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Tomography in Patients with Inherited Macular
Degeneration

Kamron N. Khan1–4,*, Shyamanga Borooah1,5,*, Leonardo Lando6, Kunny Dans5,
Omar A. Mahroo1,2, Amit Meshi5, Angelos Kalitzeos1,2, Georgios Agorogiannis1,
Sasan Moghimi6, William R. Freeman5, Andrew R. Webster1,2, Anthony T. Moore2,7,
Martin McKibbin3,4,**, and Michel Michaelides1,2,**

1 Medical Retina Service, Moorfields Eye Hospital, London, UK
2 University College London Institute of Ophthalmology, London, UK
3 St. James’s University Hospital, Leeds, UK
4 Department of Ophthalmology, Leeds Institute of Biomedical and Clinical Sciences, University of Leeds, Leeds, UK
5 Jacobs Retina Center, Shiley Eye Institute, University of California San Diego, La Jolla, CA, USA
6 Shiley Eye Institute, University of California San Diego, La Jolla, CA, USA
7 Department of Ophthalmology, University of California San Francisco, San Francisco, CA, USA

Correspondence: Kamron N. Khan,
Department of Ophthalmology,
Leeds Teaching Hospitals NHS Trust,
Leeds, LS9 7TF, UK. e-mail:
medknk@leeds.ac.uk

Received: December 2, 2019
Accepted:March 12, 2020
Published:May 23, 2020

Keywords: macular degeneration;
inherited macular degeneration;
optical coherence tomography;
retinal dystrophy

Citation: Khan KN, Borooah S, Lando
L, Dans K, Mahroo OA, Meshi A,
Kalitzeos A, Agorogiannis G,
Moghimi S, Freeman WR, Webster
AR, Moore AT, McKibbin M,
Michaelides M. Quantifying the
separation between the retinal
pigment epithelium and Bruch’s
membrane using optical coherence
tomography in patients with
inherited macular degeneration.
Trans Vis Sci Tech. 2020;9(6):26,
https://doi.org/10.1167/tvst.9.6.26

Purpose: To describe and quantify Bruch’s membrane (BM) and retinal pigment epithe-
lium (RPE) separation using spectral-domain (SD) optical coherence tomography (OCT)
in patients affected by inheritedmacular degenerations associated with BM thickening.

Methods: Patients with molecularly confirmed Sorsby fundus dystrophy (SFD),
dominant drusen (DD), and late-onset retinal degeneration (L-ORD) were included in
this retrospective study. Each disease was classed as early stage if subjects were asymp-
tomatic, intermediate stage if they had nyctalopia alone, and late stage if they described
loss of central vision. The main outcome was measurement of BM-RPE separation on
SD-OCT. The BM-RPE separationmeasurementswere compared against those in normal
age-matched controls.

Results: Seventeen patients with SFD, 22 with DD, and eight with L-ORDwere included.
BM-RPE separation on SD-OCT demonstrated a high test-retest and interobserver repro-
ducibility (intraclass correlation coefficients>0.9). BM-RPE separationwas not identified
in normal subjects. In SFD, there was greater BM-RPE separation in late-stage disease
comparedwith intermediate-stage patients both at subfoveal (P< 0.05) and juxtafoveal
(P< 0.01) locations. In DD, there was increased BM-RPE separation in late-stage disease
compared with early stage at subfoveal (P < 0.001) and juxtafoveal (P < 0.05) topogra-
phies. There was no significant difference in BM-RPE separation between disease stages
in L-ORD.

Conclusions: BM-RPE separation is a novel, quantifiable phenotype in the three
monogenic macular dystrophies studied, and may be an optical correlate of the
histopathological thickening in BM that is known to occur. BM-RPE separation, as
measured by OCT, varies with stage of disease in SFD and DD, but not in L-ORD.

Translational Relevance : SFD, DD, and L-ORD are associated with BM thickening. In
this group of patients, OCT assessment of macular structure identifies a separation of
the usually single, hyperreflective line thought to represent BM and the overlying RPE.
This separation is a novel and quantifiable feature of disease staging in SFD and DD.
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Introduction

Bruch’s membrane (BM) is an acellular pentalam-
inar matrix located between the choroid and retinal
pigment epithelium (RPE), extending from the edge of
the optic disc to the ora serrate.1,2 BM thickens with
age3 resulting in as much as a three-fold increase in
thickness at the macula.4–8 It has been suggested that
BM thickening also contributes to the development
of pathology in diseases, such as age-related macular
degeneration (AMD).9–12

Spectral-domain (SD) optical coherence tomogra-
phy (OCT) enables high-resolution structural imaging
of the outer retina, BM, and choroid. In healthy
eyes, four hyperreflective lines are normally seen in
the outer retina. These lines have now been labeled
the external limiting membrane (ELM), ellipsoid zone
(EZ), RPE interdigitating zone (IZ), and the RPE-
BM.13 Usually, SD-OCT does not demonstrate resolv-
able BM separation from RPE except in marked
pathology.14,15

Abnormal BM thickening is also seen in a number
of inherited diseases, including pseudoxanthoma
elasticum; dominant drusen (DD), also known as
Malattia Leventinese or Doyne honeycomb macular
dystrophy; Sorsby fundus dystrophy (SFD); and late-
onset retinal degeneration (L-ORD).16–20 Histopatho-
logical studies have suggested BM thickness increases
with time in these conditions, and that this thick-
ening is indistinguishable from that occurring as
part of normal ageing and that accompanying
AMD.21–23

The present study aims to characterize BM-RPE
separation identified by SD-OCT in inherited macular
degenerations in which BM thickening is prominent.
For this study we have included patients diagnosed
with SFD (OMIM 188826, 136900), L-ORD (OMIM
605670, 608752), and DD (OMIM 601548, 126600),
which results from pathogenic variants in the genes
TIMP3, C1QTNF5, and EFEMP1, respectively. These
diseases are all fully penetrant and have an autosomal-
dominant inheritance pattern. Currently, there are no
known biomarkers of disease progression for these
conditions. Here we test the hypothesis that OCT-
derived BM-RPE separation can be used as a surro-
gate marker for BM thickening in these diseases,
and that this measurement increases as the disease
progresses. Additionally, we investigate whether BM-
RPE separation is different in the juxtafoveal (rod-
rich) region compared with the subfoveal (cone-
rich) region, given phenotypic differences observed
in cone- and rod-rich regions of the retina in
AMD.24,25

Methods

This was a retrospective cross-sectional study with
patients who were identified using the inherited eye
disease databases atMoorfields Eye Hospital, London,
and St. James’ University Hospital, Leeds. Patients
had molecularly confirmed disease causing variants
in TIMP3 (SFD), EFEMP1 (DD), and C1QTNF5
(L-ORD). Age-matched normal controls were identi-
fied from the inhouse database at the Jacobs Retina
Center, Shiley Eye Institute, University of California
San Diego, La Jolla, St. James’ University Hospital,
Leeds; and Moorfields Eye Hospital, London. Eyes
were excluded from analyses if there had been previ-
ous retinal surgery or a history of other chorioretinal
disease. Local research ethics committee approval was
obtained fromMoorfields Eye Hospital, Leeds Univer-
sity Teaching Hospital, and the University of Califor-
nia San Diego sites.

The hospital paper notes and electronic records of
cases and controls were reviewed. Retinal structure
was assessed using SD-OCT (Heidelberg Engineer-
ing, Heidelberg, Germany), with both line and volume
scans available for interpretation. Macular OCT
scans were analyzed by measuring BM-RPE separa-
tion (Fig. 1). For this, horizontal B-scans through
the central fovea were selected and processed using
ImageJ (National Institutes of Health, Bethesda,
MD) by two members of the study team (SB and
KD) using a modification of a previously published
protocol.26

Fourmeasurements were taken for each patient. The
center of the fovea was taken as the lowest point on
the B-scan judged to be closest to the fovea on the
corresponding near-infrared image. Using ImageJ, the
scale bar provided on the SD-OCT image was applied
to scale measurements. Two subfoveal measurements in
the cone-rich regions were taken (100 μm either side of
the central fovea), and two juxtafovealmeasurements in
the rod-rich regions (1000 μm either side of the central
fovea; Figs. 1A, 1C, 1E). At these four positions, an
ImageJ plot profile was recorded across the outer retina
(Figs. 1B, 1D, 1F). The distance between the peak
hyperreflective signals (representing BM and the exter-
nal border of the RPE) was noted at each site. Pixel
measurements were converted to length in micrometers
(μm) using the supplied scale.

Measurements of BM-RPE separation were derived
from the mean distance between hyperreflective lines
representing the RPE and BM, at sub- and juxtafoveal
regions, measured by two independent graders, both
masked to the diagnosis under analysis (Fig. 2).
Case-notes were reviewed by a third investigator, and
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Figure 1. OCT scans and plot profile measurements of BM-RPE separation. Examples are shown for a normal control (A, B), an early-stage
dystrophic eye with L-ORD (C, D), and a late-stage case of DD (E, F). A horizontal Spectralis SD-OCT line scan through the central fovea was
analyzed for each eye of every patient and control. Readings were taken 100 μm either side of the foveola for subfoveal measurements, and
1000 μm either side of the central fovea for juxtafoveal measurements (A, C, E). A line was generated across the outer retina. The insets show
the representative lines that were used to generate the intensity plot profiles at the farthest right juxtafoveal location (B, D, F). Intensity
plot profiles across the outer retina highlight the position of the ELM, EZ, IZ, RPE, and BM. The horizontal arrows highlight the BM to RPE
separation in the case plot profiles (D, F).
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Figure 2. SD-OCT scans identifies distinctive separation of the RPE (black arrowheads) from BM (white arrowheads) in patients diagnosed
with SFD (A), DD (B), and late-onset macular degeneration (C). The green line highlights the position of the B-scan represented in the left
hand images.

patients were grouped by disease (SFD, DD, and L-
ORD). In addition, patients were classified by stage of
disease: early, if they were asymptomatic; intermedi-
ate, if they reported nyctalopia alone; or late, if they

described loss of central vision. For each of the inher-
ited macular degenerations (SFD, DD, and L-ORD),
BM-RPE separation measurements were compared by
stage and topography (sub- and juxtafoveal regions).
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Table 1. Clinical Features of SFD

Early Stage Intermediate Stage Late Stage

Symptoms None Poor vision in dark with
good central vision

Poor vision in dark with
reduced central vision

Number of patients with
comparative OCT

2 eyes (1 patient) 12 eyes (6 patients) 20 eyes (10 patients)

Mean age (SD) (years) 39 (6.7) 45 (7.2) 47.8 (8.6)
BM thickening No Yes Yes
Mean subfoveal BM-RPE
separation

0 +/− 0 μm 34.4 +/− 52.4 μm 23.8 +/− 7.3 μm

Mean juxtafoveal BM-RPE
separation

0 +/− 0 μm 69.0 +/ −47.8 μm 58.1 +/− 45.7 μm

Stage comparison: P values N/A 0.042 (subfoveal) and
0.008 (juxtafoveal)

If the disease was asymmetric, patients were classified
according to their worst eye.

Statistical analyses included generalized descriptive
statistics. Measurements of BM-RPE separation were
compared using a linear mixedmodel according to eyes
and topography to enable the inclusion of data from
both eyes of patients in this study. Data analyses were
performed using Stata software version 15.0 (Stata-
Corp, College Station, TX). Statistical significance for
tests was set at P <0.05. For interrater agreement,
intraclass correlation coefficients (ICCs) and their 95%
confidence intervals were calculated using SPSS Statis-
tics for Windows, Version 24.0 (IBM Corp., Armonk,
NY).

Results

A review of SD-OCT imaging of patients with
inheritedmacular degenerations identified a separation
of the usually single hyperreflective line corresponding
to the BM-RPE in all three groups (SFD, DD, and L-
ORD). BM-RPE separation was seen at all stages of

each inheritedmacular degenerations, except in a single
patient with asymptomatic early-stage SFD. In all the
diseases, there was no significant difference in BM-RPE
separation between the right and left eyes within same
subject at either sub- or juxtafoveal locations.

The BM-RPE separation was measured as
described earlier. Test-retest reliability of this method
showed high reliability (ICC > 0.9). To see if this
separation could be measured reliably using the
methods described, two graders independently
measured the separation at sub- and juxtafoveal
locations to test interobserver reliability. ICCs showed
extremely high correlation (ICC > 0.9) across all three
diseases at both sub- and juxtafoveal locations. Taken
together, this demonstrated that this technique could
be used to reliably measure the BM-RPE separation
using SD-OCT images (Supplementary Tables S1 and
S2).

Sorsby Fundus Dystrophy

Seventeen SFD patients were included in the
study. These patients carried the most frequently

Table 2. Clinical Features of DD

Early Stage Late Stage

Number of individuals 20 eyes (10 patients) 24 eyes (12 patients)
Mean age (SD) (years) 41 (9.7) 58 (10.7)
BM thickening Yes Yes
Mean subfoveal BM-RPE separation 43.0 +/− 29.1 μm 92.7 +/− 54.7 μm
Mean juxtafoveal BM-RPE separation 78.5 +/− 74.3 μm 108.9 +/− 57.1 μm
Difference in BM-RPE separation (subfoveal) P < 0.001
Difference in BM-RPE separation (juxtafoveal) P = 0.03



BM in Inherited Macular Degeneration TVST | May 2020 | Vol. 9 | No. 6 | Article 26 | 6

described mutation, p.(Ser204Cys), in TIMP3.27 Only
one patient (n = 2 eyes) had early-stage SFD, six
(n = 12 eyes) patients had intermediate-stage disease,
and 10 (n = 20 eyes) had late-stage disease by our
definitions (Table 1). The early-stage case showed no
discernible BM-RPE separation. Mean measurements
of BM-RPE separation in intermediate SFD were
34.4 μm (52.4) at subfoveal and 69.0 μm (47.8) at
juxtafoveal site. In late SFD,mean separation at respec-
tive locations was 23.8 μm (7.3) and 58.1 μm (45.7)
(Fig. 3A).

BM-RPE separation was evident in all subjects with
intermediate SFD and was significantly greater when
compared with late stage at both sub- and juxtafoveal
locations (P < 0.05 and < 0.01, respectively). There
was no statistically significant difference in BM-RPE
separation at either juxta- or subfoveal loci. No BM-
RPE separation was identified in normal age-matched
control individuals (n = 34 eyes), confirming a signif-
icant difference between patients with intermediate
disease and age-matched controls at both sub- and
juxtafoveal locations (P < 0.001).

Dominant Drusen

Twenty-two patients (n = 44 eyes) with DD were
identified, all resulting from the same p.(Arg345Trp)
mutation in EFEMP1.28 Ten cases (n = 20 eyes) were
in early-stage disease, and 12 (n = 24 eyes) in late-stage
disease. No patients (n = 0) in our cohort reported
isolated nyctalopia (intermediate stage) (Table 2).
Mean BM-RPE separation in early DD was 43.0 μm
(29.1) at subfoveal and 78.5 μm (74.3) at juxtafoveal
points. At the same loci, patients with late-stage DD
recorded a separation of 92.7 μm (54.7) and 108.9 μm
(57.1) betweenOCT-derived hyperreflective lines repre-
senting BM and the RPE (Fig. 3B).

BM-RPE separation was significantly greater in
patients with late-stage disease as compared with early-
stage disease, at both sub- and juxtafoveal locations
(P < 0.001 and < 0.05, respectively). In DD, separa-
tion values were significantly greater at juxtafoveal loci
compared with subfoveal loci (P < 0.01). BM-RPE
separation was significantly greater than that measured
in age-matched control eyes (n = 44 eyes) at sub- and
juxtafoveal locations (both P < 0.001).

Late-Onset Retinal Degeneration

Eight patients (n = 16 eyes) were diagnosed with
L-ORD. All cases had the most common mutation:
p.(Ser163Arg) in C1QTNF5.29 No early-stage patient
(n = 0) was identified for inclusion in this study. Three

patients (n = 6 eyes) were identified with subtle separa-
tion of BM from the overlying RPE in the interme-
diate stage, and five (n = 10 eyes) in the late stage
(Table 3). Mean BM-RPE separation measured in
patients with intermediate-stage L-ORD was 24.1 μm
(7.19) at subfoveal and 26.0 μm (9.3) at juxtafoveal
locations. The same measurements in patients with
late-stage disease were 25.4 μm (7.7) at subfoveal and
22.1 μm (7.1) at juxtafoveal sites (Fig. 3C).

BM-RPE separation in intermediate-stage L-ORD
was significantly greater at both sub- and juxtafoveal
locations when compared with normal age-matched
control individuals (n = 16 eyes) (P < 0.001). In
late-stage disease, there was marked atrophy. Using
the same method to measure BM-RPE separation in
patients with late disease, no significant difference was
found from that recorded at the same locations in
patients with intermediate-stage disease. No significant
difference of BM-RPE separation for the juxta- and
subfoveal sites was observed in patients with L-ORD.
However, at both measured loci, BM-RPE separa-
tion was significantly greater than that observed in
eyes of age-matched controls without retinal disease
(P < 0.001).

Discussion

BM thickening is a normal consequence of ageing,
as well as being associated with several pathologic eye
states.3,5,6 The inherited macular degenerations SFD,
DD and L-ORD share histological thickening of BM
as a primary pathological change, thought to result
from the generation of mutant proteins, rather than
haploinsufficiency.27–29 These proteins, all expressed by
the RPE, are known to be secreted into the sub-RPE
space and modulate the extracellular matrix (ECM).
Although the exact disease mechanisms are not clear,
studies in human postmortem samples and animal
models of these inherited macular degenerations have
demonstrated that either the proteins themselves, or
ECM components modulated by the proteins, aggre-
gate in the BM.30–32 To date, no clinical biomark-
ers describing the primary pathology underlying these
conditions have been reported.

We initially noted an interesting phenotypic charac-
teristic when studying SD-OCT imaging from patients
with these inherited macular degenerations: a change
in the hyperreflective bands in the outer retina was
evident in the majority of individuals. Typically, four
hyperreflective bands are visible by SD-OCT in the
outer healthy retina.15 These bands represent the
ELM, EZ, IZ, and RPE/BM complex according to
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Figure 3. (A) Measurement of BM-RPE separation in patients with SFD. There was a significant difference in mean BM-RPE separation
between patients with early-stage (n = 2 eyes) and those with intermediate-stage disease (n = 12 eyes) at both sub- and juxtafoveal loci
(P < 0.05 and 0.05, respectively). There was also a significant increase in mean BM-RPE separation at both sub- and juxtafoveal loci as the

→
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←
disease progressed from intermediate- to late-stage disease (n= 20 eyes) (P< 0.01 and 0.01, respectively). (B) BM-RPE separation in patients
withDD. The distance betweenBMand the RPEwas significantly greater in late-stage patients (n= 24 eyes)when comparedwith early-stage
individuals (n = 10 eyes) at sub- and juxtafoveal loci (P < 0.001 and 0.001, respectively). (C) Measurement of BM-RPE separation in patients
with L-ORD. There appears to be no significant difference inmean BM-RPE separation between patients with intermediate-stage (n= 6 eyes)
or late-stage disease (n = 10 eyes) at either sub- or juxtafoveal locations. All three graphs are shown with standard deviation bars.

an international consensus group panel.13 Histological
correlation studies in normal retina have previously
demonstrated that the outermost hyperreflective band
can largely be attributed to the RPE.15 Unusually, here
the SD-OCT scans of the patients with SFD, DD, and
L-ORD demonstrated an additional separation of the
fourth highly reflective outer retinal line (RPE/BM
complex) into two individually resolvable reflective
structures, in all but a single patient with early-stage
SFD. In the majority of cases, this separation was
associated with loss of a clearly identifiable IZ (Fig. 2).
These features were often present at an early stage of
disease, prior to visual symptoms. For patient with
SFD and DD, the degree of BM-RPE separation
correlated with the stage of disease: patients with
the greatest ocular morbidity recorded the largest
separation of BM from RPE.

BM-RPE separation, as detected by OCT, may
be the optical correlate of histological thickening of
BM, a feature more prominently seen in these dystro-
phies than is usually apparent in the aging eye. It is
likely that BM/RPE complex measurements include
at least some components of the RPE, as well as
BM, as the highly reflective RPE melanosomes are
thought to generate the innermost peak (Fig. 1).33 It
is possible that as disease progresses, increasing RPE
dysfunction is associated with progressive accumu-
lation of basal laminar and basal linear deposit,
separating the elastic lamina further from the apical
RPE melanosomes and enabling the usually contigu-
ous structures to be resolved separately. In addition,
alteration in key components of BM, such as loss
of heparin sulphate proteoglycans, substrates known
to bind drive a parainflammatory response.23 Our
OCT-based findings complement prior histopathology

studies of postmortem donor tissue from patients with
these three retinal dystrophies.34–37 Ex vivo microscopy
studies of BM report thickening between 15 and 60
μm in samples frompatients with late-stage SFD.30,36,37
This is similar to themean variability andmean relative
thickness recorded here using SD-OCT (Fig. 3A;
Table 1).

In DD, although previous studies using SD-OCT
described BM separation from RPE,19 precise thick-
ness calculations have been limited by the irregular
drusen.38 Our measurements also highlighted a wide
range of values at both juxta- and subfoveal sites, which
may also be related to variability in drusen accumu-
lation (Fig. 3B; Table 2). In our patients, a signif-
icantly increased BM-RPE separation was noted at
the juxtafoveal loci compared with subfoveal measure-
ments in DD. This new finding might suggest poten-
tial similarities with AMD,39 a rod-driven disease
that initially affects the paracentral macula.24,25 This
difference may be influenced either by photoreceptor
anatomy, or possibly regional variation in RPE struc-
ture and function, both of which change with eccen-
tricity from the foveola.

In L-ORD, BM thickness measurements in
histopathology samples from patients with advanced
diseasewere noted to have a thickness of approximately
50 μm.29,34,40 Here SD-OCT measurements appear to
underestimate BM relative thickness (Fig. 3C; Table 3).
In patients with L-ORD, BM-RPE separation did not
increase with stage of disease, possibly because one
of the prominent features of L-ORD is marked outer
retinal atrophy.41 This may highlight a limitation of
using SD-OCT to estimate BM thickening in specific
retinopathies associated with significant RPE atrophy,
although the signal from BM can be detected, the

Table 3. Clinical Features of L-ORD

Intermediate Stage Late Stage

Number 6 eyes (3 patients) 12 eyes (6 patients)
Mean age (SD) 46.8 (2.3) 67 (4.0)
BM thickening Yes No
Mean subfoveal BM-RPE separation 24.1 +/− 7.19 μm 25.4 +/− 7.7 μm
Mean juxtafoveal BM-RPE separation 26.0 +/− 9.3 μm 22.1 +/− 7.1 μm
Stage comparison: P values 0.761 (subfoveal) and 0.250 (juxtafoveal)
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hyperreflective band from the RPE is diminished,
rendering measurements less accurate.

Other limitations of this study include the relatively
small number of patients, an inherent problem when
studying rare monogenic retinal dystrophies. We also
recognize that measurements performed at only four
sites on a single B-scan may not best represent the
underlying pathogenic process, and that this could
be improved by calculating the volume of the newly
formed sub-RPE space bordered by the BM below.
Finally, the cross-sectional design of this investiga-
tion restricts conclusions regarding progression, which
needs to be addressed by long-term prospective natural
history studies.

Conclusions

BM-RPE separation is a novel, quantifiable pheno-
type in the three monogenic macular dystrophies
studied, and may be an optical correlate of the
histopathological thickening in BM that is known to
occur. BM-RPE separation, as measured by OCT,
varies with stage of disease in SFD and DD, but not
in L-ORD.

Acknowledgments

Supported by the National Institute for Health
Research Biomedical Research Centre at Moorfields
Eye Hospital, National Health Service (NHS) Founda-
tion Trust, and University College London Insti-
tute of Ophthalmology (UK; KNK, ATM, MM,
OAM); Fight For Sight (UK; MM); the Macular
Society (UK; MM); Moorfields Eye Hospital Special
Trustees (UK; MM); Moorfields Eye Charity (UK;
MM); the Foundation Fighting Blindness (FFB, USA;
ATM, MM); Retinitis Pigmentosa Fighting Blind-
ness (UK; KNK, ATM, MM, ARW); Research to
Prevent Blindness (USA; ATM); the Wellcome Trust
(099173/Z/12/Z; ARW, MM, OAM); (Grant number
206619_Z_17_Z, OAM); Fulbright Fight for Sight
Scholarship (SB); FFB Career Development Award
(MM, SB); and the Pan-American Association of
Ophthalmology (LL). The research was supported by
the National Institute for Health Research (NIHR)
infrastructure at Leeds and Moorfields Eye Hospital.
The views expressed are those of the author(s) and
not necessarily those of the NHS, the NIHR, or the
Department of Health.

Disclosure: K.N. Khan, None; S. Borooah, None;
L. Lando, None; K. Dans, None; O.A. Mahroo, None;
A. Meshi, None; A. Kalitzeos, None; G. Agorogiannis,

None; S. Moghimi, None; W.R. Freeman, None; A.R.
Webster, None; A.T. Moore, None; M. McKibbin,
None; M. Michaelides, None

* KNK and SB contributed equally to this work and
should be considered first authors.

** MMi and MMc also contributed equally to this
work and should be considered joint last authors.

References

1. Korbmacher B, Sunderdiek U, Selcan G,
Arnold G, Schipke JD. Different responses
of non-ischemic and post-ischemic myocardium
towards Ca2+ sensitization. J Mol Cell Cardiol.
1997;29:2053–2066.

2. Salzmann M. The Anatomy and Histology of the
Human Eye in the Normal State. Its Develop-
ment and Senescence. Chicago: The University of
Chicago Press; 1912.

3. Khan KN, Mahroo OA, Khan RS, et al. Differen-
tiating drusen: drusen and drusen-like appearances
associated with ageing, age-related macular degen-
eration, inherited eye disease and other pathologi-
cal processes. Prog Retin Eye Res. 2016;53:70–106.

4. Pauleikhoff D, Wojteki S, Muller D, Bornfeld
N, Heiligenhaus A. [Adhesive properties of basal
membranes of Bruch’s membrane. Immunohis-
tochemical studies of age-dependent changes in
adhesive molecules and lipid deposits]. Ophthal-
mologe. 2000;97:243–250.

5. Curcio CA, Millican CL, Bailey T, Kruth HS.
Accumulation of cholesterol with age in human
Bruch’s membrane. Invest Ophthalmol Vis Sci.
2001;42:265–274.

6. Feeney-Burns L, Ellersieck MR. Age-related
changes in the ultrastructure of Bruch’s mem-
brane. Am J Ophthalmol. 1985;100:686–697.

7. Huang JD, Presley JB, Chimento MF, Curcio
CA, Johnson M. Age-related changes in human
macular Bruch’s membrane as seen by quick-
freeze/deep-etch. Exp Eye Res. 2007;85:202–218.

8. Newsome DA, Huh W, Green WR. Bruch’s mem-
brane age-related changes vary by region.Curr Eye
Res. 1987;6:1211–1221.

9. Curcio CA, Millican CL. Basal linear deposit and
large drusen are specific for early age-related mac-
ulopathy. Arch Ophthalmol. 1999;117:329–339.

10. Spraul CW, Grossniklaus HE. Characteristics of
drusen and Bruch’s membrane in postmortem eyes
with age-related macular degeneration. Arch Oph-
thalmol. 1997;115:267–273.



BM in Inherited Macular Degeneration TVST | May 2020 | Vol. 9 | No. 6 | Article 26 | 10

11. Spraul CW, Lang GE, Grossniklaus HE, Lang
GK. Histologic and morphometric analysis of the
choroid, Bruch’s membrane, and retinal pigment
epithelium in postmortem eyes with age-related
macular degeneration and histologic examination
of surgically excised choroidal neovascular mem-
branes. Surv Ophthalmol. 1999;44(Suppl 1):S10–
S32.

12. van der Schaft TL, Mooy CM, de Bruijn WC,
Oron FG, Mulder PG, de Jong PT. Histologic fea-
tures of the early stages of age-related macular
degeneration. A statistical analysis. Ophthalmol-
ogy. 1992;99:278–286.

13. Staurenghi G, Sadda S, Chakravarthy U, Spaide
RF; International Nomenclature for Opti-
cal Coherence Tomography (IN•OCT) Panel.
Proposed lexicon for anatomic landmarks in
normal posterior segment spectral-domain optical
coherence tomography: the IN*OCT consensus.
Ophthalmology. 2014;121:1572–1578.

14. Bressler NM, Silva JC, Bressler SB, Fine SL,
Green WR. Clinicopathologic correlation of
drusen and retinal pigment epithelial abnormali-
ties in age-related macular degeneration. Retina.
1994;14:130–142.

15. Spaide RF, Curcio CA. Anatomical correlates to
the bands seen in the outer retina by optical coher-
ence tomography: literature review and model.
Retina. 2011;31:1609–1619.

16. Gliem M, Fimmers R, Muller PL, et al. Choroidal
changes associated with Bruch membrane pathol-
ogy in pseudoxanthoma elasticum. Am J Ophthal-
mol. 2014;158:198–207.e3.

17. Gliem M, Muller PL, Birtel J, Hendig D, Holz
FG, Charbel Issa P. Frequency, phenotypic char-
acteristics and progression of atrophy associated
with a diseased Bruch’s membrane in pseudox-
anthoma elasticum. Invest Ophthalmol Vis Sci.
2016;57:3323–3330.

18. Jacobson SG, Cideciyan AV, Regunath G, et al.
Night blindness in Sorsby’s fundus dystrophy
reversed by vitamin A. Nat Genet. 1995;11:
27–32.

19. Souied EH, Leveziel N, Letien V, Darmon J,
Coscas G, Soubrane G. Optical coherent tomog-
raphy features of malattia leventinese. Am J Oph-
thalmol. 2006;141:404–407.

20. Soumplis V, Sergouniotis PI, Robson AG, et al.
Phenotypic findings in C1QTNF5 retinopathy
(late-onset retinal degeneration).Acta Ophthalmol.
2013;91:e191–e195.

21. Chirco KR, Sohn EH, Stone EM, Tucker BA,
Mullins RF. Structural and molecular changes
in the aging choroid: implications for age-related

macular degeneration. Eye (Lond). 2017;31:10–
25.

22. Pauleikhoff D, Harper CA, Marshall J, Bird
AC. Aging changes in Bruch’s membrane. A
histochemical and morphologic study. Ophthal-
mology. 1990;97:171–178.

23. Booij JC, Baas DC, Beisekeeva J, Gorgels TG,
Bergen AA. The dynamic nature of Bruch’s mem-
brane. Prog Retin Eye Res. 2010;29:1–18.

24. Curcio CA, Medeiros NE, Millican CL. Pho-
toreceptor loss in age-related macular degen-
eration. Invest Ophthalmol Vis Sci. 1996;37:
1236–1249.

25. Panda-Jonas S, Jonas JB, Jakobczyk-Zmija M.
Retinal photoreceptor density decreases with age.
Ophthalmology. 1995;102:1853–1859.

26. Hood DC, Zhang X, Ramachandran R, et al. The
inner segment/outer segment border seen on opti-
cal coherence tomography is less intense in patients
with diminished cone function. Invest Ophthalmol
Vis Sci. 2011;52:9703–9709.

27. Weber BH, Vogt G, Pruett RC, Stohr H, Fel-
bor U. Mutations in the tissue inhibitor of
metalloproteinases-3 (TIMP3) in patients with
Sorsby’s fundus dystrophy.Nat Genet. 1994;8:352–
356.

28. Stone EM, Lotery AJ, Munier FL, et al. A single
EFEMP1 mutation associated with both Malattia
Leventinese and Doyne honeycomb retinal dystro-
phy. Nat Genet. 1999;22:199–202.

29. Hayward C, Shu X, Cideciyan AV, et al. Mutation
in a short-chain collagen gene, CTRP5, results in
extracellular deposit formation in late-onset retinal
degeneration: a genetic model for age-related mac-
ular degeneration.HumMol Genet. 2003;12:2657–
2667.

30. Fariss RN, Apte SS, Luthert PJ, Bird AC,
Milam AH. Accumulation of tissue inhibitor of
metalloproteinases-3 in human eyes with Sorsby’s
fundus dystrophy or retinitis pigmentosa. Br J
Ophthalmol. 1998;82:1329–1334.

31. Chekuri A, Zientara-Rytter K, Soto-Hermida A,
et al. Late-onset retinal degeneration pathology
due to mutations in CTRP5 is mediated through
HTRA1. Aging Cell. 2019;18:e13011.

32. Marmorstein LY, Munier FL, Arsenijevic Y, et al.
Aberrant accumulation of EFEMP1 underlies
drusen formation inMalattia Leventinese and age-
related macular degeneration. Proc Natl Acad Sci
U S A. 2002;99:13067–13072.

33. Wilk MA, Huckenpahler AL, Collery RF, Link
BA,Carroll J. The effect of retinalmelanin on opti-
cal coherence tomography images. Transl Vis Sci
Technol. 2017;6:8.



BM in Inherited Macular Degeneration TVST | May 2020 | Vol. 9 | No. 6 | Article 26 | 11

34. Kuntz CA, Jacobson SG, Cideciyan AV, et al. Sub-
retinal pigment epithelial deposits in a dominant
late-onset retinal degeneration. Invest Ophthalmol
Vis Sci. 1996;37:1772–1782.

35. Duvall J, McKechnie NM, Lee WR, Rothery S,
Marshall J. Extensive subretinal pigment epithelial
deposit in two brothers suffering from dominant
retinitis pigmentosa. A histopathological study.
Graefes Arch Clin Exp Ophthalmol. 1986;224:299–
309.

36. Chong NH, Alexander RA, Gin T, Bird AC,
Luthert PJ. TIMP-3, collagen, and elastin
immunohistochemistry and histopathology of
Sorsby’s fundus dystrophy. Invest Ophthalmol Vis
Sci. 2000;41:898–902.

37. Capon MR, Marshall J, Krafft JI, Alexander RA,
Hiscott PS, Bird AC. Sorsby’s fundus dystrophy. A
light and electron microscopic study. Ophthalmol-
ogy. 1989;96:1769–1777.

38. Querques G, Guigui B, Leveziel N, Querques
L, Bandello F, Souied EH. Multimodal
morphological and functional characteriza-
tion of Malattia Leventinese. Graefes Arch Clin
Exp Ophthalmol. 2013;251:705–714.

39. Holz FG, Owens SL, Marks J, Haimovici R,
Bird AC. Ultrastructural findings in autosomal
dominant drusen. Arch Ophthalmol. 1997;115:
788–792.

40. Milam AH, Curcio CA, Cideciyan AV, et al.
Dominant late-onset retinal degeneration with
regional variation of sub-retinal pigment epithe-
lium deposits, retinal function, and photorecep-
tor degeneration. Ophthalmology. 2000;107:2256–
2266.

41. Borooah S, Collins C, Wright A, Dhillon B.
Late-onset retinal macular degeneration: clinical
insights into an inherited retinal degeneration. Br
J Ophthalmol. 2009;93:284–289.


