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e PURPOSE: To compare cone structure and function be-
tween RPGR- and USH2A-associated retinal degenera-
tion.

* DESIGN: Retrospective, observational, cross-sectional
study.

e METHODS: This multicenter study included 13 eyes
(9 participants) with RPGR-related X-linked retinitis
pigmentosa (RPGR), 15 eyes (10 participants) with
USH2A -related Usher syndrome type 2 (USH2), 16 eyes
(9 participants) with USH2A-related autosomal reces-
sive retinitis pigmentosa (ARRP), and 7 normal eyes (6
participants). Structural measures included cone spacing
and density from adaptive optics scanning laser ophthal-
moscopy and photoreceptor inner segment (IS), outer
segment (OS), and outer nuclear layer (ONL) thickness
from optical coherence tomography (OCT) images. OCT
angiography images were used to study choriocapillaris
flow deficit percent (CCFD). Cone function was assessed
by fundus-guided microperimetry. Measures were com-
pared at designated regions using analysis of variance with
pairwise comparisons among disease groups, adjusted for
disease duration and eccentricity.

e RESULTS: OCT segmentation revealed shorter OS and
IS, with reduced ONL thickness in RPGR compared to
normal (OS: P < .001, IS: P =.001, ONL: P = .005),
USH2 (OS: P = .01, IS: P = .03, ONL: P = .03), or
ARRP (OS: P = .001, ONL: P = .03). Increased cone
spacing was observed in both RPGR (P =.03) and USH2
compared with normal (P = .048). The mean CCFD
in RPGR was greater than in USH2 (P = .02). Mi-
croperimetry demonstrated below-normal regional sensi-
tivity in RPGR (P =.004), USH2 (P =.02), and ARRP
(P = .009), without significant intergroup differences.
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e CONCLUSIONS: Outer retinal structure and chori-
ocapillaris perfusion were more abnormal in RPGR-
than USH2A-related retinal degenerations, whereas
there were no significant differences in below-
normal regional sensitivity between each rod-cone
degeneration associated with in these 2
genes expressed at the photoreceptor-connecting
cilium. (Am ] Ophthalmol 2023;250: 1-11.
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variants

group of inherited retinal disorders associated with

rod, then cone, dysfunction, and degeneration. RP
has a prevalence of approximately 1 in 4000 people world-
wide and may be inherited through autosomal dominant,
autosomal recessive, X-linked recessive, or mitochondrial
patterns.! Mutations of the retinitis pigmentosa GTPase
regulator (RPGR) gene are associated with the majority
of X-linked RP and usually start with night blindness be-
ginning in childhood, although some patients with RPGR-
related retinal degeneration develop cone-rod dystrophy in-
stead of RP.” Mutations in the USH2A gene are the most
common causes of autosomal recessive RP (ARRP) and
Usher syndrome type 2 (USH2) rod-cone degeneration
with congenital hearing loss.’

Despite varied age of onset and rate of degeneration, the
products of both RPGR and USH2A localize to the photore-
ceptor connecting cilia in both rods and cones, and both
play important roles in protein transport between the in-
ner and outer segments.®> The RPGR protein is believed
to regulate entry and retention of soluble proteins within
photoreceptor cilia.* The USH2A protein (usherin) is pos-
tulated to interact with the connecting cilium through its
large extracellular domain to perform structural and signal-
ing functions.’

The relationship between photoreceptor structure and
function in retinal degenerations has been studied,
yet much remains incompletely understood. Structurally,
foveal cone density is lower than normal in both RPGR-
and USH2A-related RP, as measured with adaptive optics
scanning laser ophthalmoscope (AOSLO) imaging.®’ In
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patients with RPGR-related X-linked RP (RPGR), inner
and outer segment lengths on optical coherence tomogra-
phy (OCT) are shorter than normal even early in disease.®’
Functionally, microperimetry has been used to monitor de-
creased sensitivity in both RPGR-" and USH2A-related
retinal degeneration.'”!" Best-corrected visual acuity, full-
field stimulus thresholds, and electroretinogram amplitudes
are reduced to a greater degree in USH2- compared to
USH2A-related ARRP.'*"!! Even after accounting for dif-
ferences in disease duration, visual field sensitivity and total
hill of vision measures are reduced in USH2- compared with
USH2A-related ARRP.!*!!

Although cone structure and function have been shown
to decline in RP associated with mutations in both RPGR
and USH2A,"8 1011 some studies have shown a correla-
tion between cone structure and function in patients with
RPGR, ! whereas others have demonstrated more severely
reduced cone function for a given cone density in patients
with RPGR- compared with RHO-related RP.” Although
RPGR and USH2A are both expressed at the photorecep-
tor connecting cilium, few studies have compared mea-
sures of cone structure and function between these forms
of ciliopathy-related retinal degeneration. Moreover, the
widespread use of OCT angiography enables assessment of
the outer retinal blood supply by visualizing choriocapillaris
flow, but few studies have characterized choriocapillaris flow
in USH2A-related RP" or compared flow between RPGR-
and USH2A-related retinal degenerations.

As of this writing, there are no approved disease-
modifying therapies for RPGR- or USH2A-related retinal
degenerations, but gene-based clinical trials for RP associ-
ated with mutations in each are underway. In RPGR, an
adeno-associated virus gene therapy administered via sub-
retinal injection has shown potential in a dog model,'*!°
and phase 1 clinical trial results have shown safety.'®
In USH2A-related retinal degeneration, RNA antisense
oligonucleotide-induced axonal skipping via intravitreal
injection has similarly shown promise.'”

With interventions on the horizon, understanding the
relationships between degeneration in cone structure and
function will be increasingly important. Any dissociation
between structure and function in these 2 ciliopathies may
signal potential for improvement in function with therapy.
In this study, we sought to better understand differences in
cone degeneration between RPGR- and USH2A-associated
retinal degeneration (USH2 and ARRP) by comparing
cone structure and function through multimodal retinal
imaging.

METHODS

e PARTICIPANTS: This multicenter, observational, cross-

sectional study included participants with RPGR recruited
from a natural history clinical trial (NCT 04926129), par-
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ticipants with USHZ2A-related ARRP, participants with
USH2A-related USH2, and normal control participants.
Informed consent was obtained for all participants. This re-
search was approved prospectively by the Institutional Re-
view Boards of the University of California, San Francisco,
and the Medical College of Wisconsin; was performed in
accordance with the Health Insurance Portability and Ac-
countability Act regulations; and followed the tenets of the
Declaration of Helsinki.

Participants underwent complete dilated ophthalmo-
logic examination, including measurement of refractive er-
ror and best-corrected visual acuity following the Early
Treatment of Diabetic Retinopathy Study protocol.'® Ax-
ial length was measured using partial coherence interfer-
ometry (IOL Master; Carl Zeiss Meditec), and widefield
color and short wavelength autofluorescence fundus pho-
tos (California rg; Optos Inc.) were acquired. Genetic test-
ing was performed through the eyeGENE research consor-
tium'” or next-generation sequencing panel testing through
My Retina Tracker, a research database for patients and
families with inherited retinal diseases (NCT 02435940).

Inclusion criteria for participants consisted of the clini-
cal and genetic diagnosis of RPGR, USH2, or ARRP and
the presence of unambiguous cones at regions of interest
(ROIs) in AOSLO images, where information from differ-
ent imaging modalities was compared. Among the 44 eyes
with disease, 39 were imaged at the University of California,
San Francisco and 5 were imaged at the Medical College of
Wisconsin.

¢ IMAGING PROTOCOLS AND ANALYSIS:

Spectral domain OCT

Horizontal cross-sectional spectral domain OCT scans
(Spectralis; Heidelberg Engineering) extending 15°, 20°, or
30° were acquired on 37 eyes through the fovea, using the
manufacturer’s automated retinal tracking technology with
an average of 100 scans to increase the signal-to-noise ratio.
Cross-sectional OCT images were manually segmented to
measure outer segment (OS), inner segment (IS), and outer
nuclear layer (ONL; including Henle fiber layer) thickness
as previously described.””> 2°** IS thickness was measured
from the external limiting membrane (ELM) to the IS/OS
band, OS thickness was measured from the IS/OS band
to the OS/RPE band, and ONL thickness was measured
from the ELM to the external border of the outer plexiform
layer.””

OCT layers were segmented throughout the horizontal
and vertical scans through the fovea of each eye. The scans
were aligned with the AOSLO confocal montages, and the
location of each ROI was identified on the superimposed
OCT scan. The thickness of each retinal layer at that loca-
tion was derived from the interpolated segmentation within
each eye. In each segmentation, the center of the fovea
was marked and aligned with the foveal center identified
on AOSLO images based on the location of the foveal pit
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on the OCT scans that were precisely aligned using reti-
nal vascular landmarks. The interpolated OCT thickness
measurements from each layer in the segmentation data, at
the center of the region where the cones were measured,
were identified and correlated with all other structural and
functional measures at that location. ROIs were not identi-
fied at fixed eccentricity from the fovea, but rather areas of
identifiable unambiguous cone mosaics on AOSLO. Vari-
able eccentricity was adjusted for in all statistical analyses.

AOSLO images

High-resolution, noninvasive confocal and split-detector
images were acquired on 50 eyes with custom AOSLO
imaging systems as described in previous work.”???® The
University of California, San Francisco, system used 840-
nm light for imaging and tracking the retina and 910-nm
light for wavefront sensing. The light sources were drawn
from a supercontinuum light source (SuperK EXTREME;
NKT Photonics) using a custom fiber-coupling optical sys-
tem. A custom Shack Hartman wavefront sensor generated
wavefront measurements. A 97-actuator continuous mem-
brane deformable mirror was used for aberration correction
(DM97; ALPAO).

Individual AOSLO videos (512 x 496 pixels) cover-
ing a 1.2° x 1.2° retinal field of view were acquired at 30
frames per second. The Medical College of Wisconsin sys-
tem used an 850-nm superluminescent diode as the wave-
front sensing source, a near-infrared reflectance imaging
source between 775 and 790 nm, and acquired images at
16.6 frames per second with a 1° x 1° or 1.5° x 1.5° field
of view.”"?® Each video was converted to a high signal-
to-noise image after correction for eye movements.””>*
Images were assembled into larger montages using cus-
tom software designed to align overlapping locations on
the horizontal meridian (https://github.com/BrainardLab/
AOAutomontaging).’’ AOSLO montages were used to
identify regions of interest (ROIs) within each eye, defined
as areas with identifiable, unambiguous cone mosaics.

Cone spacing and density at each ROl was computed
using custom software (Translational Imaging Innovations,
Hickory, NC) as previously described’” using a density re-
covery profile histogram to identify the mean nearest neigh-
bor distance,’® and the ratio of number of bound Voronoi
cells to the total area of the bound Voronoi cells to define
density.®? Cone spacing was converted to Z score to ac-
count for the relationship between cone spacing and eccen-
tricity based on a normal database of 40 normal participants

aged 18-82 years (mean 33.6 years, SD 13.7 years).

Swept source OCT angiography

Images extending 6 x 6 mm centered on the fovea were
acquired on 46 eyes using a central wavelength of 1060
nm and speed of 100 kHz, with FastTrac motion correc-
tion employed to improve image quality. Using previously
established methods,’®** the en face OCT angiography im-
age (PLEX Elite 9000; Carl Zeiss Meditec, Inc) was divided
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into a grid centered on the fovea and comprised 36 squares,
each extending 2° x 2°. The choriocapillaris flow deficit
was identified from the OCT angiography image of a 15-pum
slab beneath Bruch membrane as pixels with an intensity
that is smaller than 1 SD below the mean intensity calcu-
lated from a normal database.’* The choriocapillaris flow
deficit percentage (CCFD) was then quantified as an area
ratio of the segmented flow deficits in the selected region.
The CCFD for the grid square corresponding to each ROI
in the AOSLO montages was selected for statistical analysis
and comparison.

Fundus-guided microperimetry

Fundus-guided microperimetry (macular integrity assess-
ment [MAIA]; CenterVue, Inc.) was acquired under
mesopic conditions on 35 eyes. Real-time fundus track-
ing of retinal images at 25 frames per second were ob-
tained using a scanning laser ophthalmoscope (SLO) and
centered around the macula using fundus landmarks, stabi-
lized with eye tracking to compensate for eye movements.
Next, to generate a map of MAIA regional sensitivity data
points, 1024 x 1024-pixel Goldmann III stimuli (26 ar-
cmin) within a dynamic range of 0-36 dB were projected
from an 850-nm superluminescent diode for 200 ms at stan-
dard locations separated by 2° across a field ranging from
18° x 18° (Figure 3) to 24° x 24° (Figure 2) field of view
of the macula. The field tested varied because some RPGR
participants were enrolled in a separate natural history study
(NCT 04926129) according to the study protocol used in
that trial. Sensitivities at each of the superimposed ROI
locations were obtained by interpolating the MAIA data
points using the natural neighbor interpolation method
in MATLAB (MathWorks).

Image overlays

Overlays were created to topographically align fundus pho-
tos, OCT, OCT angiography, AOSLO, and microperimetry
using Adobe Illustrator (Adobe Systems, Inc) as shown in
Figure 1. Images were superimposed manually using retinal
vascular landmarks and the optic nerve for guidance. The
structural, functional, and perfusion measures were com-
pared at ROIs where unambiguous cone mosaics were iden-

tified on AOSLO montages.

e STATISTICAL ANALYSIS: Measures of structure (IS thick-
ness, OS thickness, ONL thickness, and cone density),
function (regional sensitivity), and perfusion (CCFD) were
compared at ROIs between RPGR, USH2, ARRP, and nor-
mal eyes. To evaluate relationships between structure and
function, the ratio of regional sensitivity to cone density’
was also calculated for each group and compared across
groups. For all analyses, analysis of variance with pairwise
comparisons were clustered by both eye and participant,
and adjusted for both disease duration and ROI eccentric-
ity, using linear fixed effects regression analyses. Statistical
significance was set at P <.05 for all analyses.
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FIGURE 1. Overlay of retinal imaging modalities used to compare structural, functional, and perfusion measures at designated
regions of interest for an eye with USH2 (40161, left eye). A. Fundus photograph demonstrating optic disc pallor, vascular atten-
uation, and midperipheral bone spicule pigmentation. B. Fundus-guided microperimetry sensitivity map superimposed with colored
dots representing sensitivity noted on color bar. C. Infrared en face fundus image superimposed with corresponding horizontal and
vertical OCT cross sections; green lines indicate scan locations. D. OCT angiography choriocapillaris flow deficit map with 2° x 2°
macular grid superimposed, demonstrating areas of flow deficit in green. E. Adaptive optics scanning laser ophthalmoscopy confo-
cal montage aligned using retinal vascular landmarks; individual cones identified (blue dots) within a selected, magnified region of
interest (red squares). OCT = optical coherence tomography.

The study included 13 eyes (9 participants) with RPGR, 15

eyes (10 participants) with USH2, 16 eyes (9 participants)
RESULTS with ARRP, and 7 normal eyes (6 participants). Mean age
4 SD was 22.1 &£ 8.6 years among RPGR participants, 33.6

e PARTICIPANTS: Participant d hics, clinical char-
articipant CeMOgraphics, clnical chat =+ 16.8 years among USH2 participants, 46.3 &+ 6.5 years

acteristics, and mutation analyses are reported in Table 1.
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TABLE 1. Participant Demographics, Genetic Analyses, and Clinical Characteristics

ID Eye Sex Age, y Genetic Mutation Symptom Duration, y BCVA (decimal)
RPGR 40015 oD M 25 €.2426_2427del 13 0.50
40049 (O] M 26 c.12454+2T7>C 22 0.50
40064 oD M 23 €.1243_1244delAG 8 0.80
(OF] 8 1.25
40080 (O] M 35 c.28+5G>A 25 1.25
40159 oD M 27 €.2442_2445del 1 0.80
40191 oD M 28 €.2426_2427del, p.Glu809GlyfsX25 10 1.00
(O] 10 1.00
40214 oD M 12 Ex5-114/+46, c.356del, p.Leu119TrpfsX14m (hemizygous) 8.5 0.50
(OF] 9 0.50
40215 (O] M 9 €.2168_2171delGAAA, p.Arg723Thrfs*91 9 0.40
40222 oD M 14 €.2630del, p.Glu877Glyfs*212 (hemizygous) 3 0.63
(OF] 3 0.50
USH2 DW_0111 oD F 29 ¢.5877_delT; p.Ser1961Gin fs *6, partial del exons 22-27 29 0.67
KS_0588 oD M 34 €.8682-9A>G splice variant, partial del exons 22-24 unknown 0.80
KS_10084 oD F 28 €.9842G>T; p.Cys3281Phe,c.3584G>T; p.Cys1195Phec.15017C>T; p.Thr5006Met unknown 1.00
JC_10158 0oSs F 36 €.2299delG; p.Glu767Ser fs *21, ¢.5836C>T; p.Arg1946Stop unknown 0.63
40097 oD F 34 €.2299delG, p.Glu767SerfsX21 (homozygous) 22 0.63
(OF] 22 0.63
40157 oD F 19 €.3187_3188del, p.GIn1063Srfs*15 and c.(5298+1_5299-1)_(5572+1_5573-1)del exon 27 19 1.25
(O] 19 1.25
40161 (O] M 66 TAT>TGT, p.Tyr380Cys and 4bp insertion of CAGC starting in codon 306 38 0.63
40204 oD M 15 ¢.1055C>T, p.Thr3521lle and c.4108G>C, p.Val1370Leu 13 1.25
(O] 13 1.25
40207 oD F 58 ¢.10388-2A>G, ¢.8655_(8681+1_8682-1)del (partial exon 43 deletion) 48 0.80

(continued on next page)
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TABLE 1. (continued)

ID Eye Sex Age, y Genetic Mutation Symptom Duration, y BCVA (decimal)

oS 48 0.80

40208 oD M 17 €.9424G>T, p.Gly3142* (pathogenic) and ¢.10465G>A, p.Ala3489Thr, VUS; in cis 1 1.25
(O] 1 1.25

ARRP DH_10161 0oSs F 49 ¢.10073G>A; p.Cys3358Tyr, c.8016G>A; p.Leu2672Leu unknown 1.25
40039 oD M 48 ¢.2276G>T, p.Cys759Phe and ¢.2296T>C, p.Cys766Arg 10 1.25
(O] 10 1.25

40043 oD F 38 €.2296 G>T, p.Cys759Phe and c.del exons 12-16, ¢.(1971+1_1972-1)_(3316+1_3317-1) 18 0.80
(O] 18 0.80

40082 oD M 44 €.8522G>A, p.W2841X and c.11266G>A, p.G3756S 20 0.50
oS 20 0.50

40110 oD F 47 ¢.11156G>A, p.Arg3719His and c.8659dup, p.Tyr2887Leufs*2 21 0.80
40151 oD F 58 ¢.11864G>A, p.Trp3955* and ¢.6835G>C, p.Asp2279His 4 0.50
oS 4 0.50

40162 oD M 48 c.(6325+1_6326-1)_(6657+1_6658-1) del exons 33-34 and c.12575G>A, p.Arg4192His 6 0.80
(O] 6 0.80

40163 oD M 49 ¢.2276G>T, p.Cys759Phe and c.1036A>C, p.N346H 3 1.00
(O] 3 1.25

40180 oD M 36 €.2299del, p.Glu767Serfs*21 and ¢.2276G>T, p.Cys759Phe 3 1.25
oS 3 0.80

Normal 10003 (O] M 52 1.25
40104 (O] M 26 1.25
40154 oS F 23 1.00
40171 0s F 81 1.00
40179 oD F 31 1.00
40201 oD M 66 0.80
(O] 0.80

ARRP = autosomal recessive retinitis pigmentosa, BCVA = best-corrected visual acuity.




FIGURE 2. Representation of multimodal imaging methods compared at a single designated ROI (solid red box) in eyes with ARRP
(upper row; participant 40163 OS) and RPGR (lower row; participant 40191 OD). Fundus photograph with superimposed adaptive
optics scanning laser ophthalmoscopy confocal montage with designated ROI magnified to demonstrate cone density methods in (A)
ARRP (cone density 2833.16 cones/degree?) and (E) RPGR (cone density 3110.52 cones/degree?). Fundus-guided microperimetry
map with magnified 2° by 2° square to demonstrate region sensitivities in (B) ARRP (regional sensitivity 21.76 dB) and (F) RPGR
(regional sensitivity 23.75 dB). OCT en face image superimposed with corresponding horizontal and vertical cross sections and
green lines to indicate scan locations, magnified to demonstrate location for thickness measurements surrounding designated ROI
in (C) ARRP (OS 42.81 pm, IS 29.68 pm, ONL 81.91 pm) and (G) RPGR (OS 22.42 pm, IS 27.81 um, ONL 95.68 um). OCT
angiography CCFD map with 2° x 2° grid demonstrating areas of flow deficit in green and magnified to demonstrate results for
designated ROI in (D) ARRP (CCFD 8.95%) and (H) RPGR (CCFD 29.29%). Note region eccentricity from the fovea of 2.20°
in ARRP and 1.40° in RPGR. ARRP = autosomal recessive retinitis pigmentosa, CCFD = choriocapillaris flow deficit, IS = inner

segment, OCT = optical coherence tomography, ONL = outer nuclear layer, OS = outer segment, ROI = region of interest.

among ARRP participants, and 46.5 + 23.7 years among
normal participants. Mean symptom duration + SD was 9.9
=+ 6.9 years in RPGR eyes, 22.8 £ 15.7 years in USH2 eyes,
and 9.9 £ 7.3 years in ARRP eyes. All of the RPGR partic-
ipants were male, whereas 60% of USH2, 44.4% of ARRP,
and 50% of normal participants were female. Mean best-
corrected visual acuity & SD was 0.74 £ 0.3 among RPGR
eyes, 0.88 4+ 0.3 among ARRP eyes, 0.9 £+ 0.35 among
USH2 eyes, and 1.01 + 0.18 among normal eyes.

e STRUCTURAL MEASURES: Representative methods and
results for each structural and functional measure at a desig-
nated ROI are demonstrated in Figure 2. Boxplot compar-
isons of outcome measures, statistically adjusted for region
eccentricity and disease duration, are shown in Figure 3.
Median and mean + SD for OS thickness (Figure 3 A)
were 22.8 and 21.2 £ 10.7 um in RPGR eyes, 39.0 and
38.4 £+ 10.3 pm in USH2 eyes, and 41.6 and 41.7 + 6.1
pm in ARRP eyes, compared with 38.8 and 38.8 & 4.5 um
in normal eyes. Mean OS thickness was lower in RPGR (P
< .001) and USH2 eyes (P = .037) compared with normal
eyes. Mean OS thickness was lower in RPGR than USH2
(P = .015) and ARRP eyes (P = .0014).

Median and mean + SD for IS thickness (Figure 3, B)
were 29.8 and 27.9 &+ 7.9 um in RPGR eyes, 36.2 and 36.0
+ 4.0 um in USH2 eyes, and 31.8 and 32.5 & 3.2 um in
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ARRP eyes, compared with 33.9 and 34.2 + 3.0 pm in nor-
mal eyes. Mean IS thickness was lower in RPGR than nor-
mal (P = .0011) and USH2 eyes (P = .029). Median and
mean =+ SD for ONL thickness (Figure 3, C) were 100.0
and 100.6 & 18.7 um in RPGR eyes, 125.2 and 125.7 +
13.9 um in USH2 eyes, and 118.3 and 120.3 #+ 13.1 um in
ARRP eyes, compared with 118.3 and 116.6 + 9.2 pm in
normal eyes. Mean ONL thickness was lower in RPGR than
normal (P = .0054), USH2 (P = .025), and ARRP eyes
(P=.027).

Median and mean + SD for cone spacing Z score
(Figure 3, D) were 2.0 and 2.6 4 3.2 in RPGR eyes, 1.1 and
2.0 £ 2.7 in USH2 eyes, and 1.0 and 1.3 &+ 1.8 in ARRP
eyes, compared with 0.4 and 0.5 £ 1.2 in normal eyes.
Mean cone spacing Z score was significantly greater in both
RPGR (P = .025) and USH2 eyes (P = .048) compared
with normal eyes. Median and mean =+ SD for cone density
(Figure 3, E) were 1664.3 and 1864.9 + 832.4 cones/degree”
in RPGR eyes, 1689.1 and 1958.4 + 912.1 cones/degree? in
USH?2 eyes, and 2056.1 and 2271.5 + 889.4 cones/degree?
in ARRP eyes, compared with 1863.3 and 2189.1 4 1044.3
cones/degree’ in normal eyes. Mean cone density was re-
duced in both RPGR (P = .01) and USH2 eyes (P = .012)
compared with normal eyes. No significant differences were
found in cone spacing Z score (P = .24) or cone density
(P = .36) between disease groups.
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FIGURE 3. Boxplots represent comparisons between structural and functional markers in RPGR, USH2, ARRP, and normal eyes,
adjusted for disease duration and region eccentricity. Comparisons in (A-C) outer retinal layer thickness demonstrate thin OS, IS,
and ONL thickness in RPGR. Comparisons in (D) cone spacing Z score and (E) cone density demonstrate cone loss in RPGR
and USH2. Comparisons in (F) mean CCFD show greater flow deficit in RPGR than USH2. Comparisons in (G) mean regional
sensitivity demonstrate reduction from normal across all groups, whereas (H) sensitivity per cone (sensitivity to cone density ratio)
remains similar to normal in each group. Asterisks represent statistical significance (P < .05). ARRP = autosomal recessive retinitis
pigmentosa, CCFD = choriocapillaris flow deficit percent, IS = inner segment, N = number of eyes, n = number of regions of

interest, ONL = outer nuclear layer, OS = outer segment.

Median and mean & SD for CCFD (Figure 3, F) were
12.1% and 15.1% == 8.4% in RPGR eyes, 5.2% and 6.4% =+
3.8% in USH2 eyes, and 8.8% and 8.8% =+ 3.5% in ARRP
eyes, compared to 8.9 and 9.6 + 3.1% in normal eyes.
There were no significant differences in CCFD between
disease groups and normal eyes (RPGR-normal: P = .16;
USH2-normal P = .45; RP-normal P = .89). Within dis-
ease groups, mean CCFD was greater in RPGR than USH2
(P =.019).

» FUNCTIONAL MEASURES: Median and mean £ SD for
regional sensitivity (Figure 3, G) were 22.2 and 21.0 +
4.9 dB in RPGR eyes, 23.4 and 22.6 + 3.2 dB in USH2
eyes, and 21.7 and 22.3 £ 3.1 dB in ARRP eyes, compared
with 28.2 and 27.7 & 2.2 dB in normal eyes. Compared
with normal eyes, mean regional sensitivity was reduced
in eyes with RPGR (P < .001), USH2 (P = .017), and
ARRP (P = .0091). No significant differences were found
in regional sensitivity between disease groups (P = .31).
Median and mean =+ SD for regional sensitivity to cone
density ratio (Figure 3, H) were 0.012 and 0.013 4 0.005
dB/cones/degree’ in RPGR eyes, 0.014 and 0.015 =+ 0.005
dB/cones/degree? in USH2 eyes, and 0.010 and 0.011 +
0.004 dB/cones/degree’ in ARRP eyes, compared with
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0.015 and 0.015 + 0.005 dB/cones/degree’ in normal
eyes. There were no significant differences between disease
groups and normal eyes (RPGR-normal P = .79; USH2-
normal P = .13; ARRP-normal P = .47), nor between dis-
ease groups (P = .28).

DISCUSSION

The relationship between cone structure and function was
characterized in this study comparing RPGR- and USH2A-
related retinal degenerations, each arising from gene prod-
ucts expressed at the photoreceptor connecting cilium and
resulting in rod-cone degeneration. Significant differences
in outer retinal layer thickness and CCFD without dif-
ferences in regional sensitivity reveal relative alterations
in cone structure, but not function, between RPGR- and
USH2A-related retinal degenerations. Among USHZ2A-
related retinal degenerations, USH2 and ARRP exhibited
similar levels of cone structural, functional, and vascular al-
teration. These results reflect a similar impact from variants

of their shared pathogenic gene, USH2A.
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The participants with RPGR demonstrated more severe
disease than USH2A-related retinal degeneration in sev-
eral key cone structural measures. Outer retinal layer thick-
ness, in particular OS thickness, was significantly reduced
in RPGR compared with each of the 3 comparison groups
(Figure 3, A). These results suggest that OS shortening,
a finding also observed in prior work,” is a key feature of
RPGR degeneration. OS thickness therefore may be an im-
portant structural efficacy outcome measure in retinal gene
therapy trials for RPGR and may account for the reduced
sensitivity observed in patients with RPGR-related retinal
degeneration. RPGR eyes also exhibited a greater degree
of choriocapillaris abnormality than USH2A-related reti-
nal degeneration, specifically USH2. Greater CCFD, sug-
gesting a reduced choriocapillaris perfusion, was found in
RPGR than USH2 (Figure 3, F).

Participants with RPGR- and USH2A-related retinal de-
generations each exhibited abnormal macular function. Re-
gional sensitivity was significantly reduced compared with
normal in all disease groups, with no significant differ-
ences found between groups in RPGR, USH2, and ARRP
(Figure 3, G), despite shorter OS, IS, and ONL layer thick-
ness in the RPGR patients (Figure 3, A-C). Accounting for
disease duration, decreased cone function may be a shared
feature among these ciliopathies.

The findings in this study unveil possible discrepancies
between structure and function in these retinal degener-
ations. The differences in outer retinal layer thickness,
but not regional sensitivity, between RPGR- and USH2A-
related retinal degenerations may represent one such dis-
connect. Prior work has suggested discrepancies in structure
and function in RPGR in comparison with other forms of
RP using a sensitivity to cone density ratio.” We found no
significant differences between groups in the regional sen-
sitivity to cone density ratio. We propose that this discrep-
ancy from prior work” may be best explained by the greater
spectrum of disease severity within the current study of a
larger number of patients and eyes.

Eyes with RPGR-related RP in the current study had
shorter duration of disease and greater OS thickness than
in the prior article, and the results of the current work sug-
gest the prior finding of reduced sensitivity to cone density
likely resulted from shorter OS per cone in the RPGR pa-
tients in that work. Phototransduction occurs in the OS,
and prior studies have correlated visual function with ONL
and OS thickness in patients with RP.*’ We reported re-
duced sensitivity per cone in the prior work, in which mean
OS thickness was lower and duration of disease was greater
in patients with RPGR-related RP than in the current study.
In the present study, we observed decreased density of cones
overall in RPGR, with preserved function per cone, as com-
pared to USH2A-related degenerations.

This relative preservation of function in the setting of
severe structural abnormalities in RPGR stands in con-
trast to the greater preservation of structure in the setting
of abnormal cone function in USH2A-related retinal de-
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generations. This may indicate that cone function is rela-
tively preserved even in RPGR eyes with greater structural
abnormality, and that clinical measures of cone function
may be less sensitive indicators of disease progression than
structural measures. Similar redundancy of visual function
has been reported in other studies using visual acuity’’>*®
and microperimetry’ in other patients with rod-cone
degeneration.

This study carries several important strengths and limita-
tions. This is the first study to compare structure and func-
tion of RPGR- and USH2A-related retinal degenerations.
In doing so, this study demonstrates several key quantifiable
similarities and differences among retinal degenerations as-
sociated with mutations in genes expressed at the photore-
ceptor connecting cilia. RPGR carries an earlier age of on-
set than USH2 or ARRP, and patients in the study with
RPGR were notably younger than the other groups.

To account for this, and its impact on disease duration
specifically, we adjusted all statistical analyses for disease
duration based on the patient’s report of first symptom on-
set. We also considered further correlating visual acuity
with structural outcome measures for ROIs within 0.5° of
the fovea. However, these were too few for meaningful sta-
tistical comparison, particularly in normal eyes, in which
foveal cones are not readily visualized.

Other limitations of this study include the small numbers
of participants in each group, in keeping with low preva-
lence of disease. It should also be noted that among the eyes
from Medical College of Wisconsin, imaging was limited
to AOSLO and 4 eyes were of unknown disease duration
(KS_0588,KS_10084,JC_10158 and DH_10161; Table 1).
Moreover, all imaging was acquired at a single point in time
for each eye in this cross-sectional study, so we are unable to
comment on disease progression of the structural and func-
tional outcome measures in this study.

Lastly, we note the inherent limitations of existing
imaging methods. In particular, MAIA fundus-guided mi-
croperimetry does not carry the precision of AOSLO in tar-
geting function of specific cones. As such, we cannot claim
with certainty that RPGR, USH2, and ARRP demonstrate
the same functional abnormalities, but rather that these de-
generations demonstrate nonsignificant differences in re-
gional sensitivity using our methods. Importantly, we chose
to use MAIA fundus-guided microperimetry as it is one of
the most widely used metrics for extrafoveal macular func-
tion.

In summary, compared with USH2A-related retinal de-
generation, eyes with RPGR demonstrated a greater re-
duction in outer retinal layer thickness (most prominently
OS thickness) and choriocapillaris perfusion (reflected by
greater CCFD), whereas regional sensitivity was reduced
among all disease groups. Comparing disease groups, RPGR
demonstrated relative preservation of function in the set-
ting of more severe structural degeneration, suggesting that
reduced cone function results from loss of cones rather than
dysfunction of remaining cones in eyes with RPGR- and
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USH2A-related rod-cone degeneration. An understanding their relationships may be important for future retinal gene
of these functional and structural outcome measures and | therapy trials involving these forms of retinal degeneration.
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