 1° inferior 1° temporal
Cone density Reduced* Reduced* Normal Normal
Visual sensitivity Normal Reduced* Normal Reduced*
ORG Low �OPL* Low �OPL* Normal Low �OPL**
COS length Reduced* Reduced* Reduced* Greater*
DRP spacing Random Random Random Clumped*

ROI 2.3° inferior 3° inferior 3° inferior 2° temporal
Cone density Reduced* Reduced* Normal Reduced*
Visual sensitivity Normal Normal Reduced* Reduced*
ORG Low �OPL** Low �OPL*** Low �OPL*** Low �OPL**
COS length Reduced* Reduced* Reduced* Reduced*
DRP spacing Random Random Random Clumped*

Asterisk indicates a significant difference from controls: *P < 0.05, **P < 0.005, ***P < 0.0005.

We observe no correlation between a decrease in visual
sensitivity and either TZ onset or cone density. We find
normal sensitivities in areas with reduced density (e.g.,
RP025), and TZ onset does not predict a drop in sensitiv-
ity (Fig. 2B). However, we also find instances of the oppo-
site scenario, that is, deficits in visual sensitivity occurring
in retinal regions with normal density (e.g., RP062 1° and 4°
eccentricity), indicating that factors other than cone density
and COS length may drive the deficit. While COSs are gener-
ally shorter in patients with RP, we do not find COS length
derived from AO-OCT to be predictive of deficits in visual
sensitivity (Table 2). Foote et al.9 observed that cone spac-
ing z-scores were correlated with OS thickness in patients
with inherited retinal degenerations. Despite the variabil-
ity of sensitivity measures in patients, OS thickness has
been found to be a good predictor of retinal sensitivity.28,29

However, this relationship seems to break down when corre-
lating OS thickness to fundus-guided perimetry in a geneti-
cally heterogeneous group of patients with RP.30 Our results
are consistent with the latter, and the lack of a relationship
between sensitivity and cone density is further attributed
to a small patient cohort in our study. An added limitation
here is the use of confocal as opposed to split-detection
(also referred to as phase-contrast) images to estimate cone
structure metrics, whereby cone density may be underesti-
mated. This is most evident in RP039, where at the fovea
and 1° eccentricity, a confocal image with a sparse cone
mosaic with empty spaces is observed, but visual sensitiv-
ity is normal. The presence of non-waveguiding, albeit func-
tional COS underlying intact inner segments may be a parsi-
monious explanation for this apparently normal visual sensi-
tivity observed in RP039 at closer eccentricities. Although the
split-detection mode of imaging was not available at the time
of the study, the patient was imaged 32 months later with
split detection, showing intact inner segments in areas corre-
sponding to empty non-waveguiding cones in the confocal
image (Supplementary Fig. S5). In macular telangiectasia,25

loss of visual sensitivity measured with AOMP was simi-
larly correlated with the loss of reflectance from the external
limiting membrane in OCT but not with the loss of waveg-
uiding cones in confocal AOSLO.

Consistent with the findings in Lassoued et al.,17 in
areas where cone density is reduced, we consistently see
reductions in ORG, and that trend continues at increas-
ing distances from the fovea into areas of more advanced
disease. The �OPL is more variable in RP than in controls,
and we find cells with a normal ORG response in the pres-

ence of cells with a degraded response. Surprisingly, in the
three locations where we find greater than 50% reductions
in �OPL, visual sensitivity remains normal. To what degree
the two—ORG and visual sensitivity—are correlated mech-
anistically is a topic of future research. In comparing ORG
and visual sensitivity, it is important to note that the ORG is
measured at much higher stimulus light levels. On the other
hand, while still in the photopic regime, the AOMP stimu-
lus is a few orders of magnitude dimmer, although sufficient
to evoke a visual percept representative of the sensitivity of
the visual pathways underlying cones. The ORG response is
suggestive of the functional capacity of the cones vis-à-vis
bleaching, regeneration, and the phototransduction amplifi-
cation cascade.

There are other reasons for the resilience and loss of
visual sensitivity with retinal degenerations besides those
based on structural phenotypes observed in the outer retina
via OCT and AOSLO. For instance, it has been shown that
patients with loss of up to ∼62% of cones still exhibit normal
visual acuity and sensitivity.7 Mechanisms of light adapta-
tion in cones and downstream circuits can maintain visual
sensitivity over a large range of light levels.31 Thus, it can
be expected that the same mechanisms can compensate
for either reductions in photoisomerization rates caused by
abnormal cone waveguiding or defects in the phototrans-
duction cascade caused by specific genetic defects in RP. In
the extreme case, in murine models of retinal degeneration,
it has been shown that cone pathways remain sensitive to
light even in cases of partial cone death32 and when outer
segments are lost to degeneration.33 On the other hand,
increased spontaneous neural activity originating in the
inner retina in advanced RP contributes noise and reduces
visual sensitivity.34 For these reasons, objective assays of
structure and function, such as the ORG, that are spatially
localized to the photoreceptors have advantages over subjec-
tive measures of visual sensitivity for charting the course of
disease progression.35

ORG deficits in RP are not correlated with COS length
when taken as a whole, comparable to the findings of
Lassoued et al.,17 who concluded that cone OS length was
a coarse predictor of �OPL. We find a weak correlation in
the high �OPL groups in three of four patients with RP,
when assessed within an ROI and eccentricity, in compari-
son to the higher correlations found previously. In controls,
�OPL scaled linearly with COS length in the high �OPL
group (∼19 nm �OPL/μm COS length for the stated bleach-
ing level, Fig. 8A), unlike Lassoued et al.,17 in which no corre-
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lation was observed in controls. This inconsistency in corre-
lations between studies is likely attributed to methodologic
differences. Their metric of response strength combined
the amplitude for three different wavelength stimuli using
principal component analysis. The variation in response
strength with cone OS length was then studied separately
for each measured eccentricity and ROI. Here, the satu-
rated �OPL was used as a measure of ORG response for
a single-wavelength stimulus. Also, data were accumulated
from different eccentricities to assay the variation of �OPL
with cone OS length and mirrored the linear correlation
seen across a larger eccentricity range in normal controls
from 0° to 5°.36 Supplementary Table S1 lists the cone OS
length, �OPL, and their correlation for each ROI and eccen-
tricity. The table demonstrates that the correlation in controls
breaks down when analyzed separately for each ROI, simi-
lar to Lassoued et al.,17 owing to the relative uniformity in
outer segment length at a given eccentricity.

The linear relationship between �OPL and COS length is
expected in controls under the hypothesis that the change
in COS length is linked to water movement driven by an
osmotic pressure imbalance caused by the amplified by-
products of phototransduction.16,37 The saturated COS elon-
gation, when interpreted as the OS reaching osmotic equi-
librium, lets one apply Van’t Hoff’s law, where change in
osmotic pressure is related to changes in the volume or
length of the outer segment (assuming the width of the cone
does not change). Given that cone outer segments exhibit an
eccentricity-dependent variation in their length, the longer
foveal COSs are posited to exhibit a larger saturated change
in length (�OPL) than peripheral COS.

One limitation of measuring the cone ORG in RP (or any
photoreceptor degenerative disease) is that the disease tran-
sition zone is defined clinically by a loss of outer retinal
reflections, but the same reflections are required for measur-
ing the cone ORG. Advanced methods may be used to locate
remnant cone structure in the RP transition zone.38 If deficits
in �OPL in RP were explained by COS length alone, a 400-
nm reduction in �OPL would require a 20-μm (or 58%–77%)
reduction in COS length; such a reduction was not observed
(Fig. 8B, Supplementary Table S1). While the greater vari-
ability in �OPL in RP was unexplained by COS length, it
could be partially accounted for by abnormal waveguiding
leading to intercone variability in photoisomerization. It is
well documented that cone waveguiding is variable in retinal
degenerations,4–6 resulting in cones appearing dysflective in
the confocal image and potentially less effective in channel-
ing light into the photoreceptor outer segment. Although
direct cellular measurements of waveguide efficiency and
its effects on photoreceptor function in disease are lack-
ing in RP, results from a psychophysical study have shown
that patients with RP have reduced directional sensitivity
compared to controls, which is attributed to changes in the
alignment of macular cones.39 The magnitude and rate of
�OPL versus time are highly sensitive to bleach strength
due to its large dynamic range16; small misalignments in
the cone waveguide can decrease light capture and cause
the ORG response to decrease and become more variable
across cones. However, the amplification stages of photo-
transduction and mechanisms of light adaptation in cones
can potentially rescue such changes in photoisomerization
rates to maintain visual sensitivity. In such instances, high-
resolution cone structure and visual sensitivity will both
likely be less sensitive to disease progression, especially
early in the disease process, when the OS is affected and

the inner segment (IS) and the nuclei are remnant. Thus,
ORG has significant potential to be a measure of individual
cone waveguiding and structural viability.

RP062 (SNRNP200) presents a distinct phenotype
compared to the other patients with RP. The ORG responses
for RP062 were distributed in three discrete clusters of
�OPL, and cones with a reduced response were more likely
than random to be spatially adjacent. However, deficits
in visual sensitivity were found in retinal regions with
normal and slightly reduced cone density at 1° and 2°
eccentricity, respectively. SNRNP200 mutations belong to
a class of nonsyndromic autosomal dominant RP cases
that are caused by ubiquitously expressed splice factors,
which only affect the retina.40 It remains unknown why
SNRNP200 pathogenicity is specific to the retina, but it
has been proposed that the mutation could cause either
an accumulation of transcript errors that are toxic to the
retina, defects in pre-mRNA splicing caused by high retinal
metabolic demands, and/or SNRNP200 may serve additional
functions in the retina that have yet to be described.41 In
the case of RP062, it is possible that the spatial clustering of
discrete populations of dysfunctional cones could be driven
by factors in the microenvironment that predispose sensitiv-
ity to the mutation, such as susceptibility to splicing errors
and/or metabolic stress.

Overall, the changes in cone structure, as assessed via
cone density and OS length, and changes in cone function,
as assessed via microperimetry, are broadly consistent with
published phenotypes in RP. The addition of ORG provides
a highly sensitive assay of cone function and disease pheno-
types, given how deficits are observed in seemingly normal
areas of OCT and AOSLO. In addition, the ability to recog-
nize a small fraction of healthy cells via ORG, in the presence
of a largely diseased cell population, is important to iden-
tify targets and track their progression specific to the testing
of future therapies. The multimodal evaluation of patients
with RP has great promise for determining the pattern of
disease progression at a photoreceptor level in specific RP
genetic variants, as well as to establish outcome measures
for ongoing and potential therapeutics.
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