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PURPOSE. To characterize the clinical effects of two RP1L1 hotspots in patients with East
Asian occult macular dystrophy (OMD).

METHODS. Fifty-one patients diagnosed with OMD harboring monoallelic pathogenic
RP1L1 variants (Miyake disease) from Japan, South Korea, and China were enrolled.
Patients were classified into two genotype groups: group A, p.R45W, and group B,
missense variants located between amino acids (aa) 1196 and 1201. The clinical parame-
ters of the two genotypes were compared, and deep learning based on spectral-domain
optical coherence tomographic (SD-OCT) images was used to distinguish the morpho-
logic differences.

RESULTS. Groups A and B included 29 and 22 patients, respectively. The median age of
onset in groups A and B was 14.0 and 40.0 years, respectively. The median logMAR visual
acuity of groups A and B was 0.70 and 0.51, respectively, and the survival curve analy-
sis revealed a 15-year difference in vision loss (logMAR 0.22). A statistically significant
difference was observed in the visual field classification, but no significant difference
was found in the multifocal electroretinographic classification. High accuracy (75.4%)
was achieved in classifying genotype groups based on SD-OCT images using machine
learning.

CONCLUSIONS. Distinct clinical severities and morphologic phenotypes supported by arti-
ficial intelligence–based classification were derived from the two investigated RP1L1
hotspots: a more severe phenotype (p.R45W) and a milder phenotype (1196–1201 aa).
This newly identified genotype–phenotype association will be valuable for medical care
and the design of therapeutic trials.

Keywords: occult macular dystrophy, Miyake disease, RP1L1, genotype–phenotype
correlation
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Occult macular dystrophy (OMD; OMIM:613587), first
identified in 1989 by Miyake et al.,1 is an inherited

macular dystrophy, the most prevalent in the East Asian
population, characterized by progressive bilateral visual
impairment with an essentially normal-appearing fundus
and normal full-field electroretinogram (ffERG).2–7 Detection
of macular dysfunction using focal macular electroretino-
gram (ERG), multifocal ERG (mfERG), or pattern ERG by
classical definition is key to clinically diagnosing OMD.6,8,9

Initially, two monoallelic variants of the RP1L1 gene
(OMIM; 608581) were identified in four families with
autosomal dominant OMD, with one recurrent vari-
ant (NM_178857.5; c.113C>T, (p.Arg45Trp/p.R45W)) found
in three families.10,11 Immunohistochemistry analyses in
monkeys revealed protein expression in rod/cone photore-
ceptors, suggesting a role of RP1L1 in maintaining photore-
ceptor morphology and function.2,9,10 In 2016, two RP1L1
hotspots were identified: a monoallelic missense vari-
ant (p.R45W) within the doublecortin (DCX) domain and
monoallelic missense variants within residues 1196 to 1201
(downstream of the DCX domain).12 However, owing to the
limited sample size, the precise clinical impact of these two
hotspots remains unclear. Determining genotype–phenotype
associations/correlations is essential for optimizing medical
care, patient counseling, and developing treatments.

Spectral-domain optical coherence tomography (SD-
OCT) has been used to detect characteristic photoreceptor
microstructural changes in OMD.5–7,11–19 The most notable
alterations include the disruption or loss of the ellipsoid
zone (EZ) and interdigitation zone (IZ).5,12,14,15 Blurring of
the EZ and loss of the IZ are common features of OMD.5,14,15

Over time, photoreceptor cells are lost, and the outer nuclear
layer becomes thin; however, the retinal pigment epithelium
(RPE) remains unaltered, distinguishing OMD from other
early-stage macular dystrophies with a normal fundus.20–22

Deep learning techniques have proven successful in ophthal-
mology,23 with machine learning–assisted diagnosis gain-
ing widespread recognition in retinal disease manage-
ment.24–26 Accurate diagnosis of inherited retinal disease
(IRD), particularly OMD, is challenging because of limited
access to multidisciplinary specialist teams. Artificial intel-
ligence (AI)–based diagnostic platforms that rely on color
fundus photographs (CFPs), fundus autofluorescence (FAF)
images, and SD-OCT images have been developed based on
retinal images of IRDs.4,27–29 The established AI-based appli-
cation program interface (API) suggests causative genes and
identifies characteristic features previously unrecognized by
human experts.28 This deep learning advantage aids in cate-
gorizing retinal images into specific groups (e.g., sex and
risk of systemic disorders) by examining detailed, otherwise
unrecognized features.30

The East Asia Inherited Retinal Disease Society (EAIRDs;
https://www.eairds.org/; see Appendix) was established in
2016 to investigate IRD in East Asian populations.5 Its first
report detailed the clinical and genetic characteristics of a
large cohort (N = 36) of East Asian patients with OMD
carrying monoallelic pathogenic RP1L1 variants, revealing
a wide range of clinical findings, including diverse disease
onset, visual acuity (VA), and photoreceptor microstruc-
ture changes, and confirming the presence of two RP1L1
hotspots.5 The second report described objective functional
phenotypes detected using mfERG,6 while the third report
illustrated scotoma patterns with varying clinical severi-
ties.7 However, a genotype–phenotype association assess-
ment has not yet been conducted because of two challenges

in RP1L1-OMD: (1) the absence of a large cohort to clar-
ify the features of each genotype group and (2) the lack of
objective methods for the interrogation of retinal images to
confirm detailed photoreceptor changes.

To this end, in the current study, we aimed to delineate
the clinical effects of two hotspots in the RP1L1 gene in a
large cohort of East Asian patients with OMD and to promote
the development of precision medicine based on genotype–
phenotype association/correlation.

METHODS

The study protocol adhered to the tenets of the Declaration
of Helsinki and was approved by the local ethics committees
of the participating institutions in Japan, South Korea, and
China (references: R19-030, R21-108, R22-028, B-1105/127-
014, JS-2056). Written informed consent was obtained from
all patients.

Patients

Patients clinically diagnosed with OMD and a monoallelic
pathogenic variant of the RP1L1 gene (Miyake disease) were
included. The inclusion criteria for the affected probands
were as follows: (1) macular dysfunction, (2) normal fundus
appearance, and (3) the presence of monoallelic pathogenic
RP1L1 variants. In the current study, patients harboring
monoallelic missense variants in the two RP1L1 hotspots
were selected: p.R45W and variants located within residues
1196 to 1201. Data on the included cases have been
published in previous East Asia Occult Macular Dystrophy
(EAOMD) reports.5–7

Clinical Investigations

A detailed history was obtained, including ethnicity, visual
symptoms, disease onset (when the patient first noted visual
symptoms or when the patient was diagnosed), and disease
duration (the time between onset and the latest examina-
tion).

Comprehensive ophthalmologic examinations were
performed, including measurements of the best-corrected
decimal VA (BCVA) converted to the median logMAR,
ophthalmoscopy, CFP, FAF imaging, SD-OCT, static visual
field (VF) testing, and electrophysiologic assessments
according to the standards of the International Society for
Clinical Electrophysiology of Vision (see Supplementary
Methods).31,32

Assessment and Classifications of Clinical
Parameters (VF, mfERG, and SD-OCT)

Clinical classifications were applied in order to catego-
rize the disease characteristics based on spatial functional
and morphologic features. Patients were classified into
subgroups according to clinical parameters (based on the VF,
mfERG, and SD-OCT findings), according to previous publi-
cations.5–7 Quantitative data assessment was also performed
for VF and mfERG findings. Detailed information is provided
in the Supplementary Methods.

Deep Learning of Retinal Images

Deep learning was applied using SD-OCT images, follow-
ing previously published methods (MedicMind, Otago, New
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Zealand; TensorFlow Inception V.3; Alphabet, Mountain
View, CA, USA).27,28 The accuracy was calculated to assess
whether the established API could distinguish between reti-
nal images. Detailed information is provided in the Supple-
mentary Methods.

Genotype Grouping Based on the Two RP1L1
Hotspots

All detected variants were reviewed using the EAOMD
cohort. In silico molecular genetic analyses were conducted
in keeping with previous publications.33,34 The pathogenic-
ity of each detected variant was confirmed according to the
American College of Medical Genetics and Genomics guide-
lines.35 In silico molecular modeling was conducted using
Samson Connect (https://www.samson-connect.net/), and
evolutionary conservation was assessed by multiple align-
ments of species of the RP1L1 gene sequence using the
Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/
clustalo/). Patients were classified into either of the two
genotype groups: group A, c.113C>T (p.R45W), and group
B, missense variants located within residues 1196 to 1201.

Comparison of Clinical Parameters and
Classifications

The following clinical parameters and classifications were
compared between patients with genotypes A and B: age,
onset, duration, BCVA, VF, mfERG, and SD-OCT. Kaplan–
Meier survival analysis was performed to examine the BCVA
(logMAR 0.22 and logMAR 1.00). A P value less than 0.05
was considered statistically significant. Detailed information
is provided in the Supplementary Methods.

RESULTS

Patients

Fifty-one patients from 30 families with a clinical diagnosis
of OMD harboring a monoallelic pathogenic missense vari-
ant in two RP1L1 hotspots were included in the study—29
patients with OMD genotype A and 22 patients with OMD
genotype B.

Demographics

Demographic data are summarized in Table 1, and detailed
information is provided in Supplementary Tables S1 and S2.

A cross-sectional survey of clinical records was performed
and the information at one clinical visit was collected. The
detected RP1L1 variants are illustrated in Figure 1, Supple-
mentary Figures S1 and S2, and Supplementary Table S3,
and clinical findings of two representative cases from two
genotype groups are presented in Figure 2.

Age, Onset, Symptoms, Duration, and BCVA

The median age of onset in the 51 patients was 30.0
(range, 2–73) years; four patients (4/51, 7.8%) had an age of
onset of less than 10 years. Forty-four patients had reduced
vision as the main complaint (44/51, 86.3%), 26 and 18 in
genotype groups A and B, respectively (26/29, 89.6% and
18/22, 81.8%). Three patients (3/51, 5.9%) had no symp-
toms, including two with genotype group A and one with
genotype group B (2/29, 6.9% and 1/22, 4.5%). Two of the
three asymptomatic patients were examined for an autoso-
mal dominant family history, and the remaining one was
identified following a medical checkup. All the patients
had ocular abnormalities at the time of the first examina-
tion. Photophobia was reported in conjunction with reduced
vision in 20 patients (20/51, 39.2%), 10 with genotype A and
10 with genotype B (10/29, 34.5% and 10/22, 45.4%).

The median disease duration of the 51 patients was 9.0
(range, 0–56) years. Ten patients were recruited immediately
after experiencing visual symptoms or undergoing ocular
examination (duration: 0 years). The median logMAR BCVA
of the 51 patients was 0.52 (range, −0.08 to 1.52).

VF, mfERG, and SD-OCT Assessment and
Classification

The results of clinical assessment and classifications of VF,
mfERG, and SD-OCT are summarized in Table 2, and detailed
information is provided in Supplementary Table S4 and
Supplementary Figure S4.

The VF data were available for 43 patients. A central
scotoma pattern was detected in 30 participants (VF pattern
1, 30/43, 69.8%), and other scotoma patterns (relatively
preserved foveal sensitivity and scotoma outside of the
central field) or no scotoma patterns were found in 13
patients (VF pattern 2, 13/43, 30.2%). The available aver-
aged sensitivity of four central points for 10-2 program, 24-2
program, and 30-2 program was 27.9 (15.5–35.0) dB in 2
patients, 28.8 (25.5–32.3) dB in 7 patients, and 24.8 (21.0–
29.5) dB in 12 patients, respectively.

TABLE 1. Demographic Data for Each Genotype in 51 Patients With Miyake Disease

Characteristic Total Group A (Hotspot 1: R45W) Group B (Hotspot 2: Amino Acids 1196–1201)

Number of patients 51 29 22
Age at examination, y* 47.0 (11–86) 42.0 (11–73) 54 (30–86)
Age of onset, y* 30.0 (2–73) 14.0 (2–73) 40 (3–70)
Duration, y 9.0 (0–56) 9.0 (0–54) 11.5 (0–56)
BCVA, logMAR unit* 0.52 (−0.08 to 1.52) 0.70 (−0.08 to 1.52) 0.51 (−0.08 to 1.00)

(right eye/left eye)

Patients were classified into one of the two genotype groups: group A, c.113C>T, (p.Arg45Trp), and group B, missense variants located
within residues 1196 to 1201. The median value and range of clinical parameters for each genotype group are provided. The studied eye of
each patient was randomly selected according to the Random Integer Generator (available at www.random.org/). The onset of disease was
defined as when patients first noted visual symptoms or when the patient was diagnosed, and the duration of the disease was defined as
the interval between the onset and the latest examination. There was a statistically significant difference between genotype groups A and B
in terms of age at examination (P = 0.0019), onset (P = 0.0027), and BCVA (P = 0.0065), but no significant difference was found for the
duration (P = 0.5346).

* Indicates clinical parameters showing statistically significant differences.
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FIGURE 1. A schematic diagram of the genetic and protein structures of RP1L1, illustrating the location of the two hotspots. The positions
of previously reported RP1L1 variants, encompassing both monoallelic and biallelic diseases, are displayed based on previous reports5,9

and protein information (ID:Q8IWN7; Uniprot; https://www.uniprot.org/; accessed January 2023). The two hotspots included amino acids
45 and 1196 to 1201.

The mfERG data were available for 34 patients. One
patient demonstrated paracentral dysfunction with relatively
preserved central and peripheral functions (mfERG group 1,
1/34, 29.4%). Thirty patients showed homogeneous central
dysfunction with preserved peripheral function (mfERG
group 2, 30/34, 88.2%). Three patients had widespread
dysfunction in the recorded area (mfERG group 3, 3/34,
8.87%). Quantitative assessment was available in 24 patients
recorded with the VERIS 61-hexagon protocol. The averaged
amplitudes and implicit times of P1 for rings 1, 2, 3, 4, and 5
were 15.1 nV/deg2 and 27.5 ms, 11.2 nV/deg2 and 27.5 ms,
11.3 nV/deg2 and 28.0 ms, 10.7 nV/deg2 and 28.1 ms, and
10.7 nV/deg2 and 27.9 ms, respectively. The averaged ring
ratio for ring 1/ring 5, ring 2/ring 5, ring 3/ring 5, and ring
4/ring 5 was 1.7, 1.1, 1.1, and 1.0, respectively.

SD-OCT classification by human experts was available for
49 patients. The classic characteristics of blurring of the EZ
and the absence of the IZ were demonstrated in 44 patients
(SD-OCT classical, 44/49, 89.8%). Subtle changes, including
less marked blurring or relatively preserved EZ and local
absence of the IZ, were found in five patients (nonclassical
SD-OCT, 5/49, 10.2%). The proportion of SD-OCT stages IA,
IB, IIA, IIB, IIIA, and IIIB was 2.0%, 4.1%, 12.2%, 42.9%,
6.1%, and 10.2%, respectively, and 22.4% had unavailable
agreed assessment results.

Comparison of Age, Onset, Duration, and BCVA
Between Genotype Groups

The median age at examination for genotype groups A and
B was 42.0 (range, 11–73) and 54.0 (range, 30–86) years,
respectively (Table 1, Supplementary Fig. S3). The median
age at the onset of ocular symptoms for genotype groups A
and B was 14.0 (range, 2–73) and 40.0 (range, 3–70) years,
respectively. The median follow-up duration for genotype
groups A and B was 9.0 (range, 0–54) and 11.5 (range, 0–56)
years, respectively. The median logMAR BCVA for genotype
groups A and B was 0.70 (range, −0.08 to 1.52) and 0.51
(range, −0.08 to 1.00), respectively.

There were statistically significant differences between
genotype groups A and B in terms of age at examination
(P = 0.0019), onset (P = 0.0027), and BCVA (P = 0.0065);
however, no significant difference was found for the disease
duration (P = 0.5346).

Survival Curves of BCVA for Genotype Groups

Survival curves of BCVA for age at the examination were
calculated for genotype groups A and B in terms of two
logMAR BCVA levels: 0.22 and 1.00 (Fig. 3). The diagram
for logMAR 0.22 shows that half of the patients in genotype
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FIGURE 2. Clinical findings of two representative cases from genotype groups A and B. Fundus photographs, FAF, SD-OCT images, static
VF (30 degrees), ffERG, and mfERG of two cases are presented: genotype A (19-year-old woman, onset at 16 years, LogMAR BCVA 1.00,
classical SD-OCT classification, central scotoma VF pattern, group 2 mfERG classification) and genotype B (52-year-old man, onset at 47
years, LogMAR BCVA 0.30, classical SD-OCT classification, no detected scotoma VF pattern, group 2 mfERG classification).
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TABLE 2. Clinical Classification for Each Genotype in 51 Patients
With Miyake Disease

Characteristic Total

Group A
(Hotspot 1:

R45W)

Group B (Hotspot
2: Amino Acids
1196–1201)

VF pattern 1 30 22 8
VF pattern 2 13 4 9
mfERG group 1 1 1 0
mfERG group 2 30 16 14
mfERG group 3 3 0 3
SD-OCT (classical) 41 23 18
SD-OCT (nonclassical) 8 5 3

The studied eye of each participant was randomly selected
according to the Random Integer Generator. Patients were classi-
fied into two patterns based on the results of VF testing using stan-
dard automated perimetry: pattern 1, central scotoma; pattern 2,
other scotomas (e.g., paracentral scotoma); or no scotoma, mainly
according to a previous publication. Patients were classified into
three objective functional groups based on mfERG findings: group 1,
paracentral dysfunction with relatively preserved central/peripheral
function; group 2, homogeneous central dysfunction with preserved
peripheral function; and group 3, widespread dysfunction over the
recorded area, according to a previous publication. The “classical”
characteristic SD-OCT findings were defined as those showing the
blurring of EZ and the absence of the IZ at the macula, accord-
ing to the previous publication. Subtle changes (nonclassical) were
defined as less marked blurring or relatively preserved EZ and local
absence of IZ. Three clinical experts classified patients into one
of these two groups based on the descriptions of photoreceptor
microstructural changes on SD-OCT images. A statistically signifi-
cant difference was revealed between genotype groups A and B in
terms of VF pattern (P = 0.0162), whereas no significant difference
was found in mfERG group classification (P = 0.5049) and SD-OCT
classification by human experts (P = 0.7334).

group A reached a BCVA level of 0.22 at age 42 years, while
half of the patients in genotype group B reached that level at
age 57 years. Thus, there was a 15-year difference in the VA
reduction between genotype groups A and B. The diagram
for logMAR 1.00 shows that half of the patients in genetic
group A reached a VA level of 1.00 at age 57 years, while

most patients (>80%) in genotype group B did not reach
the severe VA level.

A statistically significant difference was observed
between genotype groups A and B regarding the survival
curves of BCVA (logMAR 0.22, logMAR 1.00; P = 0.007,
P = 0.002, respectively).

Comparison of VF, mfERG, and SD-OCT
Assessments and Classifications Between
Genotype Groups A and B

There were 43 patients with available VF data, including 26
in genotype group A and 17 in genotype group B (Table 2,
Supplementary Fig. S4). VF patterns 1 and 2 were detected in
22 and 4 patients in genotype group A, respectively (22/26,
84.6% and 4/26, 15.4%). VF patterns 1 and 2 were found
in eight and nine patients in genotype group B, respec-
tively (8/17, 47.1% and 9/17, 52.9%). The averaged sensi-
tivity of four central points for the 10-2/24-2/30-2 program
in genotype groups A and B was 26.4/29.0/23.4 dB and
30.0/27.3/25.9 dB, respectively (Supplementary Table S2,
Supplementary Fig. S4).

There were 34 patients with available mfERG data, includ-
ing 17 in genotype group A and 17 in genotype group
B. mfERG groups 1, 2, and 3 were detected in 1, 16, and
0 patients in genotype group A, respectively (1/17, 5.9%;
16/17, 94.1%; and 0/17, 0.0%; Table 2, Supplementary Fig.
S4). mfERG groups 1, 2, and 3 were found in 0, 14, and
3 patients in genotype group B, respectively (0/17, 0.0%;
14/17, 82.4%; and 3/17, 17.6%). The averaged amplitude of
the P1 component for ring 1/ring 2/ring 3/ring 4/ring 5
in genotype groups A and B was 12.8/12.5/14.4/14.2/13.7
nv/deg2 and 16.6/10.9/9.3/8.2/8.5 nv/deg2, respectively
(Supplementary Table S2, Supplementary Fig. S4). The
implicit time for ring 1/ring 2/ring 3/ring 4/ring 5 in
genotype groups A and B was 26.6/26.9/27.3/26.7/26.6
ms and 28.2/27.8/29.5/29.2/29.0 ms, respectively. The aver-
aged ratio for ring 1/ring 5, ring 2/ring 5, ring 3/ring
5, and ring 4/ring 5 in genotype groups A and B was
0.88/0.90/1.03/1.03 and 2.10/1.31/1.10/0.97, respectively.

FIGURE 3. Survival curves analysis of BCVA for genotype groups A and B. Survival curves of BCVA for age are generated for genotype
groups A and B in terms of two BCVA levels: (A) logMAR BCVA 0.22 and (B) logMAR BCVA 1.00. Half of the patients in genotype group A
reached a BCVA level of 0.22 at age 42 years, while half of the patients in genotype group B reached that level at age 57 years. Thus, there is
a 15-year difference in VA reduction between genotype groups A and B. The diagram for logMAR 1.00 shows that half of patients in genetic
group A reached the VA level of 1.00 at age 57 years, while most patients (>80%) in genotype group B did not reach that severe VA level.
A statistically significant difference was revealed between genotype groups A and B in terms of survival curves of BCVA.
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There were 49 patients with available SD-OCT data,
including 28 in genotype group A and 21 in genotype group
B. Classical and nonclassical SD-OCT findings were detected
in 26 and 2 patients in genotype group A, respectively
(26/28, 92.8% and 2/28, 7.1%; Table 2, Supplementary Fig.
S4). Classical and nonclassical SD-OCT findings were iden-
tified in 18 and 3 patients in genotype group B, respec-
tively (18/21, 85.7% and 3/21, 14.3%). The proportion of
SD-OCT stages IA/IB/IIA/IIB/IIIA/IIIB in genotype groups
A and B was 3.6%/3.6%/10.7%/46.4%/10.7%/3.6% and
0.0%/4.8%/14.3%/38.1%/0.0%/19.0%, respectively (Supple-
mentary Table S2, Supplementary Fig. S4).

A statistically significant difference was observed
between genotype groups A and B in terms of the VF pattern
(P = 0.0162), whereas no significant difference was found
in the mfERG group classification (P = 0.5049) or SD-OCT
classification by human experts (P = 0.7334). Quantitative
assessment for VF and mfERG findings suggested lower
central sensitivity and central responses, although statisti-
cal analyses were unavailable due to the limited number of
patients.

AI-Based Morphologic Classification

The results of the quality of deep learning of the SD-OCT
images and the performance of the API are summarized
in Supplementary Table S5. A sufficient training accuracy
of 93.8% was obtained. The training sensitivities of geno-
type groups A and B were 87.5% and 100%, respectively.
The training specificities of genotype groups A and B were
100.0% and 87.5%, respectively. The overall test accuracy
of the developed API was 75.4%, and the reproducibility of
genotype categorization was 80.6% and 70.0% for genotype
groups A and B, respectively. The performance of the API
in the current study was compatible with those of previ-
ous studies conducted with the same learning algorithm: an
overall range of accuracy of 66.7% to 100.0%.27,28

Saliency maps of the characteristic features detected by
the API are presented as representative SD-OCT images
(see Supplementary Fig. S5). An accurate prediction was
obtained when the machine characterization was focused on
the photoreceptor layers and other retinal layers; the identifi-
cation of a wider area indicated genotype group A, whereas
the identification of a focal area indicated genotype group B.
Lower recording resolution and myopic changes were found
in cases with inaccurate prediction results.

DISCUSSION

In this study, we have detailed the clinical and genetic
features based on these two hotspots in a large, well-
established cohort of 51 East Asian patients with OMD
caused by a monoallelic pathogenic missense variant
(Miyake disease). Distinct clinical entities were comprehen-
sively characterized to establish a new genotype–phenotype
association.

A severe phenotype was observed in patients with
hotspot 1 variant (p.R45W), including earlier onset, more
severe visual impairment, and a high incidence of prominent
central VF loss (severe pattern). By contrast, patients with
hotspot 2 variants (1196–1201) had a milder phenotype with
a later onset, milder visual loss, and mild VF impairment.
Notably, crucial features, such as photoreceptor microstruc-
tural damage and maintained RPE/inner retinal layers, were
shared between the two genotype groups, although show-

ing different spatial distributions of morphologic changes.
Knowledge of the genotype–phenotype correlation may
aid in counseling patients and guiding future treatment
options.

The different molecular mechanisms of the missense vari-
ants located in the DCX domain and the compositional
bias region support the different clinical effects confirmed
by the phenotype. RP1L1’s DCX domain is implicated in
microtubule binding and stabilization (see Supplementary
Figs. S1 and S2). It participates in protein and molecule
transport along microtubules in photoreceptor cells, as well
as in the organization and stability of the microtubule
cytoskeleton.5,10 Consequently, the direct impact of the DCX
domain on hotspot 1 (p.R45W) could account for its more
severe clinical manifestations than other monoallelic vari-
ants. Although the molecular mechanism underlying the
monoallelic RP1L1 variant remains unclear, a dominant-
negative effect or gain of function can result in abnormalities
in microtubule binding and stabilization.

Hotspot 2 is a conserved region hypothesized to
contribute to the compositional bias toward charged amino
acids (see Supplementary Figs. S1 and S2).5,12 The C-terminal
region of RP1L1 encompasses a large repetitive region with
an unusually high proportion of glutamine, glycine, and
glutamic acid residues. This compositional bias may play
a central role in the protein’s function, potentially through
electrostatic interactions with other proteins or cellular
structures. The precise association between RP1L1 composi-
tional bias and the function of the DCX domain warrants
further investigation. Despite demonstrating a clear clin-
ical effect and the potential role of these two hotspots,
the underlying molecular mechanisms are yet to be fully
elucidated. Primate modeling could help explain the pheno-
typic features presented herein, and additional experimental
research may provide valuable insights into potential treat-
ments for this disease.

In the current study, AI was applied based on SD-OCT
images for two main reasons: no or extremely limited access
to insurance-covered genetic testing in East Asia and vari-
ability of physicians’ clinical assessments. The number of
ophthalmic genetics experts is very limited in East Asia (e.g.,
less than 1% of certified ophthalmologists in Japan). Only
self-funded or research-based genetic testing is available for
Miyake disease, when patients see specialists. Such a situ-
ation in East Asia promotes the development of AI-guided
diagnostic support in this field. Furthermore, variable assess-
ment results for SD-OCT images (agreement ratio for SD-
OCT 6 stages <60%; Supplementary Table S4, Supplemen-
tary Fig. S4) by clinical experts make it difficult to provide
consistent assessment, albeit the original SD-OCT stages
were based not on morphologic features but on compre-
hensive clinical features, including visual symptoms, natural
course, and morphologic findings like in the ophthalmol-
ogy clinic.18 AI-guided assessment could provide a solution
to overcome the inherent limitations of applying descrip-
tive classification and assessment with an single indicator.
The clinical needs and the economic situation for genetic
testing should vary depending on countries/areas, and the
variability of physicians’ assessments could only occur in
particular diagnostic environments; thus, it has still been
argued whether AI should be applied for distinguishing reti-
nal features.

AI-based categorization allowed us to differenti-
ate morphologic variations between the two genotype
groups. Saliency map analysis revealed divergent spatial
distributions of damaged photoreceptor layers aligned with
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the molecular mechanism of photoreceptor microstructural
damage. High-resolution imaging can support accurate
predictions, whereas confounding factors, such as myopic
changes, may lead to inaccurate results.

No reports have been conducted on predicting the
genotype/variant-based clinical effects of IRD based on
retinal imaging. Therefore, the present study represents
the first effort to establish an AI-guided genotype/variant-
based characterization and diagnostic platform utilizing reti-
nal images. AI-guided genotype/variant-based characteriza-
tion based on ffERGs has also been developed.26 Thus, an
AI-guided combination of retinal imaging and functional
assessment can provide a more comprehensive machine
diagnosis. AI has the potential to facilitate prognostic
predictions in patients with Miyake disease at the earli-
est stages of genetic testing, which can significantly influ-
ence their life plans. However, the limited number of cases
per variant group necessitates improved accuracy in larger
cohorts.

Despite the lack of effective treatment options, Miyake
disease presents a viable opportunity for personalized
medicine. This study revealed significant differences in the
predicted natural progression of visual impairment between
the two genotype groups, necessitating distinct timing and
methods of therapeutic intervention. Although gene supple-
mentation is not feasible yet, gene editing and RNA therapy
may be suitable for addressing dominant-negative effects or
gain-of-function mechanisms.

This study has some limitations as it only provides
cross-sectional data of patients caused by two hotspots;
longitudinal data of a larger cohort, including patients
caused by missense variants of uncertain significance
outside of the two hotspots, would provide stronger
evidence of the full spectrum of the disease, as well as
the natural history, disease progression, and the preva-
lence of hotspots. The accuracy of our AI-based classifi-
cation was assessed using a previously established gene-
based categorization and the same algorithm.27,28 More inde-
pendent and clinically focused assessment methods with
quantitative assessment, such as comparisons with doctor
evaluations, should be employed to enhance the qual-
ity of the developed API that enables the prediction of
the pathogenicity of detected variants based on SD-OCT
images.

In conclusion, this newly identified genotype–phenotype
relationship has significant implications for future research
on therapeutic interventions, including the therapeutic
window of opportunity. Furthermore, it can serve as an
evidence-based guide for health care professionals in patient
care, counseling, and the management and monitoring of
clinical examinations.
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APPENDIX

The East Asia Inherited Retinal Disease Society
(EAIRDs: https://www.eairds.org/). Study Group:
The East Asia Occult Macular Dystrophy (EAOMD)
studies are supported by a contract from the
EAIRDs.
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