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Objective: To improve the understanding of the natural disease progression of retinitis pigmentosa GTPase
regulator (RPGR)-associated X-linked retinitis pigmentosa (XLRP).

Design: A multicenter, prospective, observational natural history study over 24 months.
Participants: Male participants aged �7 years with a pathogenic variant in the RPGR gene, a best-corrected

visual acuity (BCVA) score of �34 ETDRS letters, and a mean 68-loci retinal sensitivity (assessed by micro-
perimetry) of 0.1 to 20 decibels (dB).

Methods: Participants were divided into subgroups based on their BCVA score at baseline: 34 to 73 (lower
BCVA) or �74 (higher BCVA) ETDRS letters. There were 7 visits over 24 months.

Main Outcome Measures: Change from baseline in BCVA, retinal sensitivity, low luminance visual acuity
(LLVA), fixation stability, contrast sensitivity, visual field, anatomical measures, 25-item Visual Function Ques-
tionnaire (VFQ-25), intraocular pressure, and adverse events (AEs).

Results: Overall, 201 participants were included. The mean (standard deviation [SD]) age was 30.3 (11.9)
years in the lower BCVA subgroup (n ¼ 170) and 27.7 (10.1) years in the higher BCVA subgroup (n ¼ 31). The
study eye baseline mean (SD) BCVA scores were 59.4 (10.30) and 77.3 (3.95) in the lower and higher BCVA
subgroups, respectively; the lower BCVA subgroup had lower retinal sensitivity in the study eye at baseline than
the higher BCVA subgroup. Over 24 months, there were small observed changes in BCVA, retinal sensitivity,
LLVA, fixation, contrast sensitivity, and fundus photography findings. There were observed mean (SD) changes at
24 months in the lower and higher BCVA subgroups of �1.01 (4.67) and 0.03 (5.83) dB-steradians in the volume of
full-field hill of vision, �330.6 (869.51) and �122.7 (22.01) mm in distance from foveal center to the nearest border
of preserved fundus autofluorescence, �104.3 (277.80) and �207.1 (171.01) mm in central ellipsoid width,
and �2.8 (9.7) and �0.6 (7.6) in VFQ-25 composite score, respectively. There was 1 death from completed
suicide. There were no ocular serious adverse events, and most AEs were mild/moderate.

Conclusions: This study provides evidence of the slow natural progression of XLRP over 24 months in both
subgroups and provides important functional, anatomical, and safety data.
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X-linked retinitis pigmentosa (XLRP) is one of the most
common and severe forms of retinitis pigmentosa (RP), a
rare inherited disease distinguished by severe degeneration
of rod and cone photoreceptors, leading to night blindness in
childhood or adolescence that develops into central vision
loss and legal blindness by the fourth decade.1e5 X-linked
ª 2024 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
retinitis pigmentosa predominantly affects males with a
prevalence of 3.4 to 4.4 per 100 000 males; however, female
carriers can present with a wide phenotypic spectrum of
XLRP owing to X chromosome inactivation.6e8 Over 70%
of XLRP cases are caused by mutations in the retinitis
pigmentosa GTPase regulator (RPGR) gene.6 The RPGR
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gene (OMIM.org 312610) is located on the short arm of the
X chromosome and is alternatively spliced into 19 different
exons.6,9 RPGRORF15 is a major RPGR isoform expressed
only in the connecting cilia of rod and cone cells.6

Glutamylation of RPGRORF15 has been shown to be
important in cargo trafficking to maintain the high
metabolic rate of photoreceptors, and pathogenic variants
leading to a lack of glutamylation may compromise the
function of RPGRORF15.6,10 As the RPGRORF15 transcript
is purine-rich and highly repetitive, it is highly susceptible
to pathogenic variants and aberrant translation, which can
lead to either a rodecone phenotype or a cone/cone‒rod
phenotype of retinal degeneration.6,10,11

At present, there is no approved treatment for XLRP,12,13

and there is a substantial unmet need for new and effective
therapies designed to halt or reduce disease progression.
Gene therapies are newly emerging approaches to XLRP
treatment and aim to prevent progression by targeting the
primary genetic defect in the retina using minimally
invasive procedures.3,6 To date, there are 4 investigational
gene therapies for XLRP in clinical development, 1 of
which (BIIB112) has published results.12 The XIRIUS
study (NCT03116113) assessed the efficacy and safety of
a subretinal injection of BIIB112 gene therapy after
vitrectomy in participants with XLRP.12,14 At 6-month
follow-up, there were early improvements in visual field
for 6 of 18 patients, with no significant safety concerns.12,15

Despite these findings, the primary end point of a �7-
decibel (dB) improvement from baseline at �5 of the 16
central loci assessed by microperimetry (MP) was not met,
although a statistically significant improvement in mean
MP of treated eyes was seen.14 The suitability of MP as
an outcome measure in clinical trials has been questioned
given the high rate of variability between patients, the
skewing of data,16 and because the current thresholds are
based on glaucoma studies and not validated in inherited
retinal diseases.13 Furthermore, perimetric techniques with
white adapting backgrounds may not be suitable for
patients with shifts in the threshold versus intensity
function, so-called d1 mechanism sensitivity loss, at fixa-
tion.17,18 These findings highlight the need to further
understand the natural history of XLRP and investigate
better outcome measures that are likely to worsen
significantly over typical clinical trial durations.

XOLARIS was a prospective, observational, 24-month
study of participants with genetically confirmed RPGR-
associated XLRP. The study aimed to gain a better under-
standing of disease progression over time to inform future
interventional study design, including patient population,
duration, and appropriate end points for determining efficacy.
Methods

Study Design

This was a multicenter, prospective, observational natural history
study (NCT04926129) conducted between September 29, 2017,
and December 16, 2022.19 The study consisted of a prescreening
period, a baseline screening/enrollment period (visit 1), and 6
follow-up visits over 24 months: visit 2 (month 3 � 14 days),
2

visit 3 (month 6 � 14 days), visit 4 (month 9 � 14 days), visit 5
(month 12 � 14 days), visit 6 (month 18 � 14 days), and visit 7
(month 24 � 14 days) (Fig S1; available at https://
www.ophthalmologyscience.org/). In the event of participant
withdrawal before visit 7, an early termination visit was conducted.

Participant Eligibility

Approximately 300 participants were planned to be enrolled in the
study, including up to 20 female participants. Recruitment into the
study was limited by participant availability, owing to the rarity of
the disease and the impact of the coronavirus disease 2019
(COVID-19) pandemic. Participants enrolled in this study were
able to withdraw to participate in any interventional study,
including those sponsored by Biogen/NightstaRx, at any time
during the 24-month observational period. In the final version of
the protocol (Version 5), participants eligible for inclusion in the
study were male or female and aged �7 years, with documentation
of a pathogenic variant in the RPGR gene (including exon 1e14
and ORF15 mutations), a best-corrected visual acuity (BCVA)
score in at least 1 eye of �34 ETDRS letters (equivalent to Snellen
6/60 or 20/200), and a mean retinal sensitivity in the eligible eye,
as assessed by 68-loci MP, ranging from �0.1 dB to �20 dB in
males, or �0.1 dB to �25 dB in females. Version 1 of the protocol
did not include the mean retinal sensitivity inclusion criterion,
which was added in Versions 2e4. Participants enrolled under
Version 1 of the protocol remained eligible for continuation in the
study, irrespective of their baseline total retinal sensitivity in the
study eye. Furthermore, Protocol Version 5 added the ability to
enroll up to 20 female participants who had symptomatic disease
with impairment of visual function of the typical male phenotype.

For the BCVA examination, if both eyes met the eligibility
criteria for the study, the eye with the worse BCVA score was the
study eye, and the other was considered the fellow eye. If both eyes
had the same BCVA score, the right eye was designated the study
eye. No interventional treatment was administered as part of the
study; however, participants may have been prescribed any
concomitant medications, procedures, or treatments deemed neces-
sary by their treating physician. Key exclusion criteria for the study
included a history of amblyopia or inflammatory disorder in the
eligible eye, or any other significant ocular or nonocular condition
that could put the participant at risk in the study. Participants must
not have taken part in a research study involving an investigational
product in the past 12 weeks or received a gene- or cell-based
therapy previously. Eligible participants were categorized into 2
subgroups based on the highest ETDRS BCVA score of the study
eye at screening/baseline: lower BCVA (BCVA 34e73 ETDRS
letters; equivalent to Snellen 6/12e6/60 or 20/40e20/200) or higher
BCVA (BCVA�74 ETDRS letters; equivalent to Snellen 6/9 or 20/
32) (Fig S1; available at https://www.ophthalmologyscience.org/).

This study was conducted in line with the appropriate laws,
regulations, Good Epidemiological Practice guidelines, and the
relevant articles of the Declaration of Helsinki. The protocol,
informed consent and assent forms, participant information sheet,
and any proposed advertising materials were submitted to the
appropriate independent ethics committee/institutional review
board and host institutions for written approval. All participants, or
legal guardians for participants aged 7e13 years, provided written
informed consent to take part in this study.

Primary and Secondary End Points

The primary end points analyzed during the XOLARIS observa-
tional study were the change from baseline in BCVA (ETDRS)
over time and the change from baseline in retinal sensitivity
assessed by MP over time. The functional secondary end points
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were low luminance visual acuity (LLVA), MP readings (other
than the change in retinal sensitivity), contrast sensitivity (Pel-
lieRobson contrast sensitivity chart) over time, visual field, and
the multiluminance mobility test. Multiluminance mobility test
assessments were added to the study in Version 4 of the protocol.
Anatomical secondary and exploratory outcomes included fundus
autofluorescence (FAF) readings, fundus photography readings,
spectral domain OCT (SD-OCT) based outcome measures, and, at
a single site (University of California, San Francisco), adaptive
optics-scanning laser ophthalmoscopy. Microperimetry readings,
visual field, FAF readings, fundus photography readings, and SD-
OCT were assessed by the central reading center. Functional
questionnaires used were the 25-item Visual Function Question-
naire (VFQ-25), the RP-specific patient-reported outcome (PRO),
the EuroQol 5-dimension 5-level (EQ-5D-5L) instrument, and
Health Utilities Index Mark 3 (HUI3). The RP-specific PRO, EQ-
5D-5L, and HUI3 questionnaires were added to the study at
Version 5 of the protocol, and the EQ-5D-5L and HUI3 ques-
tionnaires were age-appropriate.

Safety analyses included change from baseline in intraocular
pressure, slit lamp examination, dilated ophthalmoscopy, lens
opacity grades (Lens Opacities Classification System III), and
adverse events (AEs). Serious adverse events (SAEs) were defined
as any medical occurrence that resulted in death, threat to life,
hospitalization or prolonging of existing hospitalization, persistent
or significant disability/incapacity, a congenital anomaly/birth
defect, vision loss/threat to vision, or other medical events deemed
to be important by the investigator.

Statistical Methods

Analyses were performed on all participants enrolled (participants
who signed the informed consent form, met the inclusion criteria,
and attended at least 1 study visit with at least 1 reported assess-
ment). Participants who completed the study were defined as those
who completed the month 24 assessments. Data were stored in an
encrypted electronic data capture system and analyzed using SAS
version 9.4 (SAS Institute Inc.). No formal hypothesis testing,
statistical comparison, or sample size calculations were performed,
given the noninterventional nature of the study. Continuous vari-
ables were summarized with descriptive statistics. Categorical
variables, including binary variables, were summarized by counts
and percentages. All analyses were performed using the ‘observed
case’ method, and baseline values were defined as those recorded
at visit 1, unless specified otherwise. Microperimetry was assessed
in triplicate at baseline, and the final value was used. All analyses
were based on the study eye, unless stated otherwise. Interocular
symmetry for continuous end points was evaluated at selected
visits by fitting an orthogonal (Deming) regression model on both
eyes (with the fellow eye as the independent variable and the study
eye as the dependent variable), and by calculating the intraclass
correlation coefficient (ICC) using a 2-way mixed-effects model
with measure of absolute agreement. Intraclass correlation coeffi-
cient values of <0.5 indicate poor reliability, 0.5 to 0.75 suggest
moderate reliability, >0.75 to 0.9 show good reliability, and >0.9
demonstrate excellent reliability.20

Results

Participant Disposition and Baseline
Characteristics

A total of 221 participants were screened, of whom 201 were
enrolled across 21 centers globally (Fig S2; available at
https://www.ophthalmologyscience.org/). Owing to changes
in the clinical development strategy, study enrollment was
halted on November 9, 2021, and follow-up continued
through the remaining visits for all enrolled participants.
Consequently, the study did not meet the planned sample size
of 300 participants, and no female participants were enrolled
between the Version 5 protocol update on February 5, 2021,
and the end of the study. A total of 145 (72%) participants
completed the study to month 24 (Fig S2; available at https://
www.ophthalmologyscience.org/). Of participants who
withdrew from the study (56/201; 28%), reasons for
discontinuation were death (1/56; 2%), withdrawal by
participant (13/56; 23%), loss to follow-up (13/56; 23%),
physician decision (1/56; 2%), significant noncompliance (1/
56; 2%), and other reasons (27/56; 48%) including 22 par-
ticipants who exited XOLARIS early to join a different study,
14 of whom entered XIRIUS, the NightstaRx interventional
study. The mean age of participants was balanced across the 2
subgroups, and most participants identified as ‘not Hispanic or
Latino’ and White (Table 1). At baseline, ocular
characteristics, including the BCVA ETDRS score, were
balanced across the study and fellow eye in each subgroup
and the overall population. At baseline, the mean sensitivity
score in the center grid (16 loci) and whole grid (68 loci)
assessed by MP and the mean SD-OCT readings for the
central horizontal ellipsoid zone (EZ) width (mm) and area
(mm2) were higher in participants in the higher BCVA sub-
group compared with the lower BCVA subgroup (Table 1).

Primary Outcomes

Change in BCVAScore fromBaseline. Over 24 months, the
overall mean change in BCVA was consistent across sub-
groups, with more variability in the change from baseline for
all visits for the lower BCVA subgroup compared with the
higher BCVA subgroup (Fig 3). At month 24, the mean
(standard deviation [SD]) change from baseline in BCVA
score was �1.3 (9.14) in the lower BCVA subgroup
and þ0.1 (3.16) in the higher BCVA subgroup. The ICC
from baseline in BCVA ETDRS scores showed poor
correlation between eyes across subgroups. At months 12
and 24, the ICC reliability was poor for both the lower
BCVA subgroup (0.28 and 0.29, respectively) and the
higher BCVA subgroup (0.09 and 0.44, respectively).

Over the 24-month period, most participants did not have
a substantial change (>5 letters gained or lost) in their
BCVA score (Fig 4). In the lower BCVA subgroup, 2
participants (1.7%) gained �15 BCVA ETDRS letters and
9 participants (7.4%) lost �15 BCVA ETDRS letters at
month 24. No participants in the higher BCVA subgroup
experienced a substantial change (gain or loss of �15
letters) in BCVA score at month 24.

Change in Retinal Sensitivity from Baseline. Across
subgroups, most participants showed a small mean change
in MP retinal sensitivity in the center grid or the whole grid
at month 24 (Fig 5). At month 24, the mean (SD) change
from baseline in mean retinal sensitivity in the center and
whole grid was �0.8 (2.36) dB and �0.7 (1.77) dB in the
lower BCVA subgroup and �0.3 (2.03) dB and �0.4
(1.97) dB in the higher BCVA subgroup, respectively. At
month 24, the small decrease in the mean change from
3
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Table 1. Demographics and Participant Baseline Characteristics in the Study and Fellow Eye

Demographics and Characteristics
Lower BCVA Subgroup

(n [ 170)
Higher BCVA Subgroup

(n [ 31)
All

(N [ 201)

Age (yrs), mean (SD) 30.3 (11.9) 27.7 (10.1) 29.9 (11.7)
Sex: male, n (%) 170 (100) 31 (100) 201 (100)
Ethnicity: n (%)
Hispanic or Latino 19 (11.2) 0 19 (9.5)
Not Hispanic or Latino 144 (84.7) 30 (96.8) 174 (86.6)
Not reported 3 (1.8) 1 (3.2) 4 (2.0)
Unknown 4 (2.4) 0 4 (2.0)

Race, n (%)*
Asian 6 (3.5) 2 (6.5) 8 (4.0)
Black or African American 2 (1.2) 0 2 (1.0)
Multiracial 0 1 (3.2) 1 (0.5)
Native Hawaiian or Pacific Islander 2 (1.2) 0 2 (1.0)
White 160 (94.1) 28 (90.3) 188 (93.5)

Study eye Fellow eye Study eye Fellow eye Study eye Fellow eye

BCVA ETDRS letters, mean (SD) 59.4 (10.30) 61.0 (17.14) 77.3 (3.95) 79.5 (4.80) 62.2 (11.58) 63.9 (17.21)
MP
Mean sensitivity in center grid (16 loci)

(dB), mean (SD)
8.0 (6.33) 8.5 (6.43) 16.2 (6.32) 15.9 (5.95) 9.3 (7.00) 9.6 (6.91)

Mean sensitivity in whole grid (68 loci)
(dB), mean (SD)

4.3 (5.00) 4.7 (5.21) 8.4 (5.67) 8.4 (5.69) 4.9 (5.31) 5.3 (5.45)

LLVA ETDRS letters, mean (SD) 35.4 (20.75) 39.2 (21.04) 63.9 (7.69) 66.5 (8.79) 39.8 (21.88) 43.4 (22.00)
LLD ETDRS letters, mean (SD) 23.9 (14.85) 21.9 (14.54) 13.5 (5.40) 12.8 (5.65) 22.3 (14.31) 20.5 (13.94)
PellieRobson contrast sensitivity

score, mean (SD)
0.923 (0.3987) 0.969 (0.4144) 1.427 (0.2408) 1.458 (0.2826) 1.001 (0.4199) 1.045 (0.4342)

IOP, mean (SD), mmHg 13.9 (2.87) 13.9 (2.89) 12.1 (2.14) 12.1 (2.24) 13.6 (2.84) 13.6 (2.87)
SD-OCT
Central horizontal EZ width (mm),

mean (SD)
832.1 (1098.7) 877.8 (1003.2) 2338.2 (1620.8) 2236.0 (1591.7) 1062.9 (1304.5) 1091.0 (1213.8)

Central EZ area (mm2), mean (SD) 0.960 (1.8113) 1.251 (2.8654) 5.041 (6.3537) 4.972 (6.5390) 1.601 (3.3225) 1.845 (3.9095)
FAF
n 1 3 0 0 1 3
Total area of preserved FAF (mm2),

mean (SD)
12.430 (N/E) 12.480 (7.9701) N/A N/A 12.430 (N/E) 12.480 (7.9701)

Lower BCVA subgroup ¼ 34 to 73 ETDRS letters.
Higher BCVA subgroup ¼ �74 ETDRS letters.
BCVA ¼ best-corrected visual acuity; dB ¼ decibels; EZ ¼ ellipsoid zone; FAF ¼ fundus autofluorescence; IOP ¼ intraocular pressure; LLD ¼ low-
luminance deficit; LLVA ¼ low luminance visual acuity; MP ¼ microperimetry; N/A ¼ not applicable; N/E ¼ not estimable; SD ¼ standard deviation; SD-
OCT ¼ spectral domain OCT.
*No participants were reported in the ‘American Indian or Alaska Native,’ ‘Other,’ ‘Not reported,’ or ‘Unknown’ categories.

Ophthalmology Science Volume 5, Number 1, February 2025
baseline in retinal sensitivity across subgroups was
considered not clinically significant and indicative of
natural disease progression.

Secondary and Exploratory Outcomes

Functional Outcomes. Over the 24-month period, there was
a small decrease in the mean LLVA letter score across
subgroups (Fig 6). At month 24, the mean (SD) change from
baseline in LLVA was �1.9 (10.09) and �0.5 (4.85) for the
lower and higher BCVA subgroups, respectively. The
interocular symmetry for change from baseline in LLVA
showed moderate correlation between eyes in both
subgroups at month 12. The ICC was 0.64 and 0.63 in the
lower and higher BCVA subgroups, respectively. At
month 24, the reliability was moderate for the lower
BCVA subgroup (ICC 0.60) and poor for the higher
4

BCVA subgroup (ICC 0.25). Over the 24-month period,
most participants did not experience a gain or loss of �15
LLVA letters (Fig 6). At month 24, 3 participants (2.5%)
experienced a gain of �15 LLVA ETDRS letters and 8
participants (6.6%) experienced a loss of �15 LLVA
ETDRS letters in the lower BCVA subgroup. No
participants in the higher BCVA subgroup experienced a
gain or loss of �15 LLVA ETDRS letters at month 24.

For MP retinal sensitivity, in the lower BCVA sub-
group, 3 participants (2.8%) showed improvement in the
center grid and 16 (14.7%) in the whole grid at month 24.
The higher BCVA subgroup had zero participants with
improvement in the center grid and 2 (8.7%) with
improvement in the whole grid at month 24.

Fixation at baseline was stable for 72% of participants in
the lower BCVA subgroup and 90% of participants in the
higher BCVA subgroup. At month 24, 15% of participants
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in the lower BCVA subgroup experienced a shift from
‘stable’ at baseline to ‘relatively unstable/unstable.’ No
participants in the higher BCVA subgroup experienced a
shift from ‘stable’ to ‘relatively unstable/unstable.’

There were no clinically significant changes in contrast
sensitivity assessed by the PellieRobson contrast sensitivity
chart at month 24 (Table S2; available at https://
www.ophthalmologyscience.org/). Over the 24-month
period, there was a decrease in the volume of full-field
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Anatomical Outcomes. Retinal imaging is shown in Fig
7. Pseudocolor fundus imaging shows midperipheral
pigment migration typical of RP, which is also evident on
FAF imaging. Mesopic MP shows loss of retinal
sensitivity outside of an island in the central macula;
responses are reduced within the island when compared
with controls. OCT imaging shows a narrow EZ band at
the fovea with severe outer retinal degeneration at
peripheral locations. Over 24 months, there was a gradual
decrease in the mean distance from the foveal center to
the nearest border of preserved autofluorescence, and the
location of lesions remained stable (Fig S8; available at
https://www.ophthalmologyscience.org/). The total area of
preserved autofluorescence could not be graded for most
participants, so no trends were determined from the data.
For the fundus photography analyses over 24 months,
6

retinal pigment epithelium hyperplasia and retinal
arteriolar narrowing were present in most participants, and
most abnormalities were of mild or moderate intensity.
Adaptive optics-scanning laser ophthalmoscopy was avail-
able at 1 site and was performed in fewer than 10 partici-
pants; therefore, these data were not analyzed.

Spectral domain OCT measures found a large decrease in
central horizontal EZ width but little change in the EZ area
during the 24-month period (Table S3; available at https://
www.ophthalmologyscience.org/). In line with the
reduction of choroidal thickness at the foveal center and
foveal subfield thickness, vitreomacular traction and
macular hole were absent for most participants across both
subgroups over 24 months (Table S3; available at https://
www.ophthalmologyscience.org/). At month 24, there
were a few shifts from ‘absent’ to ‘present’ in epiretinal
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membrane and from ‘none’ to ‘yes, foveal/yes, nonfoveal’
for cystoid macular edema and subretinal fluid across both
subgroups (Table S3; available at https://www.ophthal
mologyscience.org/).

Ocular Functional Questionnaire Outcomes. Over the
24-month period, there was an overall decrease in the mean
composite VFQ-25 score. Participants in the lower BCVA
subgroup had a greater decline than did those in the higher
BCVA subgroup in all aspects of vision and some aspects of
quality-of-life functioning (Table S4; available at https://
www.ophthalmologyscience.org/). More participants in the
lower BCVA subgroup experienced �15-point decreases
in VFQ-25 composite score compared with the higher
BCVA subgroup (8.6% and 0%, respectively). Analyses
were not performed for RP-specific PRO, EQ-5D-5L, and
HUI3 questionnaires because assessments were only avail-
able for 17, 21, and 19 participants, respectively. In total, 15
participants had available data for all 3 questionnaires,
although baseline assessment and postbaseline data were
sparse.

Safety. Most AEs were mild or moderate in severity in
both subgroups, and incidences of ocular AEs were
considered not related to study participation or assessment
procedures. The most frequently reported AEs were cataract
and cataract subcapsular, RP-related abnormality, blephar-
itis, and COVID-19 (Table S5; available at https://
www.ophthalmologyscience.org/). The total number of
SAEs (all nonocular) was low, with 7 events occurring in
4 participants (2%). In the lower BCVA subgroup, SAEs
included nephrolithiasis (kidney stones), meniscus injury,
and ankle fracture from a road traffic accident (all 1
participant each). In the higher BCVA subgroup, 1
participant experienced 3 SAEs of worsening of major
depression, worsening of obsessive-compulsive disorder,
and completed suicide. Ocular safety assessment results
(intraocular pressure, slit lamp examinations, dilated
ophthalmoscopy, and lens opacity grade) were largely
similar between the 2 subgroups and were stable for each
subgroup over 24 months.
Discussion

This 24-month observational study provides further useful
data on the natural history of RPGR-associated XLRP, a
severe, slow-progressing, retinal degenerative disorder.6

There is little understanding of how measurable outcomes
progress over time in XLRP, and given the slow
progression of the disease, the ability for interventional
clinical trials to demonstrate efficacy over time is limited.
Consequently, there is high scientific value in studies that
assess the natural history of XLRP and provide valuable
insights into the most suitable outcome measures for
interventional clinical trials over 24 months.

It was expected that participants in XOLARIS with
lower baseline BCVA scores would have a higher mean
age than participants with higher BCVA scores. Interest-
ingly, the mean age in both subgroups was similar (w30
years); however, there were more participants in the lower
BCVA subgroup (n ¼ 170) than in the higher BCVA
subgroup (n ¼ 31), demonstrating that most patients with
XLRP have severe retinal degeneration by the end of their
third decade. Despite the similar mean age in both sub-
groups, the SD within both subgroups was large, which
illustrates the different progression steps and rates among
patients with RPGR-associated XLRP.4,21 Furthermore, the
baseline MP and visual field values suggest that this cohort
of patients may have already experienced significant visual
field loss, therefore limiting the extent of further
progression.
7

https://www.ophthalmologyscience.org/
https://www.ophthalmologyscience.org/
https://www.ophthalmologyscience.org/
https://www.ophthalmologyscience.org/
https://www.ophthalmologyscience.org/
https://www.ophthalmologyscience.org/


Fig 7. Retinal imaging of RPGR-associated XLRP. A, Pseudocolor fundus imaging, B, FAF imaging, C, mesopic MP, and D, OCT imaging. Participants
whose images are shown here signed an informed consent form giving permission for use of their photographs in publications. FAF ¼ fundus auto-
fluorescence; MP ¼ microperimetry; RPGR ¼ retinitis pigmentosa; XLRP ¼ X-linked retinitis pigmentosa.
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The results of this study showed few changes in most
functional, anatomical, and PRO measures over 2 years.
Across the 24-month observational period, there was no
substantial change from baseline across subgroups in either
of the primary end points: mean BCVA and MP retinal
sensitivity. Most participants did not experience a BCVA
gain or loss of >5 letters, which supports smaller natural
history studies reporting a mean annual visual acuity
reduction rate of 4% to 8%.1,21e24 In addition, our retinal
sensitivity data are in line with a previous interventional
study that found retinal sensitivity declined by �0.9 dB in
8

untreated fellow eyes over 12 months.15 Taken together,
these findings complement previous studies that question
the suitability of MP as an outcome measure in RPGR-
associated XLRP clinical trials; the fluctuation between
visits has been reported to impact results.13,16 Although
the US Food and Drug Administration guidance states that
phase 3 trials for XLRP should demonstrate a �7-dB
change at �5 prespecified points on MP as the standard
primary end point,13 this guidance was based on glaucoma
studies and may not be feasible for clinical trials of
XLRP. Furthermore, most participants in our study did not
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have a gain or loss of �15 LLVA letters, unlike a previous
interventional study that reported that w10% of participants
experienced an LLVA gain of 15 ETDRS letters in untreated
eyes at 12 months.15 That study noted that the high
testeretest variability impacts the use of LLVA as a clin-
ical outcome measure.15 Over 24 months, fixation and
contrast sensitivity also remained relatively stable. The
small changes in these outcome measures may reflect the
slow rate of natural progression of visual acuity loss in
RPGR-associated XLRP and demonstrate that they may
not be suitable for interventional clinical trials of this
duration. However, it is important to consider that loss of
fixation stability may affect comparisons of MP results
over time, particularly in patients with d1 mechanism
sensitivity loss.17

The outcome measures that did show a change over 24
months include the mean distance from the foveal center to
the nearest border of preserved autofluorescence, the central
EZ width, the loss of visual field, and the VFQ-25 com-
posite score. In a previous study, an annual reduction in the
horizontal and vertical diameter constriction of the outer
border of 5.5% and 6.3%, respectively, has been reported,
with a larger annual reduction in the outer and inner ring
area of 10.7% and 13.1%, respectively.25 Although we did
not analyze ring metrics in this study, their large annual
reduction implies that they might be more appropriate
outcome measures for clinical trials than diameter
measurements. Furthermore, a relatively large reduction in
central EZ width has also been shown previously, with a
reported annual progression of 7% to 13%.26e30 A sys-
tematic review of XLRP natural history data found that EZ
width on OCT and hyperautofluorescence ring metrics were
the most sensitive measures over short periods of time
owing to their high retest reliability and correlation with
progression rates,24 supporting their suitability as measures
in clinical trials. Moreover, an annual visual field area
decline of 5% to 9%1,21 and an annual visual field mean
sensitivity progression of 7% to 19%22,31 have previously
been demonstrated, similar to the visual field findings in
our study. Taken together, these data suggest that visual
field loss might also be a suitable outcome measure in
clinical trials. A 4-year clinical trial has previously shown
efficacy by demonstrating the slowing of visual field pro-
gression in XLRP,28 although a floor effect has been
reported given that progressive visual field loss is nearly
complete in 25-year-old patients.32 It should be noted that
some participants experienced an improvement in
measures such as BCVA and retinal sensitivity over the
24-month observation period, potentially due to partici-
pants receiving procedures or treatments, such as cataract
surgery, deemed necessary by their treating physician.

Although there were limited ocular functional question-
naire data in the present study, there was an overall decrease
in the mean composite VFQ-25 score over 24 months in
both subgroups. Participants in the lower BCVA subgroup
experienced a greater decline than those in the higher BCVA
subgroup, possibly owing to experiencing more advanced
vision loss that has a greater impact on quality of life. The
lack of data on PROs in XLRP has been reported in a
recently published systematic review,5 and our findings
reflect the importance of further additional studies of
functional vision in this patient population divided into
severity subgroups.

In noninterventional studies, monitoring of AEs can
provide insight into the signs and symptoms experienced by
patients during the course of a disease. Here, we have shown
that most AEs reported were mild or moderate, the pro-
portion of participants who reported ocular AEs was similar
between subgroups, and no ocular SAEs were reported. In
our study, 1 patient (0.5% of participants enrolled) reported
nephrolithiasis. The annual prevalence of urolithiasis in the
UK is 0.16%,33 and although the potential multiorgan effect
of RPGR mutations in ciliated tissue could lead to an
increase in nephrolithiasis incidence,6 the small sample
size of this study limits the comparison with the overall
population. The reported death from completed suicide
coupled with worsening of major depression and
obsessive-compulsive disorder in 1 patient is likely related
to the high emotional burden of vision loss in patients with
XLRP.34 Again, this event cannot be compared with the
overall population owing to the small sample size of this
study.

These findings provide useful insights on the most
appropriate trial designs, outcome measures, and end points
for future interventional studies. Given the slow rate of
disease progression and the small changes in outcome
measures over 2 years, therapeutic interventions should
ideally demonstrate a gain in visual function rather than
maintenance, and clinical trials may need to be performed
over more than 3 years to demonstrate efficacy.13 In
addition, clinical trials should use the most sensitive
outcomes, ensure that participant numbers are powered to
detect small changes, and consider the age of participants
and whether they are at a more rapid stage of progression.

A key strength of the XOLARIS study is that, to our
knowledge, it is the largest and most comprehensive natural
history study in RPGR-associated XLRP. Nevertheless,
there are several limitations that should be highlighted. First,
a longer study duration, with comparison of both eyes,
would have been desirable to identify larger changes in
outcome measures over time. There are 2 previous studies
with 13- to 16-year data on the natural history of RPGR-
associated XLRP21 or XLRP in female carriers,35 although
these studies focused on the variability in phenotypic
expression patterns. Second, enrollment into XOLARIS
was affected by the rarity of disease, the COVID-19
pandemic, early termination before the target sample size
was reached, and the participant completion rate. As
expected, given the noninterventional nature of this study,
around 28% of enrolled participants terminated the study
early. Considering this, achievement of the target sample
size of 300 participants may have led to a more represen-
tative and conclusive dataset, and the limited number of
participants who completed the study may have contributed
to the lack of significant changes observed in many outcome
measures studied. Another limitation of our study is that we
did not have sufficient participant numbers to perform
subgroup analyses by participant age. Given that a previous
publication has described a faster progression rate in
younger patients,24 it would be interesting to ascertain how
9
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changes in outcome measures differ in younger and older
patients with RPGR-associated XLRP.

In this large and comprehensive natural history study
of patients with RPGR-associated XLRP, our findings
provide further evidence of the changes in functional,
anatomical, and safety data over 2 years. These results
confirm that the natural disease progression of RPGR-
associated XLRP is difficult to measure over 2 years for
most patients and outline the considerations and suitable
outcome measures for future interventional clinical
trials.

Data Sharing Statement

Individual participant data collected during the trial may be
shared after anonymization and on approval of the research
10
proposal. Biogen commits to sharing patient-level data,
study-level data, clinical study reports, and protocols with
qualified scientific researchers who provide a methodolog-
ically sound proposal. Biogen reviews all data requests
internally based on the review criteria and in accordance
with our Clinical Trial Transparency and Data Sharing
Policy. Deidentified data and documents will be shared
under agreements that further protect against participant
reidentification. To request access to data, please visit
https://vivli.org/.
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