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Purrost. The purpose of this study was to assess the inter-reader and inter-visit reliabil-
ity of en face Bruch’s membrane (BrM) calcification measurements in Pseudoxanthoma
elasticum (PXE), investigate how the patient’s age influences the BrM calcification extent,
and evaluate the association between BrM calcification and delayed rod-mediated dark
adaptation.

Mernops. This prospective natural history study (PROPXE, ClinicalTrials.gov ID:
NCT05662085) included 26 patients (14 women and 12 men; median age = 55 years,
interquartile range = 43-59 years) diagnosed with PXE. Participants underwent compre-
hensive ophthalmic evaluations, including widefield infrared reflectance imaging (up to
83 degrees eccentricity) and dark adaptometry at retinal eccentricities of 8 degrees, 15
degrees, 30 degrees, and 46 degrees along the temporal retina. The primary outcomes
were inter-visit and inter-reader reliability of the temporal inner peau d’orange boundary
extent, its correlation with age, and its relationship with rod-intercept time (RIT) during
dark adaptation.

Resurrs. The temporal inner peau d’orange boundary showed excellent inter-reader and
inter-visit reliability (inter-reader intraclass correlation coefficient [ICC] = 0.92 and inter-
visit ICC = 0.95) and varied significantly with age (+4.35 deg/decade, P = 0.001). A
greater temporal inner peau d’orange boundary extent was strongly associated with
delayed rod-mediated dark adaptation at 8 degrees (4+1.05 min/deg, P = 0.002) and
15 degrees (4-0.91 min/deg, P = 0.001) eccentricities. A threshold effect was observed,
with delayed dark adaptation at 8 degrees and 15 degrees eccentricity (from the fovea;
i.e. 23 degrees and 30 degrees from the optic nerve head) manifesting once the temporal
inner boundary exceeded 27.15 degrees and 32.56 degrees eccentricity (from the optic
nerve head), respectively.

Concrusions. Patients with PXE demonstrate significant rod-mediated dark adaptation
deficits correlating with the temporal inner peau d’orange boundary extent. These find-
ings support the use of BrM calcification extent as an objective marker for disease severity,
facilitating earlier therapeutic intervention than currently possible in PXE.

Keywords: pseudoxanthoma elasticum (PXE), gronblad-strandberg syndrome, light/dark
adaptation, peau d’orange, angioid streaks

seudoxanthoma elasticum (PXE) is an inherited multi-
P system disorder primarily affecting elastic fiber-rich
tissues in the vasculature, eyes, and skin.! It has an estimated
prevalence of 1:56,000.> The disease arises due to biallelic
mutations in the ABCCG6 gene, encoding an ATP-binding
cassette transporter predominantly expressed in hepato-
cytes.>* Loss-of-function mutations in ABCC6 markedly
reduce plasma inorganic pyrophosphate levels, an essen-
tial inhibitor of ectopic calcification, leading to progres-
sive calcification of elastic fibers across affected tissues.’
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In the eye, calcification of Bruch’s membrane (BrM) is the
primary lesion leading to secondary complications, such
as angioid streaks, macular neovascularization (MNV), and
macular atrophy.!

Quantification of PXE disease progression poses substan-
tial challenges. Vascular-focused approaches, including
whole-body low-dose computed tomography (CT) imag-
ing or 18F-Sodium Fluoride positron emission tomogra-
phy (PET)-CT imaging,®’ although comprehensive, lack
sufficient resolution to quantify subtle progression sensi-
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tively and are expensive for routine clinical use. Previously,
ocular clinical trial endpoints have predominantly focused
on secondary complications, such as angioid streak length or
onset of MNV, rather than directly measuring the progression
of tissue calcification itself.® Likewise, the ocular compo-
nent of the widely used Phenodex score primarily differ-
entiates between the absence and presence of MNV as a
secondary complication (rather than directly reflecting the
underlying progression of BrM calcification) because cases
without angioid streaks are rare.’

In principle, ophthalmic imaging could provide a promis-
ing avenue for directly quantifying BrM calcification, leverag-
ing high-resolution visualization capabilities inherent to reti-
nal imaging. The leading disease front, described as “peau
d’orange,”'%~12 progresses centrifugally with age while encir-
cling a central area of continuously calcified BrM (recently
also termed “coquille d’ceuf’).’®!3> A recent quantitative
study showed that the temporal outer boundary of peau
d’orange is relatively stable, whereas the temporal inner
boundary progresses centrifugally with age, resulting in
thinning of the peau d’orange and expansion of the area
of continuously calcified BrM.'* However, the measurement
characteristics of delineating BrM calcification (inter-reader
and inter-visit reliability, and inter-eye concordance) remain
unknown. Moreover, the functional impact of peau d’orange
and continuously calcified BrM is not yet established. The
first report of the PROPXE study demonstrated using multi-
focal dark adaptometry that delayed cone- and rod-mediated
dark adaptation follows — on average — the spatial topog-
raphy of calcified BrM.!> Thus, in addition to measure-
ment characteristics, linking BrM calcification at the individ-
ual patient level to dysfunction remains a critical need for
establishing the extent of calcified BrM as a patient-relevant
outcome measure.

The aims of this study are fourfold. First, we aim to
assess the inter-reader reliability for quantifying the extent
of peau d’orange and the region of continuously calcified
BrM. Second, we evaluate the inter-visit reliability of these
imaging biomarkers. Third, we substantiate the presumed
age-related progression of BrM calcification as a founda-
tional requirement for longitudinal measurement feasibil-
ity. Last, we seek to establish the patient relevance of these
imaging biomarkers by determining their associations with
measures of visual function, thus clarifying their potential
role as meaningful endpoints in future clinical trials.

METHODS

The study protocol has been described previously in detail
(prospective natural history investigation titled “Progression
Rate of Pseudoxanthoma Elasticum-associated Choroidal
and Retinal Degeneration,” [PROPXE], ClinicalTrials.gov
Identifier: NCT05662085).!> Ethical approval was granted by
the responsible human research ethics committee (EKNZ),
and the study adhered strictly to the principles outlined in
the Declaration of Helsinki. Written informed consent was
obtained from every participant.

Study Design

The study included adult patients diagnosed with PXE
according to the criteria defined by Plomp and cowork-
ers.!® The best-corrected visual acuity (BCVA) in the study
eye was required to be <1.0 logMAR or better. Exclusion
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criteria encompassed inability to provide informed consent,
severe claustrophobia, previous ocular surgeries other
than allowed interventions (anti-VEGF injections, cataract
surgery, YAG laser capsulotomy, or laser retinopexy), concur-
rent ophthalmic conditions in the study eye that might inde-
pendently affect visual acuity, as judged by the investigator,
and planned major surgeries or events potentially impeding
follow-up evaluations.

The primary selection for the study eye favored eyes with-
out a medical history of exudative MNV. If both eyes shared
a similar history (either presence or absence of exudative
MNV), the eye with better BCVA was chosen. If BCVA was
identical in both eyes, the right eye was selected.

The study protocol comprised an initial baseline visit, a
retest session at 2 months, and subsequent follow-up visits
after 1 year and 2 years. The current report details findings
from the baseline and month 2 retest visits.

Examinations

Participants underwent extensive ophthalmological assess-
ments, including BCVA measurement using the quantitative
visual acuity (qQVA) protocol on the Manifold platform (Adap-
tive Sensory Technology, Liibeck, Germany), alongside quick
contrast sensitivity function (qCSF) testing conducted on the
same platform.

Standardized multimodal imaging techniques were
systematically applied. Spectral-domain optical coherence
tomography (SD-OCT) imaging was performed, acquiring
macular scans covering 30 degrees x 25 degrees with
121 B-scans (automatically averaged over 25 scans per
image), as well as Bruch’s membrane opening (BMO) scans
using the Heidelberg Spectralis OCT2 (Heidelberg Engi-
neering, Heidelberg, Germany). Additionally, 55 degrees
fundus autofluorescence and infrared (IR) reflectance imag-
ing were captured. The 55 degrees IR reflectance images
were acquired centrally, as well as peripherally, using the
eight eccentric preset fixation targets of the Spectralis OCT2
device (total of 9 fields). The fields extended jointly to 82.5
degrees eccentricity from the fovea in all directions.

In addition, patients underwent multifocal dark adaptom-
etry at each visit using the MonCvONE device (Metrovision,
Perenchies, France). The protocol used a full-field bleach
(634 photopic cd/m?, equivalent to 946 scotopic cd/m?) last-
ing 5 minutes (59% rhodopsin bleaching). Cyan and red
Goldmann V-sized stimuli (peak wavelengths 500 nm and
647 nm, stimulus duration 200 ms, initial luminance 0.318
phot. cd/m? [-3 LogUnits]) were presented at retinal loci 8
degrees, 15 degrees, 30 degrees, and 46 degrees temporal
to fixation (i.e. nasal visual field). Testing continued for up
to 60 minutes or ended earlier if steady-state rod thresh-
olds were reached at all 4 loci. The rod-intercept time (RIT)
was defined as the time to reach the criterion threshold
of —5 LogUnits (0.00318 phot. cd/m?, i.e. approximately 1
LogUnit below the normal cone threshold).!>'”

Image Processing

A wide-field imaging montage was generated automatically
using a custom-developed ImageJ software plugin. Briefly,
the Scale Invariant Feature Transform (SIFT) algorithm iden-
tified corresponding landmarks between the central image
and four peripheral images captured along the main axes
(superior, inferior, temporal, and nasal). These peripheral
images were then registered to the central image using
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Ficure 1. Wide-field infrared (IR) reflectance imaging montage and image annotation. The 9-field 55 degrees IR images were registered
semi-automatically to obtain a wide-field IR montage (A, B). Subsequently, three readers independently annotated the peau d’orange outer
and inner boundaries (C). Last, the temporal, superior, and inferior boundary extents were extracted automatically. The temporal meridian
was defined as the horizontal line starting at the level of the optic disc center and going through the fovea. The vertical superior and inferior
meridians had the exact same origin (i.e. vertical position based on the vertical position of the foveal center and horizontal position based

on the horizontal center of the optic disc).

an affine transformation. Subsequently, the remaining four
peripheral fields underwent the same registration process
to the newly formed composite image. If automatic regis-
tration was unsuccessful, corresponding retinal landmarks
were manually selected to ensure accurate alignment. The
foveal position was identified on the SD-OCT scan and regis-
tered to the wide-field montage.

Image Grading

Three independent readers evaluated all images. As part
of the standardized grading protocol, each reader initially
used the oval selection tool in ImageJ software to outline
the approximate inner and outer boundaries of the peau
d’orange area. These regions were saved as reference
regions of interest for orientation. In the next step, the
precise boundaries of the peau d’orange were delineated
using the freehand selection tool, allowing readers to follow
natural contour variations, including concavities and convex-
ities. Following an initial quality control check, the grad-
ing task was repeated to ensure consistent adherence to
anatomic details. Specifically, readers were requested to
follow, if present, the concavity of the temporal peau
d’orange boundary related to the “temporal spared island”
in PXE (cf,, fig. 2 in PC Issa et al. 2010).!® To further distin-
guish peau d’orange from subretinal drusenoid deposits
(SDDs), annotators applied multiple criteria. Peau d’orange
typically appears as a fine, isoreflective dotted pattern (rela-
tive to the unaffected retina) within an area of increased
reflectance, whereas SDDs present as round-to-oval or
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ribbon-like hyporeflective formations (cf., Supplementary
Fig. S1B).!? The extent of angioid streaks also served as a
landmark, as the longest streaks generally terminate at or
near the peau d’orange inner boundary (Supplementary Fig.
S1C).! Finally, natural history was taken into account: SDDa
have been reported to occur only in eyes where the temporal
extent of the peau d’orange inner boundary is >19 degrees
(5.6 mm) from the optic nerve head.”

As shown in Figure 1, an Image] software plugin was
used to extract the boundary extents measured along the
horizontal temporal meridian (defined by the horizontal axis
starting at the eccentricity of the optic disc center and going
through the fovea) as well as along the superior and infe-
rior meridians. The nasal side was not analyzed, as peau
d’orange boundaries frequently extended beyond the region
that could be reliably visualized. Although annotations were
performed in 2D, we elected to report data along predefined
meridians because image quality and annotation reliability
varied across meridians. The superior and inferior meridians
were often affected by shadowing from the upper or lower
lids, leading to reduced peripheral contrast in some patients,
whereas the temporal meridian typically offered the most
consistent and highest-contrast visualization.

Statistical Analyses

The inter-reader reliability was assessed using Bland-Altman
analysis and reliability statistics (coefficient of variation,
standard error of measurement, and intraclass correlation
coefficient [ICC; 2-way random, agreement]) with the R soft-
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ware package SimplyAgree° Subsequently, the measure-
ments from the readers were averaged to assess the inter-
visit reliability and the inter-eye concordance.

For the association analyses, we fitted a series of linear
mixed-effects models with Ime4.>' These models included
data from both study and non-study eyes, incorporating a
random effects structure with eye nested within participant.
First, we assessed the association between age and the six
peau d’orange boundary extents (defined as the inner and
outer boundaries along the temporal, superior, and infe-
rior meridians) to estimate the ocular disease progression
rate.

In separate models, we examined the relationship
between RIT at four eccentricities (8 degrees, 15 degrees,
30 degrees, and 46 degrees) and peau d’orange boundary
extents, using baseline and retest-visit data from study eyes
only. In these models, patient ID was included as a random
effect, and age was included as a covariate (as age acts as a
classical confounder, affecting both peau d’orange boundary
extents and RIT).

To account for multiple comparisons across all tests, a
Bonferroni-corrected threshold of P < 0.0017 (0.05/30). This
threshold was derived from 30 total hypothesis tests: 6 tests
assessing the effect of age on the 6 boundaries (3 inner and
3 outer boundaries), and 24 tests evaluating the association
of the same 6 boundary measures with RIT at 4 eccentricities
(6 x 4 = 24).

In addition, we performed a secondary analysis using the
Benjamini-Hochberg procedure to control the false discov-
ery rate (FDR) for the family of tests evaluating the associa-
tion between peau d’orange boundary extent and RIT. The
FDR adjustment was applied only to the primary effects of
interest (boundary extent), whereas covariates such as age
were included for adjustment but not subjected to multiple-
testing correction.

Last, we fitted nonlinear mixed models with a step-
function to describe the association between the temporal
outer peau d’orange boundary extent and RIT at 8 degrees
and 15 degrees more accurately using brms (cf. Supplemen-
tary Methods).?

RESsULTS
Cohort

This analysis included all 26 individuals with genetically
confirmed PXE described in the baseline report, including
14 women (53.8%) and 12 men (46.2%). The participants
had a median age of 55 years (interquartile range = 43 to
59 years), with ages spanning from 25.7 to 66.9 years.

In the designated study eye, 12 participants (46.2%)
had no history of exudative MNV, whereas 14 partici-
pants (53.8%) had current or prior treatment for exudative
MNV. Median BCVA in the study eye was —0.07 logMAR
(interquartile range = —0.07 to 0.11), which corresponds to
a Snellen equivalent of approximately 20/17 (range = 20/17
to 20/26).

The average (median) interval between the baseline and
the retest visits was 1.9 months.

Inter-Reader and Inter-Visit Reliability

Assessment of inter-reader reliability for peau d’orange
boundary delineation revealed consistent patterns across
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both the baseline and retest visits (Figs. 2A-C; Supplemen-
tary Table S1). At baseline, the standard error of measure-
ment was similar across all inner boundaries (temporal inner
estimate, 95% confidence interval [95% CI] = 2.68 degrees
[95% CI = 2.11-3.17]; superior inner = 2.35 degrees [95% CI
= 1.86-2.87]; inferior inner = 2.93 degrees [95% CI = 2.32-
3.47]). But the temporal inner boundary exhibited the lowest
ICC at both visits (ICC = 0.92 [95% CI = 0.89-0.95] at V1; ICC
= 0.82 [95% CI = 0.74-0.88] at V2), given the greatest relia-
bility in relation to the overall variability in boundary extent
(see Supplementary Table S1). Figure 2 shows the Bland-
Altman plots for between-reader reliability in delineating the
temporal inner peau d’orange boundary. The outer bound-
aries consistently demonstrated relatively small (absolute)
standard errors of measurement too, but lower ICCs, partic-
ularly inferior and superior (ranging from 0.32 to 0.61; see
Supplementary Table S1).

The inter-visit reliability (with averaging the data from
the 3 readers) was excellent overall (Supplementary Table
S2). For the temporal inner peau d’orange boundary, the
standard error of measurement was 1.97 degrees [95% CI
= 1.57-2.29] with an ICC of 0.95 [95% CI = 0.93-0.97].

Between-Eye Concordance

Overall, there was a considerable concordance between the
right eye and left eye peau d’orange boundary extents (see
Fig. 3; Supplementary Table S3). But the between-eye differ-
ences exceeded the inter-visit differences. For example, the
standard error of measurement between the right and left
eyes was 3.52 degrees [95% CI = 2.89-4.00] for the tempo-
ral inner peau d’orange boundary.

Association of BrM Calcification With Age

Linear mixed-effects model analysis revealed a significant
association between age and the extent of the temporal
inner peau d’orange boundary, with an estimated increase
of +4.35 deg/decade (95% CI = 1.81-6.89, P = 0.001). Age
alone explained 23% of the variability in temporal inner
peau d’orange boundary extent (marginal R?). In contrast, no
association was evident between age and the temporal outer
peau d’orange boundary (estimate = —0.28 deg/decade, 95%
CI = —1.19 to 0.64, P = 0.556).

Along the superior and inferior meridians, age was asso-
ciated with neither the extent of the inner nor outer peau
d’orange boundaries (Supplementary Table S4). Notably, the
current data recapitulated previously published estimates of
temporal inner and outer peau d’orange boundary extent
(see Supplementary Fig. S1).

Association of BrM Calcification With Delayed
Dark-Adaptation

To examine whether the spatial extent of the temporal inner
peau d’orange boundary is associated with impaired rod-
mediated dark adaptation, a linear mixed-effects model was
fitted with RIT at 15 degrees eccentricity as the depen-
dent variable and temporal inner peau d’orange boundary
extent and age as fixed effects (Fig. 4; Supplementary Fig.
S2). These fixed effects alone accounted for a substantial
proportion of variance (marginal R> = 0.341; Supplemen-
tary Table S5). The temporal inner peau d’orange boundary
extent was associated with delayed RIT at 15 degrees with
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4+0.91 min/deg (95% CI = 0.37-1.44, P = 0.001), whereas
age did not contribute significantly to the prediction of RIT
(+0.83 min/decade, 95% CI = —3.76 to 5.41, P = 0.719).
Using the Benjamini-Hochberg procedure, the tempo-
ral inner peau d’orange boundary extent was also signifi-
cantly associated with delayed RIT at 8 degrees. In contrast,
the inner boundary extents along the superior and inferior
meridians were not significantly associated with RIT under
either the Bonferroni or Benjamini-Hochberg correction.
However, the effect estimates for the association between
the superior inner peau d’orange boundary extent and RIT
at 8 degrees and 15 degrees were similar (see Supplemen-
tary Tables S5-S8 for the Benjamini-Hochberg procedure).
Sensitivity analyses revealed that the association between
peau d’orange boundary extent and RIT was stronger in the
younger half of the cohort than in the older patients, given
the RIT ceiling of 60 minutes (Supplementary Table S9).
Because the relationship between the temporal inner
peau d’orange boundary extent and RIT at 8 degrees or 15
degrees followed a hockey stick, we fitted a Bayesian nonlin-
ear mixed model to these data. Delays in RIT at 8 degrees
and 15 degrees (i.e. at 23 degrees and 30 degrees from the
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optic nerve head) were estimated to occur once the tempo-
ral inner peau d’orange boundary extended from the optic
nerve head by more than 27.15 degrees (95% Bayesian credi-
ble interval = 17.06, 33.09) and 32.56 degrees (95% Bayesian
credible interval = 22.64, 40.50), respectively (Supplemen-
tary Table S10). Figure 5 shows two exemplary patients.

DIiscuUsSION

A major clinical challenge in PXE is accurately quantify-
ing the progression of calcification. To date, ophthalmic
assessments focus predominantly on secondary complica-
tions, such as angioid streak length or MNV,'%?3 rather
than directly measuring the calcification process itself. This
approach, however, measures probabilistic events and does
not fully capture the underlying pathophysiology or the
continuous disease progression. In the present study, we
established essential measurement properties required for
quantifying the extent of BrM calcification. Specifically,
we demonstrated good inter-reader and inter-visit reliabil-
ity, as well as substantial inter-eye concordance in peau
d’orange boundaries delineated using wide-field IR imaging.
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Furthermore, our data support evaluating the age-associated
centrifugal expansion of the inner peau d’orange boundary
as an indicator of disease progression over time. Critically,
we demonstrated a significant functional relevance of the
temporal inner peau d’orange boundary extent by showing
its association with delayed rod-mediated dark adaptation.
Regarding measurement properties of BrM calcification,
our findings highlight that assessing peau d’orange is feasi-
ble but methodologically challenging. The absolute inter-
reader and inter-visit reliability across all three meridians
was similar, but the ICC varied markedly among meridi-
ans and boundaries. The ICC, which represents the ratio of
variance of interest (true differences between patients) to
the total variance (true differences plus measurement error),
was notably higher for the temporal inner peau d’orange
boundary. This likely reflects both greater genuine inter-
individual variance along the horizontal meridian — consis-
tent with the oval shape of BrM calcification in PXE (cf.
spread in Fig. 2A versus Figs. 2B, 2C) — and partial lid shad-
owing artifacts frequently reducing the image quality along
the superior and inferior meridians. Practically, the tempo-
ral inner peau d’orange boundary therefore provides the
best signal-to-noise ratio for association studies with age,
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systemic measures of disease severity, or visual function.
Biologically, the associations between inner peau d’orange
boundary extent and function are expected to be similar
across meridians; the associations for the superior and infe-
rior inner peau d’orange boundary extent with RIT are most
parsimoniously explained by lower measurement reliability
rather than by true absence of effect.

Qualitative observation suggested that boundary delin-
eation was complicated by subretinal drusenoid deposits,"
which may mimic peau d’orange appearance, and the
phenomenon known as the “temporal spared island,”®
which creates complex grading scenarios. Additionally, an
often-thinned choroid in PXE>"2° in conjunction with
low choroidal pigmentation in lighter-skinned patients,
can result in a diminished contrast in IR imaging, exac-
erbating the difficulty of delineating the peau d’orange
boundaries. Thus, contrast-rich measures of disease sever-
ity should be explored in future studies. For example, the
outer hypo-fluorescent speckled pattern visible in late-phase
indocyanine angiography has been previously reported to
align close to the peau d’orange inner boundary,'® but
data on the association with age or change-over-time are
lacking.
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FiGure 4. Association between age and the temporal inner peau d’orange boundary and relationship to dark adaptation. (A) The
first panel shows the association between age and the extent of the temporal inner peau d’orange boundary, with data points from both
eyes and visits plotted. (B, C, D) The panels B to D illustrate the relationship between the temporal inner boundary and rod-intercept time
(RIT), a measure of dark adaptation, at 8 degrees, 15 degrees, and 30 degrees eccentricity. Regression lines were derived from Bayesian
linear or nonlinear mixed models, with step functions applied where appropriate. Thin lines represent posterior draws of the expected
value, visualizing the range of plausible fits under the model. Marginal R? values (with 95% credible intervals [CrI]) indicate the proportion
of variance explained by the fixed effects alone. (B-D) Are shown without age adjustment, illustrating the unadjusted association between
peau d’orange extent and RIT. For reference, the extent of peau d’orange was defined as eccentricity from the optic nerve head, whereas
RIT was defined relative to the fovea (i.e. 15 degrees temporal to the optic nerve head). Therefore, the observed breakpoints in panels C

and D align very closely with the locations at which RIT was measured.

We further substantiated a clear association between age
and the temporal inner peau d’orange boundary extent,
consistent with previous reports.'* Our observed rate of 4.4
degrees per decade (approximately 1.3 mm per decade in an
emmetropic eye) is of similar magnitude as reported by one
previous study (6.2 degrees per decade, see Supplementary
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Fig. $1)."* The slight difference is likely linked to the differ-
ence in age of the patient populations, with patients >50
years of age in our cohort that are likely close to the ceiling
in terms of temporal inner peau d’orange boundary extent
(ceiling expected in the range of 50 degrees to 60 degrees
based on our temporal outer peau d’orange data). These
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Ficure 5. Patient examples. The upper row shows a patient with a temporal inner peau d’orange boundary within the central 30 degrees.
The rate of dark adaptation at all loci is within normal limits (panels for 8 degrees, 15 degrees, 30 degrees, and 46 degrees eccentricity,
blue dots for the 500 nm stimulus, red dots for the 647 nm stimulus, and vertical dashed lines denoting the cone-rod-break). The lower row
shows a patient with proximity of the inner and outer peau d’orange boundary. Notably, the dark adaptation at 15 degrees eccentricity is
markedly delayed. The red overlays highlight areas with subretinal drusenoid deposits (SDDs), which can be mistaken for peau d’orange.
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data underscore a relatively slow progression compared with
lesions in other types of inherited retinal diseases. For exam-
ple, the centrifugal progression of flecks in Stargardt disease
was shown to be three to four times faster (1.1 degrees to
1.6 degrees per year).”’

Importantly, our data established a direct link between
the structural biomarker — temporal inner peau d’orange
boundary extent — and delayed rod-mediated dark adapta-
tion. In analogy to other diseases associated with deposits at
the level of BrM, such as Sorsby fundus dystrophy,?? late-
onset retinal degeneration,*® and age-related macular degen-
eration,'”31-3% we previously hypothesized that BrM calcifi-
cation in PXE hinders the interchange between the choroid
and retinal pigment epithelium, slowing the visual cycle.!>-%°
However, the precise link between the extent of BrM calcifi-
cation and delayed dark adaptation on the individual patient
level was lacking previously. This link now documents the
functional relevance of BrM calcification as a prerequisite
for its application as an endpoint for future clinical trials.
At the same time, the strength of association was modest:
the temporal inner boundary accounted for approximately
Y of the variance in dark adaptation, leaving a considerable
fraction unexplained. This may reflect variability in measure-
ment, both for BrM calcification and for the outcome itself
(RIT), as well as potential confounding influences such as
subretinal drusenoid deposits or vitamin A intake. Priori-
ties going forward include minimizing measurement vari-
ability, clarifying and adjusting for potential confounders,
and extending validation to establish whether BrM calcifica-
tion is also a surrogate for other clinically relevant outcomes,
such as cardiovascular events. Complementary to our find-
ings, previous research indicated that the extent of calcifica-
tion (assessed by angioid streak length) also correlates with
central visual impairment resulting from macular neovascu-
larization or atrophy.>°

At the same time, the strength of association was modest:
the temporal inner boundary accounted for approximately
Y5 of the variance in dark adaptation, leaving the majority
unexplained.

Limitations of the current study should be considered.
First, our cohort size, although representative for rare
diseases such as PXE, is relatively small. Nevertheless, robust
associations between structural measures and visual func-
tion were identified, given the application of advanced
visual function testing, including multifocal dark adaptome-
try. Second, differentiation between SDD and peau d’orange
was based on imaging characteristics in IR reflectance and
heuristic criteria (see Supplementary Fig. S1); whereas a
multimodal imaging approach would be preferable. Impor-
tantly, any misclassification of SDD as peau d’orange would
be expected to attenuate, rather than artificially strengthen,
the observed associations. Additionally, the study’s short-
term retest design does not fully capture long-term variabil-
ity or progression dynamics over extended periods. Future
longitudinal studies, ideally using fundus-tracked dark adap-
tometry,’” are required to definitively establish causal rela-
tionships and validate the temporal inner peau d’orange
boundary as a biomarker of visual function in PXE.

In summary, our study demonstrates the feasibility of
quantifying en face BrM calcification progression using
wide-field IR imaging montages in PXE, despite method-
ological complexities. The temporal inner peau d’orange
boundary notably correlates with age, reflecting disease
progression. Moreover, this biomarker strongly associates
with rod-mediated dark adaptation delays, reinforcing its
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functional relevance. Consequently, quantifying the tempo-
ral inner peau d’orange boundary is a candidate clinical trial
endpoint, providing a patient-relevant measure of disease
progression and therapeutic efficacy in PXE.
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Supplementary Figure S1. Distinguishing Peau d’Orange Boundaries from Subretinal
Drusenoid Deposits

Annotators applied multiple criteria to distinguish peau d’orange (PdO) from subretinal
drusenoid deposits (SDD). First, the characteristic patterns of the two entities differ: PdO
typically appears as a fine, isoreflective dotted pattern within an area of increased reflectance
(i.e., dots are isoreflective relative to the unaffected retina), whereas SDD present as round-to-
oval or ribbon-like hyporeflective formations (panel B).! Second, the extent of angioid streaks
served as a landmark for identifying the PdO inner boundary, as the longest streaks usually
terminate at or near this margin (panel C).? Third, natural history was taken into account: a large
cohort study reported that SDD occur only in eyes where the temporal extent of the PdO inner
boundary is >19° (5.6 mm) from the optic nerve head.!
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Supplementary Figure S2. Comparison to Previously Published Data

The two dot plots show the temporal inner (left plot) and temporal outer (right plot) peau

d’orange boundary extents measured in our study (yellow/gold dots) and in a Dutch cohort.? The
latter data were derived from Figure 3 in Risseeuw et al. 2021.3
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Supplementary Figure S3. Association Between the Temporal Inner Peau d’Orange
Boundary and Delayed Dark Adaptation

The panels show the relationship between the temporal inner peau d’orange boundary and the
rod-intercept time (RIT) as a measure of dark adaptation at 8°, 15°, and 30° eccentricity. The
regression lines for the associations between the temporal inner boundary extent and RIT at 8°
and 15°, respectively, were derived using a non-linear mixed model with a step function.
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Supplementary Table S1. Inter-Reader Reliability

Intraclass Correlation

Visit Meridian  Boundary SIETIOAT HWE e Coefficient (two-way
Measurement Variation
random, agreement)
Inner 2.68 [2.11, 3.17] 0.07[0.06, 0.09] 0.92[0.89, 0.95]
V1 Temporal
Outer 2.50[1.36, 3.68] 0.05[0.02, 0.07] 0.48 [0.30, 0.64]
, Inner 2.35[1.86, 2.87] 0.09[0.07, 0.11] 0.66 [0.54, 0.76]
V1 Superior
Outer 2.22[1.88, 2.49] 0.06 [0.05, 0.07] 0.511[0.32, 0.66]
V1 Inferior Inner 2.93[2.32, 3.47] 0.13[0.11, 0.16] 0.39[0.24, 0.54]
Outer 3.09[2.43, 3.67] 0.10[0.08, 0.12] 0.32[0.16, 0.48]
Inner 4.11[3.29, 4.79] 0.11[0.09, 0.14] 0.82[0.74, 0.88]
V2 Temporal
Outer 1.34 [1.11, 1.54] 0.02[0.02, 0.03] 0.611[0.29, 0.78]
, Inner 2.08[1.60, 2.50] 0.08 [0.06, 0.10] 0.651[0.53, 0.76]
V2 Superior
Outer 2.17[1.61, 2.66] 0.06 [0.05, 0.08] 0.44[0.24, 0.61]
Vo Inferior Inner 2.70[2.07, 3.30] 0.12[0.09, 0.15] 0.431[0.28, 0.57]
Outer 1.92 [1.51, 2.29] 0.06 [0.05, 0.07] 0.46 [0.21, 0.65]
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Supplementary Table S2. Inter-Visit Reliability

Intraclass Correlation

Meridian Boundary Stl?nndard STl Coeffi_cie.ant o Coefficient (two-way
easurement Variation random, agreement)
Temporal Inner 1.97 [1.57, 2.29] 0.05[0.04, 0.06] 0.95[0.93, 0.97]
Outer 1.1210.85, 1.36] 0.02 [0.02, 0.02] 0.86 [0.78, 0.91]
Superior Inner 1.2810.99, 1.52] 0.05[0.04, 0.06] 0.86 [0.79, 0.91]
Outer 1.74[1.24, 2.23] 0.05[0.04, 0.06] 0.63[0.47,0.75]
Inferior Inner 1.46 [1.12, 1.76] 0.07 [0.05, 0.08] 0.78 [0.67, 0.86]
Outer 1.69[1.24, 2.09] 0.05[0.04, 0.06] 0.68 [0.53, 0.79]
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Supplementary Table S3. Inter-Eye Concordance

Intraclass Correlation
Coefficient (two-way
random, agreement)

Standard Error of

Coefficient of Variation
Measurement

Meridian Boundary

Temporal " 3.52 [2.89, 4.06] 0.090.08, 0.11] 0.85[0.77, 0.90]
Outer 1,54 [1.12, 1.96] 0.03[0.02, 0.04] 0.73[0.60, 0.82]
superior ™" 1,56 [1.20, 1.86] 0.06 [0.05, 0.07] 0.810.70, 0.88]
Outer 1.96 [1.52, 2.34] 0.06 [0.04, 0.07] 0.50 [0.31, 0.66]
o Inner 2.36 [1.86, 2.79] 0.110.08, 0.13] 0.46 [0.25, 0.62]
Outer 2.47[1.98, 2.88] 0.08 [0.06, 0.09] 0.32[0.10, 0.51]




Supplementary Table S4. Association Between Age and Peau d’Orange Boundary Extents

Peau d’Orange

Boundary Predictors Estimates 95% ClI P
T . (Intercept) 15.17 2.01-28.32 0.024
emporal inner
Age [deg/decade] 4.35 1.81-6.89 0.001
T out (Intercept) 56.16 51.10 - 61.22 <0.001
emporal outer
Age [deg/decade] -0.28 -1.19 - 0.64 0.556
ntercep . .94 — 25, <0.
S o Int t 20.34 14.94 — 25.74 0.001
uperior inner
Age [deg/decade] 1 -0.04 — 2.05 0.06
ntercep . 48 —40. <0.
S (Int t) 36.05 31.48 —40.62 0.001
uperior outer
Age [deg/decade] -0.11 -0.94 -0.72 0.788
ntercep . 67 —22. <0.
nferior (Int t) 18.26 13.67 — 22.84 0.001
nferior inner
Age [deg/decade] 0.79 -0.07 - 1.65 0.071
(Intercept) 34.43 30.09 - 38.77 <0.001

Inferior outer
Age [deg/decade] -0.43 -1.17-0.32 0.259
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Supplementary Table S5. Association Between the Temporal Inner Peau d’Orange Boundary Extent and Rod-Intercept Time

(RIT)
Temporal Inner Boundary RIT at 8° RIT at 15° RIT at 30° RIT at 46°
Predictors Estimates 95% CI 95% CI 95% CI 95% CI
(Intercept) -24.49 -50.98 - 2.00 -38.75-5.07 -16.87 -9.00 -6.57-19.19
Extent [min/degree] 1.05 041-1.70 0.37-1.44 -0.22-050 -0.26 - 0.46
Age [min/decade] 3.18 -2.37-873 -3.76-541 -0.17-5.36 -1.92-360
Random Effects
02 33.66 23.14 4317 50.97
Too 172.31 pip 117.74 pip 21.53pD 17.03 P
ICC 0.84 0.84 0.33 0.25
N 26 pip 26 P 26 P 26 pip
Observations 52 52 52 51
Marginal R? / Conditional R? 0.401/0.902 0.341/0.892 0.184/0.455 0.037/0.278
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Supplementary Table S6. Association Between the Superior Inner Peau d’Orange Boundary Extent and Rod-Intercept Time

(RIT)
Superior Inner Boundary RIT at 8° RIT at 15° RIT at 30° RIT at 46°
Predictors Estimates 95% ClI 95% ClI 95% ClI p Estimates 95% ClI p
(Intercept) -31.99 -71.07-7.10 -58.58 —4.77 -37.34-2.13 0.079 0.32 -20.28-20.92 0.975
Extent [min/degree] 1.16 -0.05-2.38 0.13-2.23 -0.02 - 1.60 0.055 0.37 -0.47 —1.22 0.381
Age [min/decade] 6.56 0.47 - 12.64 -1.20 - 8.26 -0.02-4.74 0.052 0.86 -1.60 —3.32 0.486
Random Effects
02 23.97 19.76 40.38 49.27
Too 28027 PID 16482 PID 2039 PID 1857 PID
ICC 0.92 0.89 0.34 0.27
N 26 pp 26 pip 26 pip 26 pp
Observations 52 52 52 51
Marginal R? / Conditional R2 0.233/0.940 0.188/0.913 0.239/0.494 0.048/0.308
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Supplementary Table S7. Association Between the Inferior Inner Peau d’Orange Boundary Extent and Rod-Intercept Time

(RIT)
Inferior Inner Boundary RIT at 8° RIT at 15° RIT at 30° RIT at 46°
Predictors 95% Cl 95% ClI 95% CI p Estimates 95% ClI p
(Intercept) -43.11-34.83 -38.68 — 25.21 -34.31-6.01 0.164 10.11 -10.35-30.56 0.325
Extent [min/degree] -1.35-0.86 -0.80 -1.16 -0.21 -1.51 0.135 -0.13 -1.01-0.76 0.777
Age [min/decade] 1.57 - 14.40 -0.40-9.76 0.38-5.13 0.024 1.35 -1.01 -3.71 0.256
Random Effects
02 24.03 19.84 40.07 51.10
Too 323.46 PID 199.69 PID 23.70 PID 17.23 PID
ICC 0.93 0.91 0.37 0.25
N 26 pp 26 pip 26 pp 26 pip
Observations 52 52 52 51
Marginal R? / Conditional R2 0.188/0.944 0.122/0.921 0.209/0.503 0.032/0.276

1"



Supplementary Table S8. Multiple Hypothesis Testing Using the Benjamini—-Hochberg
(BH) Procedure

Multiple hypothesis testing was addressed using the Benjamini—Hochberg (BH) procedure to
control the false discovery rate (FDR). Specifically, we extracted the raw p-values for the fixed

effects of interest (effect of extent) from the mixed-effects models and applied BH correction.
We report both the raw p-values and the corresponding FDR-adjusted g-values in Supplementary

Tables S5-S7. Covariate effects (e.g., AgeDecades) were included for confounding adjustment
but were not considered part of the tested hypothesis family and therefore not subjected to FDR
correction. Conclusions were based on q < 0.05 as the threshold for statistical significance.

RIT

:Eg:fcr:)tgzi)ty Meridian Boundary Est [95% CI] p raw q BH SB'%?:::_?:::! BeanaEinr:iﬁ—cl-Ell:::berg
8 Temporal Inner 1.05 [0.41, 1.70] 0.002 0.004 *
15 Temporal Inner 0.91 [0.37, 1.44] 0.001 0.004 T *
30 Temporal Inner 0.14 [-0.22, 0.50] 0.438 0.584

46 Temporal Inner 0.10 [-0.27, 0.46] 0.593 0.593

8 Superior Inner 1.16 [-0.05, 2.38] 0.06 0.081

15 Superior Inner 1.18 [0.13, 2.24] 0.029 0.081

30 Superior Inner 0.79[-0.02, 1.60] 0.057 0.081

46 Superior Inner 0.37 [-0.48, 1.23] 0.383  0.383

8 Inferior Inner -0.25[-1.36, 0.87] 0.658 0.778

15 Inferior Inner 0.18 [-0.81, 1.17] 0.714 0.778

30 Inferior Inner 0.65[-0.21, 1.52] 0.136 0.545

46 Inferior Inner -0.13 [-1.02, 0.77] 0.778 0.778
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Supplementary Table S9. Sensitivity Analyses

To assess whether the association between peau d’orange extent and rod-intercept time (RIT)
varied with age, we performed a stratified analysis, splitting participants at the median age of
55.4 years (Younger vs. Older). Only for the younger stratum, peau d’orange extent remained

significantly associated with delayed RIT. The effect size was greater in younger patients than in

older patients. This difference is most plausibly explained by a methodological limitation of the
study: dark adaptation testing was capped at 60 minutes. This ceiling effect likely truncated the
measurable range of delay in older patients, thereby attenuating the observed strength of

association.

RIT

Eccentricity  goyndary Meridian Age Stratum  Estimate [min/deg] p raw
(Outcome)

8 Inner Temporal Younger 1.43 [0.75, 2.11] <0.001
8 Inner Temporal Older 0.73 [-0.40, 1.87] 0.194
8 Inner Superior Younger 0.45[-0.41, 1.31] 0.274
8 Inner Superior Older 1.20 [-1.11, 3.51] 0.293
8 Inner Inferior Younger -0.74 [-1.50, 0.02] 0.055
8 Inner Inferior Older -0.07 [-1.98, 1.85] 0.944
15 Inner Temporal Younger 1.02 [0.42, 1.62] 0.003
15 Inner Temporal Older 0.21[-0.37, 0.79] 0.442
15 Inner Superior Younger 1.95 [0.35, 3.55] 0.019
15 Inner Superior Older 1.00 [-0.12, 2.11] 0.077
15 Inner Inferior Younger -0.01[-1.88, 1.87] 0.994
15 Inner Inferior Older 0.43[-0.42, 1.28] 0.292
30 Inner Temporal Younger 0.06 [-0.18, 0.29] 0.622
30 Inner Temporal Older 0.75[-0.04, 1.54] 0.062
30 Inner Superior Younger 0.50 [-0.04, 1.04] 0.07
30 Inner Superior Older 1.37 [-0.28, 3.02] 0.097
30 Inner Inferior Younger 0.02 [-0.63, 0.66] 0.961
30 Inner Inferior Older 1.46 [-0.09, 3.02] 0.064
46 Inner Temporal Younger -0.02 [-0.30, 0.25] 0.845
46 Inner Temporal Older 0.52 [-0.25, 1.29] 0.172
46 Inner Superior Younger 0.59 [-0.14, 1.33] 0.106
46 Inner Superior Older 0.23 [-1.40, 1.86] 0.765
46 Inner Inferior Younger 0.14 [-0.70, 0.98] 0.73
46 Inner Inferior Older -0.23[-1.78, 1.32] 0.761
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Supplementary Methods. Non-linear Mixed Model with a Step Function

To describe the non-linear relationship between the temporal inner peau d’orange boundary
extent and the rod-intercept time at 8° and 15° eccentricity, we fitted a Bayesian non-linear
mixed-model (estimated using MCMC sampling with four chains of 2000 iterations and a

warmup of 1000).

Formula: RIT ~ b0 + bl x Age + b2 x (Extent - Omega) x step(Extent - Omega)

The following priors were used:

95% HDI of the

Parameter Description Prior . Reasoning
Prior
b Intercept normal(10, 2.5) 5. 15] Weakly informative prior based on RIT normal
data
Weakly informative prior based on ageing effect
b1 Effect of Age lognormal(-0.3, 0.4) [0.27, 1.47] on RIT (per decade)?s
Effect of Peau . . ,
b2 ¢ Orange Extent normal(0, 1.5) [-3,3] Uninformative prior
Omega Critical Extent/Step normal(35, 10) (15, 55] Weakly informative prior based on the age

Function

range of patients in the study
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Supplementary Table S10. Non-linear Mixed Model with a Step Function to Describe the
Relationship Between the Temporal Inner Peau d’Orange Boundary Extent and the Rod-
Intercept Time (RIT)

RIT at 8° RIT at 15°
Predictors Estimates Credible Interval (95%) | Estimates Credible Interval (95%)
Intercept [min] 10.14 5.53 -14.78 9.32 5.02 - 13.66
Age [min/decade] 0.79 0.36 —1.72 0.73 0.34-1.49
Effect of extent [min/mm] 1.48 0.76 —2.34 1.27 0.50-2.75
Critical extent [mm] 27.15 17.06 — 33.09 32.56 22.64 — 40.56
Observations 52 52
Marginal R2 / Conditional R2 0.440/0.902 0.328 /0.891
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