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Purpose: Progressive calcification of Bruch’smembrane (BM) causes considerable visual
morbidity in patientswith pseudoxanthomaelasticum (PXE). Since calcification is hyper-
reflective on optical coherence tomography (OCT), our aim was to measure BM calcifi-
cation with OCT imaging.

Methods: Case-control study with 45 patients with PXE under 40 years (range, 11–
39) and 25 controls (range, 14–39). Spectralis HRA-OCT imaging consisted of seven
macular B-scans with 250-μm spacing. Retinal segmentation was performed with the
IOWA Reference Algorithms. MATLAB was used to extract and average z-axis reflectiv-
ity profiles. Layer reflectivities were normalized to the ganglion cell and inner plexiform
layers. Both median and peak layer reflectivities were compared between patients with
PXE and controls. The discriminative value of the retinal pigment epithelium (RPE)–BM
peak reflectivity was analyzed using receiver operating characteristic analysis.

Results: The reflectivity profile of patients with PXE differed from controls in the outer
retinal layers. The normalized median RPE-BM reflectivity was 41.1 (interquartile range
[IQR], 26.3–51.9) in patients with PXE, compared with 22.5 (IQR, 19.3–29.5) in controls
(P = 2.09 × 10−3). The normalized RPE-BM peak reflectivity was higher in patients with
PXE (67.5; IQR, 42.1–84.2) than in controls (32.7; IQR, 25.7–38.9; P = 2.43 × 10−5) and
had a high discriminative value with an area under the curve of 0.85 (95% confidence
interval, 0.76–0.95). In patients with PXE under 40 years, increasing age did not have
a statistically significant effect on the RPE-BM peak reflectivity (patients under 20 years:
44.2 [IQR, 40.5–74.6]; 20–30 years: 66.0 [IQR, 45.1–83.8]; 30-40 years: 70.8 [IQR, 49.0–88.0],
P = 0.47).

Conclusions: BM calcification can be measured as increased RPE-BM reflectivity in
young patients with PXE and has a high discriminative value.

TranslationalRelevance: In patientswithPXE, theOCT reflectivity of Bruch’smembrane
may be the first biomarker for Bruch’s membrane calcification and a valuable ophthal-
mologic endpoint in clinical trials.

Introduction

In patients with pseudoxanthoma elasticum (PXE),
a rare disease with an estimated prevalence of at least
1:56,000, biallelic mutations of the ABCC6 gene lead

to ectopic mineralization in the vasculature, skin, and
eyes.1,2 Progressive calcification of Bruch’s membrane
(BM) initially presents as peau d’orange and typically
causes formation of angioid streaks.3 Eventually, this
leads to significant visual morbidity at a relatively
young age due to choroidal neovascularization (CNV)
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and macular atrophy.4 Similar to geographic atrophy
in age-related macular degeneration (AMD), macular
atrophy in PXE can not be treated yet. A recent study
has shown a beneficial effect of the bisphosphonate
etidronate on vascular calcification.5 In order to inves-
tigate the effect of etidronate and future potential treat-
ments on retinal calcification, a reliable endpoint is
warranted.

An increased reflectivity at the level of BM was
observed on spectral domain optical coherence tomog-
raphy (SD-OCT) in patients with PXE.3,6,7 SD-OCT
provides information on morphologic and reflective
properties of tissues, which can be affected by increas-
ing age or retinal disease.8 The thickness of BM ranges
from 2 to 5 μm,9 which is comparable with the axial
resolution of SD-OCT. Therefore, on SD-OCT, the
BM cannot be distinguished from the above lying
retinal pigment epithelium (RPE), and together these
layers form the hyperreflective RPE-BM complex. It
is plausible that the increased reflectivity of the RPE-
BM complex on SD-OCT represents the calcification
process in BM in patients with PXE. Therefore, the
RPE-BM reflectivity may serve as a biomarker for
the severity of PXE in the eye. However, commer-
cial SD-OCT imaging is not developed to measure
absolute reflectivity, and the measured reflectivity
values are processed to create high-contrast images.10
Also, patients with PXE frequently develop structural
abnormalities such as CNV with increasing age, which
may have different reflective properties than the cell
layers of a healthy retina. Possibly, this causes attenu-
ation of the OCT signal, and thereby it might alter the
reflectivity values of underlying retinal layers, including
the RPE-BM complex.11

We hypothesize that the reflectivity of BMmay serve
as a biomarker for retinal calcification in PXE. Our aim
is to test this hypothesis by comparing the RPE-BM
reflectivity on SD-OCT in young patients with PXE at
an early disease stage with healthy controls.

Methods

Study Design and Population

This retrospective, observational case-control study
was conducted at the University Medical Center
Utrecht, The Netherlands, where the Dutch National
Expertise Center for PXE is situated. The study
adhered to the Declaration of Helsinki and its further
amendments, and the study protocol was approved by
the Institutional Ethics Committee (METC 19/257).
We included patients with PXE aged under 40 years at
the time of OCT measurement and who had a defini-

tive diagnosis of PXE according to the Plomp crite-
ria.12 In total, 52 patients with PXE (104 eyes) were
included. Our aim was to quantify the increased reflec-
tivity due to calcification at the level of BM. Since
the absolute reflectivity may be affected by acquisi-
tion parameters, quantification of reflectivity values
requires normalization to other retinal layers.8 The
other retinal layers need to be intact and unaffected
to ensure that the measured effect solely derives from
BM calcification and is not due to differences in the
optical properties of the other retinal layers. There-
fore, for the purpose of this study, we first excluded
all eyes with a best-corrected visual acuity below 0.9
decimals and subsequently all eyes with structural
retinal pathology on SD-OCT to minimize a poten-
tial effect of a diseased retina on OCT reflectivity
values.

Per eye, retinal imaging consisted of central and
midperipheral color fundus photography (FF 450 plus;
Carl Zeiss Meditec AG, Jena, Germany), 55° fundus
autofluorescence, 55° near-infrared reflectance imaging
(central and midperipheral), and macular SD-OCT
(both Spectralis HRA-OCT; Heidelberg Engineering,
Heidelberg, Germany). The images were systematically
assessed by an experienced grader (SR) and graded as
(1) only peau d’orange, (2) presence of angioid streaks,
(3) CNV or fibrotic scarring, (4) macular atrophy, and
(5) abnormalities on fundus autofluorescence or other
abnormalities. Of these categories, eyes with only peau
d’orange or presence of angioid streaks were included,
since these abnormalities are inherent to BM calcifi-
cation in patients with PXE and represent an early
disease stage. The control group consisted of 25 age-
matched controls (44 eyes) with no ophthalmic abnor-
malities or myopia of more than –6 diopter and did not
have any systemic diseases. In six controls, imaging was
performed in only one eye.

Image Acquisition

SD-OCT imaging (Spectralis HRA-OCT; Heidel-
berg Engineering) consisted of two OCT volumes
covering the central macular area. These volumes each
covered an area of 20 × 5 degrees (approximately 6 ×
1.5 mm) with a distance of ∼250 μm between seven
B-scans. The OCT image size was 1024 × 7 × 496
voxels, and transverse and axial resolution was approx-
imately 6 μm and 4 μm, respectively. The automatic
real-time tracking was set to 25 frames per B-scan.
The images were exported to DICOM format for
analysis.
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Image Segmentation

Automated segmentation of 11 different retinal
surfaces was performed using the Iowa Reference
Algorithm (Retinal Image Analysis Lab, Iowa Insti-
tute for Biomedical Imaging, IowaCity, IA, USA).13–15
This resulted in 10 different retinal layer volumes.
The following layer volumes were obtained: retinal
nerve fiber layer (RNFL), ganglion cell layer (GCL),
inner plexiform layer (IPL), inner nuclear layer (INL),
outer plexiform layer, outer nuclear layer (ONL),
inner photoreceptor segment (IS), outer photoreceptor
segment (OS), photoreceptor outer segment, and the
RPE combined with BM (see Supplementary Fig. S1).
All B-scans were visually inspected for both integrity
of the outer retinal layer and BM, as well as for correct
segmentation of all retinal layers. If a part of the B-scan
did not match these criteria, corresponding A-scans
were excluded from further analysis. This was done by
using the “Undefined Regions” tool of the Iowa Refer-
ence Algorithm (example in Supplementary Fig. S1).
To prevent observer bias, incorrect segmentation was
left unadjusted and excluded. The remainder of the
total of 1024 A-scans per B-scan was used for further
analysis. Coordinates of the surfaces and data on the
included A-scans were saved as .xml files.

Image Processing

The OCT reflectivity and segmentation data were
imported in MATLAB (version 9.1.0; MathWorks,
Inc., Natick, MA, USA) using in-house built software.
The exported images had an 8-bit precision, and the
reflectivity values were transformed by the manufac-
turer to enhance visual contrast in areas with low reflec-
tivity. This process was inversed to restore the origi-
nal reflectivity values; the calibration curve is shown
in Supplementary Figure S2. The retinal layer surface
segmentations provide an estimate for the layer thick-
ness in each A-scan. Linear interpolation was used to
stretch the A-scan profiles, for each layer, to the same
standardized length of twice the maximum layer thick-
ness within the B-scan (see Supplementary Fig. S1B).
For each included A-scan, we computed z-axis reflec-
tivity profiles as a vector of 650 x-values. To calcu-
late the median intensity profile for each layer, we
first extracted the layer-specific reflectivity profiles from
the stretched A-scans. Then, we calculated the median
reflectivity profile by taking the median of all pixels
at the same depth weighed to the original thickness
of that A-scan. This was done in order to correct for
local differences in layer thicknesses that might intro-
duce measurement errors, such as the local thinning of
the GCL in the foveal area. The median B-scan specific

reflectivity was stored per row, resulting in 650 values
per B-scan.

Image Analysis

We visualized the plotted reflectivity profiles using
in-house built software. For this, the profiles were first
averaged per OCT volume and then per patient. The
reflectivity was normalized to the mean reflectivity of
the GCL-IPL layer, unless otherwise stated. This layer
is relatively far from the diseased outer retina and has a
reasonable thickness. To enhance the contrast in areas
with low reflectivity, the plots were rescaled to the
fourth root of the normalized values.

We adhered to the nomenclature for outer retinal
bands as proposed by Spaide and Curcio.16 Therefore,
we averaged the reflectivity of the IS and OS layers,
which together form the ellipsoid zone (EZ) on the
reflectivity profile. We used the layer-specific median
and peak intensities for further analysis.

Subgroup Analysis

We excluded the A-scans with visible segmentation
errors, but it is plausible that small errors remained.
We used a subset of four patients with PXE and four
controls to test the effect of small remaining errors
in the segmentation algorithm. Of each person, we
manually adjusted the segmentation in all seven B-
scans in both the horizontal and vertical OCT scans
and compared the reflectivity values and layer thick-
ness to the original, unadjusted segmentation.

We tested the reproducibility of the reflectivity
measurements in a subset of eight patients with
PXE (30 OCT volumes) and four controls (16 OCT
volumes). Repeated OCT scans were performed within
a maximum of 6 months. We do not assume a signif-
icant progression of BM calcification within this time
span. Eye-tracking technology was used to ensure that
the exact same location was used for the follow-up
scan.We extracted acquisition parameters such as scan
focus, sensitivity, and image quality from the Heidel-
berg Eye Explorer to investigate their influence on
agreement between repeated measures, as well as a
visual inspection of theOCT scans (onmotion artifacts
or possible other disturbing phenomena).

Furthermore, we hypothesized that retinal vessels
with shadowing artefacts might bias the measured
RPE-BM reflectivity. These artifacts are caused by the
retinal blood vessels in the GCL-IPL layers attenuating
the signal. In A-scans with retinal blood vessels, this
leads to a higher reflectivity in the GCL-IPL layer and
a lower reflectivity in the RPE-BM layer. This effect
is enlarged when the reflectivity is normalized. To
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investigate the size of this possible effect, we used the
before mentioned subset of eight patients with PXE
and four controls in whom we repeated the image
segmentation using the IOWA Reference Algorithm.
Using the “Undefined Regions” tool, we excluded
all A-scans with visible retinal vessels with shadow-
ing artifacts, besides the before mentioned exclusion
criteria.

Data Analysis

All values are presented as numbers with percentage
(%), mean with standard deviation (± SD), or median
with interquartile range (IQR). Distribution of values
was tested with the Shapiro-Wilk test. Differences
between groups were tested with Student’s t-test, chi-
square test, Mann-Whitney U test, or Kruskal-Wallis
test when appropriate. Differences in the subgroup
analyses were tested with paired t-test or Wilcoxon
signed-rank test, when appropriate. To control for
multiple testing, the P values of layer-specific analyses
were adjusted according to Benjamini andHochberg.17

Receiver operating characteristic (ROC) analysis
was used to test discriminative performance of the
RPE-BM reflectivity values, from which the area under
the ROC curve (AUC) was calculated. The discrimina-
tive performances of the ROC curves were compared
with the method as proposed by DeLong et al.18
Spearman correlation analysis was used for correlation
analysis. To investigate the correlation of reflectivity
values between scans, we compared the left and right
eyes for within-patient correlation and the horizontal
and vertical OCT scan within the same eye for within-
eye correlation. We visualized the agreement of the
reflectivity between the repeated measurements in a
plot proposed by Bland and Altman19 and calculated
the 95% limits of agreement.

Statistical analysis of the data was performed with
R (version 3.4.1, The R Foundation, Vienna, Austria).
The packages “pROC”(version 1.13.0) and “BlandAlt-
manLeh” (version 0.3.1) were used for ROC analysis
and agreement analysis, respectively.20

Results

Of all 52 patients with PXE under 40 years (104
eyes), 11 eyes had retinal pathology, and an additional
18 eyes had a best-corrected visual acuity lower than
0.9 and were thus excluded from analysis. This resulted
in OCT data of 75 eyes of 45 patients with PXE
with a mean age of 27 years (range, 11–39 years) and
44 eyes of 25 normal controls with a mean age of
27 years (range, 14–39 years) (Table). Themean agewas
similar between the groups. Most patients with PXE

were female (87%), compared with 56% females among
controls (P= 0.01). The thickness of the reference layer
was similar between patients with PXE and controls:
themeanGCL-IPL thickness was 78± 4 μm in patients
with PXE, compared with 77 ± 5 μm in controls (P =
0.14). In patients with PXE, the retina was 7 μm thinner
than in controls, with statistically significant differences
in the RNFL, INL, Ellipsoid zone (EZ), and RPE-
BM layers. Layer specific thicknesses are presented in
Supplementary Table S1.

Reflectivity Characteristics

The mean reflectivity profiles show differences in
reflective bands of the retinal layers between PXE and
controls (Fig. 1). The RPE-BM peak appears to be
higher in patients with PXE. When quantified, the
RPE-BM peak reflectivity was twice as high in patients
with PXE (67.5; IQR, 42.1–84.2) as in controls (32.7;
IQR, 25.7–38.9; adjusted P = 2.43 × 10−5). Conse-
quently, the median reflectivity of the RPE-BM layer
was higher in patients with PXE than in controls: 41.1
(IQR, 26.3–51.9) compared with 22.5 (IQR, 19.3–29.5;
adjustedP= 2.09× 10−3).TheRPE-BMpeak reflectiv-
ity performed best in distinguishing patients with PXE
and controls with an AUC of 0.85 (95%CI, 0.76–0.95),
compared with the RPE-BM median reflectivity with
anAUCof 0.77 (95%CI, 0.66–0.88) (P= 8.16× 10−5).
The ROC curves are visualized in Figure 2. Further-
more, the median reflectivity of the photoreceptors of
patients with PXE is lower than that of controls with
nominal statistical significance but not when adjusted
for multiple testing (Table).

Effect of Age

The RPE-BM peak reflectivity increased with age
in patients with PXE but not in controls (Fig. 3). The
RPE-BMpeak reflectivity was 44.2 (IQR, 40.5–74.6) in
patients with PXE under 20 years (n = 7), compared
with 66.0 (IQR, 45.0–83.8) in patients aged 20 to
30 years (n = 22) and 70.8 (IQR, 49.0–88.0) in patients
with PXE aged 30 to 40 years (n = 16). However,
these differences were not statistically significant (P
= 0.48). Median layer reflectivity also did not show
statistically significant differences with increasing age.
Detailed information can be found in Supplementary
Table S2.

Within-Eye andWithin-Patient Correlation

In patients with PXE, the RPE-BMpeak reflectivity
had a strong correlation between horizontal and verti-
cal B-scans within the same eye (ρ = 0.80; adjusted
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Table. Patient Characteristics and Layer Reflectivity

Characteristic PXE (n = 45) Control (n = 25) Nominal P Adjusted Pa

Patient data
Age, mean ± SD (years) 27 ± 7 27 ± 6 0.96
Gender (male), n (%) 6 (13) 11 (44) 0.01
Proportion of A-scans (%) 93 [92, 96] 95 [94, 96] 0.02
Scan quality (dB), mean ± SD 35.2 ± 3.2 34.8 ± 2.6 0.64

Median layer reflectivity
Retinal nerve fiber layer 2.2 [2.0, 2.7] 2.3 [2.0, 2.6] 0.93 0.96
Ganglion cell layer 0.71 [0.67, 0.75] 0.69 [0.67, 0.73] 0.18 0.34
Inner plexiform layer 0.78 [0.73, 0.83] 0.79 [0.76, 0.82] 0.16 0.31
Inner nuclear layer 0.37 [0.32, 0.39] 0.36 [0.35, 0.40] 0.54 0.67
Outer plexiform layer 0.66 [0.56, 0.75] 0.69 [0.65, 0.78] 0.22 0.38
Outer nuclear layer 0.23 [0.19, 0.27] 0.24 [0.22, 0.28] 0.06 0.17
Ellipsoid zone 14.0 [8.3, 20.0] 17.2 [14.0, 27.0] 0.02 0.10
Outer photoreceptor segments 14.5 [9.1, 23.3] 21.7 [16.1, 29.7] 0.02 0.10
RPE and Bruch’s membrane 41.1 [26.3, 51.9] 22.5 [19.3, 29.5] 1.90 × 10−4 2.09 × 10−3

Peak layer reflectivity
Retinal nerve fiber layer 5.2 [4.3, 6.1] 4.7 [4.3, 6.5] 0.75 0.83
Ganglion cell layer 3.2 [2.9, 3.5] 3.1 [2.9, 3.4] 0.54 0.67
Inner plexiform layer 0.99 [0.92, 1.06] 0.99 [0.97, 1.05] 0.52 0.67
Inner nuclear layer 0.85 [0.76, 0.90] 0.82 [0.79, 0.92] 0.55 0.67
Outer plexiform layer 0.94 [0.78, 1.09] 0.97 [0.89, 1.08] 0.31 0.48
Outer nuclear layer 0.71 [0.61, 0.84] 0.77 [0.69, 0.96] 0.07 0.17
Ellipsoid zone 35.6 [24.4, 57.5] 40.6 [34.7, 59.4] 0.12 0.25
Outer photoreceptor segments 27.4 [17.5, 43.1] 38.2 [27.4, 56.3] 0.03 0.11
RPE and Bruch’s membrane 67.5 [42.1, 84.2] 32.7 [25.7, 38.9] 1.10 × 10−6 2.43 × 10−5

All reflectivity values are normalized to the GCL-IPL layer. Values are presented as median [IQR ] unless otherwise indicated.
aP values were adjusted according to the method as proposed by Benjamini and Hochberg.

P < 2.2 × 10−16; Fig. 4). For controls, this within-eye
correlation was moderate (ρ = 0.56; adjusted P = 1.03
× 10−3). The within-patient correlation of the RPE-
BM peak reflectivity between both eyes was moderate
for patients with PXEand strong for controls (ρ = 0.42,
adjusted P = 0.03 and ρ = 0.71, adjusted P = 0.01,
respectively; Fig. 4).

The within-eye correlation for the median RPE-BM
reflectivity was strong for patients with PXE (Spear-
man’s ρ = 0.77; adjusted P < 2.2 × 10−16) and for
controls (ρ = 0.65; adjusted P = 1.06 × 10−5). The
within-patient correlation for the median RPE-BM
reflectivity was moderate for patients with PXE (ρ =
0.43; adjusted P = 0.03) and strong for controls (ρ =
0.68; adjusted P = 0.01). Further details on within-eye
and within-patient correlations of median layer reflec-
tivity can be found in Supplementary Table S3.

Manual Correction of Segmentation

Manually adjusting all small segmentation errors in
a subset of four patients with PXE (four eyes) and four
controls (four eyes) did not result in statistically signif-
icant changes in the retinal layer thickness or in the
GCL-IPL reflectivity (serving as the reference layer for
normalization) or RPE-BM peak reflectivity (Supple-
mentary Table S4). The correlation between RPE-BM
peak reflectivity with and without adjusted segmen-
tation for all OCT scans is visualized in Supplemen-
tary Figure S3. In this subset, the absolute difference
of the RPE-BM peak reflectivity between PXE and
controls becomes slightly larger: the absolute difference
is 54 (95% CI, 22–80) for the unadjusted OCT scans,
while this is 61 (95% CI, 27–84) for the adjusted OCT
scans.
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Figure 1. Reflectivity profiles of patients with PXE and controls. Averaged reflectivity profiles of patients with pseudoxanthoma elasticum
(PXE) (n = 45) and controls (n = 25). The normalized reflectivity is plotted against the retinal depth. On the right side, the corresponding
retinal layers are noted. The GCL-IPL layer was used as the reference layer for normalization. The fourth root of the normalized reflectivity
was used for better visualization.

Figure 2. Receiver operating characteristic curve. ROC curve of the
RPE-BMpeak reflectivity andRPE-BMmedian reflectivity (normalized
to the GCL-IPL layer). Reflectivity values were averaged per person.

Reproducibility

We tested the reproducibility of the RPE-BM peak
reflectivity in a subset of eight patients with PXE (15

Figure 3. The effect of age. RPE-BM peak reflectivity of patients
with PXE and controls, plotted by their age category. The RPE-BM
reflectivity is normalized to the GCL-IPL layer. The horizontal bars
represent the median value, and the boxes represent the interquar-
tile range. Per person, the reflectivity values were averaged. The
number of patients per category is listed at the bottom of the figure.

eyes) and four controls (8 eyes). The agreement for
the RPE-BM peak reflectivity, averaged per eye, is
visualized in the Bland-Altman plot (Supplementary
Fig. S4). Themean absolute difference between the first
and second measurements was 13.7 for patients with
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Figure4. Within-eye andwithin-subject correlation.Within-eye (A) andwithin-subject (B) correlationof RPE-BMpeak reflectivity of patients
with PXE and controls. Within-eye correlation is measured with horizontally and vertically orientated OCT scans. For within-eye correlation,
there were 101 comparisons for patients with PXE and 36 comparisons for controls. For within-subject correlation, there were 29 pairs of
observation in patients with PXE and 19 pairs of observation in controls. The diagonal line represents the perfect correlation. In the top-left
corner, the Spearman correlation coefficients (ρ) are shown for patients with PXE (black) and controls (gray).

PXE and –1.8 for controls. The 95% limits of agree-
ment were –53.0 and 79.5 for patients with PXE and
–34.2 and 30.5 for controls. In this subset, the acqui-
sition parameters scan focus, sensitivity, and image
quality were not associated with the GCL-IPL reflec-
tivity, which was used for normalization, or with the
reproducibility.

Shadowing Artifacts

Excluding all A-scans with retinal blood vessels
and shadowing artefacts on the B-scan from analysis
resulted in a statistically significant lower proportion
of included A-scans: 83.3%± 5.8%A-scans per B-scan
while excluding retinal blood vessels versus 93.7% ±
5.7% in normal segmentation (P < 2.2 × 10−16). The
RPE-BM peak reflectivity was slightly higher if retinal
blood vessels were excluded: the median difference in
patients with PXE was 1.20 (95% CI, 0.8–1.6; P = 1.65
× 10−6) and 0.8 (95% CI, 0.6–1.2; P = 4.21 × 10−7)
in controls. The absolute difference in RPE-BM peak
reflectivity in patients with PXE and controls remained
the same: 48.0 (95% CI, 38.3–61.1) if A-scans with
retinal blood vessels were excluded versus 47.5 (95%CI,
37.9–61.1) with normal segmentation.

Discussion

To our knowledge, this is the first study on the
reflectivity characteristics of SD-OCT in patients with
PXE.We found that the reflectivity profiles of relatively
young patients with PXE are different from controls
and that the RPE-BM peak reflectivity performs well
in discriminating patients with PXE from controls.

Our findings confirm previous observations of OCT
imaging in PXE,which describe increased reflectivity at
the level of the RPE-BM complex.3,6,21,22 This finding
is also compatible with the histopathologic evidence of
calcification in BM.23 The increased reflective proper-
ties of the calcified BM cause the hyperreflectiv-
ity of the RPE-BM complex on SD-OCT, which
appears to correlate with its bright reflex on near-
infrared imaging.7 Besides near-infrared imaging, late-
phase indocyanine green angiography also visualizes
the pattern of BM calcification.24,25 However, quantifi-
cation methods for these retinal imaging techniques
are not available yet. The distance between the tempo-
ral border of the optic disc and the central border of
peau d’orange has been used as a proxy for the extent
of calcification.26 The eccentricity of the border of
the peau d’orange may provide relevant information



Measurement of BM Calcification in PXE TVST | July 2020 | Vol. 9 | No. 8 | Article 34 | 8

regarding the progression of the extent of BM calci-
fication, but it is unclear whether this parameter also
represents severity of retinal calcification.26 A recent
study showed reduced quantitative autofluorescence in
PXE, which suggests reduced lipofuscin levels within
the RPE.27 These levels were associated with the extent
of calcification, implicating that BM calcification in
PXE affects the vitality of the outer retina.

In this study, we investigated the use of SD-OCT
reflectivity values, normalized to the GCL-IPL refer-
ence layer, as a quantifiable biomarker for PXE.
Quantification of reflectivity values is hardly used, in
contrast to quantification of layer thickness, because
interpretation of reflectivity values is less straightfor-
ward. Since the reflectivity values are influenced by
multiple factors such as media opacities and signal-
to-noise ratio and SD-OCT imaging is not calibrated,
absolute reflectivity values are not considered a reliable
metric.8 Approaches to obtain reliable reflectivity
data include normalization to image quality or signal
strength, to a reference layer, or by using an atten-
uation coefficient.11,28 The RNFL or RPE has been
suggested as the best reference layer, since these layers
show the highest reflectivity values.29 On the other
hand, the ONL, which shows the lowest reflectiv-
ity values in the retina, has been proposed because
of the best correlation with image quality.8 For the
purpose of our study, both candidates are not ideal;
the macular RNFL is rather thin, and normalizing the
high RPE-BM reflectivity to the low ONL reflectivity
could result in a biomarker that is extremely sensitive to
measurement errors in the reference layer having a low
signal-to-noise ratio.8 Moreover, the ONL represents
the nuclear bodies of the photoreceptor cells, which
theoretically will suffer first from a diseased RPE-BM
complex in PXE. The GCL-IPL layer is, besides the
RNFL, furthest away from the outer retina, and the
thickness and reflectivity values of the GCL-IPL layer
allow for easy segmentation. Only in the foveal area
does the GCL-IPL layer almost diminish, which likely
causes noise in the reference layer reflectivity. There-
fore, we selected the GCL-IPL layer as a reference layer
corrected for the foveal thinning by weighing the reflec-
tivity profiles to the layer thickness to normalize the
reflectivity values.

We observed a large variability in normalized
reflectivity values, both between patients and within
patients. The high variability between patients might
partly be explained by age and the severity of the
disease. However, this does not explain the variabil-
ity within patients and thus the low reproducibil-
ity. It is in line with a study that found that reflec-
tivity values may vary up to 29% due to sensitivity
fall-off (decreasing sensitivity with increasing retinal

depth) and patient-induced motions, such as a heart-
beat, that cause axial shift.30 Also, a change in the
angle of the infrared light beam affects the reflectiv-
ity and attributes to the variability of measured reflec-
tivity.31 Therefore, it is complicated to obtain a repro-
ducible measure of OCT reflectivity, which is often
prone to substantial intrapatient variation.32 Unfor-
tunately, our data set with repeated measures was
rather small and lacked statistical power to investi-
gate the reproducibility more in depth. Future research
should therefore focus on gaining insight into and
improving reproducibility. Progress in OCT technol-
ogy, such as the introduction of the Spectralis OCT2,
providing faster imaging with a higher signal-to-noise
ratio, is expected to be beneficial for improving the
reproducibility.33 Also, another approach for normal-
izing the reflectivity may be worth investigating. The
approach proposed by Vermeer et al.34 could be
valuable, since it does not rely on a reference layer but
uses a pixel-specific attenuation coefficient to charac-
terize the retinal tissue. Even though we cannot use
the RPE-BM reflectivity as an individual biomarker
yet, the RPE-BM reflectivity is a reliable parame-
ter to compare groups with a random measurement
error.

We could not demonstrate a statistically signifi-
cant effect of age on the RPE-BM peak reflectivity.
It is known that BM calcification in PXE increases
with age and is hypothesized to spread centrifugally.25
Gliem et al.27 recently found that the extent of calci-
fication increases with age but has a large between-
patient variability. Interestingly, our data also suggest
a possible trend of increasing RPE-BM peak reflec-
tivity with increasing age. However, we should take
into account that we only measured patients aged
under 40 years, and thus the reflectivity throughout
life is still unknown. Moreover, it is plausible that
the large variability between patients and the relatively
small sample size impede reaching statistical signifi-
cance. Also, it is likely that the excluded patients with
PXE with CNV or macular atrophy had more severe
BM calcification than patients with PXE of the same
age without these complications. It would therefore be
interesting to study the hypothesis that the RPE-BM
peak reflectivity in PXE increases with age by including
older and more severe patients with PXE or by increas-
ing the study population. However, even though our
findings provide convincing evidence that we can detect
BM calcification in PXE already at a young age and
may suggest that the BM calcification progresses with
age, the characteristics of the RPE-BM peak reflec-
tivity need to be validated in an external cohort of
patients with PXE. Also, there was a substantial and at
this moment unexplained variability between patients,
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which is known from other measures in patients with
PXE.27 Therefore, before the RPE-BM peak reflectiv-
ity is suitable as a longitudinal biomarker, the repro-
ducibility needs to be improved.

Changes in BMalso occur with normal aging, which
means that BM calcification in PXE may represent a
part of the normal aging process. Also, the RPE reflec-
tivity increases with age, which is attributed to enlarged
melanosomes in the RPE.35 Since BM is very thin, it
is hard to investigate the BM reflectivity separate from
theRPE reflectivity. Both phenomena, however, cannot
explain the observed difference inRPE-BMpeak reflec-
tivity between patients with PXE and controls.

Furthermore, changes in BM occur as part of the
pathophysiology of AMD.36,37 AMD may progress
to a neovascular or atrophic stage due to changes in
the anatomical complex consisting of the photorecep-
tors, RPE-BM, and the choriocapillaris.36 Patients with
AMD also have a different OCT reflectivity profile: the
ellipsoid zone has a lower reflectivity than controls,
which correlates with retinal function.38 Possibly, the
OCT reflectivity profile also shows differences in the
RPE-BM complex due to BM calcification or other
changes in the complex consisting of choriocapillaris,
RPE-BM, and the photoreceptors.39 Therefore, OCT
reflectivity profiles may be an interesting biomarker to
monitor early changes in patients with AMD or even
as a screening tool for detection of early AMD.40

Interestingly, we also found an indication that
patients with PXE have a lower photoreceptor reflec-
tivity than controls, with nominal statistical signifi-
cance (Table). The interpretation is yet uncertain. An
altered optical Stiles Crawford effect may contribute
to this difference between patients with PXE and
controls. The optical Stiles-Crawford effect describes
the phenomenon that OCT reflectivity depends on
the directionality of the retinal tissue.41 The direc-
tionality of the photoreceptors might be altered by
retinal pathophysiology, which then leads to an altered
absorption and reflection of light.42 Possibly, BM calci-
fication affects the directionality of the photorecep-
tors and thereby its reflectivity. However, it is also
plausible that BM calcification affects the vitality of
the photoreceptors by impeding the diffusion of nutri-
ents and oxygen from the choriocapillaris. This may
then cause photoreceptor dysfunction and degenera-
tion. Despite the lack of large-scale studies provid-
ing convincing evidence, the existing literature indicates
that patients with PXE have impaired retinal function.
Three studies in 35, 15, and 4 patients with PXE
found reduced retinal function or dark adaptation,
which supports this hypothesis.43–45 However, one
study did not find retinal dysfunction in seven patients
with PXE.46 Future research should compare retinal

function with OCT reflectivity to further investigate
the mechanism of lower photoreceptor reflectivity in
patients with PXE.

Moreover, we found differences in thickness of the
total retina and in several retinal layers. Two previ-
ous studies reported on a lower retinal thickness in
eyes with PXE, but these studies included later stages
of PXE with CNV and/or atrophy, making it diffi-
cult to compare our findings.47,48 Since there are no
data on retinal layer thickness in PXE, it is difficult
to interpret these findings. Perhaps BM calcification
already affects the thickness of some retinal layers at
an early disease stage. However, it is also very plausi-
ble that the segmentation algorithm attributed to the
differences in layer thickness. The IOWA segmenta-
tion algorithms rely on signal strength and the higher
RPE-BM reflectivity in patients with PXEmay slightly
affect the algorithm.49 Last, the method of thickness
measurements differs from commonly used methods
(e.g., measuring along the length of the standardized
Early Treatment of Diabetic Retinopathy (ETDRS)
grid). Both the uncertainty regarding why the layers
differ in thickness, as well as the method of measure-
ment, should be taken into account when interpreting
or comparing the retinal layer thicknesses.

Some limitations need to be addressed. The IOWA
reference algorithms that we used to segment the retinal
layers are based on a three-dimensional approach,
which models the surfaces of retinal layers, whereas
our OCT volumes consist of seven B-scans. This
might result in small segmentation errors at the fovea.
However, in this study, all B-scans were visually
inspected, and in case there were clearly visible segmen-
tation errors, the A-scans in that area were excluded.
Also, manual adjustment of small segmentation errors
did not affect the results; the small, nonsignificant
changes are seen in both patients with PXE and
controls, and they follow the same direction. They will
thus not weaken the differences seen between PXE and
controls. Therefore, we do not assume that this has
affected the validity of our findings. Then, the RPE-
BM peak reflectivity might have been slightly affected
in patients with PXE due to the presence of angioid
streaks that were not detectable on OCT. In most
cases, however, angioid streaks are visible on OCT as
breaks in BM,7 and we excluded those A-scans with
our approach. This resulted in a lower proportion of
included A-scans per B-scan in patients with PXE
compared with controls. Hypothetically, undetected
angioid streaks could lower RPE-BM peak reflectiv-
ity, but we assume that the proportion of A-scans with
undetected streaks is so small that a large effect on
reflectivity values is unlikely. At last, we found that the
shadowing artifacts of retinal blood vessels affected
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the RPE-BM reflectivity, but this effect was relatively
small and did not influence the large difference between
reflectivity in patients with PXEand controls.However,
it does indicate that the RPE-BM reflectivity might be
slightly affected by above lying structures. To prevent
this, an approach based on attenuation coefficients
could be an option in future research.

In conclusion, we showed that patients with
PXE have increased normalized RPE-BM reflectiv-
ity, presumably as a result of BM calcification. The
normalized RPE-BM peak reflectivity has potential to
be the first biomarker for the severity of BM calcifi-
cation in patients with PXE. This finding is relevant
to gain insight not only into PXE pathology but into
normal aging and AMD as well. Further research
is warranted to confirm our findings and to further
improve the reproducibility of the RPE-BM peak
reflectivity.
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