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Macular dystrophy defines many different inherited or sporadic rare eye con-
ditions, linked by a problem with photoreceptors or other structures of the
central retina. Macular dystrophies may have early or late onset and may be
stationary or progressive. Basic scientists, guided by clinical research retinal
specialists, have developed meaningful imaging modalities that have led to a
better understanding of known macular dystrophies, as well as clinically dis-
tinct entities, and their management.

This book collects chapters authored by internationally recognized experts
in the field of macular dystrophies. The authors bring latest evidences together
with their personal experience and full teaching acumen to each chapter, cul-
minating in a book on current management, new diagnostic techniques, and
experimental therapies for principal macular dystrophies.

As a multiauthored text, there are multiple literary styles; for this reason,
the editors have worked to provide a level of conformity without sacrificing
the originality of the individual authors. Chapter topics range from molecular
biology to state-of-the-art diagnostic techniques and newest treatment
options.

In summary, this book provides the ophthalmologist with most recent data
on macular dystrophies and experimental approach, while also including the
multiple areas still debated.

Creteil, France Giuseppe Querques

Milan, Italy
Creteil, France Eric Haim Souied
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Best Vitelliform Macular
Dystrophy

Jennyfer Zerbib, Eric H. Souied,
and Giuseppe Querques

Abstract

Best vitelliform macular dystrophy (Best VMD) also called Best disease is
a clinically heterogeneous and pleomorphic disease, in most cases show-
ing an autosomal dominant pattern of inheritance with extremely variable
penetrance and expressivity. In most cases, patients harbour heterozygous
mutation in BESTI gene, coding for a protein acting as a Ca**-activated
CI" channel. In most cases the disease begins in the first decade of life.
Five stages based on fundus examination have been described: each stage
is also characterized by typical spectral-domain optical coherence tomog-
raphy (SD-OCT) and fundus autofluorescence (FAF) signs. BEST gene is

also related to other diseases, called bestrophinopathies.
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1.1 Introduction

Vitelliform macular dystrophy (VMD; OMIM
#153700), also called Best disease [1], is a
clinically heterogeneous and pleomorphic
disease, in most cases showing an autosomal
dominant pattern of inheritance with extremely
variable penetrance and expressivity. Best
VMD has often an early-onset characterized by
large deposits of lipofuscin-like material in the
subretinal space, which creates characteristic
macular lesions resembling the yolk of an egg
(“vitelliform”).

G. Querques, E.H. Souied (eds.), Macular Dystrophies, DOI 10.1007/978-3-319-26621-3_1
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1.2  Genetics

BESTI (chromosome 11ql2—ql13) [2], is the
gene mainly involved in Best VMD cases, which
encodes a 68 kDa protein called bestrophin-1 [3]
that is localized to the basolateral plasma mem-
brane of the retinal pigment epithelium (RPE) and
appears to exhibit properties of Ca -activated Cl
channels [4]. In Best VMD, linked to the BESTI
gene, individuals harbour in most cases an hetero-
zygous mutation. More than 100 different BEST/
mutations have been reported, mainly missense
mutations [5]. Several diseases have been linked
to mutations in the BEST gene, including autoso-
mal recessive VMD, autosomal recessive bestro-
phinopathy, adult-onset foveomacular vitelliform
dystrophy, autosomal dominant vitreoretinocho-
roidopathy, and retinitis pigmentosa [6—12]. BEST]
gene mutations do not explain all Best VMD cases.
Another gene has also been implicated recently in
typical Best VMD, the IMPG1 gene [13].

1.3 Clinical Description

Best VMD has a bimodal onset distribution with
one maximum peak before puberty and a second
following puberty and extending through the fifth
decade of life [14, 15]. Prior to the identification
of the BEST1 gene, a diagnosis of Best VMD was
based on the presence of a clinically identifiable
fundus lesion, family history of the disease, and a
decreased electrooculogram (EOG) Arden ratio
(light peak/dark trough) with an otherwise nor-
mal clinical electroretinogram (ERG) [16, 17].

1.4  Fundus Findings

Five progressive stages can be defined on the basis
of fundus examination. These stages do not always
occur consecutively nor do they occur inevitably in
all patients [5, 18]. The previtelliform stage repre-
sents the first stage and is characterized by absence
of symptoms and normal macula or subtle RPE
alterations [19, 20]. However, small signs on
SD-OCT or EOG can be detected. On SD-OCT a
thicker and more reflective appearance of the layer
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between the RPE and the ellipsoid zone (EZ) (for-
merly known as the interface of inner segments
[IS] and outer segments [OS] of the photorecep-
tors), namely, the interdigitation zone (also known
as the Verhoeff membrane), could be observed
[20-22]. On electrooculogram, a reduced light
peak/dark trough can be detected [22].

The second stage of Best VMD, the vitelliform
stage, is characterized by a well-circumscribed 0.5-
to 2-disc-diameter “egg-yolk” lesion within the
macula and by variable symptoms including meta-
morphopsia, blurred vision, and a decrease of cen-
tral vision [19, 20]. The third stage is characterized
by the yellow material that accumulates inferiorly
(the pseudohypopyon stage) and is followed by par-
tial reabsorption of the material (scrambled-egg
lesion) in the vitelliruptive fourth stage and by final
macular atrophy or fibrosis development in the atro-
phic/fibrotic fifth stage [19, 20].

Unilateral lesion, or multifocal vitelliform
macular dystrophy associated to mutation in the
BESTI gene, has been reported [23, 24].

1.5 Fundus

Autofluorescence (FAF)

Macular autofluorescence may originate from
lipofuscin accumulation in the RPE but also from
debris (unphagocytosed photoreceptor OS)
and lipofuscin accumulation in the subretinal
space [25].

The yellowish subretinal material, as seen
during the vitelliform stage, is intensely hyperau-
tofluorescent (Fig. 1.1) [18]. More advanced
lesions show loss of autofluorescence, particu-
larly in the upper part of the lesion in the pseudo-
hypopyon stage and centrally with an increased
amount of the autofluorescence at the outer bor-
der of the lesion in the vitelliruptive stage.

1.6  Fluorescein and Indocyanine

Angiography

The yellowish material in the vitelliform and the
pseudohypopyon stages causes blocking effect
on fluorescein  angiography.  Fluorescein
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angiography also shows hyperfluorescence in the
early phase due to transmission defects linked to
RPE and chorioretinal atrophy and on the late
phase due to material staining.

Indocyanine green angiography can be helpful
when choroidal neovascularization is suspected
because neovascularization is often difficult to
identify on fluorescein angiography. In addition,
indocyanine green angiography may show hyper-
fluorescent spots in the peripheral retina that are
not seen on fundus examination and fluorescein
angiography [26].

Fig. 1.1 Fundus autofluorescence using ultra-wide-field
imaging in a patient with vitelliform stage. The lesion is
intensively hyperautofluorecent

1.7  Optical Coherence

Tomography

With the advent of optical coherence tomography
(OCT), it has been possible to anatomically
investigate, in vivo, the vitelliform lesions.
Spectral-domain (SD) OCT findings have been
reported in all of the progressive stages of the dis-
ease, including the previtelliform stage [20], and
proposed that early changes in Best VMD may
involve the layer between the RPE and the EZ,
first with accumulation of material beneath the
sensory retina and then with disruption. The RPE
is also affected in the disease course, with hyper-
trophy, disruption, and attenuation [20].

The previtelliform stage can show a thicker
and more reflective appearance of the interdigita-
tion zone (the layer between the RPE and EZ)
(Figs. 1.2 and 1.3) [18, 20]. Vitelliform lesions
are highly reflective, located between the EZ and
the RPE (Figs. 1.3 and 14) [18, 20].
Pseudohypopyon lesions are characterized by
two different zones: in the upper part of the
lesion, the SD-OCT scans show an hyporeflectiv-
ity located between the RPE and the EZ, with
clumping of hyperreflective material on the pos-
terior retinal surface; in the lower part of the
lesion, where the material is still visible, the
SD-OCT scan shows the yellowish material that,
similarly to the typical vitelliform lesion, appears

Fig. 1.2 Blue fundus
spectral-domain optical coherence tomography (SD-OCT)
from a patient affected with previtelliform lesion. Blue
FAF frame shows no increased macular autofluorescence.
SD-OCT scans show a slight thickening of the hyperre-

autofluorescence (FAF) and

flective band located between the hyperreflective

photoreceptor inner segment (IS) ellipsoid portion (ellip-
soid zone, EZ) and the hyperreflective retinal pigment epi-
thelium (RPE)/Bruch’s membrane complex (Adapted
from Querques et al. [18] with the kind permission of
Molecular Vision, Department of Ophthalmology, Emory
University)
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Fig. 1.3 Spectral-domain optical coherence tomography
(SD-OCT) images from a normal subject, a patient with the
previtelliform stage, and a patient with the vitelliform stage
of vitelliform macular dystrophy. (ZTop left) SD-OCT scan
of normal macula. Colour fundus photographs of the right
eye of two patients (middle left) Case 1 and (top middle)
Case 2 showing no major alterations except for foveal gran-
ularity. SD-OCT scans from (bottom left) Case 1 and (bot-
tom middle) Case 2 showing a thicker and more reflective
appearance of the interdigitation zone/Verhoeff membrane
[VM] (enlarged view, arrowheads) in the central region
compared with the normal human macula. (Bottom left)
Normal appearance of all major intraretinal layers for Case
1. (Bottom middle) Focal disruption of ellipsoid zone and

VM (open arrow) for Case 2. (Top right) Colour fundus
photograph of the left eye macula of a third patient showing
the typical well-circumscribed yellow lesion, which looks
like the yolk of an egg. (Bottom right) SD-OCT scan show-
ing a highly reflective area, located between the hyporeflec-
tive outer nuclear layer and the hyperreflective retinal
pigment epithelium (RPE) layer. Focal disruption of the
ellipsoid zone/interface of inner segment — outer segment
(IS/0S) over the lesion and an almost normal appearance of
all major intraretinal layers can be detected, although the
macular retina is raised by the material, resulting in the par-
tial disappearance of the foveal depression (enlarged view).
ELM external limiting membrane (From Querques et al.
[20], with the kind permission of Elsevier)

Fig. 1.4 Blue fundus
spectral-domain optical coherence tomography (SD-OCT)
from a patient affected with vitelliform lesion. Blue FAF
frames show a highly autofluorescent macular lesion (left
panel, arrowhead). SD-OCT scans show a hyperreflective
dome-shaped lesion located in the subretinal space,

autofluorescence (FAF) and

as a highly reflective area located in the subreti-
nal space (Figs. 1.5and 1.6) [18,20]. Vitelliruptive
lesions are characterized by an optically empty
lesion between the RPE and the EZ, with clump-
ing of hyperreflective material on the posterior
retinal surface (similar to the upper part of the
pseudohypopyon) (Fig. 1.7) [20]. Furthermore,

between the hyperreflective photoreceptor inner segment
(IS) ellipsoid portion (ellipsoid zone, EZ) and the hyper-
reflective retinal pigment epithelium (RPE)/Bruch’s
membrane complex (right panel) (Adapted from Querques
et al. [18] with the kind permission of Molecular Vision,
Department of Ophthalmology, Emory University)

on some parts, the OCT scan may reveal hyper-
reflective mottling on the RPE layer (see Fig. 1.7),
probably representing areas of focal hypertrophy.
Atrophic lesions are characterized by thinning of
all the retinal layers and diffuse loss of the EZ
within the macular area, with enhanced RPE
reflectivity (Fig. 1.8) [20]. Fibrotic lesions are
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Fig. 1.5 Spectral-domain optical coherence tomogra-
phy (SD-OCT) scans of a pseudohypopyon-stage vitel-
liform macular dystrophy patient. Colour fundus
photograph (fop) of the right eye of a patient showing
the yellow material that accumulates inferiorly to form
a pseudohypopyon appearance, characterized by two
different zones (upper and lower). (Middle) In the upper
part of the lesion, SD-OCT scans show a hyporeflective
zone with clumping of hyperreflective material on the
posterior retinal surface, located between the RPE and
the ellipsoid zone/the interface of inner segment — outer
segment (IS/0S) of the photoreceptors (corresponding

to the interdigitation zone/VM). (Bottom) In the lower
part of the lesion, where the material is still visible, the
SD-OCT scans show the yellowish material that appears
as a highly reflective area located between the hypore-
flective outer nuclear layer and the hyperreflective RPE
layer, consistent with the vitelliform lesion. A focal dis-
ruption of the ellipsoid zone (i.e. the IS/OS) over the
lesion (enlarged view), and an almost normal appear-
ance of all major intraretinal layers can be detected in
both the upper and the lower part of the lesion
(From Querques et al. [20], with the kind permission of
Elsevier)
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Fig. 1.6 Blue fundus autofluorescence (FAF) and
spectral-domain optical coherence tomography (SD-OCT)
from a patient affected with pseudohypopyon lesion. Blue
FAF frame and SD-OCT scan (top and bottom panels,
respectively) show a partial reabsorption of the hyperauto-
fluorescent (arrowhead)/hyperreflective material (aster-
isk) and replacement by a fluid component (Adapted from
Querques et al. [18] with the kind permission of Molecular
Vision, Department of Ophthalmology, Emory University)

characterized by a prominent, highly hyperreflec-
tive thickening at RPE level often associated to
hyporeflective spaces part above the hyperreflec-
tive lesion (see Fig. 1.8).

1.8  Multimodal Imaging

Blue FAF and SD-OCT represent noninvasive
imaging techniques to monitor Best VMD [5,
18]. The previtelliform lesions are characterized
on blue FAF by absence or only slight autofluo-
rescence and on SD-OCT by a slight thickening

of the hyperreflective band located between the
RPE and EZ (the interdigitation zone). The vitel-
liform lesion is characterized on blue FAF by a
well-circumscribed high autofluorescence within
the macula and on SD-OCT by a dome-shaped
hyperreflectivity located in the subretinal space.
Pseudohypopyon lesions are characterized on blue
FAF by a well-circumscribed high autofluores-
cence within the inferior macula and on SD-OCT
by a hyperreflectivity located in the inferior-
macula subretinal space; the partial reabsorption
of the hyperautofluorescent (FAF) and hyperre-
flective (SD-OCT) material is replaced by a fluid
component, showing no increased fluorescence
on FAF or reflectivity on SD-OCT examination
and sedimentation of residual material according
to the laws of gravity (the hyperautofluorescent
[FAF] and hyperreflective [SD-OCT] material
located in the inferior macula). Vitelliruptive
lesions are characterized by no increased auto-
fluorescence and reflectivity on blue FAF and
SD-OCT; however, some residual dispersed auto-
fluorescent material, and clumping of hyperre-
flective material on the posterior retinal surface,
may be detected on FAF and SD-OCT, respec-
tively. Atrophic lesions appear with a decreased
autofluorescence on blue FAF and by diffuse loss
of photoreceptor and other sensory retina layers
on SD-OCT. Fibrotic lesions are characterized
by inhomogeneous areas of absolute hypoauto-
fluorescence mixed with hyperautofluorescence
(due to some residual dispersed autofluorescent
material) on blue FAF and by a prominent, highly
hyperreflective thickening at the RPE level.

1.9  Electrophysiology

In Best VMD, a decreased to absent light rise on
the EOG is typically observed [27]. However,
several studies indicate that the EOG can be
sometimes normal in BESTI mutation carriers
[28]. An Arden ratio (light peak/dark trough) of
1.5 or lower is typically the threshold for diagnosis
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Fig. 1.7 Spectral-domain optical coherence tomogra-
phy (SD-OCT) scans obtained from a vitelliruptive stage
vitelliform macular dystrophy patient. (7op) Colour fun-
dus photograph of the right eye of a patient showing the
vitelliruptive lesion characterized by a scrambled-egg
appearance with dispersion of the vitelliform material
without any signs of atrophy or fibrosis. (Bottom)
SD-OCT scan showing an optically empty lesion
between the RPE and the photoreceptor ellipsoid zone

of Best VMD [29, 30], though there have been
several cases with Arden ratios >1.5 reported [31,
32]. The low Arden ratio helps differentiating
Best VMD from all other bestrophinopathies,
other diseases that may present with an apparent
vitelliform lesion and all other inherited
maculopathies.

Photopic and scotopic full-field ERG is gener-
ally normal in Best VMD patients, although the
30 Hz flicker and dark-adapted ERG may be
abnormal, particularly in the advanced stages of
the disease. The multifocal ERG is abnormal in
the majority of Best VMD patients.

(i.e. the IS/OS), comparable with the upper part of the
pseudohypopyon, with clumping of hyperreflective
material on the posterior retinal surface. In some parts,
the SD-OCT scan reveals hyperreflective mottling on the
RPE layer. Focal disruption of the ellipsoid zone (i.e. the
IS/0S) over the lesion and almost normal appearance of
all major intraretinal layers can be observed (From
Querques et al. [20], with the kind permission of
Elsevier)

1.10 Progression

With respect to the functional aspects of the
disease, Best VMD patients experience a pro-
gressive decrease of vision over time, even
though about 30 % of patients carrying a
BESTI mutation retain 20/40 or better visual
acuity into the five and six decades [33].
Among individuals with visible clinical mani-
festations of the disease at any point in time,
61 % have 20/40 or better vision and only 10 %
are legally blind [34].
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Fig. 1.8 Spectral-domain optical coherence tomography
(SD-OCT) scans obtained from atrophic and fibrotic stage
vitelliform macular dystrophy patients. Colour fundus pho-
tographs of the right eye of (fop left) a patient and (top
right) of another patient showing, respectively, the atrophic
lesion, characterized by atrophy with or without residual
dispersed material, and the fibrotic lesion, characterized by
the appearance of macular fibrosis, without any detectable
active choroidal neovascularization. (Bottom left) SD-OCT
scans showing the atrophic lesion characterized by thinning
of all the retinal layers (enlarged view, thin arrows) and

With respect to the morphological aspects
of the disease, Best VMD is characterized by
a dynamic-alternating phase of material accu-
mulation and reabsorption, ending with atro-
phy or fibrosis (with or without choroidal
neovascularization). The five different stages of
the disease do not always occur consecutively
and it has been shown that the typical stage pro-
gression could be reverted (i.e. from vitellirup-
tive to pseudophypopyon) [18].

Choroidal neovascularization is a complica-
tion that can virtually occur in any stage during
the disease progression; anti-vascular endothelial
growth (VEGF) therapies have shown to be effec-
tive and safe even in children [35, 36].

1.11 Genotype-Phenotype

Correlations

BESTI mutations are not correlated with the
severity of the functional and clinical data in
Best VMD. Even with the same mutation, the
age of onset and the disease progression (stage

diffuse loss of the ellipsoid zone (i.e. the IS/OS) (enlarged
view, open arrows), with enhanced reflectivity of the RPE,
which seems to spread far behind it, and still some hyper-
reflective mottling on the RPE layer (arrowhead) associ-
ated with areas of focal RPE loss. (Bottom right) On
SD-OCT, the fibrotic lesion is characterized by a prominent
highly hyperreflective thickening at RPE level, inducing
marked anterior bulging, accompanied by thinning of the
sensory retina and diffuse loss of the ellipsoid zone above it
(enlarged view, open arrows) (From Querques et al. [20],
with the kind permission of Elsevier)

of the disease and visual function) show very
high variability interfamilially and intrafamil-
ially [23, 37].

1.12 Differential Diagnosis

Depending from the different stages of the dis-
ease, and because of the variability of the lesions,
the clinical diagnosis can be challenging and dif-
ferent pathologies should be distinguished from
Best VMD. This is true for mild cases with some
RPE alterations and small vitelliform lesions but
also for later stages with atrophy or fibrosis.
Vitelliform lesions can be seen in adult-onset
foveomacular vitelliform dystrophy but also sec-
ondary to other diseases characterized by “pseu-
dovitelliform” material accumulation, such as
central serous chorioretinopathy, and RPE
detachments due to confluence of macular drusen
(in basal laminar drusen and AMD) [17, 38, 39]
or in acute exudative polymorphous vitelliform
maculopathy [40] and vitelliform paraneoplastic
retinopathy [41]. Advanced cases with macular
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atrophy can be mistaken for atrophic AMD in
elderly patients; in these cases, both familial his-
tory and electrophysiology can help make correct
diagnosis. Diagnosis of choroidal neovascular-
ization can be challenging in vitelleruptive stages,
because serous retinal detachment on OCT and
leakage on fluorescein angiography are often
observed.

1.13 Other Bestrophinopathies

BESTI gene is also implicated in other retinal
diseases such as adult-onset foveomacular vitel-
liform dystrophy, autosomal dominant vitreoreti-
nochoroidopathy (ADVIRC) [6, 42, 43], MRSC
syndrome [44] (characterized by microcornea,
rod-cone dystrophy, early-onset pulverulent cata-
ract, and posterior staphyloma), and autosomal
recessive bestrophinopathy [12].
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The Pattern Dystrophies

Itay Chowers and Camiel J.F. Boon

Abstract

The pattern dystrophies form a clinically and genetically heterogeneous
group of retinal phenotypes including adult-onset foveomacular vitelli-
form dystrophy (AFVD), butterfly-shaped pigment dystrophy (BPD),
reticular dystrophy of the retinal pigment epithelium, pseudo-Stargardt
pattern dystrophy (multifocal pattern dystrophy simulating Stargardt dis-
ease/fundus flavimaculatus), and fundus pulverulentus. The pattern dys-
trophies constitute a group of retinal disorders characterized by a variety
of deposits of yellow, orange, or gray pigment, predominantly in the mac-
ular area. The age at onset in pattern dystrophies is highly variable, but
patients tend to remain asymptomatic until the 5th decade or may even
remain asymptomatic throughout life. The course of pattern dystrophies is
often benign, although severe vision loss occurs in up to 50 % of the
affected individuals after the age of 70, as a result of chorioretinal atrophy
and/or the development of choroidal neovascularization.
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The clinically and genetically heterogeneous
group of pattern dystrophies (PD) is characte-
rized broadly by a variety of deposits of yellow,
orange, or dark pigment, predominantly in the
macular area. The term was originally suggested
by Hsieh and colleagues [1] and Marmor and
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colleagues [2]. A wide variety of clinical presen-
tations and patterns has been included in the
group of PD, and Gass has classified PD into five
major subgroups [3]: adult-onset foveomacular
vitelliform dystrophy (AFVD), butterfly-shaped
pigment dystrophy (BPD), reticular dystrophy of
the retinal pigment epithelium, multifocal pattern
dystrophy simulating Stargardt disease/fundus
flavimaculatus, and fundus pulverulentus. Yet,
Gass and others also noted that additional forms
of PD are observed and that even the eyes of the
same patient may manifest different forms of PD.
Since Gass description of the classification
more than three decades ago, important insights
into PD were obtained. Among these insights,
which will be discussed in this chapter, were the
identification of various genetic defects associ-
ated with some of these phenotypes and a more
detailed understanding of the lesion composition
and their pathogenesis based on multimodal
imaging, histological, and laboratory studies.

2.2  Adult-Onset Foveomacular
Vitelliform Dystrophy
2.2.1 Background

Adult-onset foveomacular vitelliform dystrophy
(AFVD) is the most common form of PD. AFVD
was first described by Gass in 1974 and was ini-
tially termed “peculiar foveomacular dystrophy”
[4], and later adult-onset foveomacular vitelliform
dystrophy (AFVD). Following Gass’ description,
multiple authors have described this phenotype,
and multiple terms were utilized to describe the
phenotype [5-19]. Among the terms used were
adult macular vitelliform degeneration [10], adult
vitelliform macular degeneration [8, 11, 17], pseu-
dovitelliform macular degeneration [16], adult-
onset foveomacular pigment epithelial dystrophy
[18], adult foveomacular vitelliform dystrophy [5,
7], and adult vitelliform macular dystrophy [6,
15]. This conflicting terminology generated confu-
sion in the field and hampered accurate diagnosis
and study of the phenotype [15].

While AFVD was initially described as an
autosomal-dominant trait, it was later reported
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that most cases are sporadic. Mutations in
PRPH?2, BESTI, and IMPGI and IMPG?2 genes
were associated with this phenotype [20-23].
Mutations in these genes can cause a spectrum of
clinical pictures, including other maculopathies
or panretinal dystrophies. Furthermore, most
AFVD patients do not carry mutations in the
PRPH2, BESTI, and IMPGI and IMPG2 gene.
Sporadic AFVD was associated with an HTRA
single nucleotide polymorphism (SNP) which is
also associated with age-related macular degen-
eration [24].

Interestingly, PRPH?2 is expressed in rods and
cones, whereas IMPG1 and IMPG?2 are compo-
nents of the interphotoreceptor matrix, and
BEST] is expressed exclusively in the RPE. Since
mutations in each of these genes can result in the
AFVD phenotype, it is conceivable that altered
photoreceptor outer segments, intercellular
matrix, or RPE function can each lead to forma-
tion of vitelliform lesions which characterize
AFVD. Thus, AFVD may be the result of altered
RPE-photoreceptor complex function, probably
due to defective photoreceptor intake by the RPE
leading to the buildup of the subretinal vitelli-
form material. Currently, there is no treatment for
AFVD.

2.2.2 (Clinical Findings

Gass, in his original description of nine cases, has
suggested that AFVD usually manifests between
30 and 50 years of age and shows bilateral subfo-
veal vitelliform yellowish deposit at an average
size of one-third disc area with a central pig-
mented spot (Fig. 2.1) [4]. In fact, AFVD often
manifest in elderly individuals and the vitelliform
lesion is often considerably larger. Vitelliform
lesions in AFVD can also demonstrate character-
istics and stages such as a pseudohypopyon or a
vitelliruptive lesion which can also be seen in
Best vitelliform macular dystrophy. In some
cases, multifocal vitelliform lesions are present
[25]. With time, lesions can show more pigment
changes, progressive atrophy and/or choroidal
neovascularization with corresponding vision
loss. Some older patients may show drusen in
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Fig. 2.1 Adult-onset foveomacular vitelliform dystrophy
(AFVD). (a) Color fundus photograph of a 69-year-old male
diagnosed with AFVD. The visual acuity was 0.8 in each
eye. Patient was negative for PRPH2, BESTI, and IMPG1/2
gene mutations. A vitelliform lesion of approximately

combination with vitelliform lesions, a pheno-
type that apparently overlaps with age-related
macular degeneration, and may therefore be dif-
ferent from “classical” AVFD with isolated vitel-
liform lesions without drusen. Data from multiple
cohorts suggested that the majority of AFVD
cases actually manifest in elderly individuals and
that vitelliform lesions are often up to one disc
diameter in size. In addition, AFVD is commonly
accompanied by RPE atrophy or hyperpigmenta-
tion [5-7, 10, 11, 15-18] and by pigment epithe-
lium detachment (PED) [14, 19, 26].

On fluorescein angiography (FA), vitelliform
lesions in AFVD show blockage of fluorescence
in the early phase of the angiogram, with late
staining that can be difficult to distinguish from

one-third disc diameter in size is evident. Few drusen are
also seen. (b) Fundus autofluorescence shows a hyperauto-
fluorescent signal from the vitelliform lesion. (¢) Spectral-
domain optical coherence tomography (SD-OCT)
demonstrates a dome-shape subretinal vitelliform lesion

occult choroidal neovascularization (CNV).
Optical coherence tomography (OCT) shows a
hyperreflective dome-shape subretinal lesion in
the vitelliform stage (see Fig. 2.1). This may be
replaced by heterogeneous lesion reflectance in
the pseudohypopyon and vitelliruptive stages of
the lesion, with photoreceptor and RPE cell loss
in the atrophic stage. On fundus autofluorescence
(FAF; see Fig. 2.1), the vitelliform material dem-
onstrates hyperautofluorescence, with progres-
sive hypo-autofluorescence with advancing
atrophy of the lesion [4, 5, 12, 14, 27].
Electrophysiology and color vision studies are
generally normal except for a slightly subnormal
electro-oculogram (EOG) in some of the cases of
AFVD. Multifocal ERG may show suppressed
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central amplitudes, and microperimetry demon-
strates reduced sensitivity over the vitelliform
lesion which may extend to surrounding seem-
ingly unaffected retina [4, 12, 15, 19, 28].

Histological studies have demonstrated the
subretinal location of the vitelliform lesion. The
lesion is composed of photoreceptor outer seg-
ment remnants, lipofuscin components (corre-
sponding to increased fundus autofluorescence),
pigment-containing macrophages, and RPE cells.
Outer photoreceptor segment disruption and
outer nuclear layer loss are observed over the
vitelliform lesion. RPE cells at the base of the
lesion are initially hypertrophic and are later
hypopigmented at the lesion center and hyperpig-
mented at its circumference. RPE cell loss occurs
at later stage of the disease [4, 29-31].

2.2.3 Disease Course

AFVD may be diagnosed while the patient is
asymptomatic or when it is associated with vari-
able visual symptoms including reduced visual
acuity or metamorphopsia. Often, the visual acu-
ity is well preserved at diagnosis. Disease pro-
gression in AFVD is usually associated with slow
visual deterioration which occurs over years [10,
11, 16]. For example, Renner and colleagues eval-
uated 120 eyes of 61 patients with a mean age of
55 years having a central, yellow, subretinal lesion
smaller than one disc diameter in at least one eye.
Approximately half of the eyes showed disease
progression with vision loss in many cases and
other visual symptoms such as metamorphopsia,
central scotoma, and visual disturbance [15]. Ten
cases had follow-up of longer than 5 years and
preserved 20/50 in at least one eye.

Querques et al. described the natural course of
AFVD using SD-OCT in 46 eyes of 31 patients
with a mean age of 75 years and a mean follow-up
of 16 months (range 12-30 months) [14]. The
authors classified the lesions based on OCT char-
acteristics into vitelliform, pseudohypopyon,
vitelliruptive, and atrophic stages. During follow-
up, the mean visual acuity reduced from 0.32 log-
MAR to 0.39 logMAR. Visual decline was
associated with progression of the vitelliform
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lesion stage and disruption of the ellipsoid zone.
Overall, 61 % of the lesions remained vitelliform
during the course of the study while 11 % became
atrophic during follow-up. Vision loss was also
associated with thinning of the outer nuclear layer
over the vitelliform lesion, probably reflecting
photoreceptor cell loss [9].

AFVD eyes can also develop CNV which by
itself can lead to visual loss [10, 18, 26, 32-35].
If CNV develops, anti-vascular endothelial
growth factor therapy may be helpful in reducing
exudation and limiting the angiogenic process
[33, 35]. Yet, the visual outcome is usually limi-
ted by the presence of the vitelliform foveal
lesion and its progression.

2.2.4 Differential Diagnosis

Vitelliform foveal lesions similar to those
observed in AFVD can be seen in several oph-
thalmic and systemic conditions. Often, AFVD is
confused with AMD. Both diseases may develop
sporadically in aged individuals. Drusen were
described in some AFVD cases and are also the
hallmark of AMD, and CNV may develop in
both. Both AFVD and AMD also share an HTRA ]
risk SNP. In fact, there is no consensus where the
line of distinction between AMD complicated
with a vitelliform lesion and AFVD with drusen
should be drawn. Some have suggested that
AFVD may be a specific phenotype of AMD
[10]. Others consider typical AFVD as a pheno-
type without drusen and would classify cases
with adult vitelliform lesions associated with
drusen as a form of AMD. Further insights into
the pathogenesis of this phenotype are required
to resolve this issue.

Vitelliform lesions in Best vitelliform macular
dystrophy, an autosomal-dominant condition
which is associated with BESTI mutations,
develop at childhood, and a diagnosis of geneti-
cally confirmed Best disease over the age of
40 years is uncommon. Vitelliform foveal lesions
can also develop secondary to vitreomacular trac-
tion and epiretinal membrane, both of which are
readily recognized on OCT. Chronic presence of
subfoveal fluid in conditions such as central
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serous choroidopathy (CSC) or following retinal
detachment repair can also result in lesions with
a vitelliform aspect. Systemic conditions associ-
ated with vitelliform lesions include pseudoxan-
thoma elasticum maculopathy [9], mitochondrial
retinal dystrophy associated with the m.3243A>G
mutation [36], Kearns-Sayre syndrome [37],
desferrioxamine-related retinopathy [38, 39], and
binimetinib treatment [40]. Vitelliform lesions
can also appear as multifocal and acute in acute
exudative polymorphous vitelliform maculopa-
thy [41]; this may be a paraneoplastic manifesta-
tion of variety of cancers with potential
association with anti-RPE antibodies [42—47].

2.2.5 Conclusion

AFVD, the most common form of PD, is associated
with mutations in several genes, but most cases are
sporadic. AFVD is characterized by vitelliform
lesions in the fovea, in association with a usually
normal EOG. The disease is diagnosed in adults and
generally follows a course of slow visual decline,
which may eventually be accelerated because of the
development of foveal atrophy or CNV.

2.3  Butterfly-Shaped Pigment
Dystrophy
2.3.1 Background

Butterfly-shaped pigment dystrophy (BPD) was
first described by Deutman and colleagues [48]. In
this autosomal-dominantly inherited macular dys-
trophy, a spoke-like pigment pattern that may
resemble the shape of a butterfly is observed in the
macula [49]. Other phenotypes of the pattern dys-
trophy group that can be caused by PRPH?2 muta-
tions include AFVD and pseudo-Stargardt pattern
dystrophy (multifocal pattern dystrophy simulat-
ing Stargardt disease/fundus flavimaculatus) [49].
BPD is genetically heterogeneous: besides muta-
tions in the PRPH?2 gene and the CTNNAI gene, a
locus on 5q21.2—q33.2 is also associated with
autosomal-dominant BPD [49-54].
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2.3.2 (Clinical Findings

Patients can present with mild loss of visual
acuity and/or metamorphopsia after the age
of 40, but BPD patients are often asymptom-
atic. Patient with BPD caused by mutations in
the PRPH2 gene has yellowish lesions in the
macula at the level of the outer retina and reti-
nal pigment epithelium (RPE) [49]. The lesions
have three or more branches that can resemble
wings of a butterfly (Fig. 2.2a). The butterfly-
shaped lesions can evolve from lesions similar
to adult-onset foveomacular vitelliform dys-
trophy. Some patients with PRPH2 mutations
show a BPD lesion in the macula together with
multiple flavimaculatus-like yellow flecks in
the posterior pole (Fig. 2.2) [55]. These cases
can be regarded as pseudo-Stargardt pattern
dystrophy. On fluorescein angiography, the
pigmented regions of the lesion are hypofluo-
rescent, whereas surrounding depigmented
zones and areas of chorioretinal atrophy are
hyperfluorescent (see Fig. 2.2) [49, 56]. On
FAF, lesions show variably increased and
decreased autofluorescence (see Fig. 2.2) [57].
On optical coherence tomography, the lesions
correspond to hyperreflective granular changes
at the photoreceptor-RPE interface. The cen-
tral visual field is normal or shows slightly
decreased central sensitivity in cases without
profound chorioretinal atrophy. The peripheral
visual field is normal. Full-field electroretinog-
raphy (ERG) is normal, except in cases that
advance to extensive pseudo-Stargardt pat-
tern dystrophy [49, 56, 58, 59]. The electro-
oculogram (EOG) in BPD is normal to slightly
subnormal.

2.3.3 Disease Course

Most patients with BPD have a good visual acu-
ity in at least one eye for many decades. The
development of choroidal neovascularization is
very rare [60]. However, a marked decline in
visual acuity can develop after the seventh decade
by progressive photoreceptor and RPE atrophy in
the macula [32, 61].
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Fig. 2.2 Butterfly-shaped pigment dystrophy (BPD). (a)
Color fundus photograph of a butterfly-shaped hypopig-
mented lesion in a 62-year-old patient carrying an
autosomal-dominant mutation in the PRPH?2 gene. In some
patients with BPD, more darkly pigmented, branching
lesions can be seen in the macula, but such cases are usually
not associated with PRPH2 gene mutations. (b) Butterfly-
shaped lesions can be associated with irregular yellowish

2.3.4 Differential Diagnosis

BPD should be differentiated from the other
PRPH2-associated macular dystrophies, long-
standing atrophic RPE detachments, atrophic
age-related macular degeneration, and atrophic
central serous chorioretinopathy. Pattern dystro-
phies can also be observed in association with
maternally inherited diabetes and deafness

flavimaculatus flecks, in association with PRPH2 muta-
tions, thus showing overlap with pseudo-Stargardt pattern
dystrophy. (¢) Fundus autofluorescence shows relatively
marked autofluorescence changes typical of hereditary
macular conditions. (d) Fluorescein angiography in this
case shows hyperfluorescence due to a retinal pigment epi-
thelium (RPE) window defect but can also show blockage
in cases of hyperpigmentation at the level of the RPE

(mitochondrial retinal dystrophy; see Chap. 8),
myotonic dystrophy, pseudoxanthoma elasticum,
and Crohn’s disease.

2.3.5 Conclusion

BPD is an autosomal-dominantly inherited
macular dystrophy at the mild end of the clinical
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spectrum of dystrophies. However, central vision
loss can still become more pronounced in the
elderly population due to progressive atrophy
and/or neovascularization.

2.4  Pseudo-Stargardt Pattern
Dystrophy (Multifocal
Pattern Dystrophy
Simulating Stargardt
Disease/Fundus
Flavimaculatus)

2.4.1 Background

The human PRPH?2 gene causes a broad spec-
trum of retinal dystrophies, ranging from purely
macular phenotypes to retinitis pigmentosa [49].
The PRPH?2 protein localizes to the rim region of
rod and cone outer segment discs and lamellae
and plays an important role in photoreceptor
outer segment morphogenesis [49]. PRPH2-
associated phenotypes are inherited autosomal
dominantly with the exception of digenic retinitis
pigmentosa, which also requires a mutation in the
ROM]I gene.

Identical PRPH2 mutations are associated
with decreased penetrance and variable expres-
sion, which can result in a markedly variable
spectrum of clinical pictures even in families
carrying the same mutation [55]. A PRPH2-
associated dystrophy that appears purely macu-
lar at first may eventually evolve into a clinical
picture with widespread retinal involvement.
The pseudo-Stargardt pattern dystrophy pheno-
type, as the name coined by Boon et al. [62]
indicates, can closely mimic autosomal reces-
sive Stargardt disease (STGDI). Up to 20 % of
patients with presumed autosomal recessive
Stargardt disease of the fundus flavimaculatus
subtype, in whom no ABCA4 gene mutation is
found, actually carry an autosomal-dominant
PRPH?2 mutation. This finding underscores the
importance of genetic testing, as such findings
greatly influence the visual prognosis, genetic
counseling, and possible future therapeutic
perspectives.

2.4.2 (linical Findings

Most pseudo-Stargardt pattern dystrophy patients
start to notice vision loss in their fifth decade, but
some patients can remain asymptomatic [55].
Initial symptoms can include metamorphopsia,
central vision loss, and/or scotoma. There are
varying degrees of night blindness in up to half of
the patients, generally with more advanced dis-
ease. On funduscopy, patients show irregular yel-
lowish flecks in the posterior pole (Fig. 2.3), and
these flecks closely resemble flavimaculatus
flecks that can be seen in Stargardt disease. The
flecks can gradually become confluent to form
a mildly atrophic oval zone that encircles the
macula and optic disc (see Fig. 2.3). The aspect of
macular lesions in pseudo-Stargardt pattern dys-
trophy is variable: some lesions consist of a few
clustered yellowish or slightly pigmented spots or
have the aspect of butterfly-shaped pigment dys-
trophy [55]. In other cases, macular lesions can
show large confluent and irregular flecks or spots.

On fluorescein angiography, the Stargardt-like
flecks and the macular lesions are hyperfluores-
cent, sometimes with a central hypofluorescent
spot (see Fig. 2.3). In contrast to most cases of
Stargardt disease, there is no blockage of choroi-
dal background fluorescence (“dark choroid”).
On FAF, the Stargardt-like flecks are initially
highly increased autofluorescent (see Fig. 2.3).
The flecks are often bordered by small zones of
decreased autofluorescence. When these flecks
merge, the resulting oval zone is visible as a band
of generally increased autofluorescence with
granular zones of decreased autofluorescence
(see Fig. 2.3) [55]. The macular lesions corre-
spond to various patterns of increased and
decreased autofluorescence. OCT shows that the
Stargardt-like flecks and macular lesions corre-
spond to abnormalities on the photoreceptor
outer segment-RPE level (Fig. 2.3).

The full-field ERG is normal in early pseudo-
Stargardt  pattern  dystrophy, when the
Stargardt-like flecks are still well defined and
principally located in the posterior pole. With
disease progression, full-field ERG can reveal
generalized cone and/or rod dysfunction [55]. In
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Fig. 2.3 Pseudo-Stargardt pattern dystrophy. (a) Color
fundus photography of typical pseudo-Stargardt pattern
dystrophy (caused by autosomal-dominantly inherited
mutations in the PRPH2 gene) with Stargardt-like flavi-
maculatus flecks in combination with multifocal pigmen-
tary changes in the macula. (b) These lesions are typically
markedly hyperautofluorescent in the earlier stages of the
disease. (¢) With advancing disease, lesions in the macula
and flecks around the arcade become confluent and mildly
atrophic, which is also reflected on fundus autofluores-
cence (FA) (d). Still, visual acuity at this stage, which is
reached beyond the age of 45-50, can be fairly good
(>20/30). On fluorescein angiography, lesions are

hyperfluorescent in the early (e) and late (f) phase, com-
patible with mild retinal pigment epithelium (RPE) atro-
phy and possibly some late staining. Unlike in many
Stargardt disease cases, the angiogram in pseudo-Star-
gardt pattern dystrophy does not show marked masking of
choroidal background fluorescence (“dark choroid”). (g)
Spectral-domain optical coherence tomography in
pseudo-Stargardt pattern dystrophy shows irregularities at
the outer photoreceptor-RPE level. (h) In some elderly
patients, the disease can eventually progress to profound
chorioretinal atrophy of the posterior pole, which is
clearly reflected on FAF as black areas corresponding to
RPE atrophy (i)
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Fig.2.3 (continued)

advanced cases, the photopic and scotopic full-
field ERG responses become severely abnormal
to non-recordable. These ERG findings indicate
that pseudo-Stargardt pattern dystrophy can
evolve from a dystrophy that initially appears
localized to the macula—both functionally and
anatomically—to widespread panretinal photore-
ceptor dystrophy. The EOG results vary widely
but may show a subnormal to absent light rise in
more than half of advanced cases [55].

2.4.3 Disease Course

In advancing disease, the retinal abnormalities
extend beyond the posterior pole and do not tend
to spare the peripapillary retina in contrast to
Stargardt disease (see Fig. 2.3). Profound macu-
lar atrophy and marked vision loss (to as low as
finger counting) generally do not develop before
the age of 55. In advanced disease, patients may
also show slight retinal arteriolar attenuation,
perivascular and retinal hyperpigmented clump-
ing, and temporal pallor of the optic disc [55].

2.4.4 Differential Diagnosis
In contrast to typical Stargardt disease, see Chap. 3,

pseudo-Stargardt  pattern dystrophy has an
autosomal-dominant pattern of inheritance, a rela-

tively late age at onset, a comparatively good visual
acuity, and no dark choroid on fluorescein angiog-
raphy. Other differential diagnostic entities that
should be considered include autosomal-dominant
Stargardt-like dystrophies such as STGD3 (caused
by mutations in the ELOVIL4 gene), STGD4, and
pattern dystrophy associated with maternally inher-
ited diabetes and deafness (m.3243 A>G mitochon-
drial retinal dystrophy, see Chap. 8).

2.4.5 Conclusion

Pseudo-Stargardt pattern dystrophy is a progres-
sive autosomal-dominant retinal dystrophy
caused by mutations in the PRPH2 gene. This
phenotype is characterized by multifocal irregu-
lar yellowish flecks in the posterior pole and
should be differentiated mainly from autosomal
recessive Stargardt disease.

2.5  Reticular Pattern Dystrophy

2.5.1 Background

In 1950, Sjogren described a new form of retinal
degenerations which he termed “dystrophia retic-
ularis laminae pigmentosae retinae” [63]. The
phenotype was later termed reticular dystrophy
and was classified as one of the pattern dystrophies
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[2, 3]. Autosomal-dominant and autosomal reces-
sive inheritance patterns have been described in
association with this phenotype.

2.5.2 Clinical Findings

In reticular pattern dystrophy, a network of
(hyper) pigmentary abnormalities extends to the
periphery of the macula in forms resembling a
chicken wire or fishnet with knots. The patterns
are more readily detected on fluorescein angiog-
raphy, on which a network of hypofluorescent
patterns surrounded by hyperfluorescent lines is
evident.

OCT may demonstrate small RPE elevations in
over half of patients. An altered ellipsoid zone and
outer limiting membrane (OLM) are also observed
in approximately half of the eyes. The subretinal
material appears densely hyperreflective in most
eyes, while some may show hypo-reflective areas
[64, 65]. Electrophysiology including ERG and
EOG testing and psychophysical tests such as
color vision and dark adaptation may be unaf-
fected or impaired [66]. A mild, relatively com-
mon, asymptomatic, and relatively stable form of
reticular hyperpigmentation in the (mid)peripheral
retina can also be seen in elderly patients. Thus far,
this variant of reticular retinal changes has not
been associated with any genetic abnormalities.

Ocular features which may be associated with
reticular dystrophy include spherophakia with
myopia and luxated lenses, partial atrophy of the
iris, scleral staphyloma, convergent strabismus,
and choroidal neovascularization [63, 67]. Deaf-
mutism and choreatiform behavior was also
described in association with reticular dystrophy
in the original description of Sjogren [63].

2.5.3 Disease Course

The pigmentary changes often first appear in
proximity to the fovea center; they later extend to
the macula periphery manifesting an oval pattern
which may encompass the entire posterior pole.
The hyperpigmented areas gradually fade, leav-
ing corresponding areas of RPE atrophy.
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2.5.4 Differential Diagnosis

The differential diagnosis of reticular pattern
dystrophy mainly includes maculopathies with
RPE pigmentation and atrophy involving deposi-
tion of subretinal material. The combination of
ophthalmoscopy, fluorescein angiography, OCT,
and genetic tests can readily distinct reticular
dystrophy from Stargardt disease, Best vitelli-
form macular dystrophy, other pattern dystro-
phies, and dominant drusen.

2.5.5 Conclusions

Reticular dystrophy is an uncommon form of pat-
tern dystrophy. Lesion location between the RPE
and photoreceptors is similar to other pattern
dystrophies. Yet, material deposition images in
OCT are more similar to the ones observed in
fundus flavimaculatus than the ones seen in adult-
onset foveomacular vitelliform dystrophy [64].
Eventually, vision loss may occur secondary to
the development of choroidal neovascularization
and macular atrophy.

2.6  Fundus Pulverulentus
(Coarse Pigment Mottling
of the Macula)

2.6.1 Background

Fundus pulverulentus is an uncommon macular
phenotype that was first described by Slezak and
Hommer in 1969 [68]. It was later suggested to
group with other RPE dystrophies [69]. An
autosomal-dominant inheritance pattern may be
present [68, 69], but affected family members
may also manifest other forms of PD [70, 71].
Association with PRPH?2 gene mutation has also
been described [71].

2.6.2 (Clinical Findings

Gass has described the phenotype rather aspecifi-
cally as a coarse mottling of the RPE in the macula
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area [3]. The visual field, color vision, full-field
ERG, and dark adaptation are normal, but the
EOG can in some cases be subnormal [70].

2.6.3 Disease Course

Little is known on the disease progression of this
subtype of PD, but mild visual loss has been
described. Fundus pulverulentus can also be
associated with the development of CNV [72].

2.6.4 Differential Diagnosis

This phenotype shows similarities to the other forms
of PDs. It was also associated with pseudoxanthoma
elasticum where progression from fundus pulverul-
entus to BPD was reported [73]. Mitochondrial reti-
nal dystrophy (maternally inherited diabetes and
deafness and MELAS syndrome) [36] and toxic
maculopathies such as desferrioxamine retinopathy
can have a similar phenotype [74].

2.6.5 Conclusions

Fundus pulverulentus is an uncommon and non-
specific form of PD that can be seen in association
with pseudoxanthoma elasticum. The disease is
more a description of an atypical macular pigmen-
tation pattern rather than an isolated clinical entity.
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Stargardt Disease
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Abstract

Stargardt disease is the most prevalent inherited disease that causes visual
impairment in childhood and young adults. Stargardt disease is caused by
mutations in the ABCA4 gene. Although Stargardt disease was originally
considered a juvenile macular degeneration, initial abnormalities may
develop at early childhood until late adulthood and include a wide range of
clinical, psychophysical, and imaging findings. In recent years, consider-
able advances have been made in our understanding of the clinical pheno-
types, natural history, and molecular genetics of Stargardt disease and
have led to the first steps in developing therapies.

Keywords
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3.1 Introduction

Stargardt disease, also known as Stargardt 1
(STGD1), forms part of a heterogeneous group of
inherited retinal dystrophies [1]. In fact, it is the
most prevalent inherited disease that causes
visual impairment in childhood, affecting 1:
8000-1:10,000 people worldwide [2]. It is an
autosomal recessive retinal dystrophy and has
been linked to mutations in the ABCA4 gene [3].
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Both sexes are equally affected. The disease typi-
cally presents within the first two decades of life,
even though symptoms can also appear at adult-
hood or as late as the seventh decade. The age at
onset has a trimodal distribution with means at
about 7, 23 and 55 years with various abnormali-
ties [4, 5 and unpublished data].

It is typically characterized by a progressive
bilateral loss of central vision causing blurry
vision [6]. Peripheral vision is usually unaffected.
Most patients also have impaired color vision.
Photophobia may be present.

The clinical diagnosis is based on ophthalmologi-
cal examinations consisting of visual acuity, visual
field testing, ophthalmoscopy, electroretinography,
fluorescein angiography, fundus autofluorescence,
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and optical coherence tomography. On ophthalmos-
copy, progressive macular atrophy surrounded by
irregular or pisciform yellow-white flecks is seen
and may extend beyond the vascular arcades [7].
Fluorescein angiography may show a characteristic
absence of choroidal background fluorescence, the
so-called dark choroid. However, there is consider-
able clinical heterogeneity.

3.2  Early-Onset Stargardt

The mean age at onset of early-onset Stargardt is
about 7 years. These patients all notice a fast
decline in visual acuity, either by themselves, their
parents, or school physicians. Therefore, the visual
acuity is already severely decreased at the first
visit to the ophthalmologist. This decrease in
visual acuity may be initially unexplained, as oph-
thalmoscopy may not reveal any abnormalities or
only minor central retinal pigment epithelium
(RPE) alterations. Additional technical and genetic
examinations are therefore required to exclude the
diagnosis of early-onset Stargardt [4, 8].

3.2.1 Technical Examinations
Spectral-domain optical coherence tomography
Thickening of the external limiting membrane
(ELM) has been suggested as an early sign in the
absence of other functional and structural changes
to the retina. It may reflect a gliotic response to cel-
lular stress at the photoreceptor level. Edges of the
inner segment ellipsoid band appear to recede ear-
lier than the ELM band in active lesions [9].

Fundus autofluorescence Atrophic foveal changes
(sometimes as a bull’s-eye lesion) appear as hypoau-
tofluorescent lesions, surrounded by a hyperau-
tofluorescent perifoveal ring and/or very subtle
hyperautofluorescent flecks/dots. Hyperautofluores-
cence may precede the apparent atrophic changes.

Fluorescein angiography The dark choroid
sign is present in approximately 75 % of patients.

Multifocal electroretinography A  central
decrease in sensitivity indicates early foveal dys-
function. Full-field electroretinography may not
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be informative, as this may indicate normal reti-
nal function.

3.2.2 Natural Course

Apparent central atrophy and the hallmark of
Stargardt disease, yellow-white flecks, may appear
later. Flecks may not be limited to the posterior
pole and tend to expand beyond the vascular
arcades over time. Moreover, the atrophic RPE
lesions also expand centrifugally throughout the
posterior pole and thus not limited to the macula.
This progressive retinal degeneration eventually
results in profound chorioretinal atrophy with reti-
nal pigmentations. At this stage, traces of yellow-
white flecks may only be seen in the far periphery.
This rapid and severe retinal degeneration
results in a severe visual impairment (20/200),
which is usually reached before adulthood, and
eventually, a visual acuity of about 20/500 or
lower is expected at the age of about 40 years.

3.3 Intermediate-Onset Stargardt
The mean age at onset of intermediate-onset
Stargardt is about 23 years (unpublished data). At
presentation, the decrease in visual acuity is mild to
moderate. On ophthalmoscopy, the typical yellow-
white flecks can be found scattered throughout the
retina (fundus flavimaculatus) or are confined to the
posterior pole with a central macular atrophic
lesion. Technical and genetic examinations can sup-
port the diagnosis of intermediate-onset Stargardt.

3.3.1 Technical Examinations

Spectral-domain optical coherence tomogra-
phy Focal central loss of photoreceptor appears as
disruptions of the inner segment ellipsoid band.
Subsequently, an empty lesion devoid of photore-
ceptors may be found (optical gap) and atrophy of
the retinal pigment epithelium band thereafter [10].

Fundus autofluorescence The yellow-white
flecks are clearly visible as hyperautofluorescent
flecks with or without a central hypoautofluores-
cent atrophic lesion.
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Fluorescein angiography The dark choroid
sign is present in approximately 80 % of patients.

3.3.2 Natural Course

The yellow-white flecks, as well as the atrophic
RPE lesions, centrifugally expand over time.
However, the expansion is likely to be much
slower than in early-onset Stargardt. Moreover,
atrophic lesions may be limited to the macula for
years and may not even reach a severe chorioreti-
nal degeneration during lifetime.

Patients with intermediate-onset disease are
therefore more likely to retain useful visual acu-
ity for a long period of time

3.4 Late-Onset Stargardt

The mean age at onset of late-onset Stargardt is
about 55 years. Patients generally present with
either a mild decrease in visual acuity, metamor-
phopsia, oscillopsia, or visual field defects.
Patients can be even asymptomatic and can coin-
cidentally be found during ophthalmologic
screening for other diseases. In most cases, oph-
thalmoscopy shows typical yellow-white flecks
scattered throughout the retina or confined to the
center of the macula. Atrophic RPE lesions may
be seen in the macula but are not always present.
When they are seen, the fovea is often spared
from these atrophic lesions [5, 11, 12].

3.4.1 Technical Examination
Spectral-domain optical coherence tomogra-
phy It may reveal relative central sparing of the
photoreceptor layer, indicating foveal sparing of
retinal damage.

Fundus autofluorescence The yellow-white
flecks correspond with hyperautofluorescence.
Sometimes, these flecks are surrounded by a halo
of reduced autofluorescence. In most cases, a rela-
tively preserved autofluorescence signal of the
fovea is seen. The yellow-white flecks are clearly
visible as hyperautofluorescent flecks with or with-
out a central hypoautofluorescent atrophic lesion.
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Full-field electroretinography Photopic and
scotopic full-field ERG recordings are normal or
relatively normal.

3.4.2 Natural Course

A distinctive characteristic of late-onset Stargardt
is so-called foveal sparing. Although numerous
yellow-white flecks can be found throughout the
retina, the fovea is somehow not affected by atro-
phic lesions. Islands of sharply delineated atro-
phic RPE lesions appear around the fovea. These
lesions interconnect, leaving only a single isth-
mus of RPE, thus resulting in a “peninsula-like”
appearance, followed by a fovea that is com-
pletely surrounded by RPE atrophy. Foveal struc-
ture and function are relatively preserved, until
the fovea eventually becomes affected by the
increasing RPE atrophy.

If foveal sparing is seen, visual acuity is pre-
served for a long time. Due to the extensive sur-
rounding RPE atrophy, patients switch between
central fixation with a good visual acuity and far
eccentric fixation. Eventually, loss of foveal sparing
will result in a sudden decrease in visual acuity.

3.5  Molecular Genetics

Stargardt disease is caused by mutations in the
ABCA4 gene. ABCA4 encodes for the adenosine
triphosphate (ATP)-binding cassette transporter
(ABCR) expressed specifically in the cones and
rods of the retina. A dysfunctional ABCR results
in inadequate handling of all-trans-retinal in
outer segments of photoreceptor cells with the
result that phototoxic bisretinoids of lipofuscin,
including A2E, form in abundance. Disc shed-
ding and subsequent phagocytosis of the outer
segments by RPE cells lead to significant lyso-
somal accumulations of lipofuscin, ultimately
causing RPE cell death and the subsequent loss
of photoreceptors [13, 14]. There is considerable
allelic heterogeneity, with more than 1000 vari-
ants in ABCA4, having been reported to date.
Mutations of ABCA4 have been linked to a spec-
trum of phenotypes ranging from age-related
macular disease (AMD) to retinitis pigmentosa
(RP) [15-17].
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3.6 Differential Diagnosis
The main challenges in diagnosing Stargardt dis-
ease lie in the early-onset and late-onset spectrum.

Early-onset Stargardt If no yellow-white
flecks are seen on ophthalmoscopy, patterns on
full-field electroretinography may only point to a
cone dystrophy, cone-rod dystrophy, or even rod-
cone dystrophy. Early optic disc pallor, hyperpig-
mentations, and arteriolar attenuation indicate a
cone-(rod) dystrophy but can also be found at
later stages of early-onset Stargardt. Various
genes underlie these descriptive and electrophys-
iological diagnoses (Table 3.1). These disorders
are characterized by visual loss, abnormalities of
color vision, visual field loss, and a variable
degree of nystagmus, photophobia, and nyctalo-
pia. Specific genetic testing for mutations on the
ABCA4 gene may therefore be the only approach
to confirm the diagnosis of Stargardt disease.

Late-onset Stargardt The misunderstanding is
that patients with an age at onset 50 years or
above cannot have a retinal dystrophy and are
thus most likely diagnosed with AMD.

Moreover, the clinical phenotype of foveal
sparing is not exclusively found in late-onset
Stargardt. Geographic atrophy in AMD, mito-

Table 3.1 General electrophysiological abnormalities in
Stargardt disease compared to cone and cone-rod
dystrophies

Photopic | Scotopic | Multifocal
ERG ERG ERG
Stargardt N/| N/| |
Cone W N W
dystrophies
Cone-rod N} ) 1
dystrophies

Table 3.2 Overview of types of Stargardt disease

chondrial retinal dystrophy (MIDD) associated
with the m.3243A>G mutation, central areolar
choroidal dystrophy (CACD), and pseudo-
Stargardt should also be considered and differen-
tiated by genetic testing.

In addition, two autosomal dominant types of
macular dystrophy exist that resemble STGD1:

e STGD3 caused by mutations in the ELOVLA4
gene [18]

e STGD4 associated with mutations in the
PROM]1 gene [19]

3.7 Treatment

There is currently no treatment available for
Stargardt disease. Gene replacement and stem
cell therapy is under development.

Because of the pathogenesis of Stargardt dis-
ease (mutations in the ABCA4 gene), sunlight pro-
tection by wearing sunglasses should be advised,
as well as having a normal diet without inappro-
priate prescription of vitamin A supplements.
These are the only preventive measures for slow-
ing down the progression of disease. Regular oph-
thalmologic evaluations are recommended.

3.8 Remark

Due to the high clinical variability, prognosis
depends on different parameters (in particular
age at onset, severity of ABCA4 mutations, and
electroretinographic findings) (Table 3.2) that
may help the clinician provide the patient with an
indication of the course of disease. Stargardt dis-
ease may progress rapidly over a few months
rather than several years, leading to a severe
decrease in visual acuity (Fig. 3.1). Peripheral

Typical abnormalities | Visual acuity | End-stage visual |ERG
Age at onset at fundoscopy decline acuity (Snellen) | abnormalities | ABCA4 mutations
Early (mean, None/bull’s-eye/ Fast Hand movement | Cone-rod Severe—severe
7 years) central atrophy
Intermediate Yellowish flecks/ Moderate 20/1200-20/200 | Cone Severe-mild
(mean, 23 years) | fundus flavimaculatus
Late (mean, Foveal sparing Slow 20/100-20/40 None Mild-mild
55 years)
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vision is not affected, even though some patients
progress to a cone-rod phenotype that does affect
the peripheral retinal function.
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Macular Changes in Generalized
Retinal Dystrophies and in Cone

Dystrophies

Carel B. Hoyng and Ramon A.C. van Huet

Abstract

Macular changes in generalized retinal dystrophies may vary from slight
pigmentary changes to atrophic lesions or bull’s-eye retinopathy. However,
often in the initial stage of the disease, no changes may be found in the
posterior pole. Cystoid macular edema can lead to visual disturbance in
the early phase of certain types of retinal dystrophies. Sometimes, they
may respond to oral acetazolamide. In cone dystrophies, no clear abnor-
malities may be found in the maculain the early stages. Electrophysiological
tests, like multifocal electroretinography and optical coherence tomogra-
phy, are needed to make the diagnosis. Most frequent macular changes,

however, are pigmentary changes and bull’s-eye retinopathy.

Keywords

Macular  Dystrophy ¢ Imaging * Retinitis pigmentosa ® Cone dystrophy

4.1 Macular Changes
in Generalized Retinal
Dystrophies and in Cone
Dystrophies

The most prevalent generalized retinal dystrophies
are rod-cone dystrophies (retinitis pigmentosa, d.i.
RP) with a prevalence of approximately 1 in 4,000
[1]. Cone-rod dystrophies (CRD) are more rare
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with a prevalence of approximately 1 in 30,000—
40,000 [2]. Diagnosis is commonly made by the
fundoscopic changes and full-field electroretinog-
raphy (ffERG). In RP, the ffERG reveals changes
in the rod-driven responses that precede changes
in the cone-driven responses, while in CRD, the
cones are initially affected, followed by the rods
[2-5]. In later stages, both rod- and cone-driven
responses may be equally affected. The initial
examination of these patients not always takes
place in the earliest stages of the disease, which
often makes the differentiation between RP and
CRD difficult, since fundoscopic changes overlap.
Hence, one has to rely on the initial complaints of
the patient. RP patients often experience nyctalo-
pia with relatively good vision as the first symp-
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tom, while CRD patients initially notice a fast
decrease in vision and photophobia [4, 6].

Up to now, approximately 120 genes and 7
additional loci have been associated with RP, and
17 genes and some additional loci with CRD,
including all Mendelian inheritance patterns
(RetNet, available at https://sph.uth.edu/retnet/).
Further elaboration on the genetic causes of gener-
alized retinal dystrophies, either syndromic or non-
syndromic, is beyond the scope of this chapter.

Various macular changes occur in RP and
CRD that vary from subtle pigment alterations to
profound atrophy. Macular changes in RP and
CRD often are dynamic processes and change
over the course of the disease. We listed the most
common macular abnormalities in RP and CRD.

4.2 Macular Changes
in Generalized Retinal
Dystrophies

4.2.1 No (Obvious) Abnormalities

RP often reveals no macular abnormalities on
fundoscopy, fundus autofluorescence (FAF), and
optical coherence tomography (OCT). A study
on macular abnormalities in a large cohort of 518
Italian RP patients revealed no macular abnor-
malities in 56 % [7]. In absence of macular
changes, early complaints of night blindness and
subtle pigmentary changes in the peripheral ret-
ina, together with diminished responses on the
scotopic ERG, may lead to the diagnosis. Family
history is of additional value, especially in auto-
somal dominant or X-linked inheritance.

The first visual complaints in CRD may occur
in absence of abnormalities in clinical and elec-
trophysiological examination. CRD generally
has an onset during childhood, and the first visual
changes may be observed by coincidentally dur-
ing routine screening programs. [8] In our own
cohort of CRD patients with no ophthalmic
abnormalities at young age, 50 % of them were
suspected of conversion disorders or malingering
and were referred for psychological or psychiat-
ric examination. If no fundoscopic macular
abnormalities are present, OCT may reveal subtle

thickening of the external limiting membrane
(ELM) and fundus autofluorescence (FAF) imag-
ing may reveal subtle diffuse central hyperauto-
fluorescence that is easily overlooked. However,
these findings have been described in few cases
with Stargardt disease and no large studies in RP
or CRD cases have been performed yet [9-11].

4.2.2 Pigmentary Changes

Changes in the macular pigment epithelium are
often present in CRD and less frequently in
RP. Changes may vary from a granular aspect of
the RPE to profound intraretinal pigmentation
following RPE migration (Figs. 4.1 and 4.2).
Subtle changes often precede further deteriora-
tion of the macular RPE, either in a bull’s-eye
pattern or in geographic atrophy of the posterior
pole. Irregular pigmentations follow intraretinal
migration of the RPE cells after photoreceptor
cell death occurred and generally appear in end-
stage disease.

4.2.3 Bull's-Eye Maculopathy

Fundoscopic Bull’s-Eye Maculopathy Bull’s-
eye maculopathy (BEM) is a distinctive yet non-
specific macular phenotype characterized by
annular atrophy or hypopigmentation of the reti-

Fig. 4.1 Parafoveal hyperpigmentation in a patient with
retinitis pigmentosa
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Fig.4.2 Wide ring of hyperautofluorescence surrounding
area of hypoautofluorescence in same patient as in Fig. 4.1

nal pigment epithelium (RPE) surrounding the
fovea that occurs in various diseases affecting the
bipolar cell layer, photoreceptor cell layer, or
RPE [12]. BEM was initially described in asso-
ciation with chloroquine retinopathy [13], but
now, BEM has also been associated with a het-
erogeneous group of inherited retinal disorders,
including CRD and RP.

In CRD, BEM is often observed, although it
often develops into profound macular atrophy
over time [6]. In RP, BEM is far less common and
has been described in specific forms, including
(1) in syndromic RP such as Bardet-Biedl syn-
drome [14], (2) in nonsyndromic RP (e.g., RPGR-
related and IMPG2-related RP) [15-17], and (3)
in RP with Stargardt-like maculopathy (Fig. 4.3)
[18]. A study in 41 patients with the p.R373C
mutation in the PROMI gene revealed a BEM
with large electrophysiological variance: 60 %
had macular dystrophy, 36 % had CRD or RP,
and 4 % had isolated cone dystrophy [17].

“Bull’s-Eye” Ring on Fundus
Autofluorescence The hyperautofluorescent
ring found in RP patients is thought to represent

Fig. 4.3 Bull’'s-eye maculopathy in a patient with
IMPG?2-associated retinitis pigmentosa

Fig 4.4 Ring of hyperautofluorescence in retinitis
pigmentosa

the transitional zone between abnormal para-
central and normal central photoreceptor outer
segment structure, which correlates and delin-
eates the retinal region with visual field preser-
vation (Fig. 4.4) [19-21]. The abnormal
autofluorescence may suggest an anomalous
high rate of photoreceptor phagocytosis and the
changes in the RPE function may be a second-
ary phenomenon from increased metabolic load
on the RPE because of photoreceptor apoptosis.
The high load of lipofuscin that causes a maxi-
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mum intensity of hyperautofluorescence would
lead to the RPE atrophy with a subsequent loss
of lipofuscin granules [19, 22]. Photoreceptor
loss along with RPE atrophy is seen outside the
ring and is represented by
hypoautofluorescence.

4.2.4 Cystoid Macular Edema

Today, cystic macular edema (CME) represents
a known pathologic complication in patients
with hereditary retinal degenerations such as
RP, X-linked retinoschisis, NR2E3-associated
disease (including enhanced S-cone syndrome
and Goldmann-Favre syndrome), choroidere-
mia, and gyrate atrophy [23]. CME is character-
ized by a localized expansion of the macular
intracellular and/or extracellular space. The
reported prevalence of CME in RP patients var-
ies historically between 8 % and 38 % [5, 7,
24-28]. OCT is highly sensitive for CME and
useful for evaluating response to therapy and is
more useful than fluorescein angiography (FA)
because of a lack of intense fluorescein leakage
[29, 30]. On OCT images, CME is represented
by increased retinal thickness and the presence
of intraretinal low reflectivity characterized as
two distinct features: (1) outer retinal swelling
represented by an ill-defined, widespread hypo-

Fig.4.5
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reflective area of thickening and (2) cystic hypo-
reflective spaces, with high signal elements
bridging the retinal layers (Fig. 4.5) [25, 31].
Vitreous traction, as well as epiretinal mem-
branes, probably plays a contributing casual
role in the development of CME in RP and other
inherited retinal dystrophies [32]. Vitreous
abnormalities are well documented in all stages
of RP [33-35]. Tangential vitreous traction
would potentially lead to a breakdown of the
blood-retina barrier and promote the develop-
ment of CME in retinal dystrophies [36]. In this
event, a surgical approach might result in a
reduction in CME [32].

Successful treatment of nontractional CME
has been reported with carbonic anhydrase inhib-
itors (CAls), which are thought to be effective
through their action on the membrane-bound car-
bonic anhydrase (CA) IV receptors present on the
RPE cells (Fig. 4.6) [31, 37, 38]. Moreover, other
CAs in different retinal neurons also may play a
role. CAls act both on retinal and RPE cell func-
tion by acidifying the subretinal space, decreas-
ing the standing potential, as well as increasing
retinal adhesiveness. Retinal adhesiveness prob-
ably is enhanced by increasing RPE fluid trans-
port. [39] CAlIs therefore decrease the volume of
the subretinal space. A significant effect on mac-
ular blood flow however has not been demon-
strated [40].

HEIDELBEIS
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Cystoid macular edema in a patient with retinitis pigmentosa type 17
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Fig.4.6 Same patient as in Fig. 4.5 after oral treatment with acetazolamide 250 mg three times daily

Fig. 4.7 Macular atrophy in a patient with retinitis pig-
mentosa due to /MPG2 mutations

4.2.5 Epiretinal Membrane

Abnormalities of the vitreous-retinal interface
frequently occur in retinal dystrophies [41]. Testa
et al. reported 16 % epiretinal membranes in a
large Italian cohort of RP patients [7]. ERM was
defined as a membrane adherent to the inner ret-
ina, which presented as being globally or focally
adherent. The diagnosis of ERM by OCT is based
on the presence of a green line, with reddish
tinges, that runs over the retinal surface, often
together with underlying waves in the retinal sur-
face layer due to tractional forces. Depending on

the traction and anatomical disturbance of the
underlying retinal layers, as well as the burden of
symptoms caused by the ERM, there might be an
indication for surgery [32].

4.2.6 Macular Atrophy

Macular geographic atrophy is the end-stage
observation in CRD and in some forms of RP. In
general, earlier and more subtle changes, as
described above, precede the geographic atrophy
(Fig. 4.7).

4.3 Macular Changesin Cone
Dystrophy
4.3.1 No (Obvious) Macular

Abnormalities

In cone dystrophy (CD), 10-20 % of the cases
present with no obvious fundus abnormalities at
first presentation. Often, the only abnormalities
in clinical examination, apart from a decrease in
visual acuity, are a reduction of cone potentials
on the ERG or abnormal values in multifocal
ERG.

However, fundus autofluorescence imaging
may reveal subtle central hyperautofluorescence.
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In case of achromatopsia (although it is station-
ary, it is often referred to as cone dysfunction), a
small central “gap” in the photoreceptor outer
segment layer may be apparent on the OCT. [8]
New, high-resolution imaging such as adaptive
optics may show abnormalities in patients with-
out obvious fundoscopic changes [42].

4.3.2 Pigmentary Changes

Pigmentary changes can be seen in all kind of CD
and vary from subtle alterations of the RPE to
profound intraretinal pigment deposits due to
RPE migration. In our cohort of 139 patients,
about 50 % showed pigmentary changes. Most of
the CD caused by mutations in the ABCA4 gene
show pigmentary changes and may additionally
reveal a dark choroid on fluorescence angiogra-
phy and even small hyperautofluorescent flecks
on autofluorescence [11]. It is a matter of dispute
whether this phenotype should not be called
Stargardt disease. Most of these cases progress
into a CRD.

4.3.3 Bull’'s-Eye Retinopathy
and Macular Atrophy

Bull’s-eye maculopathy represents a heteroge-
neous group of disorders. The clinical appearance
is not helpful in assessing the degree of retinal dys-
function, and the ring of atrophy or hypopigmenta-
tion may vary in degrees of eccentricity from the
fovea (Figs. 4.8 and 4.9). It is considered distinct
from Stargardt maculopathy in which the atrophy
is physically discontinuous, as best demonstrated
by fundus autofluorescence imaging. The mecha-
nisms by which the degeneration occurs in this
striking distribution are not well understood [43].
The appearance may correspond to the pattern of
lipofuscin accumulation in RPE cells, which in
healthy subjects is highest at the posterior pole and
shows a depression at the fovea, thus explaining
the annular pattern and central sparing.
Furthermore, the small area of central sparing was
postulated as being due to a photoprotective effect
of the high foveal concentration of luteal pigment.

Fig. 4.8 Bull’s-eye maculopathy in a patient with cone
dystrophy

HEDELEer
= Tare

Fig. 4.9 Fluorescein angiography in same patient as in
Fig. 4.8

The initially spared center usually becomes
involved during the disease, at which point the
diagnosis of bull’s-eye maculopathy can no longer
be made, and the atrophy is named geographic
macular atrophy (Figs. 4.10 and 4.11).
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Fig.4.10 Central atrophy in a patient with cone dystro-
phy due to a mutation in the MFSD8 gene

Fig.4.11 Autofluorescence imaging in same patient as in
Fig. 4.10 revealing foveal atrophy and parafoveal
hyperautofluorescence
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Malattia Leventinese (Autosomal
Dominant Drusen)

Veronika Vaclavik and Francis L. Munier

Abstract

Malattia Leventinese, also known as dominant radial drusen or Doyne
honeycomb retinal dystrophy, was first described in patients living in the
Leventine Valley in canton Ticino of southern Switzerland in 1925. A mis-
sense mutation (Arg345Trp) in the gene EFEMPI was discovered to be
causative for both conditions. Malattia Leventinese is reported to be auto-
somal dominant with variable expressivity phenotype. Characteristic clini-
cal findings consist of radial macular drusen, large confluent drusen, and
juxtapapillary drusen, which can be an isolated finding. Early visual
symptoms, typically starting at age of 3050 years, include reduced cen-
tral vision, photophobia, and metamorphopsia. The vision gradually dete-
riorates over many years. No curative treatment is available for ML;
however, some prophylactic argon laser treatment has been promising in
improving visual acuity and reducing the drusen volume. Anti-vascular
endothelial growth (VEGF) treatment is efficient in stabilizing a choroidal
neovascular membrane.

Keywords
Malattia Leventinese * Autosomal dominant drusen ¢ Variable expressivity
* Radial drusen ¢ Autofluorescence * Mouse model
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V. Vaclavik, MD
Oculogenetic Unit, Jules-Gonin Eye Hospital,
Unviersity of Lausanne, Lausanne, Switzerland

Medical Retina, Hospital Cantonal Fribourg,
Fribourg, Switzerland
e-mail: veronika.vaclavik@fa2.ch

F.L. Munier, MD ()

Retinoblastoma and Oculogenetic Units, Department
of Ophthalmology, Jules-Gonin Eye Hospital,
University of Lausanne, Lausanne, Switzerland
e-mail: francis.munier@fa2.ch

© Springer International Publishing Switzerland 2016

Malattia Leventinese (ML), also known as domi-
nant radial drusen (DRD) or Doyne honeycomb
retinal dystrophy (DHRD) [1], is the first clini-
cally and histopathologically described macu-
lopathy of Mendelian inheritance. As the name
indicates, ML first described in patients living in
the Leventine Valley in canton Ticino of southern
Switzerland in 1925 [2]. DRHD was first reported
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in England by Doyne in 1899 [3]. In four sisters,
he observed white deposits in a honeycomb pat-
tern at the macula and nasally to the disc. He
believed that these white spots were lesions due
to exudates in the choroid and named the disease
“honeycomb choroiditis.” A few years later,
Treacher Collins discovered that the choroid was
completely normal and the white spots consisted
of hyaline thickenings of Bruch’s membrane [4].
Several years later, Waardenburg [5] and Forni
and Babel [6] concluded, based on histopatho-
logical findings, that features of Leventinese dis-
ease are indistinguishable from those of Doyne
honeycomb choroiditis. Although originally rec-
ognized in Switzerland and England, families
affected with autosomal radial drusen have been
identified in Czechoslovakia [7, 8] and the United
States [9].

Both ML and DHRD were reported to be
autosomal dominant with full penetrance [10,
11]. Both have different pattern of drusen [10]. In
DHRD, drusen are an infrequent finding, and,
even when present, are only a minor feature. In
ML, they are said to be an invariable and abun-
dant feature due to their phenotypic variability
and previous histopathological findings [6]. ML
and DHRD were considered separate entities
until 1999, when a single missense mutation
(Arg345Trp, R345W) in the gene EFEMPI
(EGF-containing  fibrillin-like  extracellular
matrix protein 1) was discovered to be causative
for both conditions [12].

5.2  Clinical Features

Characteristic clinical findings include early-
onset small radial drusen at the posterior pole
and larger drusen at the posterior pole and also
nasal to the optic nerve head (Figs. 5.1, 5.2,
5.3,5.4,and 5.5). A distinct phenotypic feature
with only juxtapapillary drusen as an isolated
sign, with intact macula (see Fig. 5.3c), can be
observed. The small drusen display a pathog-
nomonic radial distribution converging toward
the center of the macula [11, 13]. The radial
distribution of drusen was an infrequent find-
ing in DHRD [10, 14] and was originally used

V. Vaclavik and F.L. Munier

to distinguish ML from DHRD. Drusen can be
first noticed in the asymptomatic teenager.
They increase in number and size; some
become soft and round and confluent and
merge to form multiple solid plaques display-
ing a honeycomb pattern at the level of Bruch’s
membrane [6, 10, 11].

The onset of symptoms is typically at age of
30-50 years; however, childhood cases with
severe visual loss have also been reported [10].
Good visual acuities in the seventh decade of
life and one case of non-penetrance in a 62-year-
old asymptomatic and mutation-positive patient
with normal fundus appearance have been
reported [15, 16], illustrating the variability of
disease phenotypic expressivity. Disease sever-
ity varies with evidence of interocular, intrafa-
milial (see Figs. 5.1 and 5.3), and interfamilial
variability in visual loss and natural history, as
reported in more recent reports of British,
Japanese, Chinese, and Indian pedigrees [15,
17-19].

Early visual symptoms include reduced cen-
tral vision, photophobia, slow dark adaptation,
paracentral scotomas, and metamorphopsias
[15, 20, 21]. Color vision loss is a later finding
[15]. Symptomatic patients report gradual
deterioration over many years. Mild cases are
characterized by normal visual acuity and the
presence of small, discrete drusen at the mac-
ula (see Fig. 5.3); in some cases, the macula is
normal and only some drusen deposited at the
optic disc margin are observed [15, 19]. In the
later stages of the disease and in severe cases,
typically at the age of 50 years, central vision
deteriorates and absolute scotomas develop
predominantly as result of retinal pigment epi-
thelium (RPE) atrophy [10, 22]. Subretinal
neovascular membrane can develop (see
Fig. 5.4a) but is a very uncommon complica-
tion [15, 18, 19, 23], sometimes associated
with a subretinal hemorrhage as the presenting
symptom of the disease [24]. A neovascular
membrane can lead to a severe vision loss in
younger patients in their 30-40s [19, 23, 25,
26] and can be bilateral [19]. In some cases,
hyperplasia of the RPE and subretinal fibrous
metaplasia can occur [26, 27].
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Fig.5.1 Family 1: two affected daughters, (a—d) mother
(e, f), and their 64-year-old mother. (a) Fundus color the
left eye (LE) of 36-year-old female: juxtapapillary drusen
and some drusen around the fovea. Her visual acuity was
0.8; she was myopic (-10 D). Six years earlier, only the
juxtapapillary drusen were visible. (b) Fundus autofluo-
rescence (FAF) image LE of same patient: some macular
and juxtapapillary drusen were hyperautofluorescent. (c)
Fundus color LE of her 39-year-old sister: juxta- and peri-
papillary drusen, as well as confluent drusen at posterior

pole with hyperpigmented area fibrosis and area of atro-
phy. The visual acuity: 0.1. (d) FAF LE of the same
patient: hypofluorescence corresponding to atrophy and
hyperautofluorescent dots corresponding to drusen. (e)
Fundus color LE of their 64-year-old mother: some juxta-
papillary drusen, confluent peripapillary, and around mac-
ula drusen; central atrophy. Visual acuity: hand
movements. (f) FAF LE: hypofluorescence corresponding
to atrophy, hyperautofluorescence corresponding to con-
fluent and isolated drusen
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Fig. 5.2 Family 2: 79-year-old father (a, b) and his
49-year-old daughter (c, d). (a) Fundus color of the right
eye (RE) of the father: central atrophy, optic nerve within
normal limits, inferior of temporal artery scars post laser.
Visual acuity: 0.1 corrected. (b) Fundus color of the left
eye (LE) of the father: central atrophy, small hemorrhage
at the superotemporal edge. Visual acuity: 0.16 corrected.

5.3  Paraclinic Testing and Their
Use in the Diagnosis

of Malattia Leventinese

Fundus autofluorescence (FAF) imaging allows
the visualization of the RPE health by taking
advantage of the fluorescent properties of lipo-
fuscin [28]. The increased autofluorescence asso-
ciated with drusen in monogenic macular
dystrophies has been reported [29]. In recent
report in patients with a confirmed fibulin-3
mutation status, all increased foci of autofluores-
cence correlated to drusen, but some drusen dis-
played reduced or absent autofluorescence. The
autofluorescence was absent in areas of retinal

(c¢) Fundus color of RE of the daughter: confluent large
macular drusen, radial small drusen, and areas of hyper-
pigmentation. Visual acuity 1.0 corrected. (d) Fundus
color of LE of the daughter: confluent large drusen and
radial drusen at the macula, central atrophy, peripapillary
drusen. Visual acuity 0.4 corrected

atrophy, seen ophthalmoscopically, and reduced
in some areas, suggesting widespread macular
dysfunction [15]. Querques et al. [25] observed
increased and intense autofluorescence only in
large drusen, but not in small radial drusen.
However, the main highlight of FAF imaging was
to detect hyperfluorescent dots at the optic disc
margin, confirming peripapillary drusen, which
were not obvious on routine fundus examination
[15,19].

Time-domain and spectral-domain (SD) opti-
cal coherence tomography (OCT) have provided
insight into structural retinal changes in patients
with autosomal dominant drusen due to EFEMP]
mutation. The first reports using a time-domain
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Fig. 5.3 Family 3: two affected daughters (30 and
32 years old) (a—d) and their 55-year-old mother (e, f). (a)
Fundus color of the left eye (LE) of the 30-year-old
affected daughter: juxtapapillary drusen and macular dru-
sen, predominantly in the inferior part. Visual acuity 1.25.
(b) Fundus autofluorescence (FAF) of the same patient:
some macular drusen were hyperautofluorescent. (c)

Fundus color of LE of the 32-year-old affected daughter:
only nasal juxtapapillary drusen (arrow) are visible,
absence of macular drusen. Visual acuity 1.25. (d) FAF of
the same patient: absence of hyperautofluorescent areas at
macula. (e) Fundus color of the 55-year-old affected
mother: presence of drusen at the macula. Visual acuity
1.0. (f) FAF: some drusen were hyperautofluorescent
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Fig.5.4 Family 4: one patient (47 years old) from a large
autosomal dominant pedigree. (a) Fundus color of the
right eye: juxtapapillary drusen, some confluent drusen
around fovea, central scar following neovascular mem-
brane (previously treated with anti-VEGF), and small

radial drusen. Visual acuity 0.9. (b) Fundus autofluores-
cence: hyperautofluorescence (corresponding to the dru-
sen) and hypoautofluorescence (corresponding to the
scar) around fovea. Hyperautofluorescent patches around
optic nerve

Fig. 5.5 Family 5: one patient (25 years old) with a de
novo heterozygote R345W mutation in the EFEMPI
gene. (a, b) Fundus color of the right eye (RE) and the left
eye (LE): large, confluent drusen at posterior pole and
nasal of the optic disc, small radial drusen. One juxtapap-
illary drusen RE, otherwise sparing (normal retina) around
the optic discs. Visual acuity: 0.5 corrected, both eyes.
(c—e) Fundus autofluorescence (FAF) images of RE and

LE: hyperautofluorescence of drusen, area of hypofluores-
cence at the fovea in both eyes. (d—f) Spectral-domain
optical coherence tomography of RE, LE: diffuse deposi-
tion of hyperreflective material underneath the retinal pig-
ment epithelium (RPE) — diffuse, dome-shaped elevation
of the RPE (large drusen). Hyperreflective sawtooth ele-
vations (small drusen). Intact appearance of inner retina
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OCT described a diffuse hyperreflective thicken-
ing of RPE-Bruch’s membrane complex, associ-
ated with dome-shaped elevations, corresponding
to large drusen [30, 31]. A remarkable preserva-
tion of the neurosensory retina was observed,
both in perimacular and foveal areas [31]. Later
reports, using an SD OCT, provided a better
understanding of the two types of drusen: large
round drusen appeared as diffuse or focal deposi-
tion of hyperreflective material underneath the
RPE - determining a diffuse RPE elevation or a
focal dome-shaped elevation. The small drusen,
described as located above the RPE, had a saw-
tooth elevation appearance [25, 32]. The preser-
vation of intact inner retina and preserved inner/
outer segment junction was noted over small dru-
sen, while the inner/outer segment junction was
disrupted over large drusen [25]. In addition
some intraretinal cyst and retinal tubulation were
noted [25, 33]. Similarities between small, radial
drusen in ML patients and cuticular drusen (also
known as basolaminar drusen) have been reported
[34, 35].

Additional insight into morphological and
functional differences between the two types of
drusen is given by reports of fluorescein angiog-
raphy (FA) and indocyanine green angiography
(ICG) features in ML. On both FA and ICG, large
round drusen are hypofluorescent in early phases
and turn into hyperfluorescent in late phase, with
a dark halo on late ICG frames. The small drusen
hyperfluoresce in early frames and decrease their
fluorescence toward the later phase [25, 36].
Therefore, while small drusen share similitudes
with cuticular drusen [35], the large drusen
behave at FA and ICG more like age-related mac-
ular degeneration (AMD) drusen with a late
hyperfluorescence [37].

Full-field electroretinogram (ERG), electro-
oculogram, and multifocal ERG data are avail-
able. The full-field ERG showed a normal rod
b-wave responses, normal standard combined
(mixed rod plus cone) response, and reduced
30-Hz flicker responses in both eyes in a 42-year-
old patient from the Japanese pedigree [18].
Similar findings were described by the British
group [21], who found that the scotopic sensitiv-
ity was reduced and dark adaptation Kkinetics
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were prolonged over the macular deposits only,
but were normal elsewhere in patients affected by
ML. Those findings were in keeping with a
hypothesis that ML is a focal disease. A Swiss
group [20] described “low-normal” amplitudes
of the b-wave of rod and cone response, suggest-
ing discrete but widespread functional abnormal-
ities, while the b-wave amplitudes were
subnormal in more advanced cases.

5.4 Molecular Genetics:

Mapping

Linkage studies in families ML and DHRD
mapped the disease locus to chromosome 2p16—
21 [13, 22, 38, 39]. The first investigation was
performed on 5 families (a large American kin-
dred with 2 extensively affected branches and 3
kindreds from the Leventinese valley) with the
ML phenotype with a total of 56 affected patients.
They demonstrated linkage of ML to chromo-
some 2p. The maximum two-point LOD score
observed in all families combined was 10.5 and
was obtained with the marker D2S378. To further
narrow the genetic interval containing the ML/
DHRD gene, 63 members from a large nine-
generation DHRD British pedigree, originally by
O’Neill [1] and Pearce [14], were assessed for
molecular genetic linkage study [13]. Two-point
analysis showed a significant linkage of the
DHRD to nine markers on the short arm of chro-
mosome 2, a region overlapping the one recently
reported to be linked to ML. A maximum LOD
score of 7.29 was obtained at marker locus
D2S82251. Haplotype analysis of recombination
events localized the disease to a 5 cM interval
between D252316 and D2S378. These results
established that DHRD maps to chromosome
2pl16, a region included within the 14-kb region
to which ML was recently mapped.

A combination of positional and candidate
gene methods in 39 families from Switzerland,
the United States, and Australia helped identify-
ing a single nonconservative arginine 345 to tryp-
tophan mutation (Arg345Trp) in the gene
EFEMP1 (EGF-containing fibrillin-like extracel-
lular matrix protein 1) coding for fibulin-3 in all
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families studied, inclusive of both phenotypes,
ML and DHRD. The change was not present in
477 control individuals or in 494 patients with
AMD [12]. In this original study, the authors
found that among all families studied, there was a
complete sharing of alleles of intragenic EFEMP1
polymorphisms (SNPs). The same haplotype,
and the absence of de novo R345W mutation in
different ethnicities, was highly suggestive that
the R345W mutation occurred only once in a
common ancestor of every affected patient [12].
This study also confirmed that ML and DHRD
are the same disorder.

A few years later, a genetic study revealed a
novel disease haplotype with R345W mutation in
an Indian pedigree, suggesting an independent
origin [17]. A novel, different haplotype with the
R345W mutation was identified in a Japanese
pedigree [18], suggesting that the disease might
have occurred independently in a common
Japanese founder. In addition to those three dif-
ferent haplotypes, our group recently found a de
novo R345W mutation in a young Portuguese
patient with ML (unpublished data) with proven
paternity, confirming that the EFEMPI1 R345W
mutation is not a founder mutation, but more
likely a hot spot mutation.

5.5 Histopathological Studies
Immunohistochemistry analysis, using mono-
clonal and polyclonal antibodies, of seven
human donor eyes showed that, in normal retina,
fibulin-3 is predominantly present in photore-
ceptor’s inner and outer segment region and the
nerve fiber layer, but not in the RPE, Bruch’s
membrane, or choroid [40]. In a donor eye from
an 86-year-old ML patient carrying a homozy-
gote R345W mutation, fibulin-3 was found to
accumulate beneath the RPE, overlying drusen,
and in Bruch’s membrane, in addition to its pres-
ence in the interphotoreceptor matrix and the
nerve fiber layer. EFEMPI accumulation was
also detected within some RPE cells and a few
drusen. The data suggested that EFEMP1 was
not a major component of drusen associated with
ML [40].
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In situ hybridization of human retinas was
performed to study the pattern and level of
expression of EFEMPI in ML donor eye and
human control eyes [41]. An 80-year-old ML
donor patient, heterozygote for R345W mutation
in EFEMP1 gene, was available in that study. In
normal eye, EFEMP] transcripts were localized
mainly in the retinal ganglion cells, and the pho-
toreceptor’s outer segments showed very similar
distribution to that of the ML eye. Even at the
level of RPE, very similar patterning of EFEMP]
expression was observed between a normal donor
and ML eye. Surprisingly, in the ML eye, there
was a 20-fold difference in EFEMP1 expression
in the ciliary body, as compared to the EFEMP1
expression in the RPE, while there was a com-
plete lack of EFEMP] expression in ciliary body
of normal donor. No histological abnormality
was detected in the ciliary body of the ML donor.
The robust upregulation of EFEMP]I in the cili-
ary body is an ML-specific feature [42].

A recent morphologic and histochemical anal-
ysis of drusen in an ML donor and seven AMD
donors showed that drusen from both diseases
shared many major constituents. However, dru-
sen from the ML donor had a unique onion-skin-
like lamination and possessed collagen type 1V,
which was absent in age-related drusen [43].

5.6  Hypothesis on R345W

Fibulin-3 Function

Human EFEMP1 cDNA encodes a putative pro-
tein of 387—493 amino acids, with a predicted
molecular mass of 43-54.6 kDa. EFEMP] gene
consists of 12 exons and spans approximately
60 kb of genomic DNA [44]. There are five pre-
dicted splice variants, but only the shortest
(43.1 kDa) and the longest (54.6 kDa) are
expressed in substantial amounts at the protein
level [45]. The EFEMPI protein is a broadly
expressed extracellular matrix molecule: in tis-
sues from adult mice, EFEMP] expression was
abundant in the eye and lung and was moderate in
the brain, heart, spleen, and kidney [12]. It is one
of the seven members of the fibulin family of pro-
teins. The protein sequence contains a signal
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peptide, five to six calcium-binding epidermal
growth factor (cbEGF) domains, a predicted
N-glycosylation site at Asn249, and a highly
hydrophobic C-terminal fibulin-type domain [45,
46]. The protein is highly conserved among
humans and rodents, but its homology is restricted
to the EGF-like domains. The single Arg-Trp
mutation alters the last calcium-binding EGF-
like domain of EFEMP] and is similar to the
number of fibrillin mutations [47].

EFEMPI] has been renamed FIBULIN 3
(FBLN3) [48] and qualified to the family of fibu-
lins, extracellular matrix proteins [49]. Six known
members from mammalian species share an elon-
gated structure and many calcium-binding sites
and are hypothesized to function as intramolecu-
lar bridges that stabilize the structure of extracel-
lular matrix [49].

A normal fibulin-3 interacts with several other
proteins: a basement membrane protein (extra-
cellular matrix protein-1), tissue inhibitor of
metalloproteinase-3 (TIMP3), collagen XVIII/
endostatin, hepatitis B virus-encoded X antigen,
and elastin monomer tropoelastin. These interac-
tions likely contribute to the integrity of base-
ment membrane zone. Fibulin-3 colocalizes with
fine elastic fibers and is involved in the formation
of the extracellular matrix [50].

In vitro biochemical analysis indicates that
mutant fibulin-3 protein containing the R345W
mutation is misfolded. This change in conforma-
tion causes the mutant fibulin-3 to be secreted
inefficiently and accumulate within cells [40]. In
both ML and AMD eyes, fibulin-3 accumulates
along drusen or other basal deposits [50]. Some
cell culture studies suggested that mutant R345W
fibulin-3 leads to macular degeneration through
its misfolding and accumulation in the endoplas-
mic reticulum [51], causing cell death by activat-
ing the unfolded protein response [52]. However,
the unfolded protein response has not been
detected in in vivo studies [17]. A recent in vitro
study suggested that R345W fibulin-3, but not the
wild-type fibulin-3, required N-glycosylation to
acquire a stable, native-like structure, enhancing
the role of N-linked glycosylation in regulating
the folding, secretion, and intracellular levels of
fibulin-3 [53].
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5.7  Animal Model
EFEMP]1 —/-knockout mice, although appearing
normal at birth, exhibited early-onset aging and
developed multiple hernias, including inguinal
hernias, pelvic prolapse, and protrusions of the
xiphoid [54]. It showed reduced fertility and gen-
eralized fat, muscle, and organ atrophy. Histologic
analysis revealed reduced and disrupted fine elas-
tic fibers in fascia, adventitia, small blood ves-
sels, and vaginal walls. There was no apparent
retinal degeneration in the knockout mice [54].
EFEMP]I knock-in mouse model carrying the
R345W mutation in the murine EFEMPI gene
was generated, and some basal laminar deposits
were histologically identified between the Bruch’s
membrane and the RPE as early as 4 months of
age in both homozygote and heterozygote mice
[17, 55]. Over time, these deposits increased in
size and number. In older mice, membranous
deposits were seen within the deposits and within
Bruch’s membrane, together with RPE and cho-
roid abnormalities (degeneration, vacuolation,
disruption of the RPE basal folding, choroidal
atrophy). Fibulin-3 was found to accumulate in
the sub-RPE deposits [55]. Some evidence of
complement activation was detected in the RPE
and Bruch’s membrane of the mutant mice [17],
concluding that the R345W mutation in EFEMP1
is pathogenic and suggesting that alteration in the
extracellular matrix may stimulate complement
activation. This represents a potential connection
between ML and AMD in macular degeneration.
The role of complement was further studied in a
double-mutant mice: EFEMPI (R345W/R345W):
C3 (=/-). In mice null for C3, the formation of basal
deposits was inhibited, demonstrating that comple-
ment has an essential role in the formation of drusen-
like basal deposits in EFEMPI-R345W knock-in
mice and, perhaps, other macular degeneration [56].

5.8 Clinical Management/

Treatment

As for many genetic retinal diseases, there is no
specific treatment. However, ML has a close phe-
notypic similarity to AMD, where laser photoco-
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agulation has been shown to lead to drusen
reabsorption and has been tried as prophylactic
treatment [S7-60]. A meta-analysis of nine ran-
domized controlled trials of laser treatment of
AMD drusen confirmed that laser photocoagula-
tion leads to drusen disappearance, but no evi-
dence was found that it reduces vision loss, the
risk of developing choroidal neovascular mem-
brane (CNV), or geographic atrophy [61]. A
recent study assessed the efficacy of laser photo-
coagulation as therapeutic approach for patients
with ML and showed encouraging results. They
treated 1 eye of 11 patients with genetically con-
firmed ML and found that treated eyes gained an
average of 4.9 letters, while untreated eyes lost an
average of 0.8 letters, over a 12-month period of
the study. Some patients showed a significant
improvement in retinal sensitivity in treated eyes.
The mean drusen thickness increased in untreated
eyes, but not in the treated eyes [33].

In later stages of the disease, subretinal neo-
vascular membrane can occur and lead to severe
vision loss [15, 18, 19, 23]. Because of pheno-
typic similarities to the CNV in AMD, some
authors determined the effects of anti-VEGF
(bevacizumab) intravitreal injections in two
patients with ML. In both patients, the treatment
leads to resolution of intraretinal fluid and
improvement in visual acuity [23].

5.9 Differential Diagnosis

Several other monogenic macular dystrophies
have been described and are principally character-
ized by posterior pole drusen, for which disease-
causing mutations have been identified or
chromosomal loci mapped. Sorsby fundus dystro-
phy [62] is caused by mutations in the tissue inhib-
itor of the TIMP3 gene, and the clinical findings
include drusen-like deposits at the level of Bruch’s
membrane and exudative or atrophic lesions of the
macula [63]. The posterior pole drusen are also
hallmark of North Carolina macular dystrophy
[64]. The linkage studies mapped North Carolina
dystrophy to a locus on chromosome 6ql4-16
[65-67] and a locus on chromosome S5pl13-pl5
[68]. A similar condition, early-onset autosomal
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dominant dystrophy (MCDR3), and a North
Carolina-like dystrophy with a hearing loss
(MCDR4) [69] have been described and linked to
chromosome 5p15-13 [70].
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North Carolina Macular Dystrophy
and North Carolina Macular
Dystrophy-Like Disorders

Michel Michaelides and Anthony Moore

Abstract
The developmental macular disorders form part of a heterogeneous group
of retinal disorders that are an important cause of visual impairment in
children. The macular abnormality is present from birth and is usually
nonprogressive, but rarely, visual loss may occur as a result of choroidal
neovascularisation. Although there have been considerable advances made
in recent years in our understanding of the clinical phenotypes, natural
history and molecular genetics of these developmental disorders, many of
the causative genes have yet to be identified. It is anticipated that new
genetic technologies, such as next-generation sequencing, will soon lead
to discovery of such genes; this new information will result in improved
understanding of the biology of macular development and will be the first
step in developing new therapies.

North Carolina macular dystrophy is the most common of these rare
developmental macular disorders, and although the phenotype is well

described, the molecular genetic basis remains unknown.
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6.1 North Carolina Macular
Dystrophy (MCDR1)

North Carolina macular dystrophy (NCMD)
(MCDRI; macular dystrophy, retinal, 1) is an
autosomal dominant disorder characterised by a
variable macular phenotype and a nonprogressive
natural history. The disorder shows complete
penetrance but variable expressivity. Presentation
is usually during the first decade, but mildly
affected family members may remain asymptom-
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atic and may only be identified at routine optom-
etry review. The disorder is believed to represent
a failure of macular development [1-7].
Bilaterally symmetrical fundus appearances in
MCDRI range from a few small (less than 50 pm)
yellow drusen-like lesions in the central macula
(grade 1) to larger confluent lesions (grade 2) and
well-demarcated macular chorioretinal atrophy
(grade 3) (Fig. 6.1). Peripheral retinal drusen-like
deposits have also been described but are uncom-
mon. The severity of visual loss is dependant
upon the grade of retinal phenotype, with vision
being poorest in association with grade 3 lesions.
Colour vision is usually normal. Occasionally,
MCDRI is complicated by choroidal neovascular
membrane (CNVM) formation at the macula.
The electro-oculogram (EOG) and full-field elec-

Fig. 6.1 North Carolina macular dystrophy (NCMD)
(MCDRI). Colour fundus photographs showing both the
typical drusen-associated phenotype that can be seen in

troretinogram (ERG) are normal, indicating that
there is no generalised retinal dysfunction.
Histopathology is available of one patient
with MCDRI, which showed accumulation of
lipofuscin in the retinal pigment epithelium
(RPE) within the atrophic macular lesion [3].
Linkage studies have mapped MCDRI to a
locus on chromosome 6q16 [1]. To date, MCDRI
has been described in various countries and no evi-
dence of genetic heterogeneity has been reported
[3-7]. The disease interval has been refined to
3 ¢cM (1.8mb) between markers D6S1716 and
D6S1671 [7]. All 11 annotated genes within the
interval were analysed by mutation screening of
coding regions, with no mutation identified [7].
There are several plausible explanations for the
failure to identify the causative mutation in this

NCMD (above) and the characteristic grade 3 pigmented
atrophic lesion (below)
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study. The mutation may have been missed and
may be located in a non-coding or regulatory
region, or in an as yet unrecognised exon of one of
the identified positional candidate genes, or in an
as yet unidentified gene. Alternatively, MCDRI
may be caused by another mechanism such as
copy number variation. The advent of next-gener-
ation sequencing should lead to the identification
of the causative gene; this will improve our under-
standing of the pathogenesis of drusen and CNVM
in MCDRI and will provide new insights into the
biology of human macular development.

Stefko et al. have mapped a dominantly inher-
ited macular dystrophy in a North American fam-
ily to chromosome 6ql4, adjacent to but likely
distinct from the MCDRI locus [8, 9]. This mac-
ular dystrophy has a highly variable clinical phe-
notype, described as an autosomal dominant
drusen disorder with macular degeneration (DD).
Most young adults had fine macular drusen and
good vision. Some affected individuals have con-
genital atrophic maculopathy and drusen and are
symptomatic in infancy or early childhood.

Progressive  bifocal chorioretinal — atrophy
(PBCRA) has also been linked to 6q14—q16.2 and
the disease locus overlaps with the established
MCDRI interval [10, 11]. These two autosomal
dominant macular dystrophies have some pheno-
typic similarities and both are thought to result from
a failure of normal macular development. However,
PBCRA differs significantly from MCDRI in sev-
eral important respects, including more severe
visual loss, slow progression, abnormal colour
vision, extensive nasal as well as macular atrophy
and abnormal ERG and EOG. Therefore, if allelic,
it is likely that different mutations are involved in
their aetiology. An alternative explanation is that
PBCRA and MCDRI are caused by mutations in
two different adjacent developmental genes.

North Carolina Macular
Dystrophy-Like Phenotypes

6.2

Three North Carolina macular dystrophy-like
phenotypes mapping to different genetic loci than
MCDRI have been described, suggesting further
genetic heterogeneity in the MCDR1 phenotype.

Autosomal Dominant Macular
Dystrophy (MCDR3)
Resembling North Carolina
Macular Dystrophy

6.2.1

A British pedigree has been described with an
early-onset autosomal dominant macular dystro-
phy (MCDR3) [12]. Visual acuity ranged from
6/5 to 6/60. The retinal changes were confined to
the macular region and vary from mild RPE pig-
mentary change to atrophy. Drusen-like deposits
were present to varying degrees and were charac-
teristic of the phenotype (Fig. 6.2). Choroidal
neovascular membrane formation was an estab-
lished complication. The EOG and ERG were
normal, indicating that there is no generalised
retinal dysfunction. The only significant differ-
ences between this phenotype and MCDRI are
that in MCDR3, colour vision is abnormal in the
majority of affected individuals and there was
evidence of disease progression, albeit in a single
case.

A Danish family with a phenotype in keeping
with MCDR3 has also been reported [13]. Genetic
linkage analysis in both the British and Danish
families established linkage to chromosome
5p13.1-p15.33 and excluded the MCDRI locus
[12, 13]. The gene has not to date been
identified.

6.2.2 North Carolina-Like Macular
Dystrophy and Progressive
Sensorineural Hearing Loss
(MCDR4)

A British family characterised by a nonprogres-
sive MCDR1-like macular dystrophy in associa-
tion with progressive sensorineural hearing loss
has been reported (MCDR4) [14]. Visual acuity
ranged from 6/9 to hand movements. In keeping
with MCDRI and MCDR3, the EOG and full-
field ERG were normal. Progressive sensorineu-
ral deafness was present in all affected individuals
over the age of 20 years.

Genotyping excluded linkage to the MCDRI1
locus and established linkage to chromosome
14q.
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Fig. 6.2 Autosomal dominant macular dystrophy
(MCDR3) resembling North Carolina macular dystrophy.
Colour fundus photographs showing bilateral typical fine
macular drusen-like deposits (above), which are associ-

6.2.3 North Carolina-Like Macular
Dystrophy and Digital
Anomalies (Sorsby Syndrome)

A British and a French family have been described
with a dominantly inherited condition character-
ised by bilateral macular dysplasia in association

ated with increased autofluorescence (middle), and bilat-
eral macular RPE atrophy and pigment clumping, with
surrounding drusen-like deposits (below)

with apical dystrophy or brachydactyly (Fig. 6.3)
[15-17]. Visual acuity ranged from 6/12 to 4/60.
The maculopathy was nonprogressive and vari-
able in severity, ranging from mild RPE pigmen-
tary changes to excavated chorioretinal atrophic
lesions. There was no evidence of generalised
retinal dysfunction.
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Fig.6.3 North Carolina-like macular dystrophy and digi-
tal anomalies (Sorsby syndrome). Colour fundus photo-
graphs showing the typical bilateral macular dysplasia. In
this individual, there is shortening and deformity of the

The MCDRI, MCDR3 and MCDR4 loci have
all been excluded in these two families on the
basis of linkage, providing evidence of further
genetic heterogeneity associated with the NCMD-
like phenotype [17]. This is in keeping with the
established heterogeneity in the genetic mecha-
nisms underlying both split-hand and split-foot
malformations (microdeletions being common)
and the developmental macular dystrophies.

6.3 Management of
Developmental Macular

Disorders

There is currently no specific treatment for any of
the  developmental macular  disorders.
Nevertheless, it is important that the correct diag-
nosis is made at an early stage, in order to be able
to provide accurate information on prognosis and

fingers and toes due to aplasia and hypoplasia of middle
and terminal phalanges. There is skin syndactyly in asso-
ciation with bifurcation of the terminal phalanx of the hal-
lux causing severe deformity of the foot

to be able to offer informed genetic counselling.
Molecular genetic diagnosis is currently restricted
to foveal hypoplasia. It is anticipated that with
modern deep sequencing methodologies, the
genes underlying more of these disorders, espe-
cially those with established chromosomal loci
(such as NCMD and associated disorders), will
be identified in the near future.

Although there is no specific treatment avail-
able for this group of disorders, the provision of
appropriate spectacle correction, low vision aids
and educational support is also very important.

6.4 Concluding Remarks

and Future Perspectives

The developmental macular dystrophies form part
of a heterogeneous group of retinal disorders that
are an important cause of blindness in children and
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young adults. The molecular characterisation of
these disorders remains an important goal, so that
in the event of future-directed treatment options, it
may thereby be possible to make a judgement as to
whether particular patients are suitable for inclu-
sion. Clearly in the first instance, the identification
of the genetic defect will suggest potential mecha-
nisms of disease and therapy.
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Sorsby Fundus Dystrophy
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Abstract

The inherited macular dystrophies comprise a heterogeneous group of dis-
orders characterised by central visual loss and encompass a wide range of
clinical, psychophysical, imaging and histopathological findings. The
majority of disease-causing genes have now been identified. There are a
small group of these disorders, including Sorsby fundus dystrophy, auto-
somal dominant drusen and late-onset retinal macular dystrophy, that pres-
entinlater adultlife and may be complicated by choroidal neovascularisation
or macular atrophic changes similar to those seen in age-related macular

degeneration.
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7.1  Introduction

The inherited macular dystrophies are character-
ised by bilateral visual loss and generally sym-
metrical macular abnormalities on
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ophthalmoscopy. The age of onset is variable, but
most present in the first three decades of life.
There is considerable clinical and genetic hetero-
geneity. Macular dystrophies showing autosomal
dominant, autosomal recessive, X-linked reces-
sive and mitochondrial inheritance have all been
reported, with many of the disease-causing genes
now identified.

7.2  Sorsby Fundus Dystrophy

Sorsby fundus dystrophy (SFD) is a rare, autoso-
mal dominant macular dystrophy, characterised
by early drusen-like deposition and later loss of
central vision from macular atrophy or choroidal
neovascular membrane (CNVM) by the fifth
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decade (Figs. 7.1 and 7.2). Night blindness is an
early symptom. A tritan colour defect has been
previously suggested as an early sign in SFD [1].
Intravitreal bevacizumab and ranibizumab have
both been shown to be effective in the treatment
of CNVM associated with SFD [2, 3].

The differential diagnosis includes disorders
with an autosomal dominant (AD) mode of
inheritance associated with macular atrophy and/
or CNVM, including autosomal dominant drusen
and late-onset retinal macular dystrophy. The
possibility of these disorders, including SFD,
should also be considered in any family with an
AD form of presumed ‘age-related macular
degeneration’.

The tissue inhibitor of metalloproteinase-3
(TIMP3 gene on chromosome 22q) is implicated
in SFD [4-6]. Most of the known mutations in
TIMP3, including Ser181Cys [4], Ser156Cys [5]
and Tyrl72Cys [6], introduce potentially
unpaired cysteine residues in the C-terminus of
the protein, thereby resulting in inappropriate
disulphide bond formation and an abnormal ter-
tiary protein structure. This may alter TIMP3-
mediated extracellular matrix turnover leading to
the thickening of Bruch’s membrane and the
widespread accumulation of abnormal material
beneath the retinal pigment epithelium (RPE)
that is seen histologically [7-9]. The thickening
of Bruch’s membrane is likely to alter the flow of

nutrients and growth factors across it, leading to
RPE/photoreceptor dysfunction.

The finding that treatment with high doses of
oral vitamin A reverses night blindness in this
disorder [10] suggests that early retinal dysfunc-
tion may be due to a reduction in the permeability
of Bruch’s membrane, resulting in the hindrance
of transport of vitamin A from the choriocapil-
laris to the photoreceptors by accumulated extra-
cellular debris beneath the RPE. In addition,
Majid et al. [11] have demonstrated that mutant
TIMP3 can induce apoptosis of RPE cells sug-
gesting that apoptosis may be the final pathway
for cell death in this disorder. Furthermore,
TIMP3 has been recently shown to be a potent
inhibitor of angiogenesis, which may, in part,
account for the complication of choroidal neo-
vascularisation seen in SFD [12]. TIMP3 inhibits
vascular endothelial growth factor (VEGF)-
mediated angiogenesis, most probably by block-
ade of VEGF-2 receptors [12].

Further insights into the pathophysiology of
SFD may follow the development of a knock-in
mouse carrying a disease-related Ser156Cys
mutation in the orthologous murine 7/MP3 gene
[13]. Immunolabelling studies and biochemical
data from these mice suggested that site-specific
excess rather than absence or deficiency of func-
tional TIMP3 may be the primary consequence of
the known TIMP3 mutations [13].

Fig.7.1 Bilateral characteristic drusen-like deposits seen in Sorsby fundus dystrophy with areas of macular atrophy
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Fig. 7.2 Choroidal neovascular membrane complicating
Sorsby fundus dystrophy

7.3 Management
There is currently no established treatment for
any of the inherited macular dystrophies.
However, treatment trials have begun for
Stargardt disease (STGD) and clinical trials in
other disorders are anticipated over the next
decade. In those macular dystrophies compli-
cated by choroidal neovascularisation, anti-
VEGF agents may be used and have been shown
to be effective in Sorsby dystrophy [2, 3].
Despite the lack of effective treatment of the
underlying disorder, early diagnosis, with molec-
ular confirmation, is important for genetic coun-
selling and also allows a more accurate prognosis.
Affected family members can also be informed
about potential environmental risk factors and be
advised to avoid smoking and take steps to main-
tain a healthy diet and avoid obesity. Those
patients with significant visual impairment
should be referred for a low visual aid
assessment.

Conclusions

The inherited macular dystrophies are a clini-
cally and genetically heterogeneous group of
disorders. Their phenotypes have now been
well characterised and many causative genes
have been identified. Establishing the diagno-
sis at an early stage can be helpful in enabling
accurate prognosis and effective genetic coun-

selling. At the present time, there is no effec-
tive treatment for these inherited macular
dystrophies, although multiple avenues of
research are beginning to result in early clini-
cal trials and there is cautious optimism that
further effective interventions will be avail-
able in the near future. However, intravitreal
bevacizumab and ranibizumab have both been
shown to be effective in the treatment of
CNVM associated with SFD and other macu-
lar dystrophies [2, 3].

Although in some inherited macular dys-
trophies the disease appears to be confined to
the macular region, in the majority of disor-
ders, there is electrophysiological, psycho-
physical or histological evidence of
widespread retinal dysfunction. Indeed, in the
case of autosomal recessive STGD, the pres-
ence of widespread full-field ERG abnormali-
ties can be used as an accurate indicator of a
Wworse prognosis.

Improved knowledge of the pathomecha-
nisms of inherited macular dystrophy and the
underlying molecular genetics has not only
raised the potential for future development of
rational therapeutic regimens but has helped
to refine diagnosis, disease classification and
prognosis and improved genetic counselling.
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Mitochondrial Retinal Dystrophy
Associated with the (m.3243A>Q)

Mutation

Camiel J.F. Boon and Pascale Massin

Abstract

Mitochondrial retinal dystrophy (MRD) is a maternally inherited, progres-
sive retinal dystrophy caused by a mitochondrial mutation. MRD can be
classified into four disease grades and is associated with systemic abnor-
malities such as maternally inherited diabetes and deafness, and mito-
chondrial encephalomyopathy, lactic acidosis, and stroke-like episodes
(MELAS) syndrome. The fovea tends to be spared in MRD, with a rela-
tively preserved visual acuity.

8.1 Background

Mitochondrial retinal dystrophy (MRD) is caused
by an adenine-to-guanine mutation at position
3243 in the mitochondrial MTTLI gene encoding
transfer (t) RNALEU(UUR) (m.3243A>G) [1].
The mutation is most well known for its associa-
tion with the systemic conditions maternally
inherited diabetes and deafness (MIDD) and
mitochondrial encephalomyopathy, lactic acido-
sis, and stroke-like episodes (MELAS) syn-
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drome. However, a marked intraindividual and
interindividual variation in mitochondrial hetero-
plasmy causes wide spectrum of clinical symp-
toms and disease severity observed between
family members who share the same mitochon-
drial mutation [2]. Cardiac, musculoskeletal, gas-
trointestinal, and renal involvement can also be
seen, alone or in combination with the MIDD or
MELAS syndrome phenotype.

The prevalence of the m.3243A>G mutation
ranges from 7.6/100,000 in Northeast England to
as high as 236/100,000 in Australia [3, 4]. The
prevalence of the mutation among European and
Japanese patients with adult-onset diabetes mel-
litus is approximately 0.8 % and 1.5 %, respec-
tively [5]. However, the prevalence of the
m.3243A>G mutation increases to more than
5 % in patients with adult-onset diabetes who
also have deafness or a family history of deaf-
ness [5, 6].
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8.2  (linical Findings

Patients with m.4343A>G-associated MRD can
remain asymptomatic for a long time, and it is
common for them to be identified during routine
ophthalmological screening for diabetic retinop-
athy [2]. Fundus autofluorescence is the ophthal-
mic imaging modality of choice to identify retinal
abnormalities that are typically associated with
MRD. More than 85 % of m.3243A>G mutation
carriers have retinal abnormalities, and MRD
associated with the m.3243A>G mutation in the
MTTLI gene has a fairly consistent phenotype [2,
7, 8]. This makes these retinal abnormalities one
of the most prevalent and constant findings in the
m.3243A>G-related disease spectrum. The spec-
trum of severity ranges from barely discernible
pigmentary abnormalities in the outer retinal lay-
ers of the macula to profound chorioretinal atro-
phy in the macula. Retinal changes in MRD often
also include the retina around the optic disc.

MRD associated with the m.3243A>G muta-
tion can be classified into four grades, based on
ophthalmoscopy and multimodal imaging includ-
ing optical coherence tomography (OCT), fundus
autofluorescence (FAF), and fluorescein angio-
graphy (Table 8.1) [2]. In every grade except
grade 4, the structure and function of the fovea
are relatively spared, resulting in a prolonged
preservation of fairly good visual acuity. Even if
the fovea is spared, considerable visual impair-
ment can be present as a result of paracentral sco-
toma in cases of progressive atrophy around the
fovea in grade 3 disease.

Patients with grade 1 MRD have discrete pig-
mentary abnormalities in the central fundus
(Fig. 8.1a—d, Table 8.1) [2] that are also barely
visible on autofluorescence and fluorescein
angiography. Without prior knowledge of the
underlying m.3243A>G mutation, these changes
can be easily overlooked. The visual acuity in
this early grade MRD is excellent.

In grade 2 MRD, isolated or multifocal faint
white-yellowish or hyperpigmented subretinal
deposits are present in the posterior pole
(Fig. 8.1e, f) [2]. These deposits are visible in
addition to the extremely fine pigment changes in
grade 1 MRD. Few deposits can be present in
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early grade 2 disease, but the pigment changes
involve the entire macula and sometimes encircle
the optic disc in advanced grade 2 MRD. Fundus
autofluorescence in grade 2 MRD shows granular
changes and/or irregular flecks of increased and
decreased autofluorescence. Fluorescein angio-
graphy shows mainly hyperfluorescence due to
moderate RPE atrophy, except in areas of hyper-
pigmentation blocking background fluorescence.
In all of these imaging modalities, the foveal
aspect appears relatively spared, with a corre-
spondingly preserved visual acuity.

Grade 3 MRD is characterized by the appear-
ance of one or more areas of well-delineated
areas of chorioretinal (“‘geographic™) atrophy
outside of the fovea (Fig. 8.2a—d) [2]. In grade 3
MRD, the area of geographic atrophy does not
involve the central fovea in contrast to grade 4
disease, again explaining the relatively preserved
visual acuity in this advanced disease stage. On
FAF and OCT, the central foveal structure is rela-
tively preserved compared with the surrounding
atrophic zone (see Fig. 8.2a, b, d). Patients with
MRD do not have typical drusen on ophthalmo-
scopy, FAF, or OCT, and choroidal neovascular-
ization is extremely uncommon.

In grade 4 MRD, the profound chorioretinal
atrophy also affects the fovea (Fig. 8.2e-g),
resulting in marked central vision loss (Table 8.1;
see Fig. 8.1) [2]. The visual acuity of patients in
stage 4 disease can decrease to finger counting.

Due to the mitochondrial nature of the dis-
ease, a certain degree of ocular myopathy and
myogenic ptosis can also be seen [2, 9]. Up to
86 % of patients with m.3243A>G-associated
MIDD have evidence of retinal dystrophy [9]. As
a result of the marked clinical variability, up to
17 % of patients are diagnosed as carriers of the
m.3243A>G mutation purely based on an oph-
thalmological examination, for instance, at rou-
tine screening for diabetic retinopathy [2]. Thus,
the establishment of the diagnosis of m.3243A>G
mitochondrial retinal dystrophy should also
depend on a high index of suspicion in patients
who present with typical macular lesions.

The peripheral visual field is usually normal in
MRD, and full-field electroretinography and the
electro-oculogram are generally unaffected.
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Fig. 8.1 Grade 1 and 2 mitochondrial retinal dystrophy
(MRD). (a) Color fundus photograph of grade 1 MRD in
an asymptomatic 42-year-old patient with a visual acuity
of 20/20. (b) On detailed ophthalmoscopy, discrete pig-
mentary changes could be observed in the macula, which
corresponded to mild but clearly visible mottled fundus
autofluorescence (FAF) changes in the macula and peri-
papillary region. (c¢) Fluorescein angiography showed
mild mottled hyperfluorescent abnormalities. (d) Optical

coherence tomography in grade 1 MRD shows no obvious
abnormalities. (e) Color fundus photograph of grade 2
MRD in a 27-year-old patient carrying the m.3243A>G
(visual acuity: 20/20) showing an oval area of mottled
hypopigmentation and hyperpigmented spots in the
macula and around the optic disc. (f) FAF imaging shows
mottled autofluorescence changes, with relative preserva-
tion of the foveal autofluorescence which is seen in many
MRD cases
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Fig. 8.2 Grade 3 and 4 mitochondrial retinal dystrophy
(MRD). (a) Color fundus photograph of grade 3 MRD of a
43-year-old patient (visual acuity: 20/20) showing areas of
more profound chorioretinal (geographic) atrophy in the
macula with relative foveal sparing. (b) Fundus autofluo-
rescence (FAF) in this patient showed a large dark area of
absent FAF in the macula and adjacent to the optic disc
corresponding to profound atrophy of the retinal pigment
epithelium (RPE), which is also visible in (a). In addition,
spots of highly increased FAF were visible throughout the
posterior pole. (¢) The foveal structure is relatively spared,
which also correlates to relative functional sparing on cen-
tral visual field testing. (d) Optical coherence tomography
(OCT) scan (left eye of same patient, horizontal scan)

d

R
t"ﬁmwu'-‘ -—

shows some structural sparing of the outer retinal (photo-
receptor) structures as compared to the surrounding atro-
phic areas. (e) Color fundus photograph of grade 4 MRD
in a 57-year-old patient who also had mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like epi-
sodes (MELAS) syndrome, insulin-dependent diabetes
mellitus, and deafness due to the m.3243A>G mutation.
Marked chorioretinal atrophy in the macula was present
since at least 5 years, with a corresponding visual acuity of
20/630. (f) FAF imaging in this patient showed a black
area of RPE atrophy in the macula and around the optic
disc, bordered by irregular autofluorescence changes. (g)
OCT of grade 4 MRD shows profound outer retinal atro-
phy that includes the fovea
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8.3  Disease Course

In stage 2 MRD, it usually takes many years to
progress to geographic atrophy with vision loss
[2, 10]. However, the evolution differs from one
patient to the other, and the dystrophy may
remain stable for years, without evolution toward
atrophy. In stage 3 MRD cases in which the
remaining foveal island is surrounded by pro-
found atrophy, the foveal structure and visual
acuity can remain be relatively spared for at least
5 years. In atypical cases with a central vitelli-
form lesion, progression to central atrophy and
vision loss may occur faster, within 3 years.

8.4 Differential Diagnosis
Mitochondrial mutations are inherited mater-
nally, so all offspring of an affected female should
also carry the mutation. Nevertheless, the diagno-
sis of MRD can be challenging, because the
maternal inheritance pattern can be masked due
to non-penetrance resulting from a low degree of
heteroplasmy. In addition, mutation analysis in
blood has a 15 % false-negative rate, so addi-
tional DNA analysis of urine may be indicated in
cases of a negative blood analysis with a typical
MRD phenotype [11].

Most carriers of the m.3243A>G mutation
have associated systemic diseases, and the clinical
constellation of symptoms and diseases encom-
passes a broad and variable clinical spectrum
besides typical MIDD or MELAS syndrome. As
many as 17 % of patients are diagnosed as carriers
of the m.3243A>G mutation based solely on the
findings of an ophthalmological examination [2].
The identification of MRD therefore also depends
on a high index of suspicion in patients who pre-
sent with a typical phenotype.

Patients with ABCA4-associated late-onset
Stargardt disease can have somewhat similar
retinal lesions and also frequently have relative
sparing of the fovea [12]. However, most late-
onset Stargardt disease patients have a dark cho-
roid on fluorescein angiography, and the
peripapillary retina tends to be spared in con-
trast to MRD cases. Pseudo-Stargardt pattern
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dystrophy (see Chap. 3) and central areolar cho-
roidal dystrophy (see Chap. 10), caused by auto-
somal dominant PRPH2 gene mutations, should
also be considered [13—15]. Another important
differential diagnostic option is atrophic age-
related macular degeneration (AMD), not only
because it is the most common form of macular
degeneration but also because both diabetes
mellitus and deafness are common among the
elderly. However, most patients with atrophic
AMD have drusen on ophthalmoscopy and
OCT, which are not present in MRD, and the
lesions in AMD are usually less autofluorescent
than in MRD. Finally, desferrioxamine macu-
lopathy and pseudoxanthoma elasticum macu-
lopathy may also be considered.

Conclusion

MRD is retinal dystrophy that mainly affects
the macula and peripapillary retina, caused by
the m.3243A>G mutation in the mitochon-
drial DNA. MRD is associated with a broad
range of systemic associations, including
maternally inherited diabetes and deafness
(MIDD) and MELAS syndrome. A certain
degree of ptosis and/or external ophthalmo-
plegia may also be present. The visual acuity
in MRD is usually relatively preserved until
grade 4 disease is reached, because of pro-
longed anatomical and functional sparing of
the fovea.
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X-Linked Retinoschisis
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Abstract

X-linked retinoschisis (MIM#312700) is linked to mutations in RS/
encoding retinoschisin a protein critical for cell-cell adhesion and intercel-
lular matrix interactions. It is a rare inherited disorder with a prevalence
estimated between 1/5,000 and 1/20,000, affecting male subjects with
female carriers being asymptomatic with only few reports of subtle
changes. Age of onset can be as early as pre-school screening. Clinical
manifestations are variable even within the same family with little pheno-
type/genotype correlation. Macular abnormalities are present in virtually
all cases, the most typical picture being the classic spoke-wheel appear-
ance of macular cysts. Atrophic lesions will develop in later stages. The
full-field electroretinogram is critical for the diagnosis especially in case
of atypical presentation or in late stages. It typically reveals an electro-
negative waveform in response to a standard or bright flash under scotopic
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conditions with a reduced b/a ratio in keeping with generalized inner reti-
nal dysfunction. The diagnosis can be molecularly confirmed by identify-
ing mutations in RS/. Management will include a careful refraction, low
vision aids, school support and anhydrase carbonic inhibitors. Gene ther-
apy trials are underway.
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Electronegative electroretinogram e Intraretinal cysts

Often classified within the macular dystrophies,
X-linked retinoschisis (XLRS, MIM #312700)
pathogenesis however involves more than the
macular area and it should be regarded more as a
generalized retinal disease with inner retinal dys-
function. It is linked to mutations in the RS/ gene
located on Xp22 [1].

Haas was the first to report two affected male
patients with the typical radiating cystic macu-
lopathy [2]. The X-linked pattern of inheritance
was suggested by Pagenstecher in 1913 [3]. The
term “retinoschisis” was first proposed by
Wilczek in 1935 to reflect the splitting of the neu-
ral retina characterizing this disorder [4]. The
disorder is present worldwide with an estimated
prevalence of between 1/5,000 and 1/20,000 [5].
It is, however, higher in Finland (about 1/14,000)
due to three founder mutations [6].

The clinical manifestations of XLRS are highly
variable in affected males even within the same
family; there is no clear phenotype/genotype cor-
relation. Female carriers generally have a normal
eye examination, but may occasionally show subtle
abnormalities. There have been a few reports of
affected females with homozygous RS1 mutations
in families with parental consanguinity [7, 8].

9.1 Clinical Presentation

XLRS shows a complete penetrance in affected
males with marked phenotypic variability. The
initial presentation is usually with decreased
vision often detected during pre-school vision
screening around 3 or 4 years of age. Children
who are not detected during screening usually

present with vision problems at school or with
convergent strabismus. Such children are often
hyperopic, but the visual acuity does not improve
to normal with refractive correction. Spontaneous
vitreous haemorrhage occurring in a male child
or adolescent is another mode of presentation,
and XLRS is the most common cause of sponta-
neous vitreous haemorrhage in a young male.
Rarely XLRS can present as severe bullous schi-
sis in infancy [5]; if unilateral, this may present
as an early-onset strabismus or, if bilateral, with
nystagmus. There may be associated vitreous
haemorrhage. There is often an associated pig-
ment line at the edge of the schisis. The bullous
schisis cavity may flatten with time.

Visual acuity can vary between 20/25 and
20/400 or worse. The worst visual acuity is seen
in case of extensive schisis that involve the cen-
tral retina. Vision in most affected males is usu-
ally relatively stable until middle age when
progressive macular atrophy may develop.

Peripheral visual field test is usually normal
except in areas of the visual field corresponding
to peripheral schisis where there may be an abso-
lute scotoma. Colour vision is usually normal or
may show a tritan defect in relation with second-
ary macular cone dysfunction.

Fundus examination shows macular abnor-
malities in virtually all cases, and these changes
may be the only findings. Foveal schisis are seen
as microcystic spaces radiating from the fovea
(classic spoke-wheel appearance) (Fig. 9.1) [9]
and are usually associated with a relatively pre-
served visual acuity. With time, the cysts col-
lapse, giving way to non-specific macular
atrophic changes associated with decreased
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Fig.9.1 (a) Colour fundus photographs; (b) fundus autofluorescence; (c) foveal horizontal scan for SD-OCT (Adapted
from Audo et al. [9] with the kind permission of Springer Science + Business Media)
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Fig. 9.2 Peripheral schisis (Adapted from Audo et al. [9] with the kind permission of Springer Science + Business
Media)

visual acuity. Peripheral retinal schisis are seen
in 50-70 % of patients and most commonly
involve the inferotemporal quadrant (Fig. 9.2).
Pigmented peripheral retinal scars can appear
after spontaneous involution of peripheral cysts
(Fig. 9.3).

Other less common peripheral abnormalities
include inner retinal sheen or glistening resem-
bling the Mizuo phenomenon (Fig. 9.4) [10-12],
vascular sheathing and closure, peripheral pig-
ment clumping, neovascularisation in the periph-
eralretinaorof the opticdisc [ 13], pseudopapillitis,
and exudative retinal detachment with retinal tel-
angiectasia [14]. Neovascular glaucoma has also
been reported and may occur secondary to retinal
vascular closure [15].

Another atypical manifestation of XLRS
includes fundus albipunctatus-like or crystalline
appearance of the posterior pole (Fig. 9.5) and
widespread inner retinal sheen without foveal
schisis [16—18]. In these difficult cases, electro-
physiological assessment and molecular genetic
testing will direct the diagnosis.

Fundus abnormalities in female carriers of
XLRS are very uncommon with only few reports
of macular cysts and an electronegative electro-
retinogram (ERG) response [19, 20] or subtle
changes on multifocal ERG testing [21]. Retinal
abnormalities similar to the affected male have
been reported in females from consanguineous
unions found to carry homozygous pathogenic
changes on RS/ [7, 22].
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Fig.9.3 Pigmentary
changes in long-standing
schisis (Adapted from
Audo et al. [9] with the
kind permission of
Springer Science +
Business Media)

Fundus autofluorescence can be of help when
fundus changes are minimally detectable. It
shows modification of foveolar autofluorescence
with irregular or radial abnormalities when foveal
schisis is present [23] (see Fig. 9.1). These
changes are most likely in keeping with altered
light transmission. Central hypo-autofluorescence
is correlated with atrophic changes.

Spectral ~ Domain  Optical ~ Coherence
Tomography (SD-OCT) (See Fig. 9.1) This non-
invasive tool has changed the diagnostic approach
to XLRS: Cystic changes may be present in any
layer of the retina and extend beyond visible fun-
dus abnormalities [24-26]. In older patients,
SD-OCT can detect macular thinning corre-
sponding to atrophy.

Fluorescein angiography is not indicated for
the diagnosis of X-linked retinoschisis, ERG in
combination with OCT being the most helpful
diagnostic tools with confirmation by molecular

genetic testing. At the spoke-wheel stage, there is
typically cyst pooling of the dye with no leakage
allowing differential diagnosis with macular
oedema. Late stages with macular atrophy of the
retinal pigment epithelium will manifest with
window defects.

9.2 Histopathology

Histological reports initially suggested splitting
within the neurosensory retina, predominantly
the nerve fiber layer differing from senile retinos-
chisis in which splitting occurs in the middle lay-
ers [27-29]. A more recent study of a specimen
with neovascular glaucoma reports splitting
within the outer plexiform layer both in periph-
eral and macular schisis [15]. Focal retinal pig-
ment epithelium degeneration and photoreceptor
disruption may occur as a secondary change.
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Fig. 9.4 Unusual form of XLRS with tapetal-like reflex (Adapted from Audo et al. [9] with the kind permission of
Springer Science + Business Media)
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Fig. 9.5 Unusual XLRS manifestation with white-dot appearance (From Audo et al. [9] with the kind permission of
Springer Science + Business Media)
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Fig. 9.6 ERG abnormalities in XLRS: the rod-specific
ERG (DA 0.01) is bilaterally subnormal; the bright flash
dark-adapted ERGs (DA 11.0) are bilaterally electronega-
tive, the b-wave amplitudes being smaller than the
a-waves; the 30-Hz flicker ERGs are bilaterally delayed

9.3  Electrophysiology

and Psychophysics

Full-field electroretinogram (ffERG) is critical
for the clinical diagnosis of XLRS, especially in
atypical cases: the ffERG typically shows an

and also decreased in amplitude; the LA 3.0 responses
revealed a reduced b/a ratio; pattern ERGs (PERGs) are
markedly subnormal in keeping with macular dysfunction
(From Audo et al. [9] with the kind permission of Springer
Science + Business Media)

electronegative waveform in response to a bright
flash under dark-adapted conditions (Fig. 9.6).
There is a normal, or nearly normal, a-wave,
reflecting normal photoreceptor function, and a
severely reduced b-wave in keeping with post-
photoreceptor transmission defect [30, 31]. There
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is also a reduced b/a ratio in response to a single
flash in photopic condition as well as reduced
30 Hz flicker amplitude. These findings are con-
sistent with inner retinal dysfunction affecting
both rod and cone pathways. There is predomi-
nant dysfunction of the ON pathway, with the
OFF pathway being less variably affected [23,
31-33]. Positive correlations both between
mutation severity and decreased b-wave ampli-
tude as well as age and decreased b-wave ampli-
tude have been reported [34, 35]. ERG
abnormalities are, however, variable: an a-wave
amplitude reduction has been reported [36], in
particular if XLRS is complicated with retinal
detachment. Relative b-wave preservation has
also been reported in few cases [35, 36], outlin-
ing the importance of familial history, clinical
examination, and mutations screening for the
proper diagnosis in atypical cases.

9.4 Differential Diagnosis

The clinical diagnosis of XLRS is based on fun-
dus examination, ERG findings of an electroneg-
ative waveform to the dark-adapted maximal
response, and the typical cystic changes on
OCT. The diagnosis can be confirmed by the
identification of pathogenic mutations in the RS/
gene.

Differential diagnosis will include other
causes of foveal cystic changes and peripheral
schisis. Foveal cystic changes may be seen in rare
autosomal recessive or dominant schisis [37, 38],
but in these disorders there are usually normal
full-field ERG responses. Other causes of foveal
schisis include cystoid macular oedema in rod-
cone dystrophies, the enhanced S-cone syn-
drome, autosomal recessive bestrophinopathy,
and nicotinic acid maculopathy. These disorders
can usually be easily distinguished from XLRS
on the basis of family history, electrophysiologi-
cal testing, imaging, and molecular diagnosis.

Other forms of peripheral schisis include
senile/degenerative schisis and the retinal schisis
of high myopia. Senile schisis affects both males
and females after 50 years of age, is usually bilat-
eral, and is predominantly localized in the infero-
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temporal quadrant. In both senile schisis and the
peripheral schisis of high myopia, the full-field
ERG is normal.

Differential diagnosis will also include other
causes of electronegative ERG [39].

Genetics and
Pathophysiology

9.5

XLRS is due to mutations in RS/ located on
Xp22.1 [1]. The gene spans a genomic region of
32.4 kb with six exons encoding a signal peptide,
characteristic secreted proteins (exons 1 and 2), a
retinoschisin domain (exon 3), and the well-
conserved discoidin domain motif (exon 4-6)
implicated in cell adhesion [40, 41]. The result-
ing protein, a 224-amino acid protein, is called
retinoschisin (RS1). In the adult retina, RS1 is
expressed in photoreceptors and bipolar cells and
is secreted in the extracellular matrix. It plays a
critical role in cell-cell adhesion and cell-matrix
interaction important for retinal lamination and
synaptic structure relevant for the proper retinal
function, in particular at the photoreceptor pre-
synaptic terminals and at the dendritic tips of
bipolar cells [41-44].

More than 190 mutations have been reported
in patients with XLRS (see the LOVD - Leiden
Open Variation Database; http://databases.lovd.
nl/shared/genes/RS1), the majority of which are
missense mutations localized within the discoi-
din domain leading to misfolding, misrouting, or
functional loss of the protein and suggesting an
important function role for this domain. Other
mutations include deletions, insertions, and
splice site mutations leading to loss of functional
protein production [45].

9.6 Management

There is no current specific treatment for
XLRS. A careful refraction, the detection of
amblyopia and appropriate management, and the
provision of low vision aids when needed can
improve residual visual performance. In children,
it is essential to provide adequate educational
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support at school. Patients should avoid high con-
tact sports, and protective goggles may be advised
for ball sports. Families should be offered genetic
counselling.

Carbonic anhydrase inhibitors, either topi-
cally (dorzolamide three times a day) or orally,
have shown to reduce intraretinal cysts with some
improvement in visual acuity, although the
response may take several months of treatment
[46—48]. If the acuity worsens with treatment,
discontinuation with retreatment has shown some
benefit [49]. Although the long-term effect of
such treatment is not known, it seems sensible to
recommend a treatment trial for at least 3 month
for patients who are keen to improve their vision
and are able to tolerate the side effects.

Surgical treatment is indicated when XLRS is
complicated by rhegmatogenous retinal detach-
ment or persistent vitreous haemorrhage. Retinal
detachment surgery has a higher risk of develop-
ing proliferative vitreoretinopathy and may have
limited effect on visual outcome [5, 50].

Proof of principal for gene replacement ther-
apy on mouse models has now been achieved for
both for structural and functional recovery [44,
51-55] and the first gene therapy trial is now
undertaken in the group of Dr Paul Sieving
(ClinicalTrials.gov: NCT02317887) with other
planned trials in the United States (ClinicalTrials.
gov: NCT02416622).
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Dystrophies
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Abstract

There are several very rare macular dystrophies that do not fall into the
categories described elsewhere in this atlas. One of those, central areolar
choroidal dystrophy (CACD) generally is a purely macular dystrophy
caused by dominantly inherited PRPH2 gene mutations. Dominant cys-
toid macular dystrophy is an intriguing progressive retinal dystrophy that
presents with early-onset cystoid fluid collections in the macula as charac-
teristic and primary clinical feature. Juvenile macular dystrophy and hypo-
trichosis due to recessive CDH3 mutations combines a cone-rod dystrophy
macular phenotype with general ectodermal changes such as abnormal
hair growth, digital changes, and partial anodontia. The autosomal-
dominant late-onset retinal degeneration (L-ORD), caused by CI1QTNF5
gene mutations, shows typical retinal abnormalities that can extend beyond
the macula, and patients can report night blindness in addition to central
vision loss. Interestingly, L-ORD patients can have long anteriorly inserted
lens zonules and loss of iris pigment.

Keywords

Central areolar choroidal dystrophy (CACD) ¢ Dominant cystoid macular
dystrophy (DCMD) ¢ Juvenile macular dystrophy and hypotrichosis
Late-onset retinal degeneration (L-ORD) ¢ PRPH?2 gene * CDH3 gene *
CIQTNF5 gene
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In this chapter, four major rare macular dystrophies
are described. These macular dystrophies do not
share clinically or genetic characteristics, except that
they are all well-defined clinical entities that primar-
ily affect the macula and do not fall into one of the
disease categories described in the other chapters.
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10.2 Central Areolar Choroidal
Dystrophy

10.2.1 Background

Central areolar choroidal dystrophy (CACD) in
multiple generations was first described by the
Dutch ophthalmologist De Haas in 1931, and
the phenotype was further delineated by
Sorsby. Although the disease name suggests a
primary abnormality in the choroid, CACD
primarily affects the photoreceptors. Most
cases are inherited autosomal dominantly due
to a mutation in the PRPH?2 gene, although the
disease is genetically heterogeneous. The
PRPH?2 gene encodes a protein that is impor-
tant for photoreceptor outer segment structure
and function [1]. Mutations in the PRPH?2 gene
can cause a wide range of retinal dystrophies
besides CACD, including pseudo-Stargardt
pattern dystrophy (see Chap. 3) and retinitis
pigmentosa [1].

10.2.2 Clinical Findings

A certain degree of genotype-phenotype correla-
tion exists in CACD, as the mean age at onset
depends on the underlying PRPH?2 mutation. For

M.D. Fischer and C.J.F. Boon

example, in the phenotype caused by the p.
Argl172Trp mutation and the p.Arg195Leu muta-
tion in PRPH?2, the age at onset is relatively
early — in the third to fourth decade — whereas the
p-Arg142Trp mutation generally has a later onset
in the fifth to sixth decade [1-3]. Patients with
CACD present with mild central visual loss,
metamorphopsia, and, occasionally, mild photo-
phobia [4]. Central scotomas can be noted in
more advanced cases.

Fundus abnormalities in CACD can be clas-
sified into four stages (Fig. 10.1) [1, 4]. In
stage 1, slight parafoveal pigmentary changes
of the retinal pigment epithelium (RPE) are
seen (Fig. 10.1a). Stage 2 is characterized by a
round to oval, mildly atrophic hypopigmented
area of up to five disc diameters in size
(Fig. 10.1d). In stage 3, one or more areas of
profound, well-demarcated chorioretinal atro-
phy appear outside the fovea (Fig. 10.1g).
CACD reaches stage 4 when the fovea is also
included in this area of chorioretinal atrophy
(Fig. 10.1j). Visual acuity often decreases to
less than 20/200 in this advanced stage. CACD
is only rarely associated with drusen. Some
patients develop more extensive atrophic pig-
mentary abnormalities beyond the vascular
arcades, and chorioretinal atrophy can also be
centered around the optic disc.

Fig.10.1 Clinical stages of central areolar choroidal dys-
trophy (CACD). (a) Fundoscopy of stage 1 CACD reveals
slight parafoveal hypopigmentation. (b) This area of
hypopigmentation on ophthalmoscopy corresponds with
an area increased fundus autofluorescence (FAF). (c¢)
Fluorescein angiography (FA) in stage 1 CACD shows
hyperfluorescent parafoveal changes. (d) In stage 2
CACD, a round to oval area of hypopigmentation is visi-
ble in the macula. (e) This area corresponds to speckled
changes of increased and decreased FAF. With time, ini-
tially increased FAF evolves to decreased FAF changes as
the lesion enlarges and atrophy of the retinal pigment epi-
thelium (RPE) progresses. (f) FA in stage 2 CACD shows
speckled hyperfluorescence of the lesion, due to partial
RPE atrophy. (g) Stage 3 CACD shows one or more
patches of well-circumscribed chorioretinal atrophy,
appearing outside the central fovea, within the area of
slight hypopigmentation. (h) These areas of chorioretinal
atrophy correspond to severely decreased to absent FAF.
(i) In stage 4 CACD, the well-defined area of chorioretinal

»
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atrophy involves the fovea, with a corresponding severe
decrease in visual acuity. (j) This area corresponds with a
round to oval zone of absent FAF involving the fovea in
late stage 4 CACD, bordered by a small residual band of
increased FAF. (k) End-stage CACD also shows a well-
demarcated area of chorioretinal atrophy on the fluores-
cein angiogram, with enhanced visibility of the residual
underlying choroidal vessels. (1) Patient with early stage 3
CACD, showing a small, round, black area of profound
RPE atrophy (thus making it stage 3 CACD) in addition to
the speckled FAF changes. (m) Spectral-domain optical
coherence tomography image (SD-OCT) through the
deeply atrophic area shows more marked atrophy of the
outer retina (external limiting membrane and ellipsoid)
and RPE, surrounded by more discrete outer retinal
changes. (n) SD-OCT section taken through the fovea,
showing mainly an attenuated outer retina with a hyper-
reflective ellipsoid line that is absent in the central macula,
but with a relatively preserved external limiting
membrane
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Fluorescein angiography shows progressive
hyperfluorescence due to window defects as a
result of progressive RPE atrophy in advan-
cing CACD stages (Fig. 10.1c, f i, k,;
Table 10.1).
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Fundus autofluorescence in early CACD
shows speckled changes of increased and
decreased FAF, whereas in stage 3 and 4 CACD,
a black “punched-out” lesion due to profound
RPE atrophy is seen in the posterior pole,
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Fig.10.1 (continued)
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Fig.10.1 (continued)

bordered by a small residual band of increased
autofluorescence (Figs. 10.1b, e, h, k) [4]. On
optical coherence tomography (OCT), mildly
atrophic lesions in stage 1, 2, and 3 central areo-
lar choroidal dystrophy correspond to variable
alterations in the reflectivity of the outer retina,
generally without drusen (Figs. 10.11, m). In the
profoundly atrophic areas in stage 3 and 4, the
outer retinal layers are markedly attenuated
(Fig. 10.1m, n).

The photopic and scotopic full-field electro-
retinography (ERG) is generally normal in
CACD, but panretinal cone or cone-rod dys-
function can develop in advanced CACD [1].
The pattern ERG is usually reduced or extin-
guished, and the multifocal ERG often shows
markedly decreased (para-)central responses
[3, 4]. The electro-oculography (EOG) is
normal.

10.2.3 Disease Course

As in all PRPH2-associated retinal dystrophies,
the disease severity in patients with an identical
PRPH? mutation may be highly variable, even in
mutation carriers from the same family [1]. Non-
penetrance has been observed in up to 21 % of
patients [4]. Therefore, cases can appear spo-
radic or automal recessive. The visual prognosis
of PRPH2-related CACD roughly depends on
the underlying mutation [1]. Visual acuity can be
relatively preserved for many years, as it can
take more than 20 years for CACD to progress
from stage 2 to stage 4. Choroidal neovascular-
ization is very rare and can be seen in patients
with concurrent high myopia. Retinal atrophic
changes in CACD can predispose to effects
of vitreomacular traction and macular hole
formation.
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10.2.4 Differential Diagnosis

Early CACD should be differentiated from atro-
phic age-related macular degeneration, mito-
chondrial retinal dystrophy caused by the
m.3243A>G mutation (for instance, in associa-
tion with maternally inherited diabetes and deaf-
ness; see Chap. 8), North Carolina macular
dystrophy, malattia leventinese/Doyne honey-
comb retinal dystrophy, Sorsby fundus dystro-
phy, Stargardt disease, and cone(-rod) dystrophy
[5]. Stage 3 and 4 CACD can be similar to all
macular diseases with advanced chorioretinal
atrophy.

10.2.5 Conclusion

CACD is an autosomal-dominantly inherited
macular dystrophy with a relatively late onset,
caused by mutations in the PRPH?2 gene.

10.3 Dominant Cystoid Macular
Dystrophy

10.3.1 Background

Dominant cystoid macular dystrophy was first
described by Deutman and colleagues in 1976 [6,
7]. This peculiar autosomal-dominant dystrophy
is characterized by early-onset macular cystoid
fluid collections (possibly edema). The gene
locus is linked to the interval 7p15.3, but the
exact gene and pathogenesis are currently
unknown [8, 9].

10.3.2 Clinical Findings

Patients start to experience a slowly progressive
loss of visual acuity in childhood. Most patients
are moderately to highly hyperopic. DCMD can
be classified into three stages, based on charac-
teristics on ophthalmoscopy, fundus autofluores-
cence, fluorescein angiography, OCT, as well as
electrophysiological characteristics (Table 10.2,
Fig. 10.2) [9]. The staging system correlates with
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age and visual acuity. In stage 1, DCMD patients
are younger than 20 years and have cystoid fluid
collections (CFCs) in the macula with fine fold-
ing of the internal limiting membrane and mild
pigment changes (Fig. 10.2a—e). In stage 2
DCMD, the CFCs decrease in size, and moderate
macular chorioretinal atrophy develops. Patients
with stage 3 DCMD are older than 50 years and
show profound chorioretinal atrophy and coarse
hyperpigmented deposits in the posterior pole.

In early DCMD, the fluorescein angiogram
shows dilated, telangiectatic capillaries in the
central macula, with profuse leakage into the
CFCs in the late angiographic phase (Fig. 10.2b).
In patients with advanced DCMD, window
defects are seen on the angiogram due to RPE
atrophy, together with some residual diffuse fluo-
rescein leakage extending beyond the posterior
pole (Fig. 10.2f). Fundus autofluorescence shows
mildly increased fundus autofluorescence (FAF)
in the early stage, and with advancing chorioreti-
nal atrophy, FAF decreases progressively
(Fig. 10.2g, j). On OCT, CFCs are visible in the
neuroretina that do not appear clearly different
from the cystoid macular edema that can be seen
in numerous other retinal diseases. In early
DCMD, small round CFCs are mainly situated in
the inner and outer nuclear layer (Fig. 10.2e).
These CFCs become more extensive and pro-
nounced with time. In stage 2 and 3 DCMD, the
CFCs diminish, whereas retinal and RPE attenu-
ation increases (Fig. 10.2h, k). Visual field test-
ing and electrophysiology characteristics in
DCMD are depicted in Table 10.2.

The clinical characteristics and a histopatho-
logical study of DCMD suggest a marked disor-
ganization of the inner nuclear layer associated
with retinal cystoid changes and suggest that
DCMD may primarily be a disease of the Miiller
cells [9, 10].

10.3.3 Disease Course

In the first decade, the visual acuity generally is
higher than 20/40. In the second and third decade,
the visual acuity generally does not exceed 20/30.
After the age of 30, considerable interindividual
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variability in visual acuity is seen, with a slow
decline to 20/200 or less in most patients in the
fourth and fifth decade. After the age of 60, many
DCMD patients are legally blind. Choroidal neo-
vascularization does not occur, but on rare occa-
sions, peripheral vascular dilations with leakage
of exudates may develop. The CFCs may decrease
in response to topical or oral treatment with car-
bonic anhydrase inhibitors.*

10.3.4 Differential Diagnosis

DCMD should be differentiated from X-linked
juvenile retinoschisis (XLRS). Apart from the dif-
ferent mode of inheritance, the “cystoid” schisis
cavities in XLLRS are often more confluent, with
eventually only small strands of tissue bordering
these spaces. On fluorescein angiography, no leak-
age is seen into the schisis spaces in XLRS. Fundus
autofluorescence and red-free photography show a
typical radial pattern of abnormalities in the fovea
in XLRS, in contrast to DCMD. Other differential
diagnostic entities include retinitis pigmentosa
with cystoid macular edema and other conditions
that can be associated with cystoid macular edema,
such as uveitis, idiopathic parafoveal telangiecta-
sia, and diabetic retinopathy.

10.3.5 Conclusion

DCMD is an autosomal-dominantly inherited
dystrophy characterized by bilateral early-onset
CFCs in the macula, which distinguishes this dis-
order from other retinal dystrophies. With time,
progressive chorioretinal atrophy and pigmentary
changes develop in the posterior pole.

10.4 Juvenile Macular Dystrophy
and Hypotrichosis

10.4.1 Background

Juvenile macular dystrophy and hypotrichosis is
caused by autosomal recessive mutations in
CDH3 on chromosome 16q22 and was first
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described by Wagner in 1935 [11]. CDH3
encodes for P-cadherin, a protein linked to hair
and retinal development [12]. As visual deficits
are suspected to arise already in early child-
hood, some authors suggested “hypotrichosis
with cone-rod dystrophy” to be a more fitting
name [13].

10.4.2 Clinical Findings

Alopecia develops shortly after birth with partial
and short regrowth of hair during puberty
(Fig. 10.3a). Visual function is reduced from
childhood onwards with progressive degenera-
tion extending beyond the macular region. ERG
testing shows progressive cone and rod system
dysfunction.

The macula typically appears with nummular
patterns of atrophic and hyperpigmented patches
(Fig. 10.3b). Demarcation lines clearly divide
affected and intact retina but sometimes can be
obscured by diffuse pigmentary changes and
white-yellowish flecks.

10.4.3 Disease Course

Visual function is affected already in school age
with visual acuity ranging from 20/32 to 20/200.
Fundoscopy reveals first signs of a macular dys-
trophy, and ERG responses indicate both rod and
cone system dysfunction. Fundoscopic changes
and functional deficits are slowly progressive but
are not known to develop into complete
blindness.

10.4.4 Differential Diagnosis

Ectodermal dysplasia, ectrodactyly, and macu-
lar dystrophy syndrome can also result from
CDH3 mutations and features hypotrichosis
with concomitant macula dystrophy. However,
it also includes digital abnormalities, sparse and
short eyebrows and eyelashes, and partial ano-
dontia [14].
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10.4.5 Conclusion

Juvenile macular dystrophy and hypotrichosis is
caused by autosomal recessive mutations in the
CDH3 gene and should be called ‘“hypotrichosis
with cone-rod dystrophy.”

10.5 Late-Onset Retinal
Degeneration (L-ORD)

10.5.1 Background

Late-onset retinal degeneration (L-ORD) was
first described as a disease entity by Kuntz et al.
in 1996, with histopathologic evidence of a
retina-wide layer of extracellular material of
20-40 pm thickness between the RPE and
Bruch’s membrane [15]. An autosomal-dominant
founder mutation (p.Ser163Arg) in the comple-
ment 1q tumor necrosis factor 5 gene (C1QTNFS5)
was identified as causative, which can be traced
back to a single ancestor from southeast Scotland.
CIQTNFY5 is co-expressed in the RPE with the
membrane frizzled-related protein MFRP, which
is mutated in autosomal recessive nanophthal-
mos. L-ORD has been termed differently across
the literature with autosomal-dominant hemor-
rhagic macular dystrophy, late-onset macular
degeneration, and late-onset retinal macular
degeneration all pointing towards the clinically
significant involvement of the macula.

M.D. Fischer and C.J.F. Boon

10.5.2 Clinical Findings

The most consistent finding associated with
L-ORD is a thick layer of extracellular sub-RPE
deposit evident on spectral-domain optical coher-
ence tomography (SD-OCT) imaging. This layer
is often thicker in the macula but extends to the
extreme retinal periphery. Other clinical findings
depend on the stage of the disease and can include
anomalies in the anterior segment, such as long
anteriorly inserted zonules (which may compli-
cate capsulorhexis cataract surgery), iris atrophy,
and trabecular pigment deposition (Fig. 10.4)
[16, 17]. The posterior segment can demonstrate
signs of retinal atrophy such as midperipheral
bone spicules with well-demarcated lines
between viable and atrophic areas of retina.
Hallmark features of the macula are perimacular
yellow dots and choroidal neovascularization.

10.5.3 Disease Course

As the name suggests, patients rarely become
symptomatic before age of 40 in this progressive
disorder (Table 10.3). The only finding in this
asymptomatic first stage may be long anteriorly
inserted lens zonules, iris atrophy, and trabecular
pigment deposition, which in some cases may
evolve into secondary glaucoma.

Stage 2 is characterized by the first primary
symptoms such as difficulties with dark adapta-

Fig. 10.2 Clinical classification of dominant cystoid
macular dystrophy (DCMD) into three stages: (a—d) stage
1 DCMD, (e-h) stage 2 DCMD, and (i-k) stage 3 DCMD.
(a) Color fundus photograph of a 15-year-old patient with
stage 1 DCMD showing wrinkling of the inner limiting
membrane, cystoid fluid collections (CFCs) and fine pig-
ment changes in the macula. (b) Fluorescein angiogram
(late phase) showing hyperfluorescent CFCs in the fovea
and more diffuse hyperfluorescent intraretinal edema in
the posterior pole. (¢) Fundus autofluorescence image
showing areas of punctiform mildly increased autofluo-
rescence and mild diffuse hyperautofluorescence in the
macula. (d) Optical coherence tomography (OCT) scan
through the fovea showing CFCs in the inner and outer
nuclear layer. (e) Color fundus photograph of a patient
with stage 2 DCMD showing atrophic pigment changes in

»
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the macula. (f) Fluorescein angiogram showing central
hyperfluorescence caused by the atrophic retinal pigment
epithelium (RPE) window defect and residual hyperfluo-
rescent cystoid edema, surrounded by mild, indistinct
hyperfluorescence. (g) Fundus autofluorescence image
showing moderately decreased autofluorescence in the
central macula. (h) OCT scan showing mild diffuse retinal
edema and some small residual CFCs, irregularity of the
outer photoreceptor structures, but an RPE layer that
seemed largely intact. (i) Color fundus photograph of
stage 3 DCMD, displaying profound chorioretinal atrophy
in the macula with attenuated arterioles and coarse hyper-
pigmentations. (j) Fundus autofluorescence image show-
ing a large area of markedly decreased autofluorescence
due to RPE atrophy. (k) OCT scan showing chorioretinal
atrophy and a mild epiretinal membrane
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Fig.10.2 (continued)
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Fig.10.3 (a) Hypotrichosis due to CDH3 mutations. (b) Macular dystrophy due to CDH3 mutations
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Fig.10.4 Ocular features of late-onset retinal photograph of the fourth L-ORD patient (bottom row)
dystrophy (L-ORD). The anterior segment photograph shows a large area of macular atrophy with scalloped
(upper left) shows peripupillary iris atrophy and borders, without atrophy in the midperipheral retina
abnormally long, anteriorly inserted lens zonules. (bottom). Fundus autofluorescence imaging confirms
Fundus images show areas of retinal pigment black areas of marked RPE atrophy (From Holder [16]
epithelial (RPE) atrophy in the midperipheral retina with the kind permission of Springer Science +
together with marked atrophy in the posterior pole Business Media; adapted from Soumplis et al. [17])

(patients in second-fourth row). The fundus
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Fig.10.4 (continued)
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tion and nyctalopia, which are accompanied by
changes in the midperiphery and early perimacu-
lar yellow dots. It is important to note that fundus
changes might precede or follow onset of symp-
toms, which contributes to the frequent misdiag-
nosis of the condition. Visual acuity, kinetic and
static perimetry, color vision, and ERG are typi-
cally still normal. Dark-adaptometry may be
abnormal at this stage and correlates with thick-
ness of the extracellular sub-RPE deposits.

Stage 3 can be expected at age 60 and older
and typically involves rapid deterioration of
visual acuity due to choroidal neovascularization.
Other fundus changes also become more pro-
nounced and typically feature well-demarcated
lines between viable and atrophic areas of retina
with midperipheral bone spicules. The frequent
findings of annular scotoma formation between
10 and 40° eccentricity and predominant reduc-
tion in rod-derived ERG responses all point
towards a leading effect on rod function with
accompanying macular neovascular pathology.

10.5.4 Differential Diagnosis

L-ORD shares features of retinitis pigmentosa,
age-related macular degeneration, choroidere-
mia, gyrate atrophy, and Sorsby fundus dystro-
phy and is often misdiagnosed.

10.5.5 Conclusion

L-ORD is an autosomal-dominantly inherited
macular dystrophy with a relatively late onset,
caused by mutations in the CIQTNFS5 gene.
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Abstract

Inherited macular dystrophies comprise a highly heterogeneous group of
diseases characterized by irreversible loss of central vision as a result of
atrophy of the macula and underlying retinal pigment epithelium. Despite
significant progress in understanding molecular bases of these diseases,
there are still no preventive or curative treatments. This chapter discusses
vision restoration strategies and focuses on innovative therapies for inher-
ited macular diseases that are currently under development and evaluation,
e.g., gene therapy, retinal prosthesis, and optogenetics.
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11.1 General Recommendations

Currently, there is no effective treatment to pre-
vent, stop, or reverse the course of inherited mac-
ular diseases. Vision impairment associated with
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and training in their use) combined with optical
(e.g., appropriate spectacles, high-intensity
lamps, contrast-enhancing filters, near and far
magnification devices, glare reduction and
contrast-enhancing devices) and nonoptical (e.g.,
writing guides, bold-lined paper, high-contrast
watches, large print items) corrective interven-
tions is proposed in an individually tailored man-
ner, depending on the degree of visual impairment
and the disease prognosis.

Over the last 10 years, significant progress in
technologies for low vision enhancement and
mobility assisting has been made (reviewed in
[1]). These include global positioning system
(GPS)-based navigation system, talking signs,
auditory signals at street crossings, and bar cod-
ing for labeling locations and objects. Magnified
text, text-to-speech, and speech-to-text software
and other accessibility requirements of the World
Wide Web Consortium for equal access to Web
content for people with disabilities are available
today on most computers. Refreshable tactile
graphics systems provide access to digital con-
tent (e.g., cell phones, keyboards). Innovative
head-mounted electronic low vision devices that
have been designed to provide a virtual field of
view (field compensation), in addition to magni-
fication, are currently under evaluation.

A growing body of evidence suggests that vis-
ible light and, more specifically, the blue spectral
range may induce retinal damage and worsen the
course of retinal degenerative disorders [2, 3].
Patients with macular dystrophy are advised to
avoid sunlight exposure and to wear lower
wavelength-blocking glasses outdoors during the
day. For maximum protection, the filtering
glasses should absorb all of the blue, violet, and
UVA radiation and filter out 97-99 % of the spec-
tral and ultraviolet energy below 550 nm wave-
length. A recent report suggested that filtering
light in a band from 415 to 455 nm may be suffi-
cient to prevent or limit the retinotoxic effects of
the light [3]. This more precise phototoxic action
spectrum could be advantageously valued in
selective photoprotection ophthalmic filters with-
out disrupting essential visual and nonvisual
functions of the eye [3]. Avoiding smoking is
highly advisable [4].
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The most relevant recommendations on nutri-
tional supplements for patients with macular
degenerative diseases come from the results of
the largest studies sponsored by the National Eye
Institute, the Age-Related Eye Disease Study
(AREDS), published in October 2001 and its
follow-up study (AREDS2) published in May
2013. It has been reported that oral supplementa-
tion with the AREDS formulation (vitamins C
and E, beta-carotene, zinc, and copper) reduces
the risk of progression to advanced age-related
macular degeneration (AMD) [5]. AREDS2
examined whether or not addition of the carot-
enoids lutein and zeaxanthin or the omega-3
long-chain polyunsaturated fatty acids docosa-
hexaenoic acid (DHA) + eicosapentaenoic acid
(EPA) or both might further improve the results
of the original AREDS formula. Further reduc-
tion of the risk of progression to advanced AMD
was not observed, but lutein + zeaxanthin was
suggested as an appropriate carotenoid substitute
in the AREDS formulation [6].

Prevention and treatment of macular dystro-
phies and vision restoration in retinal degenera-
tive diseases are of paramount importance for
public health. The general recommendations
mentioned above may slow down, to some extent,
the disease course and help patients better cope
with the disease. However, there is still no cura-
tive treatment for inherited macular dystrophies.
Innovative therapies aiming to efficiently stop
disease progression or restore some visual per-
ception are currently under development and
evaluation.

11.2 GeneTherapy

Inherited macular dystrophies refer to a large
clinically and genetically heterogeneous group of
disorders associated with various forms of sta-
tionary or progressive visual impairment. In the
human retina, cone photoreceptors enable visual
acuity, spatial resolution, and color vision and
play an essential role in daily living activities,
such as reading and facial recognition. Cone pho-
toreceptors are concentrated in the fovea, the cen-
tral part of the macula. Decreased central vision
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and reduced color vision are typical features of
diseases associated with cone degeneration alone,
cone degeneration followed by rod degeneration,
and associated defects of retinal pigment epithe-
lium (RPE), underlying the macula. Genes impli-
cated in the pathogenesis of inherited macular
dystrophies can in principle be targets for gene
corrective therapies (reviewed in Sahel and
Roska [7]).

The past two decades have been marked by
rapidly evolving understanding of the retinal
biology and pathophysiology and identifying
genes and mutations underlying retinal degenera-
tion. Significant progress of gene therapy for eye
disorders, in particular for retinal disorders, has
been achieved not only in animal models but also
in humans. Most gene-mediated therapies devel-
oped today use viral vectors, e.g., adenovirus
(Ad)-, adeno-associated virus (AAV)-, or
lentivirus-based vectors. Among them, AAV-
derived vectors have been the vector of choice
due to several key features, such as efficient gene
delivery, low immunogenicity, and stable trans-
gene expression.

There are a variety of different AAV serotypes
possessing distinct properties: For example, sub-
retinal injection of serotype 4 specifically targets
RPE, serotypes 7 and 8 are more specific for pho-
toreceptors, and serotype 5 can target both layers
with equivalent efficacy; intravitreal injection of
AAV?2 or 8 results in transduction of retinal gan-
glion cells (RGCs) [8]. Additional specificity in
the locus of gene expression can be achieved by
choosing cell-specific promoters. To date, the
most common way for gene delivery to photore-
ceptors and RPE cells is the subretinal adminis-
tration. However, it 1is technically more
challenging than intravitreal injection and could
be associated with postsurgical complications,
such as retinal detachment. A new AAV variant
(7m8) able to ensure efficient pan-retinal delivery
of the therapeutic gene from the vitreous was
recently developed [9], offering clinically rele-
vant implications for further gene therapy
development.

Replacing defective gene with a correct
sequence is a therapeutic approach particularly
suitable for monogenic recessive disorders that
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are, in general, associated with loss-of-function
gene mutations. Numerous successful preclinical
studies moved proof-of-concept gene therapies in
ophthalmology from bench to bedside.

11.2.1 Leber Congenital Amaurosis

The most notable gene replacement treatment
was demonstrated by the team of Jean Bennett in
the Swedish Briard dog, a canine model of Leber
congenital amaurosis (LCA), in which a long-
term and sustained restoration of visual function
was documented after single subretinal injection
of AAV2.RPE6S [10, 11]. RPE65 encodes pro-
tein involved in the production of 11-cis retinal
and in visual pigment regeneration. Characterized
by profound impairment of the retina and poor
visual function in infancy and early childhood,
LCA is one of the most severe retinal degenera-
tive diseases. In addition to RPEG6S, the disease is
caused by mutations in at least other 20 genes
(RetNet: https://sph.uth.edu/retnet), coding for
proteins that regulate different cell functions,
including phototransduction (GUCY2D), retinal
development (CRBI, OTX2, CRX), NAD biosyn-
thesis (NMNATI), retinoid cycle (LRAT, RPE6S,
RDHI12), cell maintenance (AIPLI, TULPI,
RD3), and ciliary function (CEP290, IQCBI,
LCAS5, RPGRIPI). Some of the genes implicated
in the pathogenesis of LCA (RPE65, SPATA7,
RPGRIPI, CRB1, CEP290, LRAT, CRX, RDH12)
play a causative role also in retinitis pigmentosa
and cone-rod dystrophy [12].

The first clinical trials of rAAV-mediated gene
therapy for patients with LCA2 demonstrated
safety and efficacy, with a stable and durable
functional gain for at least 3 years [13-15].
Readministration of RPE6S5 gene-based treat-
ment to the contralateral eye of adult patients
with LCA was reported to evoke significantly
greater responses in the second eye, supporting
the feasibility and benefits of repeated gene ther-
apy in retinal degenerative diseases [16]. The ini-
tial positive results from LCA gene therapy
studies were recently challenged by new find-
ings. In 2013, Cideciyan and coworkers reported
that the visual improvements in RPE65-treated
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LCA patients persisted up to 3 years, but the reti-
nal degeneration continued to progress [17]. This
observation was recently confirmed by Jacobson
and coworkers who described sustained initial
improvement in visual function (1-3 years after
gene therapy), followed by progressive decline
4.5-6 years after treatment [18]. At present, the
transient nature of the gene therapy effects
remains unclear and needs further investigation.
Following the promising results of the gene
therapy with AAV2.RPE65, several groups focus
today on development of gene replacement ther-
apy for LCA associated with mutations in the
GUCY2D and CEP290 genes. GUCY2D is one of
the most frequently mutated genes and responsi-
ble for approximately 12 % of all LCA cases
(LCAL1) [19]. GUCY2D is expressed specifically
in the retina (nuclei and inner segments of rod
and cone photoreceptors) and encodes
photoreceptor-specific retinal guanylate cyclase-1
(RetGC1) involved in the resynthesis of cGMP
required for the recovery of the dark state after
phototransduction [19]. Recent investigations
provided evidence that AAV-mediated delivery
of Gucy2e results in restoration of cone function
and preservation of cone photoreceptors over the
lifetime of the RetGC1 gene knockout mouse, a
model exhibiting loss of cones only [20, 21]. In
the RetGC1/RetGC2 double knockout mouse
that exhibits loss of both rod and cone structure
and function, the AAV-mediated RetGC1 expres-
sion following subretinal injection was able to
preserve the morphology of both photoreceptors
and to restore the retinal function [22]. These
results suggest that gene replacement therapy for
people with LCA caused by mutations in the
GUCY2D gene would be feasible in principle.
Very recently, the European Commission
granted orphan designation (EMA/
COMP/97253/2014) for development of AAV
vector serotype 8 containing the human GUCY2D
gene for treatment of LCA. As mutations in
GUCY2D are also associated with autosomal
recessive and dominant forms of cone-rod dys-
trophy [22], this gene replacement therapy may
offer vision restoration to a larger group of peo-
ple with retinal dystrophy. Mutations in the
CEP290 gene (encoding a centrosomal protein
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involved in ciliary assembly and ciliary traffick-
ing) contribute to up to 20 % of all LCA cases
[23, 24]. This is why strategies for development
of proof-of-concept studies for gene therapy in
CEP290-associated LCA are under consider-
ation. A recent report provided evidence that the
CEP290 disease-specific cellular phenotype can
be corrected in patient-derived fibroblasts by len-
tiviral vector expressing full-length human
CEP290 [25]. These very preliminary results
mark an initial step toward gene therapy for
LCA10, but they need significant further research
before extending to clinic.

Alternative to gene therapy, phase 1b study
(ClinicalTrials.gov: NCTO01014052) recently
reported that the oral retinoid intermediate
QLT091001 was well tolerated and able to
improve visual function (as measured by visual
field and visual acuity) in some subjects with
LCA or retinitis pigmentosa caused by mutations
in the RPE65 and LRAT genes [26]. QLT091001
was administered orally for 7 days and followed
for up to 2.2 years for safety outcomes and visual
function end points.

11.2.2 Stargardt Disease

Stargardt disease (STGD1) is the most common
hereditary macular dystrophy and the most com-
mon cause of central visual loss in young people.
It is characterized by bilateral atrophy of the
macula and underlying RPE. Ninety to 95 % of
all cases of Stargardt disease are inherited in an
autosomal recessive manner and associated with
mutations in the photoreceptor-specific ABCA4
gene [27]. The encoded ATP-binding transmem-
brane protein is specifically expressed in the rims
of rod and cone outer segment disks [28] and is
involved in the transport of all-trans-retinal con-
jugates across the disk membranes. As dysfunc-
tional protein cannot perform its transport
function, lipofuscin pigments accumulate in the
RPE and trigger RPE cell death and secondary
photoreceptor degeneration.

The proof-of-concept results toward develop-
ment of gene therapy for Stargardt disease were
achieved in the Abca4™~ mice, the only available
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at present animal model [29]. The vector of
choice was the lentiviral vector that can accom-
modate the ABCA4 cDNA of 6.8 kb and deliver
long-term gene expression. It has been demon-
strated that single subretinal injection of equine
anemia virus-based lentiviral gene therapy
(EIAV-CMV-ABCA4) (1) ensured high transduc-
tion efficiency of both rod and cone photorecep-
tors in the mouse model of Stargardt disease and
(2) substantially reduced the disease-associated
A2E accumulation at 6 and 12 months after vec-
tor delivery (although functional phenotypes
were not evaluated in this study) [29].

The same group recently reported results of
safety and biodistribution study assessing the
effects of subretinally delivered StarGen (trade-
mark of Oxford BioMedica, now SAR422459) in
macaques and rabbits [30]. The drug is a nonrep-
licating nonhuman recombinant lentiviral vector
based on EIAV aimed at introducing the normal
human ABCA4 gene to the retina cells. It has
been demonstrated that ETAV-CM V-GFP reporter
vector efficiently transduced both rod and cone
photoreceptors in addition to the RPE and that
the vector DNA sequences were confined to the
ocular tissues of the drug-injected eye [30].
Single subretinal injection was well tolerated,
with only slight and transient cellular inflamma-
tory response in the target eye. These preclinical
data provided support for the initiation of a clini-
cal trial of gene therapy for Stargardt disease
(approval for phase 1/2A trials, 2011), with posi-
tive interim results in eight patients treated at
dose level 1 (no serious adverse events related to
the drug or its method of administration up to
12 months posttreatment) [31]. The first escala-
tion safety study of subretinally injected
SAR422459 to patients with Stargardt macular
degeneration (ClinicalTrials.gov: NCT01367444)
is currently under way at the Casey Eye Institute,
Oregon Health & Science University, United
States, and the Centre Hospitalier National
d’Ophtalmologie des Quinze-Vingts, Paris,
France. The study will enroll 28 patients and will
evaluate three doses of SAR422459 to confirm
the highest dose that is safe and well tolerated.

Nonviral DNA nanoparticles can provide an
alternative way to accommodate and deliver the
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large-size ABCA4 gene. Using an optimized
DNA nanoparticle technology for subretinal
delivery of ABCA4, a persistent transgene expres-
sion was observed in the Abca4~~ mice, together
with significant correction of the functional
(recovery of dark adaptation) and structural
(reduced lipofuscin granules) STGD1 pheno-
types in treated animals [32]. These results sug-
gest that nanoparticles may become a clinically
relevant approach for delivery of the ABCA4
gene and other genes that are too large for tradi-
tional viral vectors.

Mutations in ABCA4 are associated not only
with the autosomal recessive form of Stargardt
disease but also with autosomal recessive cone-
rod dystrophy, autosomal recessive retinitis pig-
mentosa, and increased susceptibility to AMD.
ABCA4 gene replacement therapy currently eval-
uated for Stargardt disease may in the future offer
a therapeutic option for these other retinal
dystrophies.

In recent years, several pharmacological
approaches targeting pathways implicated in the
pathogenesis of Stargardt disease have been
investigated. One of them addresses the accumu-
lation of lipofuscin within the RPE cells, an event
known to be associated with compromised lyso-
somal function and reduced phagocytic activity
and antioxidant capacities of the RPE cells.
Centrophenoxine (meclofenoxate) was reported
to reduce lipofuscin deposit, retard the
accumulation of lipofuscin, and even remove
lipofuscin from aging cells and tissues [33], pos-
sibly by elevating the activity of the antioxidant
enzymes [34]. A significant removal of lipofus-
cin from RPE cells was reported in monkeys
treated with the reversible inhibitor of the H,K
ATPase Remofuscin (Altana Chemical Research,
Konstanz, Germany), a small molecule belonging
to the tetrahydropyridoethers class. Although the
exact mechanism of this effect remains unknown,
these findings indicate that Remofuscin has
potential in the treatment of Stargardt disease and
the dry AMD [33]. Another compound able to
remove lipofuscin from RPE (breakup and degra-
dation of the deposits) is the potassium-
competitive H,K-ATPase blocker soraprazan.
Soraprazan received orphan designation from the
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European Commission by the end of 2013
(EU/3/13/1208). Ramiprilat, an angiotensin-
converting enzyme (ACE) inhibitor that may
reduce the formation of toxic free radicals
recently received orphan designation
(EU/3/13/1117) for treatment of Stargardt dis-
ease. Reduced intraneuronal deposition of lipo-
fuscin and antioxidant properties in animal
models was reported for L-carnitine [35, 36]. In
patients with AMD, acetyl-L-carnitine alone [36]
or in combination with Q10 and omega-3 fatty
acids improved and stabilized the visual function
as measured by visual field mean defect, visual
acuity, and foveal sensitivity [37]. These findings
appear promising for therapeutic development in
macular degenerative conditions. Better under-
standing of the complex metabolic and intracel-
lular signaling pathways implicated in Stargardt
disease-associated retinal degeneration (e.g.,
GPCRs, PLC/IP3/Ca2+ signaling, NADPH
oxidase-mediated ROS production) continues to
identify potential drug targets [38].

11.2.3 Vitelliform Macular
Dystrophies

Juvenile vitelliform macular dystrophy (Best
vitelliform macular dystrophy (BVMD), Best
disease) is the second most common cause of
inherited maculopathy, after Stargardt disease
[39]. It is a slowly progressive disease occurring
in childhood and adolescence and resulting in
progressive and irreversible central vision loss.
Diagnosis is based on positive family history for
autosomal dominant inheritance, presence of a
vitelliform lesion in the macular area on ophthal-
moscopy, and a moderately to severely decreased
light peak on electrooculography [40]. BVMD is
caused by mutations in the BEST! gene that
encodes bestrophin-1, a protein localized to the
basolateral plasma membrane of RPE [41, 42].
More than 260 mutations have been identified
within BEST1, and 86 % of these have been asso-
ciated with BVMD and other retinopathies,
including adult vitelliform macular dystrophy
(AVMD) (up to 25 % of cases), autosomal reces-
sive bestrophinopathy, cone-rod dystrophy, and
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autosomal dominant vitreoretinochoroidopathy
(reviewed in [39, 40]); however, the exact func-
tion of bestrophin 1 still remains unclear. AVMD,
which predominantly affects middle-aged indi-
viduals, shows significant phenotypic overlap
with BVMD [43]. AVMD is caused by mutations
in the PRPH? gene encoding the protein periph-
erin 2 found in the outer segment of rod and cone
photoreceptors. PRPH?2 mutations are also asso-
ciated with a variety of retinal dystrophies,
including other macular dystrophies, cone and
cone-rod dystrophies, and retinitis pigmentosa
[39]. However, many cases of vitelliform macu-
lar dystrophies do not harbor mutations in either
BESTI or PRPH?.

Two factors would be crucial for development
of successful treatments for vitelliform macular
dystrophies: understanding the pathophysiology
of these diseases and availability of relevant ani-
mal models. Recently, reversal of pathological
lesions in cmr dogs (a spontaneous animal model
of BEST-associated retinopathies) was achieved
by rAAV2-mediated BESTI gene augmentation
therapy [44]. Although very preliminary, these
results provide hope that vitelliform macular dys-
trophies may be amenable to gene substitution
therapy.

In cases of vitelliform macular dystrophies
complicated by choroidal neovascularization,
anti-VEGF agents (e.g., ranibizumab) [45],
photodynamic therapy, and thermic photocoagu-
lation have shown efficacy [46].

11.2.4 Other Examples of Gene
Therapies for Retinal Diseases

Many preclinical studies are currently under way
to prepare for future gene therapy trials. One of
the targeted disorders is achromatopsia, an
early-onset, usually stationary, cone dystrophy.
In more than 90 % of cases, the disease is caused
by mutations in five genes of the cone photo-
transduction cascade, CNGA3 and CNGB3 being
the most frequently mutated genes. A recent
study in naturally occurring canine models of a
CNGB3 defect showed rescue of cone photore-
ceptor function after a single subretinal injection
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of rAAVS5-mediated gene replacement therapy
using different forms of the human red cone
opsin promoter [47]. The rescued cone function
was documented by cone-specific electroretino-
gram, and recovery of day vision was sustained
for over 2 years, suggesting that the correction
was stable and probably permanent. In 2013,
rAAV vector containing the human CNGB3 gene
received orphandrug designation (EU/3/13/1099)
for treatment of achromatopsia. X-linked reti-
noschisis is a leading cause of macular degen-
eration in young males [48]. It is characterized
by a splitting of the inner layers of the neurosen-
sory retina, resulting in characteristic foveal
schisis and vision loss. The disease is caused by
mutations in the RS/ gene encoding retinoschi-
sin, an important protein for cell adhesion [49].
Recent studies demonstrated that AAV-mediated
RS1 delivery can promote long-term rescue of
retinal structure and function in a mouse model
of X-linked retinoschisis [50-53]. Very encour-
aging results consisting in substantial improve-
ments in rod and cone photoreceptor-mediated
visual function and synaptic transmission in
mice and nonhuman primates were reported
using intravitreal administration of 7m8-RS1
[9]. These preclinical studies provide evidence
that gene replacement therapy can be considered
as a potential treatment for X-linked
retinoschisis.

Choroideremia, which is a recessive, mono-
genic retinal disorder without extraocular mani-
festations, could be considered an “ideal” target
for gene augmentation therapy. It is caused by
mutations in the CHM gene on the X chromo-
some (encoding human Rab escort protein 1) and
leads to progressive retinal degeneration and
blindness in men by their fourth decade. After
successful morphological and functional rescue
in animal models of choroideremia, the first clini-
cal trial has been undertaken in Oxford University
(open-label, dose-escalation phase I). It aims at
assessing the safety and tolerability of the AAV2.
REP1 vector administered at two different doses
to the retina in 12 choroideremia patients
(ClinicalTrials.gov: NCT01461213; PI: Robert
McLaren). So far, six patients have been included
with no major safety issues [54].
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Some inherited maculopathies involve genes
that cause phenotypically different disorders,
e.g., PRPH?2 plays a causative role in autosomal
dominant central areolar choroidal dystrophy,
“pseudo-Stargardt pattern dystrophy,” and pat-
tern dystrophies like butterfly-shaped pigment
dystrophy and adult-onset foveomacular vitelli-
form dystrophy (but also in autosomal dominant
retinitis pigmentosa) [55]. Other maculopathies
are monogenic, such as autosomal dominant
Doyne honeycomb retinal degeneration and
occult macular degeneration, caused by muta-
tions in EFEMPI and RPILI, respectively;
Sorsby’s fundus dystrophy, which is caused by
mutations in the TIMP-3 gene [55]; and North
Carolina macular dystrophy (MCDRI on chro-
mosome 6ql16) [56]. Genetic heterogeneity of
inherited maculopathies and the complex cause-
function interactions represent a significant chal-
lenge for development of gene therapy today,
together with other factors such as availability of
relevant animal models and disease markers,
prevalence of the disorder and its natural history,
function and risks associated with the transgene
product, and cost. Mutation-independent strate-
gies could offer alternative therapeutic potential.

11.3 Neuroprotection

A significant body of evidence has shown that
neurotrophic factors slow retinal degeneration in
a number of animal models. Ciliary neurotrophic
factor (CNTF) is one of the best studied factors
for neuroprotection in the retina [57]. Protective
effects of CNTF have been demonstrated in a
variety of animal models of retinal degeneration
(transgenic, naturally occurring, or light-induced)
and across several species (mice, rats, cats, dogs).
Protection of cone photoreceptors from degener-
ation and promotion of regeneration of outer seg-
ments in degenerating cones [58] are features that
make CNTF specifically suitable for treatment of
macular degenerative diseases. Indeed, CNTF
delivered by intraocular encapsulated cell tech-
nology (NT-501 implant, Neurotech USA) was
evaluated in phase 1 and 2 clinical trials and
reported safe for the human retina over short
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(6 months) and long (2 years) periods in patients
with advanced retinitis pigmentosa, Usher syn-
drome type 2, and geographic atrophy in AMD
[59-61]. Functional rescue in these human retinal
diseases is yet to be demonstrated. A phase 1-2
clinical trial with the NT-501 intraocular implant
releasing CNTF to the retina of patients affected
with CNGB3 achromatopsia is currently under
way (ClinicalTrials.gov: NCT01648452).

Preventing cone degeneration may allow for
treatment of a wide range of inherited retinal dis-
eases, also including cone-rod dystrophies in
which rod degeneration precedes cone degenera-
tion (retinitis pigmentosa). Rod-derived cone
viability factor (RACVF) was demonstrated to
induce cone survival and functional rescue in ani-
mal models of recessive and dominant retinitis
pigmentosa [62, 63], in a manner independent
from either the mechanisms or extent of rod
degeneration (Fig. 11.1). RACVF is now consid-
ered not only as an autocrine- and paracrine-
acting neuroprotective agent but also as a
physiological signal involved in the maintenance
of photoreceptors, of importance during both
aging and exposure to oxidative stress [64]. The
rescue of cone photoreceptors is important not
only to treat macular diseases with predominant
cone dysfunction but will also be crucial in main-
taining vision in rod-cone dystrophies, e.g., reti-
nitis pigmentosa.
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11.4 Retinal Prosthesis

In macular dystrophies, similarly to numerous
inherited retinal degenerative diseases, parts of
the inner retina survive, even after complete
degeneration of the retinal photosensitive layer,
and remain responsive to electrical stimulation.
Retinal prosthesis uses this morphological para-
digm to activate the remaining inner retinal net-
work and to restore visual function. Different
groups worldwide are currently working on reti-
nal implant devices. The most important clinical
follow-up data today are reported for the epireti-
nal implant Argus II (Second Sight Medical
Products, Sylmar, California, United States).
This device is surgically positioned on the sur-
face of the retina to communicate directly with
the ganglion and bipolar cells. It receives light
signals from an external camera system that
includes a video real-time processing unit
(Fig. 11.2). These signals are transmitted wire-
lessly to an antenna in the implant and then to the
60-electrode array to send information to the
brain via the optic nerve. Long-term results of
multicenter clinical study demonstrated that fit-
ted with Argus II patients with profound visual
loss (29 subjects with retinitis pigmentosa and
one with choroideremia) performed better on
visual tasks, including object localization, motion
and oriented grating discrimination, identification

RACVF treated

Fig. 11.1 RdACVF preserves the morphology of the cone outer segment in P23H rat: (d) untreated control retina and

(h) RACVF-treated retina (Modified from Yang et al. [63])
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Electrode array

e
e

Receiving coil

Fig. 11.2 Argus II epiretinal prosthesis: electrode array,
electronic case, receiving coil (Courtesy of Second Sight
Medical Products, Lausanne, Switzerland)

of letters and words, and even reading short sen-
tences [65, 66]. Argus II can also simulate visual
braille as a sensory substitute for reading [67].
Argus Il received the commercial use approval of
the European regulators (2011) and the US Food
and Drug Administration (2013) for patients with
profound visual loss.

An innovative vision restoration system,
IRIS® (Pixium Vision SA, France), is currently
being tested in several centers in Europe
(ClinicalTrials.gov: NCT01864486). IRIS® is an
epiretinal system that consists of three technical
components: an implant (with an array of
approximately 50 electrodes), a visual interface,
and a pocket computer.

Subretinal implants are positioned in close
proximity to the surviving neurons in the visual
pathway (between the retina and the choroids)
and receive light directly from the environment
[68]. In theory, this approach may offer better
inherent mechanical stability and may possibly
require less current for effective stimulation, but
it remains challenging from a surgical point of
view. Clinical trial data (NCT01024803) obtained
with the subretinal device made by Retina
Implant AG, Germany, (the wirelessly powered
subretinal implant Alpha IMS) in profoundly
blind patients with retinitis pigmentosa demon-
strated stable visual percepts, restoration of use-
ful vision in daily life, and even identification of
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objects and letters [69, 70]. The Retina Implant
AG subretinal implant technology received CE
marking in 2013. Despite the much larger num-
ber of pixels (1,500), however, the resulting
visual acuity was similar to the 60-electrode
Argus II implant (approximately 20/1200).

Researchers at Stanford University are cur-
rently developing with Pixium Vision a wire-
lessly powered photovoltaic prosthesis [71] in
which each pixel of the subretinal array directly
converts patterned pulsed near-infrared light pro-
jected from video goggles into local electric cur-
rent to stimulate the nearby retinal neurons. Full
integration of the photovoltaic retinal prosthesis
and high-resolution stimulation of the RGC have
been demonstrated in normal and degenerate
(RCS) rat retinas [72]. Implants with pixel sizes
of 280, 140, and 70 pm implanted in the subreti-
nal space in normal and RCS rats were able to
elicit robust cortical responses upon stimulation
with pulsed near-infrared light [73], providing
evidence that the visual information generated by
the implant in the retina arrives at the visual cor-
tex. Several advantageous features—the surgical
procedure appears simple, all pixels function
independently, the external camera operates over
a wide range of ambient illumination, and the
natural link between eye movements and image
perception is preserved—make the photovoltaic
prosthesis promising for vision restoration in
retinal degenerative diseases.

Despite the great technical progress, the qual-
ity of the images achieved with retinal prosthetic
devices remains a challenge. New electrode
designs and new materials aiming at improving
visual resolution and safety profiles are currently
under investigation.

11.5 Optogenetics

Optogenetics combines genetic strategies to tar-
get light-sensitive proteins within the cells and
optical stimulation to activate these selectively
targeted proteins. For vision restoration, optoge-
netics aims at converting strategically important
retinal cell types into “artificial photoreceptors.”
This is possible, first, because many cone
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photoreceptors survive even in advanced stages
of retinal disease and maintain their cell body for
extended periods of time [74, 75] and, second,
because of the discovery of genes that inserted
into cells encode membrane proteins responsive
to light and able to turn the neurons ON or OFF
[76, 77]. Several groups have demonstrated that
spared inner retinal neurons are sensitized to
light using channelrhodopsin-2 (ChR2), a
microbial-type rhodopsin found in the green
algae Chlamydomonas reinhardtii [78, 79], and
halorhodopsin (NpHR), an archaebacterial pro-
tein from Natronomonas pharaonis [80]
(Fig. 11.3).

ChR2 delivered by rAAV was shown to estab-
lish targeted, robust, and long-term transgene
expression in ON bipolar cells of the retina, lead-
ing to electrophysiological and behavioral
improvements in visual function in animal mod-
els of blindness; rd1, rd10, and rd16 mouse mod-
els [81-83]; and RCS rat [84]. Recent studies
have shown that NpHR introduced to surviving
cone cell bodies in two mouse models of retinitis
pigmentosa (RP) reactivated retinal ON and OFF
pathways, as well as the retinal circuitry, and
enabled RP mice to perform visually guided
behaviors [85]. Moreover, NpHR targeted to

Fig. 11.3 Human retina section: targeted expression of
halorhodopsin in cone cell bodies (GFP-immunostained
photoreceptors) (Courtesy of Institut de la Vision)
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human postmortem photoreceptors with no mea-
surable intrinsic rod- or cone-mediated photosen-
sitivity restored light responses in photoreceptor
cells, clearly demonstrating that reactivation of
the surviving retinal structures and phototrans-
duction cascade required for vision is possible
[85]. These preclinical data hold promise that
legally blind or severely visually impaired
patients with no visual field, but with a preserved
layer of cone bodies (visible on optical coherent
tomography), could be eligible for optogenetic
functional restoration of cones.

Optogenetic stimulation of the remaining
RGC:s or bipolar cells in retinal degenerative dis-
orders provides an alternative approach to vision
restoration. Optogenetics has some advantages,
including minimally invasive neuronal stimula-
tion, independence of the nature of the retinal
degeneration, and resemblance of the artificially
stimulated retinal activity to the normal activity
of retinal circuits. Different strategies for optoge-
netic vision restoration, including their advan-
tages and possible combination with other
methods to slow retinal degeneration and/or
restore vision, were recently reviewed [7].

11.6 Cellular Therapy

Transplantation of retinal cells or photoreceptor
precursor cells is another potential strategy to
restore vision in patients with macular dystro-
phies. At present, the most promising options
considered for retinal transplantations are embry-
onic stem cells (ESCs) that can be isolated from
developing embryos and induced pluripotent
stem cells (iPSCs) that can be generated from
adult differentiated somatic cells, e.g., fibro-
blasts, via overexpression of a set of transcription
factors Oct4, Sox2, KIf4, and c-Myc [86]. Initial
data demonstrated that transplanted progenitor or
precursor cells isolated at the correct ontogenetic
stage from the developing retina can integrate
into the host retina and differentiate into rod pho-
toreceptors [87].

Recent findings confirmed the survival and dif-
ferentiation of some photoreceptors derived from
three-dimensional ESC cultures: ESC-derived
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photoreceptor cell precursors were able to inte-
grate and mature and to form outer segments and
some synaptic connections after transplantation
into the degenerate adult mouse retina [88].
Whether similar integration and functional
improvement can be achieved using human cells
remains to be established. In all cases, translation
to clinical studies will require validated disease
models, robust methods, and standardized proto-
cols to control cell maturation and cell fate speci-
fication and relevant cell-manufacturing strategies.
A recent study reported in vitro recreation of key
structural and functional features of the native
retina, in particular the presence of photorecep-
tors with outer segment disks and photosensitivity
[89]. An innovative approach to produce retinal
cells for regenerative medicine and drug-screen-
ing purposes was recently proposed [90]. It is
based on confluent human iPSC, bypassing
embryoid body formation and the use of exoge-
nous molecules, coating, or Matrigel. This new
retinal differentiation process allows simultane-
ous generation of both RPE cells and self-forming
neural retina-like structures containing retinal
progenitor cells (RPCs) within 2 weeks. When
switched to floating cultures, structures contain-
ing RPCs can differentiate into all retinal cell
types, including RGCs and precursors of photore-
ceptors, needed for therapeutic applications.

The main advantages of cell therapies as a
source for regenerative therapy is that: (1) they are
gene-independent, thus applicable to a broad range
of retinal diseases, and (2) can be expanded indefi-
nitely in culture and used as an unlimited source of
retinal cells for treatment of retinal degenerative
diseases. The first ever safety and tolerability pro-
spective clinical trial to evaluate subretinal injec-
tion of hESC-derived RPE cells in patients with
advanced dry AMD and Stargardt macular dystro-
phy is currently under way (ClinicalTrials.gov:
NCT01344993; NCTO01345006). Very -early
results suggest graft survival, biological activity,
and no major safety concern (no signs of hyperp-
roliferation, tumorigenicity, ectopic tissue forma-
tion, or apparent rejection after 4 months) [91, 92].
As hiPSCs can be obtained directly from the
patient, they have the advantage of being autolo-
gous and therefore less immunogenic. Retinal

m

cells derived from hiPSCs have been generated by
different laboratories worldwide, and some groups
are currently setting up human clinical trials with
hiPSC-derived RPE for treatment of AMD, e.g.,
pilot clinical study to assess the safety and feasi-
bility of the transplantation of autologous iPSCs in
patients with exudative AMD started in Japan in
2013 [93]. There is no safety report so far. Recently,
this pioneering clinical study has been suspended
with the decision of the RIKEN Center for
Developmental Biology not to treat the second
patient [94]. Advances in research into iPSC appli-
cations for treatment of retinal degeneration were
recently reviewed in detail by Cramer and
MacLaren [95-97].

11.7 Sensory Substitution
Devices

Technologies transforming auditory or tactile
information into visual sensory information are
currently under clinical evaluation. Using a
visual-to-auditory sensory substitution device
called “The vOICe”, blind and blindfolded
participants were able to locate and identify
objects through images encoded by sound [98,
99]. Even congenitally fully blind adults could be
taught to read and recognize complex images
using “soundscapes,” sounds topographically
representing images [100, 101]. A device that
translates information from a digital video cam-
era to the tongue, BrainPort®, helps blind indi-
viduals to recognize high-contrast objects, their
location and movement, and some aspects of per-
spective and depth [102]. Sensory substitution
devices are noninvasive and cheap and usually
require training in a scale of hours [101]. By pro-
viding a visual-like experience, they can com-
pensate for some effects of early or lifelong
blindness and serve as aids in daily visual tasks.

11.8 Concluding Remarks
Identifying patients who can benefit from these

emerging therapeutic strategies is crucial for
selecting appropriate therapy. High-resolution
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imaging techniques (e.g., optical coherence
tomography and adaptive optics) and functional
studies (e.g., microperimetry) are essential for
patient selection and establishing the benefit of
these novel therapies. Standardized mobility and
task-related tests are needed for assessment of
the subjective visual handicap and for a reliable
evaluation of the actual benefit for the patient.
Development of new rehabilitation programs and
devices, especially those that take advantage of
visual plasticity (persisting even in old age),
should be of paramount importance. Novel nano-
sized materials and systems developed in recent
years provide novel tools for drug, gene, and tro-
phic factor delivery in ophthalmology and offer,
in principle, low risk of immunogenicity, high
transfection efficiency, relatively low cost, and,
possibly, greater ease of production compared
with viral vectors. In addition, they can accom-
modate large genes, unlike traditional viral vec-
tors. Recent papers have reviewed nonviral
vectors and nanotechnology for vision restora-
tion [103, 104].

Further investigations on genetics and
genotype-phenotype correlations would unravel
new insights into disease causes and specific
therapeutic targets for macular dystrophies.
Despite the improved vision after RPE65 gene
augmentation therapy, photoreceptor degenera-
tion was shown to progress both in the canine
model and in humans [17, 18]. These findings
emphasize the need of (1) slowing the retinal
degeneration process in long term, in addition to
improving the retinal function, and (2) evaluation
of combination therapies in the treatment of reti-
nal dystrophies [17]. What would be particularly
important is to transfer the knowledge of rare
macular dystrophies toward generation of effec-
tive therapies that could potentially be applicable
in very common macular diseases such as AMD.
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