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of known and predicted arRP-causing mutations; and third,
homozygosity or compound heterozygosity of predicted arRP-
causing mutations. Mutations were defined as disease causing only
if these criteria were fulfilled. Mutations causing exon truncation
through frameshift, splicing and termination were considered to be
more severe than missense mutations with unknown pathogenic
relevance. In addition, to investigate the potential disease-causing
variants, we added three genetic criteria: first, compound
heterozygosity of known arRP-causing mutation and missense
potential arRP-causing variant; second, compound heterozygosity
of predicted arRP-causing mutation and potential arRP-causing
variant; and third, homozygosity or compound heterozygosity of
potential arRP-causing variants.

Direct sequencing of the CNGAT gene

The CNGAI mutations identified by whole exome sequencing
were further confirmed by direct sequencing. An additional 69
arRP/spRP patients were analyzed by direct sequencing for all
coding exons (4 to 11) of CNGAI. The targeted exons (4 to 11) of
the CNGAI gene were amplified by PCR using the primer pairs
given in Table S2 in File S1. The PCR products were purified
using Agencourt APMure XP (Beckman Coulter, Brea, CA) and
used as a template for sequencing. Both DNA strands were
sequenced by an automated sequencer (3730x/ DNA Analyzer;
Life Technologies Corporation, Carlsbad, CA) using the BigDye
Terminator kit V3.1 (Life Technologies Corporation).

Assessment of found mutations or variants in this study

Novel mutations and variants were defined as those not present
in the literature, doSNP database (http://www.ncbinlm.nih.gov/
SNP/), Human Genetic Variation Browser, 1000 Genome project
database or the Human Gene Mutation Database (http://www.
hgmd.cf.ac.uk). In addition, the frequency of identified mutations
or variants in this study was investigated using in-house exome
sequencing data from 575 unaffected Japanese controls at
Yokohama City University. Segregation was confirmed for both
the arRP-causing mutations and potential arRP-causing variants
by direct sequencing when parent samples were available.

Results

Whole exome sequencing analysis and identification of
frequent arRP gene mutations

To identify frequent arRP-causing genes, we performed whole
exome sequencing in non-syndromic 30 arRP/spRP patients. We
focused on 212 retinal disease-causing genes registered in RetNet
database updated on March 10, 2014. The average of mean depth
for all 30 samples reached 71.11%7.68-fold and the average of
coverage at 4- and 12-fold for all 30 samples reached 98.1% and
92.5% respectively. The analysis of arRP-causing mutations and
potential arRP-causing variants was conducted according to the
criteria described in Materials and Methods. Segregation of
identified arRP-causing mutations and potential arRP-causing
variants were conducted in five families: RP#002, RP#004,
RP#011, RP#016 and RP#019. Although the results of
segregation in RP#002, RP#004, RP#016 and RP#019
matched the inheritance pattern, two USH2A wvariants in
RP#011 (Table S1 in File S1) did not match the inheritance
pattern because the father of RP#011 carried two identical
USH2A variants. Therefore, we concluded that the two USH2A4
variants in RP#011 were not arRP-causing. Consequently, the
exome analysis identified eight arRP-causing mutations including
three novel mutations and five known mutations in eight arRP/
spRP patients [6,16,26,27] and identified potential arRP-causing
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RP#019

Figure 3. Fundus photographs of the patients with heterozygous or homozygous CNGA7 mutations. Funduscopy indicates retinal
degeneration with pigmentation and attenuation of retinal vessels in all patients. Macular edema does not existed in any patient, although retinal
degeneration in the macular region is observed in RP#002, RP#021 and RP#094 (A, C and E).

doi:10.1371/journal.pone.0108721.g003

variants including six novel variants and five known variants in five
arRP/spRP patients (Table 1). The arRP-causing mutations were
found in CNGAI (four patients), EYS (three patients) and S-
antigen retina and pineal gland (SAG) (one patient). Potential

PLOS ONE | www.plosone.org

arRP-casing variants were found in USH2A (two patients), EYS
(one patient), tubby like protein 1 (TULPI) (one paticnt) and
chromosome 2 open reading frame 71 (C207f71) (one patient).
Among these genes, the most frequent arRP-causing gene was

September 2014 | Volume 9 | Issue 9 | 108721



9
@
o
=
(=)}
2
w %]
5 9
= [}
= ]
8 =
3 2
= U
g -
9] g
] R
) 2
5 T <
1] 2 o
=
— - 2
<T [ o
9 2 |
5 > v
(%]
=3
&
R @
Q
o (]
§ 3
< g
S 2 §
g w =z
&
™~
P <]
e <
7]
>
@ O
< 0
kel
c
S
[
Q.
=
5118
E= 3
3 ]
©
vy -
3 z
= o
o <
9]
£ 5 |3
o k7] £
a3 @ ]
£ z
E o U
£
=
15}
S
<
=
2
1%]
2
c
QL %
=] @
4 0
g
o o
= <
< 3
- £
=y £
£ x
= w
£ ¢
= o
u <
HEE! B
< °
< £
e o i
Q. 2 o
@) [a] <
.
m
@ ] S
° o S
2 = 3
[ [s%
= o &

€.265delC/c.265delC

Severely constricted

Non-recordable

04

Childhood

16, 46, M

RP#094

male; F =female.

electroretinography; M=

decimal corrective visual acuity; ERG=
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CNGAI. In particular, pedigree RP#002 with a homozygous
c.191delG (p.G64V1EX29) mutation, RP#019 with compound
heterozygous  ¢.265delC  (p.L89FfsX4) and c.1429delG
(p-V477Y¥£sX17) mutations, RP#021 with a homozygous
¢.191delG mutation and RP#029 with a homozygous ¢.265delC
mutation were identified. Further direct sequencing confirmed
that the parents in pedigree RP#019 had c.265delC or
¢.1429delG respectively. The CNGAI sequence was compared
with the NCBI reference sequence for the CNGAI transcript
(GenBank ID; NM_000087.3).

Screening of all CNGAT exons in 69 additional arRP/spRP
Japanese patients

Direct sequencing of the coding region of the CNGAI gene in
69 arRP/spRP patients identified homozygous c.265delC muta-
tion in pedigree RP#094 and three heterozygous variants
c.G860A (p.R287K), c.G1271A (p.R424Q) and c¢.G2042C
(p.G681A) in pedigrees RP#040, RP#063 and RP#087 respec-
tively. All pedigrees identified to have arRP-causing mutations or
potential arRP-causing variants are shown in Figure 1.

Identified CNGAT mutations and variants

Among the three arRP-causing mutations and three variants
found in this study, two (c.265delC and c.G1271A) were
previously reported as arRP-causing or potential arRP-causing
[11,26] and four were not reported as arRP-causing or potential
arRP-causing (c.191delG, ¢.265delC, ¢.G860A and ¢.G2042C).
The polyphen-2 program predicted that all three missense variants
in p.R287K (c.G860A), p.R424Q (c.G1271A) and p.G68IA
(c.G2042C) were benign. In contrast, the SIFT program predicted
that p.R424Q) (c.G1271A) potentially could cause severe damage
to the protein, whereas p.G681A (c.G2042C) and p.R287K
(c.G860A) potentially could cause mild damage. All identified
mutations and variants in CNGAI gene are summarized in
Table 2 and sequence data are given in Figure 2.

Haplotype analysis

The haplotypes of CNGAI and the surrounding sequences were
determined for four arRP patients, RP#002, RP#019, RP#021
and RP#029. Single-nucleotide polymorphisms (SNPs) with a
frequency higher than 5% (1000 Genomes project database) were
determined within 1 kb upstream and downstream of CNGAI
(chromosome 4, positions 47,937,994-48,014,961) as shown in
Table S3 in File SI. The haplotype analysis determined an
identical haplotype for four alleles in patients RP#002 and
RP#021 suggesting a common ancestor for the ¢.191delG
mutation. Moreover, identical haplotypes for one allele in patient
RP#019 and for both alleles in patient RP#029 were detected
suggesting a common ancestor for the ¢.265delC mutation.

Clinical features of CNGAT mutations

To characterize the clinical features of patients with CNGAI
mutations, we additionally investigated the clinical data of five
patients with compound heterozygous or homozygous CNGAI
mutations (Table 3). All five patients reported that they noticed
night blindness from childhood. Funduscopy showed retinal
degeneration with pigmentation and attenuation of retinal vessels
in all patients (Fig. 3). Macular edema was not observed in any
patients, although retinal degeneration in macular regions was
detected in RP#002, RP#021 and RP#094 (Fig. 3A, 3C and
3E). The BCVA of RP#019 and RP#029 remained at 1.0,
whereas that of RP#002, RP#021 and RP#094 was reduced.
ERG showed no recordable pattern in four patients and could not
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be conducted in one patient. The GP of RP#022 showed ring
scotoma with a preserved peripheral visual field, whereas that of
another four patients was severely constricted.

Discussion

Mutations in the CNGAI gene were identified for the first time
in a Japanese population with a high frequency of 5.1% for
homozygous or compound heterozygous mutations. The exome
analysis of arRP/spRP patients revealed that 43.3% carried arRP-
causing mutations or potential arRP-causing variants in CNGAI
(13.3%), EYS (13.3%), USH2A4 (6.7%), C201f71 (3.3%), SAG
(3.3%) and TULPI (3.3%). Although the prevalence of other five
gene mutations was consistent with that in previous studies [1,4—
8,28-30], the prevalence of CNGAI was clearly higher than in
population of European descent [31,32]. We screened for
mutation in all the coding exons of CNGAI in an additional 69
arRP/spRP Japanese patients to further investigate the prevalence
of CNGAI mutations in the Japanese population. We identified an
arRP-causing homozygous CNGAI mutation in one patient.
Consequently, three CNGAI frameshift mutations (c.191delG,
¢.265delC and c¢.1429delG) were identified as arRP-causing
mutations in five patients (Table 2).

Rod cyclic nucleotide-gated ion channels contain CNGA1 and
CNGBI protein at a ratio of 3 CNGAIl:1 CNGBI [33]. Each
molecule of CNGALI protein has at least three functional domains
as described in the UniProtKB (acc. # P29973, http://www.
uniprot.org, Cross-References, ProteinModelPortal); these do-
mains function as a cation-transporter domain (residues 202-
396, the Pfam ion_trans motif, http://pfam.sanger.ac.uk), cGMP-
binding domain (residues 404-596, SWISSMODEL structure
based on the PDB file: 4hbn_A, http://www.rcsh.org/pdb/
home/home.do) and carboxy-terminal leucine zipper (CLZ)
domain (residues 623-690, experimental structure based on the
PDB file:3swif). The p.G64V£X29 (c.191delG) and p.L89FfsX4
(c.265delC) protein had no transmembrane lesions, and most of
the protein structure including all three functional domains was
abolished. In contrast, the p.V477Y£sX17 (c.1429delG) mutant
protein had the correct structure up to 5th transmembrane
domain helix, but lacked the 6th transmembrane domain helix,
the cGMP-binding site, and the coiled-coil CLZ domain. The
cGMP-binding site is important for the function of CNGALI as a
cation channel. Loss of the cGMP-binding site is likely to influence
the final stage of the photo transduction pathway [31]. In addition,
the absence of the coiled-coil CLZ domain completely disrupts the
3:1 stoichiometry in CNG channels [33]. Although the
p-V477Y£X17 (c.1429delG) mutant may retain part of its
structure, the protein function is predicted to be completely lost.

We additionally identified the heterozygous CNGAI missense
variants ¢.G860A (p.R287K), c.G1271A (p.R424Q) and
¢.G2042C (p.G681A) (Table 2). Heterozygous ¢.G1271A variant
has been previously reported [11]. Based on the mild score given
by the polyphen-2 program and the severe score given by the
SIFT program, we also predicted that this variant is potentially
disease causing. In contrast, the two novel missense variants
¢.G860A and ¢.G2042C were predicted to cause mild damage by
both the polyphen-2 and SIFT programs suggesting that it is non-
pathogenic. Overall, all three missense CNGAI variants
(c.G860A, c¢.G1271A and ¢.G2042C) were found in only one
allele of CNGAI. We conclude that these three CNGAI variants
were not disease causing in nature, at least from the phenotypic
observation.

The clinical course of the five patients with compound
heterozygous or homozygous CNGAI mutations included night
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blindness from childhood, visual field loss in middle age, non-
recordable ERG and characteristic retinal degeneration pattern of
RP, which were consistent with previously reported phenotypes of
CNGAI mutations [32,34]. Retinal degeneration in the macular
region and severely decreased BCVA occurred in 3/5 patients
suggesting that the advanced stage of CNGAI mutations included
degeneration of the entire retina with both rod and cone
photoreceptors. Although the genotype-phenotype correlation for
CNGAI mutations was not clear in this study, all five patients with
CNGA1I mutations showed typical phenotypes of RP.

Previous reports have shown a strong association of CNGAI
with arRP [11,26,31,32,34,35]. Dryja et al. estimated the preva-
lence of CNGAI mutations in arRP patients to be between 1.7 and
2.3% (3 or 4 of 173 patients) [31]. The prevalence of CNGAI
mutations in a Spanish arRP population was 2.1% (1 of 46
patients) [32], whereas that in a Chinese population with
hereditary retinal dystrophy was 4.0% (1 of 25 patients) [26].
The average prevalence of CNGAI mutations in arRP/spRP
patients was 7.6% (1 of 13 patients) [26]. These findings suggest
that the prevalence of CNGAI mutations is higher in Asian
population than in populations of European descent. The
prevalence of CNGAI mutations in Chinese populations requires
further study because only one Chinese patient has been reported
to have a homozygous mutation in this gene [26]. Jin et al.
investigated CNGAI exons 6, 8 and partial 11 in 193 Japanese RP
families and found a single heterozygous CNGAI varjant
(c.1271G>A) [11]. In our study, all coding exons of CNGAI
were screened and the estimate prevalence of CNGAI mutations
reached at 5.1% (5 of 99 patients) including four homozygous and
one compound heterozygous patients. Our findings suggest that
the prevalence of CNGAI mutations is higher in Asian populations
than in European populations. Moreover, ¢.191delG mutation has
only been reported in Human Genetic Variation Browser (the
database of genetic variations in Japanese population, http://
www.genome.med.kyoto-u.ac.jp/SnpDB/), ¢.265delC mutation
only reported in Chinese population [26] and c.1429delG
mutation identified as novel. The CNGAI mutations found in
this study only overlapped with mutations identified in studies of
Asian individuals indicating that the founder is specific to Asian
populations. Lastly, the haplotypes for the CNGAI mutations
found in this study were individually unique (Table S3 in File S1).
Further investigation of haplotypes is required to clarify the origin
of these CNGAI mutations.

Supporting Information

File S1 Supporting Tables. Table S1, All rare variants of 30
arRP/spRP paients of this study, focusing on 212 retinal disease-
causing genes registered in the Retinal Information Network
(https://sph.uth.edu/retnet/). Table S2, CNGAI primers and
PCR conditions. Table S3, Haplotype analysis of four retinitis
pigmentosa patients with CNGAI mutations.
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Abstract: We describe focal choroidal excavation (FCE) in a case of Vogt-Koyanagi-Harada
(VKH) disease and compare the findings with different chorioretinal conditions. A 55-year-
old man was diagnosed with VKH based on panuveitis and exudative retinal detachments.
Spectral-domain optical coherence tomography demonstrated a dome-shaped protrusion with
a nonconforming pattern at the fovea, which had been detected as a conforming pattern 1 year
before the onset. The FCE pattern returned into a conforming pattern following corticosteroid
therapy. These findings suggest that the natively existent FCE could be affected by pathophysi-
ological changes of VKH as well as other chorioretinal conditions.

Keywords: choroidal excavation, focal choroidal excavation, Vogt-Koyanagi—Harada disease,
optical coherence tomography

Introduction

Focal choroidal excavation (FCE) was first described by Jampol et al' as an anomalous
excavation of the choroid; it is typically observed by optical coherence tomography
(OCT).!? This condition has been associated with several chorioretinal conditions and
asymptomatic status, including central serous chorioretinopathy, choroidal neovas-
cularization, and best vitelliform macular dystrophy.''? However, the mechanisms
underlying the formation of FCE remain uncertain.

Wakabayashi et al? described two patterns of FCE: 1) conforming pattern — exca-
vations that involved the outer retinal layers up to and including the external limiting
membrane; and 2) nonconforming pattern — excavations that involved only the retinal
pigment epithelium (RPE).

Recently, a case report of FCE associated with Vogt—Koyanagi—Harada (VKH)
disease has been published,® which documented cross-sectional observation. Here
we describe a clinical course of FCE associated with VKH before and after treat-
ment and compare the morphological findings of FCE in four subjects with different
chorioretinal conditions.

Case report
A 55-year-old man (subject 1) presented with bilateral metamorphopsia, with decimal
visual acuity being 0.8 in the right eye and 1.2 in the left. The clinical diagnosis of VKH
was made based on bilateral panuveitis and multifocal exudative retinal detachments
at the posterior poles (Figure 1). High-dose corticosteroid therapy with gradual taper-
ing was initiated 3 days after presentation. The serous detachments entirely resolved
within 9 weeks and visual acuity in the right eye improved to 1.2.

Serial spectral-domain OCT (SD-OCT) images obtained at the preuveitic, uveitic,
and posttreatment phase are shown in Figure 2. SD-OCT obtained 1 year before
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Preuveitic phase :

Uveitic pvhase pretreatment

Figure | Fundus photographs, fluorescein angiograms, and indocyanine green angiograms of a case with Vogt-Koyanagi-Harada disease (subject 1).

Notes: (A) Fundus photography at preuveitic phase (I year before the onset of uveitis) showed subtle RPE disturbance at the fovea in the right eye with normal findings
in the left eye. (B) At the onset, fundus photography revealed bilateral multifocal exudative retinal detachments throughout the posterior pole in each eye, with the subtle
RPE disturbance unchanged in the right eye. (C) Nine weeks after treatment, the exudative detachments had resolved in each eye. (D) Fluorescein angiography at the onset
demonstrated multiple punctate hyperfluorescent lesions and multilobular pools of subretinal dye in each eye. (E) Indocyanine green angiography at the onset identified
multiple hypofluorescent spots in each eye with a hyperfluorescent lesion at the superior nasal fovea.

Abbreviation: RPE, retinal pigment epithelial.

the onset of VKH due to symptoms of a floater and visual
disturbance demonstrated a dome-shaped posterior protrusion
of the RPE and outer retinal layers into the choroidal cavity
(ie, conforming FCE) at the fovea in the right eye. SD-OCT at
the uveitic phase identified multiple bilateral sensory retinal
detachments, with the FCE now involving only the RPE (ie,
nonconforming FCE). Nine weeks after the treatment, the
nonconforming FCE returned into a conforming pattern.
The FCE pattern and its alteration during treatment of
the case with VKH were compared to those of four subjects
with FCE associated with other chorioretinal conditions
(Figure 3). This comparison group consisted of two patients
with age-related macular degeneration (AMD; subjects 2
and 3), one subject with a macular hole (MH; subject 4),
and one asymptomatic individual (subject 5). Treatment with
intravitreal ranibizumab injections and vitrectomy had been
performed in the patients with AMD and MH, respectively.

A conforming FCE was observed in three patients (subjects
2, 3, and 5) and pattern alteration from nonconforming to
conforming FCE was found after treatment in one subject
(subject 4). In the two subjects with AMD, a hyperreflective
material around the FCE was absorbed, resulting in a well-
demarcated conforming FCE after treatment.

Discussion
A detailed clinical course of FCE at the fovea was documented
in a case with VKH disease. SD-OCT images obtained at the
preuveitic, uveitic, and posttreatment phase suggested the
preexistence of FCE before the onset of VKH, and the FCE
pattern change (from conforming to nonconforming pattern
during the period of choroidal inflammation) was observed
during the follow-up.

The FCE identified at the preuveitic phase in our
case supported the congenital/acquired posterior pole
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- Preuveitic phase

Figure 2 Serial spectral-domain optical coherence tomographic images of a case with Vogt—Koyanagi-Harada disease (subject 1).

Notes: (A) Spectral-domain optical coherence tomography at the preuveitic phase (I year before the onset) showed a dome-shaped posterior protrusion of the
hyperreflective bands of the RPE and outer retinal layers into the choroidal cavity (ie, conforming pattern of FCE) at the fovea in the right eye, with normal findings in
the left eye (FCE asterisked). (B) At the onset, multiple bilateral sensory retinal detachments were demonstrated in each eye, with the FCE involving only the RPE (ie,
nonconforming FCE) (FCE asterisked). (C) Two weeks after treatment, the serous detachments had partially resolved, with residual subretinal fluid at the fovea in each eye,
with a nonconforming FCE at the right fovea (FCE asterisked). (D) Nine weeks after treatment, the serous detachments had entirely resolved, resulting in the reappearance
of a conforming FCE at the right fovea (FCE asterisked).

Abbreviations: FCE, focal choroidal excavation; RPE, retinal pigment epithelium.

malformation, as previously suggested.'#*!12 On the other ~ with VKH.*?* Although such a remarkable subretinal fibrin
hand, Hashida et al** speculated that a direct pressure effect ~ wasnot detected, the association between the FCE formation
on the choroidal layer by subretinal fibrin disrupted the chor-  and choroidal inflammation could not be excluded entirely in
oidal integrity and focal choroidal atrophy/thinning following  our case, considering other possible subclinical inflammatory
inflammation and resulted in a formation of FCE in a case  events prior to this disease history.
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Subject 2 posttreatment

A Subject 2 age-related macular degeneration, pretreatment

B s ject 3 age-related macular degeneration, pretreatment Subject 3 posttreatment

Subject 4 macular hole, pretreatment

Subject 4 posttreatment

Subject 5 asymptomatic

Figure 3 Fundus photographs and spectral-domain optical coherence tomographic images of four cases with focal choroidal excavation (subjects 2, 3, 4, and 5).

Notes: (A) Subject 2 (54-year-old man with age-related macular degeneration): Fundus photography at onset showed subtle RPE disturbance at the fovea, and SD-
OCT demonstrated an FCE filled with a hyperreflective material (left; FCE asterisked; material arrowed). After treatment with intravitreal ranibizumab injections, a
juxtafoveal hypopigmented spot was seen surrounded by RPE disturbance; the hyperreflective material in the FCE had been absorbed and a well-demarcated conforming
FCE was observed (right; FCEs asterisked; absorbed material arrowed). (B) Subject 3 (67-year-old man with age-related macular degeneration): Fundus photography at
onset revealed subtle RPE disturbance at the fovea surrounded by a hypopigmented area at the macula; SD-OCT detected a FCE and subretinal hyperreflective material
above the irregular RPE (left; FCE asterisked; material arrowed). After intravitreal ranibizumab injections, the fundus appearance had not changed and a conforming
FCE was clearly observed with the irregular RPE (right; FCE asterisked; absorbed material arrowed). (C) Subject 4 (55-year old woman with macular hole): Fundus
photography showed a hyperreflective membrane at the macula with RPE loss at the fovea; SD-OCT demonstrated an impending MH with retinoschisis and a juxtafoveal
nonconforming FCE (left; FCE asterisked). After vitrectomy, the MH had sealed following removal of vitreomacular traction and a conforming FCE was observed (left;
FCE asterisked). (D) Subject 5 (72-year-old asymptomatic woman): Fundus photography revealed no abnormalities and SD-OCT detected conforming FCEs at the fovea
(left; FCEs asterisked).

Abbreviations: FCE, focal choroidal excavation; MH, macular hole; RPE, retinal pigment epithelium; SD-OCT, spectral-domain optical coherence tomography.

An alteration of the FCE pattern observed in VKH was
also found in the comparison group with other chorioretinal
conditions. In subject 4 with an MH, the nonconforming
FCE at presentation associated with vitreomacular traction
changed to conforming FCE after treatment. In two subjects
with AMD, a hyperreflective material around the FCE was
observed to be absorbed, resulting in a well-demarcated
conforming FCE via treatment (subjects 2 and 3). These
findings suggest that the cavity within FCE can be filled
with subretinal fluid associated with inflammation and exu-
dative material generated by choroidal neovascularization.
The decreased adhesion within the FCE between RPE and

photoreceptor could complicate MHs. Given the proximity
between the FCE and the active lesions, the involved retina
around the active lesion may well show disorganization of
retinal layers in the pathological process; then the conforming
pattern is hard to maintain, unsurprisingly. In addition, it is
possible that the cavity within FCE may potentially accelerate
the pathophysiological changes of chorioretinal disorders.
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Abstract

Occult macular dystrophy (OMD) was first reported in 1989 as a hereditary
macular disease without visible fundus abnormalities. Patients with OMD
are characterized by a progressive decrease of visual acuity but have
normal fundus and fluorescein angiograms with both the rod and cone
components of the full-field electroretinograms (ERGs) essentially normal.
However, the focal macular ERGs and multifocal ERGs are severely
attenuated. These findings indicate that the retinal dysfunction is confined
to the macula. Optical coherence tomography (OCT) has shown structural
changes in the outer nuclear and/or photoreceptor layers. Genetic analyses
of OMD pedigrees have identified dominant mutations in the RP/LI gene.
However, the same mutations were not detected in sporadic cases,
suggesting that several independent mutations can lead to the OMD
phenotype. The purpose of this paper is to review the history of OMD, the
visual functions determined psychophysically, ERG findings, OCT
characteristics and genetic findings in patients with OMD.
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Occult macular dystrophy

Focal macular ERG

Multifocal ERG
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Introduction

At the beginning of the 20th century, three well-known retinal diseases
were identified by Japanese ophthalmologists, i.e., Oguchi disease [1],
Takayasu disease [2] and Harada disease [3]. Each of these diseases has
unique fundus findings, and their discoveries coincided with the
development of new fundus examination techniques.
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There are several hereditary retinal diseases in which fundus findings are
normal and provide little information for diagnosis. In these diseases, the
characteristics of the electroretinograms (ERGs) play an important role in
the diagnosis. For example, congenital stationary night blindness (CSNB)
with normal fundus findings is classified into complete and incomplete
types by a detailed analysis of the full-field ERGs [4]. Although there were
questions as to whether these two types of CSNB were different clinical
entities, genetic analyses proved that the complete and incomplete types of
CSNB were indeed different clinical entities [5—9]. Eyes with the cone
dysfunction syndrome, e.g., cone dystrophy [10] and rod [11] or blue cone
monochromacy [12], also have a normal fundus, and only the findings of
full-field ERGs can lead to a correct diagnosis.

The history of occult macular dystrophy (OMD) is slightly different.
Patients were found with a progressive decrease in the visual acuity and
essentially normal fundus and fluorescein angiographic findings [13-15]. In
contrast to the CSNB and cone dysfunction syndrome cases, these patients
had normal full-field ERGs. Only after the development of the focal
macular ERG [16-20] techniques was it found that these patients had a
depression of the macular function. This indicates that the retinal
dysfunction is confined only to the macula.

The first account of OMD was published in 1989 under the title “Hereditary
macular dystrophy without visible fundus abnormality” [13]. Thereafter,
several depictions of patients with similar phenotypes were published [14],
and this clinical condition was named, “occult macular dystrophy” in 1996.
The term occult was used to mean that the cause of the dystrophy was
“hidden from sight”.

At first, OMD could only be diagnosed by the results of both full-field
ERGs and focal macular ERGs. After multifocal ERGs (mfERGs) were
developed [21], patients diagnosed with OMD following the full-field and
focal macular ERG findings were found to have a reduction of the
amplitudes of the mfERGs recorded from the central areas. With the
widespread use of mfERGs, patients worldwide were diagnosed with OMD
based on the findings of mfERGs [22-24].

With the development and refinement of optical coherence tomography
(OCT), eyes diagnosed with OMD by electrophysiological findings were
found to have structural abnormalities in spite of the normal appearance of



the macula by ophthalmoscopy [25-30].

The hereditary mode of OMD has been shown to be autosomal dominant in
many patients whereas others were classified as sporadic. In 2010, genetic
studies detected mutations in the retinitis pigmentosa 1-like 1 (RPILI) gene
in an eye with autosomal dominant OMD [31].

The important point clinically is that OMD is not a rare disease and that
more advanced electrophysiological and imaging techniques are needed to
make a correct diagnosis. Thus, patients with reduced visual acuity and a
normal fundus may be misdiagnosed with various diseases other than
OMD.

Here we present the history of the discovery of OMD, detailed clinical
characteristics, electrophysiological characteristics and genetic information
of eyes with OMD.

History of occult macular dystrophy (OMD)

In 1989, Miyake et al. reported on three patients from two generations of
the same family with poor visual acuity. The fundi of the three patients
appeared normal by ophthalmoscopy and fluorescein angiography, even in
the older patient, and the results of full-field electroretinograms were also
normal for both the cone and rod components. However, the amplitudes of
the focal macular ERGs were severely reduced. This paper was published
under the title, “Hereditary macular dystrophy without visible fundus
abnormality”. The diagnosis of OMD in these patients was made only after
the development of the focal macular ERG.

Development of focal macular ERG techniques

The principle of recording focal macular ERGs includes presenting a small
stimulus to the macula and recording the response elicited from this area.
Several investigators had tried to obtain responses from the macula alone,
but the results were not satisfactory because of the strong effect of stray
light. Layer-by-layer analysis by recording many components of cone ERG,
necessary for routine clinical examinations, was not possible, either. To
minimize the effects of stray light responses, background illumination must
be used to suppress the sensitivity of the area surrounding the stimulus. It is
also important to monitor the location of the stimulus on the fundus during
the recording to be certain that only the macula is being stimulated. This is
especially true for eyes with macular diseases with a central scotoma.

In 1988, a comprehensive system for recording focal macular ERGs was



developed by modifying an infrared television fundus camera. With this
system, the a-waves, b-waves, d(off)-waves, oscillatory potentials, photopic
negative responses (PhNR) [32], and 30 Hz flicker responses could be
accurately recorded exclusively from the human macula (Fig. 1) [16, 17,
19]. Using this system, a layer-by-layer analysis of the retina with different
macular diseases could be obtained. The first diagnosis of an OMD patient
and detail analyses of the pathogenesis of many OMD patients were
accomplished with this system.

Fig. 1

Components of the focal macular ERGs recorded in a normal subject [16,
19]. The ON and OFF responses recorded with 1-Hz frequency (zop);
a-wave and b-wave, oscillatory potentials (OPs), and photopic negative

response (PhNR) recorded with 5-Hz stimulus frequency (middle); and

30-Hz flicker responses (bottom) are shown. TC time constant
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Development of multifocal ERGs

In 1992, 3 years after OMD was firstly reported, a new technique termed
multifocal ERG (mfERG) was developed by Sutter and Tan [21]. To record
the mfERGs, the retina is stimulated with an array of hexagonal stimuli
generated on a computer monitor. The sizes of the hexagons are scaled with
eccentricity to elicit approximately equal amplitude responses at all

locations. Each hexagon has a 50 % chance of being bright at each frame



change. The pattern appears to flicker randomly, but each element follows a
fixed, predetermined m-sequence so the overall luminance of the screen
over time is relatively stable. By correlating the continuous ERG signals
with the on and off phases of each stimulus element, the focal ERG signals
associated with a specific hexagonal element is recorded. An array of the
103 focal responses of the multifocal ERG and a topographic map of the
amplitude of the ERG at each locus are shown in Fig. 2. With this method,
ERGs can be recorded simultaneously from multiple focal retinal locations
during a single recording session using cross-correlation techniques. Since
its introduction it has been used worldwide and many patients with OMD
were correctly diagnosed by analyzing the mfERGs [22-24].

Fig. 2

Stimulus matrix (fop), multifocal ERG responses (middle), and a
topographic plot of the amplitudes (bottom) of standard multifocal ERG

recordings from a normal subject. The arrow in the middle shows a

response from the area around the optic disc
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Age and visual acuity of OMD patients

The age at which a patient with OMD recognizes a decrease of vision varies



widely from as young as 6 to 60 years old. In a study of a large family with
thirteen OMD patients (six men and seven women) carrying the
p.Argd5Trp mutation (Fig. 3), the age at the onset of visual difficulties
varied from 6 to 50 years with a mean of 27.3 & 15.1 years. The average
age at the final examination was 57.2 & 22.1 years [30]. The duration of the
continuous decrease in the visual acuity varied from 10 to 30 years (mean
15.6 = 7.7) in 16 eyes of 9 adult patients. After this period, the vision did
not decrease. All of the patients were affected in both eyes, and the onset
was the same in the two eyes except for four patients (cases 1-4) [30]. One
patient (case 1) first noticed a decrease in her visual acuity OS at age

50 years, and she still did not have any subjective visual disturbances OD
30 years later. However, a clear decrease in the mfERG in the macular area
was detected OU.

Fig. 3

Pedigree of a family with OMD. All thirteen patients had the RPILI gene

mutation (p Arg45Trp) The proband is indicated by the arrow.
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The BCVA of OMD patients is occasionally normal or only slightly
affected, although the response of focal macular ERG is reduced. In such
cases, OCT can demonstrate a small normal morphological region at the
fovea.

The distribution of the visual acuities and age at the initial visit in 33

patients (22 men and 15 women) examined at Nagoya University is shown



in Fig. 4 [15]. This graph contains patients from different families, but not
all these patients had gene analyses performed. The graph shows that some
of the patients had normal visual acuity despite their focal macular ERGs
being definitely reduced. There is no obvious correlation between the age at

the initial visit and the visual acuity.

Fig. 4

Distribution of visual acuities (x-axis) versus age (y-axis) in eyes with
OMD [15]. Note that some patients have normal visual acuity. Adapted
with permission from Miyake Y. ‘Electrodiagnosis of retinal diseases’,

Tokyo: Springer-Verlag; 2006
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Fundus findings and fundus autofluorescence images

Three fundus photographs and fluorescein angiograms from one family
with OMD are shown in Fig. 5 [13]. They are essentially normal. The
fundus autofluorescence (AF) images were also essentially normal in the
entire posterior pole (Fig. 6a). However, some cases (~50 % of patients
with the RPILI mutation) have been shown to have a circular area with
increased AF signal at the fovea [33]. This area of increased AF is very
faint in some cases (Fig. 6b arrow) and more apparent in others (Fig. 6c¢,
arrow). These findings imply that the primary lesion of OMD is in the
photoreceptors rather than the RPE. The AF abnormalities in eyes with
OMD are very different from other macular dystrophies and cone-rod
dystrophies, which have distinctive patterns of AF. The relationship



between duration of the disease and intensity of the increased AF signal has
not been confirmed.

Fig. 5

Fundus photographs (leff) and fluorescein angiograms (right) of three
patients with OMD from a single family [15]. Cases 1, 2, and 3 are a
29-year-old woman, a 19-year-old man, and a 55-year-old-man,
respectively. Case 3 is the father of cases 1 and 2. All three patients had the
RPILI gene mutation [31]. Adapted with permission from Miyake Y.
‘Electrodiagnosis of retinal diseases’, Tokyo: Springer-Verlag; 2006

Case 1

Case 2

Case 3

Fig. 6

Fundus autofluorescence (AF) images in three OMD patients with RPIL]
mutation (p.Arg45Trp, heterozygous). a A 32-year-old woman with normal
AF image. b A 30-year-old man showing faint increased AF at the fovea

(arrow). ¢ A Tl-year-old woman showing a mildly increased AF signal at



the fovea without a distinct border (arrow). All the AF images were
recorded with a 488-nm wavelength using a barrier filter for the detection
of emitted light above 500nm (HRA2; Heidelberg Engineering,
Heidelberg, Germany)

Electroretinograms (ERGs)
The full-field ERGs recorded with the ISCEV standard protocol are normal
for both the rod and cone components in patients with OMD; however,

some patients may show slightly reduced cone ERGs. The amplitudes and
implicit times of the focal macular ERGs are markedly reduced and
delayed, and the mfERGs are reduced in the central areas. The findings of
full-field ERGs and focal macular ERGs recorded with three diameter spot
sizes (5°, 10°, and 15°) in a typical patient with OMD are shown in Fig. 7.
Fig. 7

Full-field ERGs (upper) and focal macular ERGs elicited by three spots of

different sizes (5°, 10°, 15°in diameter) (/ower) in an OMD patient



Mormal Patient

Rod

200 uV
Cone

30Hz
flicker

Bright
flash

Focal macular ERG

Many OMD patients have non-detectable focal macular ERGs when the
stimulus spot is small. However, when the stimulus spot is relatively large
(10° or 15° in diameter), a response is recordable but is significantly
smaller than normal (Fig. 8). The waveform of the response is often a small
a-wave with a relatively large b-wave [23]. The cone ERGs recorded with
long duration stimuli are classified as having a depolarizing pattern
response which is similar to that recorded when the ON-bipolar cell is
predominantly functioning [34]. These results suggest that the OFF visual
pathway is more severely affected in the macula in eyes with OMD.

Fig. 8



