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Abstract

Purpose The aim of this study was to estimate the number of patients in Japan who had visited an ophthalmologist for
macular dystrophy of various types, including Best vitelliform macular dystrophy (BVMD), Stargardt disease, occult macular
dystrophy (OMD), cone (-rod) dystrophy, X-linked retinoschisis (XLRS), and central areolar choroid dystrophy (CACD).
Study design Nationwide epidemiologic survey

Methods Questionnaires were distributed to 965 major facilities, including all the university hospitals in Japan. The aim of
the questionnaire was to determine the number of patients with each type of macular dystrophy who had visited an outpatient
clinic during the past 5 years (January 2015 to December 2019).

Results Over 70% of the patients were diagnosed and followed up at university hospitals. The estimated annual number
of newly diagnosed cases was as follows: 55.3 for BVMD, 36.7 for Stargardt disease, 35.8 for OMD, 160.6 for cone (-rod)
dystrophy, 31.0 for XLRS, 29.8 for CACD, and 174.1 for other types of macular dystrophy. The total number of patients
with macular dystrophy diagnosed and followed at major institutions was estimated to be 6651.

Conclusion This was the first nationwide survey of macular dystrophy in Japan and provided an approximate number of
affected patients. The diagnosis of macular dystrophy is primarily carried out at facilities with affiliated specialists, such as
university hospitals. By examining the incidence of multiple diseases simultaneously, we were able to compare the incidence
of each type of macular dystrophy.

Keywords Best vitelliform macular dystrophy - Macular dystrophy - Occult macular dystrophy - Prevalence - Stargardt
disease

Introduction

With the development of various treatment options, includ-
ing gene therapy, inherited retinal diseases have attracted
Corresponding Author: Shinji Ueno increased attention. In Japan, retinal diseases account for a
relatively high percentage of the visually impaired popula-
tion [1]. Among these, retinitis pigmentosa and macular dys-
trophy are designated as intractable diseases by the Japanese
Department of Ophthalmology, Hirosaki University Ministry of Health, Labour, and Welfare. Retinitis pigmen-
(A}Z?g:)‘fitzggf‘g’;ézofjg/lﬁmine’ 5 Zaifu-cho, Hirosaki, tosa is the most common inherited retinal disease, with an

AP incidence of 1 in 3000 to 5000 people [2-5]. However, the
incidence and prevalence of macular dystrophy is not yet
fully understood, not only in Japan but also in other coun-
tries, owing to its rarity and the difficulty in its diagnosis.
In Japan, guidelines for the diagnosis of macular dystrophy
were established in 2015 by the Research Committee on the
Epidemiology of Intractable Diseases of Retinochoroidal
and Optic Nerve Atrophy, in collaboration with the Japanese
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Ophthalmological Society, which was authorized by the
Ministry of Health, Labour, and Welfare (https://www.
nanbyou.or.jp/entry/4798). According to these guidelines,
macular dystrophy is classified into 7 types of diseases as
follows: Best vitelliform macular dystrophy (BVMD), Star-
gardt disease, occult macular dystrophy (OMD), cone (-rod)
dystrophy, X-linked retinoschisis (XLRS), central areolar
choroid dystrophy (CACD), and other types of macular dys-
trophies. Other types of macular dystrophy are defined as
degeneration of the macula that does not correspond to the
diagnostic criteria defined by the 6 other types of macular
dystrophy and exhibit a normal or nearly normal full-field
electroretinogram (ERG). Other types of macular dystro-
phy include autosomal dominant familial drusen (Doyne
honeycomb retinal dystrophy/Malattia Leventinese), North
Carolina macular dystrophy, Sorsby fundus dystrophy, and
atypical macular dystrophy.

This was the first nationwide epidemiologic survey of
patients diagnosed with macular dystrophy in Japan. The
study aimed to estimate the number of patients with each
type of macular dystrophy in Japan. Our data will facilitate
the improvement of welfare services and research on future
clinical trials of patients with macular dystrophy.

Patients and methods

The institutional review board of Mie university ruled that
approval was not required for the study owing to the study
design involving questionnaires. The study protocol adhered
to the tenets of the Declaration of Helsinki. In April 2020,
questionnaires were mailed directly to the heads of 965
major facilities in Japan, which were certified as the strata
of “selected departments” by the Japanese Ophthalmological
Society according to previous similar epidemiologic surveys
of intractable disease [6]. This included all the university
hospitals in Japan. The purpose of the questionnaire was
to determine the number of patients with macular dystro-
phy who had visited outpatient clinics over the past 5 years
(January 2015 to December 2019). The questions assessed
the number of new and long-standing patients (patients diag-
nosed before December 2014 and continuously followed
thereafter). The former was used to determine the approxi-
mate annual incidence, and the latter was used to determine
the number of patients who were diagnosed with and fol-
lowed up for macular dystrophy in Japan. The heads of the
facilities were requested to respond to the questionnaire.
Each facility received diagnostic criteria for the 7 types
of macular dystrophy defined by the Research Committee on
the Epidemiology of Intractable Diseases of Retinochoroidal
and Optic Nerve Atrophy (https://www.nanbyou.or.jp/entry/
4798). The facilities were asked to provide the patient num-
bers based on electronic medical records and disease name
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searches. Genetic testing was not included in the diagnostic
criteria because it is not covered by health insurance in Japan.
Among the 965 facilities, 646 responded to the questionnaire
(response rate: 66.5%).

Aggregated data were used for all 3 analyses. First, we
examined the proportion of patients attending university hos-
pitals and their branches, which were thought to be affiliated
with specialists. In this study, the collective term "university
hospitals" refers to the university hospital itself and its associ-
ated branches.

In the second analysis, the number of patients with each
type of macular dystrophy in Japan was assessed. We esti-
mated the annual number of newly diagnosed cases of each
type of macular dystrophy in Japan by dividing the sum of
the number of patients reported by collection facilities by the
response rates (0.66) and further divided this result by the
span of 5 years. Additionally, we calculated the total number
of patients followed up at major institutions in Japan over a
5-year period. This involved summing the newly diagnosed
cases over 5 years and the number of long-standing patients
diagnosed before December 2014 who received continuous
follow-up thereafter. The resultant total was then divided by
the response rates (0.66). We aimed to determine the charac-
teristics of the incidence of each macular dystrophy disease in
the Japanese population with reference to previous literature
from other countries.

The third analysis examined the uneven distribution of
patients with macular dystrophy according to region. The
country was divided into 6 regions: Hokkaido, Tohoku,
Kanto (including Yamanashi Prefecture), Chubu (including
the Tokai, Hokuriku, and Shinetsu regions), Kinki, Chugoku/
Shikoku, and Kyushu/Okinawa. The number of reported
patients per region was calculated, and the number of patients
per 10,000 people was estimated. On the basis of data from the
Statistics Bureau of the Ministry of Internal Affairs and Com-
munications in 2019 (https://www.stat.go.jp/), the population
of each region was assumed to be 14 million for the Hokkaido/
Tohoku region, 42.8 million for the Kanto region, 20.6 million
for the Chubu region, 22.5 million for the Kinki region, 11.3
million for the Chugoku/Shikoku region, and 14.4 million for
the Kyushu/Okinawa region.

Excel software (Microsoft Corporation, Redmond, WA,
U.S) was used for the analysis and tabulation. The population
was calculated on the basis of 2019 data published by the Sta-
tistics Bureau of the Ministry of Internal Affairs and Commu-
nications, assuming a total Japanese population of 126 million.
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Results

Percentage of patients attending university
hospitals

Overall, 646 facilities responded to the survey, of which 90
were university hospitals. University hospitals accounted
for 14% of the responding facilities, but more than 70% of
the reported patients, both new and long-standing patients,
visited university hospitals (Table 1).

Table 2 shows the estimated number of newly diagnosed
patients per year based on the number of new patients over a
5-year period for each type of macular dystrophy. The num-
ber of newly diagnosed patients was 55.3 for BVMD, 36.7
for Stargardt disease, 35.8 for OMD, 160.6 for cone (-rod)
dystrophy, 31.0 for XLRS, 29.8 for CACD, and 174.1 for
other types of macular dystrophy. In all, 520.3 patients were
newly diagnosed with macular dystrophy each year.

The total number of patients diagnosed before December
2014 and followed up thereafter, plus the number of patients
newly diagnosed during the 5-year period, was considered
as the estimated number of patients who visited an oph-
thalmologist at any of the major hospitals during the 5-year
period (Table 2). The total number of patients was 6651.
By dividing the total population (126 million) by the num-
ber of patients being followed up and newly diagnosed with

Table 1 Percentage of macular dystrophy patients attending univer-
sity hospitals

Newly diagnosed  Long-standing
cases in 5 years cases in 5 years
(A) Responded 646 facilities 1730 2693
(B) 90 university hospitals 1237 1991
(B)/(A) 0.715 0.739

each type of macular dystrophy, it is possible to estimate the
number of people in Japan attending the major facilities for
each disease. This value was found to be approximately 1 in
180,000 for BVMD, 1 in 250,000 for Stargardt disease, 1 in
290,000 for OMD, 1 in 60,000 for cone (rod) dystrophy, 1 in
250,000 for XLRS, 1 in 330,000 for CACD, and 1 in 60,000
for other types of macular dystrophy.

The highest number of patients who visited the major
facilities over 5 years were those with cone (-rod) dystrophy,
followed by those with other types of macular dystrophy.
The remaining diseases, including Stargardt disease, OMD,
and CACD had similar numbers of cases, and the number
of cases with BVMD was 1.6 to 1.8 times higher than the
number of these diseases.

Table 3 shows the numbers of new and long-standing
patients and their sum in each region. These are the actual
numbers from 646 institutions that were not divided by the
response rate (66.5%). The numbers of patients per 100,000
people who visited the selected institutions over a 5-year
period are also shown in the Table 3. The number of patients
was higher in densely populated areas such as the Kanto
and Kinki regions, and the number of patients per popula-
tion was also high in the Chugoku and Shikoku regions. In
contrast, the number of patients per population tended to be
low in the Tohoku/Hokkaido and Kyushu regions, which are
depopulated and have low population densities. The number
of patients per population in the Hokkaido/Tohoku region
was approximately half of that in the Kinki region, which
had the highest number of patients per population.

Discussion

This was the first nationwide survey on the incidence of
macular dystrophy in Japan. Given that macular dystrophy
is expected to be diagnosed at facilities with affiliated spe-
cialists, the estimated number of newly diagnosed patients

Table 2 Estimated number of

. . Newly diagnosed Long-standing patients in Sum of newly diagnosed and

new and long-standing patients patients/year 5 years long-standing patients in 5
with each type of macular years
dystrophy

BVMD 553 421.1 697.7

Stargardt 33.7 335.3 503.8

OMD 35.8 254.1 433.1

Cone (-rod) dys- 160.6 1272.2 2088.7

trophy

XLRS 31.0 356.4 511.3

CACD 29.8 231.6 380.5

Other 174.1 1178.9 2049.6

Total 520.3 4049.6 6651.1

BVMD best vitelliform macular dystrophy, OMD occult macular dystrophy, XLRS X-linked retinoschisis,
CACD central areolar choroid dystrophy
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Table 3 Regional differences in the number of macular dystrophy cases

Region (A) Popula- (B) Newly diagnosed macular ~ (C) Long-standing macular (B)+(C)  Number of patients per

tion (million) dystrophy patients in 5 years dystrophy patients in 5 years 10,000 people (B)+(C)
(A)x10

Hokkaido/Tohoku  14.0 122 212 334 2.39

Kanto 42.8 571 1068 1639 3.83

Chubu 20.6 264 355 619 3.00

Kinki 22.5 406 590 996 4.43

Chugoku/Shikoku  11.3 174 265 439 3.88

Kyushu/Okinawa 14.4 193 203 396 2.75

is thought to be close to the actual number. In this study,
it was found that many patients attended university hospi-
tals with high expertise and that fewer patients were diag-
nosed and followed up in rural areas, where depopulation is
increasing. By simultaneously examining multiple diseases,
we were able to determine the most common type of macu-
lar dystrophy in Japan. It was estimated that approximately
520 patients in Japan are diagnosed with macular dystrophy
annually.

Number of patients at university hospitals

In Japan, patients with rare diseases are referred by local
clinics to highly specialized medical institutions, including
university hospitals. In this survey, we found that in Japan,
macular dystrophy is often diagnosed and followed up at
university hospitals, which are usually affiliated with retina
specialists. One possible reason for this trend could be that
the diagnosis of macular dystrophy requires special equip-
ment, such as ERG and fundus autofluorescence, which can
only be performed at more specialized facilities. In addition,
with recent advances in research, such as genetic analysis,
patients may prefer to visit university hospitals for inherited
retinal diseases. However, because there is no effective treat-
ment for macular dystrophy after diagnosis, many patients
may visit local ophthalmology clinics instead of specialized
facilities or stop ophthalmology follow-up altogether. There-
fore, the actual number of patients in Japan is expected to
be much higher than the number of new and long-standing
patients combined.

Characteristics of each disease

BVMD

According to studies conducted in other countries, the preva-
lence of BVMD varied among reports. In the United States,
it was estimated to be about 1 in 20,000 people according to
data from a specific region [7], and in Denmark, it was esti-
mated to be at least 1.5 in 100,000 people [8]. In the present
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study, the number of patients with BVMD attending ophthal-
mology hospitals in Japan was about 700, which was calcu-
lated as 1 in 180,000 people. We could not directly compare
the current data with those of previous reports because many
patients may not have visited hospitals owing to having sta-
ble symptoms. However, our data seemed to be closer to
those of previous reports from Denmark (1.5/100,000).

Stargardt disease

Stargardt disease is one of the most common causes of inher-
ited childhood and adult visual impairment in Europe and
the United States [9]. However, it has long been believed that
Stargardt disease is not as common in Japan as in Western
countries. In Europe and the United States, Stargardt disease
is estimated to occur in one in every 8000 to 10,000 indi-
viduals. This estimated number was expected because Star-
gardt disease is more common than retinoblastoma and less
common than retinitis pigmentosa and this is not reported
in epidemiologic studies [10]. A recent national survey in
the United Kingdom reported 0.127 cases per 100,000 peo-
ple per year (81 cases per year/60 million population) [10].
This survey was a national survey conducted by reporting of
cases of diagnosed Stargardt disease throughout the United
Kingdom, and the survey methodology was similar to that
of our study. Applying our results to this study, the incidence
of Stargardt disease was 0.0267 cases per 100,000 people
per year, indicating that the incidence in Japan was approxi-
mately one-fifth of that in the United Kingdom. This dem-
onstrated a possible difference in the prevalence of Stargardt
disease among diverse ethnicities.

OMD

OMD was first reported by the ophthalmologist Yozo
Miyake, in Japan [11, 12]. Therefore, clinical and genetic
research on OMD, including the discovery of the causa-
tive gene, RPILI, and abnormal OCT findings in the outer
retina, have mainly been conducted in Japan [13—-15]. The
condition with mutations in RPIL] is specifically called
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RPILI-related macular dystrophy, or Miyake disease [16,
17]. Although it is a difficult disease to diagnose, it is highly
recognized in Japan, and we suspected that more OMD
patients are diagnosed in Japan than in other countries. This
study revealed that OMD occurred as frequently as Stargardt
disease and CACD in Japan.

Cone (-rod) dystrophy

In this study, cone (rod) dystrophy had the highest inci-
dence of newly diagnosed patients per year among patients
with macular dystrophies. On the basis of the number of
patients, including both new and long-standing patients, the
estimated number of patients with cone (rod) dystrophy in
the population was approximately 1 in 60,000. In previous
reports, the frequency of cone dystrophy was reported to
be 1 in 30,000 to 40,000 people [18], whereas that of cone-
rod dystrophy has also been reported to be 1 in 30,000 to
40,000 people [19, 20]. These data were not derived from
epidemiologic data but were estimated from the incidence
of causative genes. The prevalence in our survey (about 1 in
60,000) is likely to be even higher than that estimated from
previous data, when considering the dropout of followed-
up patients or patients followed up at clinics that were not
selected for this survey. Cone (-rod) dystrophy was defined
as macular dystrophies with or without fundus abnormali-
ties and those with reduced response to photopic ERGs (and
scotopic ERGs for cone-rod dystrophy). This study might
have included various types of inherited retinal degenera-
tion because it was difficult for nonspecialists of ERG to
diagnose, which might have led to an overestimation of the
number of patients.

XLRS

XLRS has the unique features of OCT (retinoschisis) and
ERG (negative waveform); therefore, its diagnosis is con-
sidered confirmatory. However, the prevalence of XLRS
has not been determined previously. In our study, about
510 patients with XLRS, including new and long-standing
patients, attended the institutions participating in this survey,
indicating 1 per 250,000 of the population. Considering the
dropout rate of a non-negligible number of patients during
follow-up, the actual number of patients with XLRS may be
much higher.

CACD

Few epidemiologic reports on CACD have been published;
however, the number of newly diagnosed patients in the
present study was comparable to the annual incidence of
Stargardt disease, OMD, and XLRS. Usually, CACD is diag-
nosed at an older age than is Stargardt disease or XLRS, and

the actual number of patients with CACD is expected to be
smaller than those with these diseases.

Other types of macular dystrophy

Cases diagnosed with other types of macular dystrophies
were higher in both the newly diagnosed and the long-stand-
ing cases in this survey. The diagnosis of macular dystrophy
is sometimes difficult in daily practice because of the simi-
larity between hereditary and acquired macular degenera-
tion. Therefore, the overestimation of this type of macular
dystrophy should be considered. However, it is necessary to
establish a disease definition that enables accurate classifi-
cation of other types of macular dystrophy more accurately
in the future.

Regional segregation

Japan is an almost monoethnic country with a relatively uni-
form genetic background, small land area, and high degree
of interregional mobility. Therefore, the regional differences
in the incidence of inherited retinal diseases are assumed
to be small. In this study, we suspected that the variation
in the number of patients among regions was largely due
to social factors. The disparity in medical care between
rural and urban areas is an urgent problem in Japan. In
rural areas, a shortage of doctors and lack of hospitals force
many patients to visit distant hospitals. The low number of
patients per population in the Hokkaido-Tohoku and Kyushu
regions may indicate difficulty in visiting specialized hos-
pitals or university hospitals in these regions. The fact that
there was a 2-fold difference between rural and urban areas
might indicate that the number of patients in rural areas was
underestimated.

Limitations

In adhering to the guidelines provided by a research
group under the Ministry of Health, Labour, and Welfare
in Japan (https://www.jichi.ac.jp/dph/nanbyou/manual_
2017.pdf) , our survey encountered certain limitations.
The recommended approach entails the distribution of
the questionnaire not only to large hospitals like univer-
sity hospitals, but also to smaller clinics. It is also recom-
mended that after the results of the first questionnaire have
been compiled, a second questionnaire should be sent to
obtain detailed clinical and genetic information for indi-
vidual patients. However, in this study, we did not send
the questionnaire to smaller clinics because we assumed
it would be challenging to make an accurate diagnosis
in such clinics. Further we did not conduct a secondary
survey because the first questionnaire included multiple
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diseases, and it was difficult to obtain clinical findings
from a large number of patients through a second ques-
tionnaire. These deviations from the guidelines may have
reduced the accuracy of the data.

In Japan, genetic testing has not been introduced into
routine medical practice, and the diagnosis of diseases
such as BVMD, Stargardt disease, and XLRS is still based
on the clinical findings, even though the causative genes
of these diseases have been determined. Therefore, the
diagnosis depends on the judgment of each physician,
and the accuracy of the diagnosis of the disease is not
always ensured. Therefore, it is possible that the number
of patients with each disease was either overestimated or
underestimated owing to the misdiagnosis of atypical clin-
ical findings. Distinguishing between BVMD and acquired
vitelliform lesions is particularly difficult. In addition, the
diagnosis of OMD is also difficult, and the possibility
exists of misdiagnosing nonhereditary diseases or cone
dystrophy without fundus abnormalities as OMD. Some
cases of CACD have a characteristic fundus, but also have
reduced cone and scotopic full-field ERGs, which may
overlap with the diagnosis of cone-rod dystrophy. In addi-
tion, patients diagnosed with CACD, cone-rod dystrophy,
or other types of macular dystrophy, especially those aged
50 years or older, may have dry age-related macular degen-
eration or macular atrophy due to high myopia.

Another limitation of this study was that the analysis
was based on a survey of 965 selected facilities, and the
number of cases diagnosed and followed up at other clinics
was underestimated; however, the number was probably
not very high. The number of duplicate cases involving
the same patient from multiple centers was also unknown.

To our knowledge, this was the first epidemiologic
investigation on macular dystrophy in Japan. Over 70%
of the patients were diagnosed and followed up at univer-
sity hospitals. The number of annually diagnosed cases
of BVMD was approximately 55, and that of Stargardt
disease, OMD, XLRS, and CACD was each approxi-
mately 30. In contrast, the number of patients with cone
(-rod) dystrophy and other types of macular dystrophy was
higher. There were some regional variations in the number
of patients: in rural areas, fewer patients were diagnosed
or followed up at hospitals than in urban areas.
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Genetic and Clinical Features of §

ABCA4-Associated Retinopathy in a Japanese

Check for
updates

Nationwide Cohort

KElI MIZOBUCHI, TAKAAKI HAYASHI, KOJI TANAKA, KAZUKI KUNIYOSHI, YUSUKE MURAKAMI,
NATSUKO NAKAMURA, KAORUKO TORII, ATSUSHI MIZOTA, DAIKI SAKAI, AKIKO MAEDA,
TARO KOMINAMI, SHINJI UENO, SHUN]JI KUSAKA, KOJI M NISHIGUCHI, YASUHIRO IKEDA,
MINEO KONDO, KAZUSHIGE TSUNODA, YOSHIHIRO HOTTA, AND TADASHI NAKANO

e PURPOSE: To clarify the genetic and clinical features of
Japanese patients with ABCA4-associated retinopathy.

* DESIGN: Retrospective, multicenter cohort study.

e METHODS: Patients with retinal degeneration and bial-
lelic ABCA4 variants were recruited from 13 different
hospitals. Whole exome sequencing analysis was used for
genetic testing. Comprehensive ophthalmic examinations
were performed on matched patients. The primary out-
come measure was identifying multimodal retinal imaging
findings associated with disease progression.

e RESULTS: This study included 63 patients: 19 with
missense/missense, 23 with missense/truncation, and 21
with truncation/truncation genotypes. In total, 62 vari-
ants were identified, including 29 novel variants. Six
patients had a mild phenotype characterized by foveal-
sparing or preserved foveal structure, including 4 with
missense/missense and 2 with missense/truncation geno-
types. The p.Arg212His variant was the most frequent
in patients with mild phenotypes (4/12 alleles). Clini-
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cal findings showed a disease duration-dependent wors-
ening of the phenotypic stage. Patients with the trunca-
tion/truncation genotype exhibited rapid retinal degener-
ation within a few years and definite fundus autofluores-
cence imaging patterns, including hyper autofluorescence
at the macula and few or no flecks.

e CONCLUSIONS:  Our results indicate that mis-
sense/missense or missense/truncation  genotypes,
including the p.Arg212His variant, are associated
with a relatively mild phenotype. In contrast, the
truncation/truncation genotype causes rapid and se-
vere retinal degeneration in Japanese patients with
ABCA4-associated retinopathy. These data are vi-
tal in predicting patient prognosis, guiding genetic
counseling, and stratifying patients for future clin-
ical trials. (Am ] Ophthalmol 2024;264: 36-43.
© 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-

nd/4.0/))

N 1997, STARGARDT DISEASE (STGD1, MIM: 248200) WAS

first reported to be caused by biallelic variants of

the ATP-binding cassette transporter, alpha 4 subunit
(ABCA4) gene.! These variants are associated with several
retinal conditions, including bull’s-eye maculopathy,” mac-
ular atrophy,’ fundus flavimaculatus, cone-rod dystrophy,
and retinitis pigmentosa.”’ ABCA4-associated retinopa-
thy is a commonly inherited retinal disorder, affecting ap-
proximately 1 in 8000 to 10,000 people.®” A recent na-
tional survey in the United Kingdom reported a yearly in-
cidence of 0.127 per 100,000 population,'® which is 5 times
higher than that observed in a study from the Nationwide
Epidemiological Survey of Macular Dystrophy in Japan.''
Previous large cohort studies have identified genotype-
phenotype correlations in patients with ABCA4-associated
retinopathy, showing that disease severity correlates with
variant severity and worsens over time.'”»!?

Notably, several therapies, including oral treatments'*
and gene therapies using adeno-associated viruses,"’
other large vectors,'®!7 and antisense oligonucleotides,'®
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have recently been explored. However, ABCA4-associated
retinopathy is rare among the Japanese, accounting for
1.7% of inherited retinal disorder cases (20 of 1210 pedi-
grees).!” With imminent clinical trials, it is crucial to thor-
oughly investigate this retinopathy’s genetic and clinical
characteristics in Japanese patients to precisely evaluate
treatment efficacy and timing of interventions. This study
represents the first nationwide Japanese cohort focused on
ABCA4-associated retinopathy, aiming to elucidate the ge-
netic and clinical profiles of patients with this condition,
particularly concerning disease progression and genotype.

METHODS

» ETHICS STATEMENT: The Institutional Review Boards of
The Jikei University School of Medicine (approval num-
ber 24-231 6997), Nihon University School of Medicine
(approval number 20211105), Kindai University Faculty of
Medicine (approval number 22-132 and R05-071), Kyushu
University (approval number 536-08), The University of
Tokyo (approval number 2018191G), Hamamatsu Univer-
sity School of Medicine (approval number 14-040), Teikyo
University (approval number 10-007-5), Kobe City Eye
Hospital (approval number E19002), Nagoya University
Graduate School of Medicine (approval Number: 2020-
0598), University of Miyazaki (approval number G-0118),
Mie University Graduate School of Medicine (approval
number MIE-2429), and the National Hospital Organiza-
tion Tokyo Medical Center (approval number R18-029) ap-
proved this study. The study protocol followed the Decla-
ration of Helsinki, and all participants provided written in-
formed consent.

e INCLUSION CRITERIA: We studied 3324 patients with
inherited retinal disorders who underwent genetic analysis.
The inclusion criteria for patients were retinal degenera-
tion conditions, such as macular dystrophy, cone-rod dys-
trophy, and retinitis pigmentosa phenotypes. Eligible pa-
tients exhibited either homozygous or compound heterozy-
gous variants in the ABCA4 gene as confirmed by genetic
analysis across the consortium of 13 participating hospitals.
The phenotypes were determined using findings from mul-
timodal retinal imaging, visual field testing, and full-field
electroretinography.

e MOLECULAR GENETIC ANALYSIS: Genetic testing was
performed using whole exome sequencing analysis based on
previously described methods.’*?> The pathogenicity of the
ABCA4 variants was evaluated using the Human Gene Mu-
tation Database Professional (HGMD, http://www.hgmd.cf.
ac.uk/), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/),
Genome Aggregation Database (gnomAD, https://gnomad.
broadinstitute.org/), and the Japanese Multi Omics Refer-
ence Panel (jMorp; https://jmorp.megabank.tohoku.ac.jp/).

VoL. 264

Patients with biallelic ABCA4 variants were classified into
3 groups according to their genotypes (missense/missense,
missense/truncation, and truncation/truncation) based on
a modified method from a previous study.”* Consequently,
canonical and non-canonical splice site, frameshift, and
stop-gain variants were defined as truncation variants.

e CLINICAL EXAMINATIONS: Comprehensive ophthalmic
examinations, including medical review (age at onset
and chief complaint), decimal best-corrected visual acuity
(BCVA), fundus photograph, and short-wavelength fun-
dus autofluorescence imaging (FAF) were performed us-
ing Spectralis HRA (Heidelberg Engineering, Heidelberg,
Germany), and/or Optos 200Tx/California, ultrawidefield
retinal imaging system (Optos, Dunfermline, UK), opti-
cal coherence tomography (OCT; Carl Zeiss Meditec AG,
Dublin, CA, USA), and Goldmann perimetry (Haag Streit,

Bern, Switzerland).

Phenotypic stage analysis

We analyzed the correlations between the phenotypic stage,
disease duration, and BCVA across 3 genotypes. Based on
the findings of well-established studies,*!*?> the ophthal-
mologists KM. and T.H. conducted independent evalua-
tions of the phenotypic stages, utilizing fundus imaging and
specific criteria outlined below:

Stage I: Macular lesions limited to the macula, exhibiting
irregular pigmentary alterations, a bull’s-eye mac-
ulopathy, or a distinctive “beaten-bronze” appeat-
ance.

Stage 1I: Macular lesions with characteristic yellowish flecks
that emanate from the macula and extend beyond
the vascular arcades and optic disc.

Stage III: Diffuse atrophy of the macular choriocapillaris
with associated resorption of flecks within the mac-
ular area.

Stage IV: Extensive atrophy of the choriocapillaris accompa-
nied by pigment deposition in the central posterior
pole or further.

Representative images of each stage are shown in
Figure 1.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statis-
tics version 27.0 (IBM Corp, Armonk, NY, USA), R and
R-studio (version 3.6.3; http://www.R-project.org/). Bon-
ferroni’s multiple comparison test was used to determine the
significant differences in the age at onset and patients with
each genotype. Decimal BCVA was converted to a loga-
rithm of the minimum angle of resolution (logMAR) units
for statistical analysis. Furthermore, the BCVA of counting
fingers, hand motions, and light perceptions were converted
to 2.0, 2.4, and 2.7 logMAR units, respectively.”® Kaplan—
Meier survival curves with the log-rank test were used to
compare survival experiences (logMAR BCVA) among the
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FIGURE 1. Representative imaging of each stage in patients with ABCA4-associated retinopathy.

Stage I: Macular lesions limited to the macula, exhibiting irregular pigmentary alterations, a bull’s-eye maculopathy, or a distinctive
“beaten-bronze” appearance. Stage I1: Macular lesions with characteristic yellowish flecks that emanate from the macula and extend
beyond the vascular arcades and optic disc. Stage I1I: Diffuse atrophy of the macular choriocapillaris with associated resorption of
flecks within the macular area. Stage IV: Extensive atrophy of the choriocapillaris accompanied by pigment deposition in the central

posterior pole or further.

3 genotypes. A significance threshold of P < .05 was estab-
lished, and for cases where this was achieved among the 3
genotypes, a Bonferroni correction was applied to pinpoint
which genotype pairs exhibited significant differences, us-
ing an adjusted significance level of P < .017.

RESULTS

* MOLECULAR GENETIC FINDINGS: In total, 63 patients
who met the inclusion criteria were recruited, and 62 vari-
ants were identified, including 29 novel ones (Supple-
mental Tables 1 and 2). Of these variants, 42 were mis-
sense (67.7%), 9 were stop-gain (14.5%), 6 were frameshift
(9.7%), and 5 were canonical/noncanonical splice-site
variants (8.1%). The patients were categorized into 3 geno-
type groups: 19 (30.2%), 23 (36.5%), and 21 (33.3%)
with missense/missense, missense/truncation, and trunca-
tion/truncation genotypes, respectively.

o CLINICAL FINDINGS: Supplemental Table 1 presents the
clinical findings in the 63 patients with biallelic ABCA4
variants, including the age at onset, symptoms, disease du-
ration (from onset to examination), BCVA (first and last
examinations), and the phenotypic stage (first and last ex-
aminations).

Age at onset

Patients with truncation/truncation genotypes had a
younger age at onset (7.29 =+ 2.37 years; range, 3-11
years) than did those with missense/missense genotypes
(2644 + 19.46 vyears; range, 6-68 years; P = .000)
and missense/truncation (17.81 4 11.75 years; range, 6-
40 years; P = .030) genotypes. However, the patients
with missense/missense and missense/truncation genotypes
(P = .234) showed no differences in the age at onset
(Figure 2).
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Survival curves of visual acuity

Kaplan—Meier survival curves were initially plotted using
a cutoff of 1.0 logMAR unit (equivalent to 0.1 a deci-
mal visual acuity) to estimate the changes in BCVA dur-
ing the disease course in all 63 patients. The survival
curves indicated that BCVA required a median duration
of 42 years to reach a 1.0 logMAR unit. Subsequently,
comparing the BCVA progression among the 3 geno-
types (missense/missense, missense/truncation, and trunca-
tion/truncation) showed that the median age for BCVA
to reach a 1.0 logMAR unit was the late 60s, approxi-
mately 50 years, and approximately 30 years in patients
with the missense/missense, missense/truncation, and trun-
cation/truncation genotypes, respectively (Figure 3). The
genotype comparison results were as follows: a significant
difference was observed between the missense/missense and
truncation/truncation genotypes (P = .003), as well as be-
tween the missense/truncation and truncation/truncation
genotypes (P = .003). However, no significant difference
was noted when comparing the missense/missense geno-
type with the missense/truncation genotype (P = .900)
(Figure 3).

Phenotypic stage

Supplemental Figure 1 illustrates the correlations among
the phenotypic stage, disease duration, and logMAR
BCVA for the 3 genotypes. Among 15 patients with the
missense/missense genotype, all but 5 patients (JUO0266,
JU2182, JU2189, JU2211, and Teikyo1024) exhibited an
early stage (stage I or II) within the first 20 years of dis-
ease onset. Patients exhibited varying correlations between
phenotypic stage and disease duration, and between phe-
notypic stage and logMAR BCVA. In 18 patients with the
missense/truncation genotype, there was a tendency for the
phenotypic stage to progressively worsen over time; how-
ever, some (JUO717, JU2154, and Kinkil41-107) remained
at an early stage (stage I or II) despite having had the disease
for >20 years. This pattern was also observed in the corre-
lation between the phenotypic stage and logMAR BCVA.
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FIGURE 2. Age at onset across genotypes. Patients with the truncation/truncation genotype have a significantly younger age at
onset (7.29 £ 2.37 years; range, 3-11 years) compared with those with missense/missense (23.60 % 16.45 years; range, 6-50 years)
and missense/truncation (16.90 £ 11.27 years; range, 6-40 years) genotypes, with P-values of <0.001 and 0.020, respectively.
However, the missense/missense and missense/truncation genotypes show no significant differences in age at onset (P = .234).
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FIGURE 3. Survival curves and clinical course of visual acuity. Kaplan-Meier survival curves are plotted using a cut-off of 1.0
logMAR unit, equivalent to 0.1 a decimal visual acuity. In all 63 patients, the survival curves indicate that the median duration
required for best-corrected visual acuity (BCVA) to decline to a 1.0 logMAR unit in half of the patients is 42 years. When comparing
progression among the 3 genotypes, we find that the median age in patients when BCVA reaches a 1.0 logMAR unit is the late 60s,
approximately 50 years, and approximately 30 years for the missense/missense, missense/truncation, and truncation/truncation
genotypes, respectively. Log-rank test with Bonferroni correction is applied for the comparisons. The genotype comparison results
show significant differences between missense/missense and truncation/truncation (P = .003) and between missense/truncation and
truncation/truncation (P = .003) but not between missense/missense and missense/truncation (P = .900).

In 15 patients with the truncation/truncation genotype, a
clear time-dependent progression of the phenotypic stage
was observed. Furthermore, logMAR BCVA also deterio-
rated with the worsening of the phenotypic stage.

Multimodal retinal imaging
Supplemental Figure 2 shows the detailed multimodal reti-
nal images of representative patients across the 3 genotypes.

Missense/missense genotype
In patients with missense/missense genotypes, fundus pho-
tography findings generally showed a gradually worsened
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phenotypic stage over time. However, this trend was not
observed in patients with foveal sparing or a preserved
foveal structure (JU2151, JU2182, and JU2211). Flecks
were observed in all early stage patients (KA304, KA241,
KA115, and JU2151) but were absent in those at the
end-stage (Teikyol1024, JU0266, JU2182, JU2189, and
JU2211). FAF imaging revealed hypo-AF in the macu-
lar region, indicating macular degeneration or atrophy
with a combination of hypo-AF and hyper-AE This was
consistent with flecks in the surrounding area in early-
stage patients. In contrast, end-stage patients showed
hypo-AF extending beyond the arcade vessels. The OCT
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findings demonstrated foveal-sparing or preserved foveal
structure in some patients, specifically those identified
as JU2151 (p.Arg212His and p.His1865Tyr), JU2182
(p-Asp586Glu and p.Gly2041Asp), JU2189 (p.Arg212His
and p.Arg212His), and JU2211 (p.Arg212His and
p.Asn269Ser). Conversely, a different group of patients
showed a disruption of the outer retinal layers at the
fovea, including KA304 (p.Arg511Cys and p.Val6751le),
KA241 (p.Glyl623Ser and p.Argl862Cys), and KA115
(p.Thr1019Met and p.Cys1488Tyr). Over the 8-year
follow-up, the 68-year-old patient (JU2189) exhibited

progressive damage to the outer retinal layers at the fovea.

Missense/truncation genotype

Fundus photography findings indicated that the phenotypic
stage consistently worsened with increasing disease dura-
tion in patients with the missense/truncated genotype. No-
tably, all patients but one (KA074) had flecks throughout
the disease course. The FAF findings revealed hypo-AF in
the macular area, consistent with macular degeneration or
atrophy, with or without additional hypo-AF and hyper-
AF around the area, corresponding to flecks in all patients.
OCT findings revealed foveal sparing in 2 patients (JU0657
and JU2208) and a disruption of the outer retinal layers at
the fovea in other patients (N528, JU0099, JU0666, and
KAO074). However, 1 patient (JU0657) exhibited this dis-

ruption in the outer retinal layers at the fovea over time.

Truncation/truncation genotype

Fundus photography initially showed discoloration or a nor-
mal appearance in patients with the truncation/truncation
genotype; however, all patients had rapidly increased reti-
nal degeneration from the arcade vessels to the peripheral
retina as the disease progressed. Only a few or no flecks were
observed throughout the disease course. During the first ex-
amination, FAF findings revealed a normal appearance or
hypo-AF in the macular region, with hyper-AF around the
area (beyond the arcade vessels). Over time, all patients but
one (JU1315) exhibited an expansion of hypo-AF beyond
the arcades of vessels. In patient JU1315, hypo-AF was lo-
calized to the macular region, a finding that aligns with
the expected macular degeneration or atrophy, accompa-
nied by areas of both hypo-AF and hyper-AF nearby. The
OCT findings revealed that during the disease course, there
was a disruption in the outer retinal layers at the fovea in
all patients studied.

DISCUSSION

This study characterized the genetic and clinical features in
63 Japanese patients with biallelic ABCA4 variants.

In total, 62 distinct ABCA4 variants were identified,
including 41 missense (67.2%), 9 stop-gain (14.8%), 6
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frameshifts (9.8%), and 5 splice site variants (8.2%). These
findings are consistent with those of previous studies.'>!* A
previously proposed genotype-phenotype correlation, with
phenotypic severity dependent on variant severity, was
observed in our cohort, particularly regarding age at on-
set (Figure 2) and visual acuity (Figure 3). Regarding the
mild phenotype characterized by foveal sparing or preserved
foveal structure, a large Spanish cohort of 506 patients
with STGDI reported only 8 cases of foveal sparing'’ pre-
dominantly with genotypes comprising 6 missense/missense
and 2 missense/truncation genotypes. Our study observed
a mild phenotype in 6 out of 63 patients, with 4 (JU2151,
JU2182,JU2189, and JU2211) and 2 (JUO657 and JU2208)
with the missense/missense and missense/truncation geno-
types, respectively. Previous research suggests that milder
phenotypes are strongly associated with the hypomorphic
variants (p.Gly1961Glu and p.Arg2030GIn),”’*° and these
vary across ethnic groups.”” Notably, the p.Arg212His vari-
ant was the most frequently observed (4 of 12 alleles) in our
patients with a mild phenotype (JU0657, JU2151, JU2182,
JU2189, JU2208, and JU2211), suggesting it as a possible
hypomorphic variant in Japanese patients with ABCA4-
associated retinopathy. The p.Arg212His variant has also
been detected in previously reported cases of STGD1°!;
however, detailed clinical features have not been described.
In contrast, a previous study has shown that the alternative
variant (p.Arg212Cys) in a homozygous state is associated
with a mild phenotype with retention of some ABCA4 pro-
tein function.’® This supports our findings indicating that
the p.Arg212His variant is also associated with a mild phe-
notype.

Previous large cohort studies have elucidated the clini-
cal features and disease progression in patients with bial-
lelic ABCA4 variants.'”!"> Wang et al. described the dis-
ease progression in 42 patients with long-term follow-up,
suggesting that the phenotypic stage progressed in a time-
dependent manner.”” Consistent with these findings, our
study observed a similar time-dependent progression of the
phenotypic stage (retinal degeneration) (Supplemental Fig-
ure 1). However, no correlation was found between the
phenotypic stage and disease duration in patients with a
mild phenotype. This suggests that the actual disease du-
ration may be longer than perceived because of subtle
symptoms. Our research also investigated clinical variations
based on genotype. A previous study found distinct clin-
ical features in patients with rapid-onset chorioretinopa-
thy (ROC), linked to more deleterious variants, such as
truncating variant, differing from other ABCA4-associated
retinopathy variants.”* This study observed that deteriora-
tion of the macula began with an intense/hyper-AF and ho-
mogeneous signal on FAF, followed by a coalescing pattern
of ROC within the subsequent decade.’® Similarly, disease
progression is characterized by an expansion of areas with
decreased AF of the macula.”>*° Particularly in cases where
the disease onset occurs in childhood, the rate of progres-
sion tends to be more rapid than that in adult-onset.”” In
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our cohort, hyper-AF was also observed in patients with
the truncation/truncation genotype, subsequently, areas of
decreased AF appeared and expanded (Supplemental Fig-
ure 2). Consequently, the previous and current studies in-
dicate that hyper-AF at the macular is a characteristic find-
ing in early-stage patients with the truncation/truncation
genotype.

Furthermore, the early-stage disease differences in the
presence of flecks based on the genotype were also in-
vestigated. The term “fundus flavimaculatus” is often used
to describe the phenotype of retinal flecks without atro-
phy. Flecks are thought to correlate with disease severity.
They originate from degenerating photoreceptor cells, im-
paired by the functional failure of the retinal pigment ep-
ithelium (RPE),*®*” and correlate with disease severity.*
Our findings revealed that flecks were prevalent in patients
with missense/missense and missense/truncation genotypes
but are less common in those with truncation/truncation
genotypes (Supplemental Figure 2). Longitudinal studies
of flecks observed on OCT may help understand the dif-
ferences in flecks observed using FAF imaging.’®*? Flecks
initially appear as hyperreflective bands from the RPE to
the outer nuclear layer (ONL), followed by the thinning
of the ONL on OCT. Subsequently, as the fleck deposi-
tion dissipates, OCT reveals the disruption of the outer
retinal layers, including the ellipsoid zone (EZ). These re-
sults indicate that the rapid disease progression leads to
little or no fleck deposition, resulting in the sudden ap-
pearance of atrophic retinal areas. The presence of few or
no flecks in the early stages of the disease may also char-
acterize patients with the truncation/truncation genotype.
The differences in fleck presentation in the early stages
of the disease could predict the degree of progression and
genotype.

Additionally, recent studies have investigated the pro-
gression of ABCA4-associated retinopathy with respect
to retinal imaging, microperimetry, and electroretinogram
(ERG) findings. Both cross-sectional and longitudinal as-
sessments have reported changes in retinal sensitivity mea-
sured by microperimetry and alterations in the EZ observed
through OCT in childhood-onset STGD1.#1#> Assessment
using microperimetry has shown that the rate of progres-
sion in children is significantly greater than that in adults.*!
Moreover, OCT studies have revealed that quantifying the
area of EZ loss offers greater sensitivity than measurements
of EZ loss width for evaluating progression.*” One study has
outlined the potential of using ERG evaluation and FAF
imaging results to predict disease progression,”’ with pa-
tients categorized into 3 ERG groups based on retinal func-
tion’” and 3 FAF groups according to the extent of hypo-AF
and retinal background appearance.** This study has found
a strong correlation between ERG and FAF results. It is sug-
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gested that patients assessed in early childhood who possess
at least 1 truncation variant and exhibit poor initial BCVA
or both, are likely to show a more extensive retinal involve-
ment or progress to a more severe phenotype over time than
what baseline FAF imaging might indicate.*” This enables
the possibility of informing patients by comparing FAF with
the current gold standard of ERG, thereby aiding in prog-
nostication. They may help determine the appropriate tim-
ing for therapeutic intervention and assess the effectiveness
of treatment in ongoing gene therapy.

This study has some limitations, including the small co-
hort size and the absence of whole-genome sequencing data,
which may have overlooked additional deep intronic vari-
ants.”” Furthermore, the limitations encompass the lack of
microperimetry assessment, grouping of ERG and ultraw-
idefield FAF evaluation, and assessment of EZ loss. Further
research using a larger patient cohort, comprehensive ge-
nomic data, and imaging and functional evaluation of the
retina is necessary to substantiate our findings.

In conclusion, our study suggests that the mis-
sense/missense or missense/truncation genotypes, including
the p.Arg212His variant, are associated with a milder phe-
notype of ABCA4-associated retinopathy. However, the
truncation/truncation genotype is associated with a more
rapid and severe retinal degeneration in Japanese patients
with ABCA4-associated retinopathy. These findings are
crucial for predicting patient prognosis, providing genetic
counseling, and stratifying patients for future clinical trials.
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