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Abstract 

Backgrounds  Unilateral high myopia (uHM), commonly observed in patients with retinal diseases or only with high 
myopia, is frequently associated with amblyopia with poor prognosis. This study aims to reveal the clinical and genetic 
spectrum of uHM in a large Chinese cohort.

Methods  A total of 75 probands with simplex uHM were included in our Pediatric and Genetic Eye Clinic. Patients 
with significant posterior anomalies other than myopic fundus changes were excluded. Variants were detected 
by exome sequencing and then analyzed through multiple-step bioinformatic and co-segregation analysis and finally 
confirmed by Sanger sequencing. Genetic findings were correlated with associated clinical data for analysis.

Results  Among the 75 probands with a mean age of 6.21 ± 4.70 years at the presentation, myopic fundus of C1 
and C2 was observed in 73 (97.3%) probands. Surprisingly, specific peripheral changes were identified in 63 eyes 
involving 36 (48.0%) probands after extensive examination, including peripheral retinal avascular zone (74.6%, 47/63 
eyes), neovascularization (54.0%), fluorescein leakage (31.7%), peripheral pigmentary changes (31.7%), and others. 
Exome sequencing identified 21 potential pathogenic variants of 13 genes in 20 of 75 (26.7%) probands, includ-
ing genes for Stickler syndrome (COL11A1 and COL2A1; 6/20), FEVR (FZD4, LRP5, and TSPAN12; 5/20), and others 
(FBN1, GPR179, ZEB2, PAX6, GPR143, OPN1LW, FRMD7, and CACNA1F; 9/20). For the peripheral retinal changes in the 20 
probands, variants in Stickler syndrome-related genes were predominantly associated with retinal pigmentary 
changes, lattice degeneration, and retinal avascular region, while variants in genes related to FEVR were mainly associ-
ated with the avascular zone, neovascularization, and fluorescein leakage.

Conclusions  Genetic defects were identified in about one-fourth of simplex uHM patients in which significant con-
sequences may be hidden under a classic myopic fundus in up to half. To our knowledge, this is the first systematic 
genetic study on simplex uHM to date. In addition to routine care of strabismus and amblyopia, careful examination 
of the peripheral retina and genetic screening is warranted for patients with uHM in order to identify signs of risk 
for retinal detachment and other complications and provide meaningful genetic counseling.
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Background
Anisometropia is a condition characterized by imbal-
anced ocular development of the two eyes, despite both 
eyes being exposed to similar genetic and environmen-
tal influences. Unilateral high myopia (uHM), a specific 
form of anisometropia, refers to patients with cyclople-
gic spherical equivalents of at least − 5.00 to − 6.00D in 
the highly myopic eye and a difference of 5.00 diopters or 
more between the two eyes [1], although variable criteria 
have also been used [2]. Unilateral high myopia is easily 
missed by their parents because of the relatively normal 
contralateral eye, although it is generally early-onset and 
frequently associated with serious consequences such as 
amblyopia with poor treatment outcomes, strabismus, or 
retinal detachment [2–4]. It may be classified into com-
plex and simplex forms depending on whether it is asso-
ciated with other obvious ocular or systemic diseases. 
Complex uHM is known to be associated with corneal 
opacity, congenital lens abnormalities, uveal coloboma, 
morning glory syndrome, Straatsma syndrome, Stickler 
syndrome, familial exudative vitreoretinopathy, retin-
opathy of prematurity, and other complications that are 
usually easily recognizable [2, 5–10]. On the other hand, 
simplex uHM refers to uHM without noticeable ocular or 
systemic changes except for myopic posterior fundus on 
routine examination. Clinical analysis of simplex uHM 
has been rare [1, 4, 11]. Simplex uHM is often missed 
and rarely described in children not only because of 
insignificant myopic posterior fundus but also due to the 
compensatory visual acuity provided by the better eye. 
However, the disastrous diseases may hide in presumed 
simplex uHM, in addition to amblyopia or strabismus. 
Therefore, the systematic evaluation of simplex uHM 
may contribute to the early detection of risk signs and 
further improvements in clinical management.

Genetic factors have been shown to play a major role in 
early-onset high myopia (eoHM), [12] in which variants 
in RetNet genes could be detected in about 24% of eoHM 
families [13, 14] while those in eoHM genes contributed 
to about 9% of eoHM families [15–17] based on our pre-
vious studies on bilateral eoHM. Although genetic fac-
tors have also been suggested for uHM [2, 11, 18–20], the 
exact genetic defects rarely have been reported for uHM, 
especially for simplex uHM. Recently, high myopia in 
one eye has been found in 11% of obligate female carriers 
with unique haplotypes in OPN1LW that are a common 
cause of bilateral eoHM in males [16], suggesting that 
systematic analysis of other genes associated with ocular 
diseases may uncover additional genetic defects associ-
ated with uHM.

In the current study, a total of 75 unrelated probands 
with simplex uHM were recruited from the pediatric and 
genetic eye clinic at the Zhongshan Ophthalmic Center. 

Systematic ocular examinations were performed to 
reveal subtle clinical risk signs and exome sequencing of 
genomic DNA was performed to detect genetic variants. 
Potential pathogenic variants in 13 genes were identified 
in 26.7% (20/75) of probands, with majority being related 
to FEVR or Stickler syndrome. Notably, the molecular 
diagnostic rate of uHM is comparable to that of bilateral 
eoHM, indicating a significant role of monogenetic fac-
tors in the development of uHM. Those probands, with 
typical C1 (77.3%) and C2 (20.0%) myopic fundus with-
out noticeable additional signs, were presumed to have 
simplex uHM at the initial routine clinical examination. 
Surprisingly, extensive additional examination including 
ultra-wide-field imaging and fundus fluorescein angiog-
raphy (FFA) imaging revealed peripheral fundus changes 
in 48% of these cases, including color changes (pigmen-
tary changes, hypopigmentation, degeneration), vascu-
lar abnormalities (avascular zone, neovascularization, 
fluorescein leakage), and fibrous proliferation. Our data 
highlight the importance of performing comprehen-
sive peripheral retinal examinations and clinical genetic 
testing in patients with simplex or complex uHM in 
order to promptly detect the potential risk factors, such 
as retinal detachment and provide genetic counseling 
when needed, in addition to care of the strabismus and 
amblyopia.

Methods
Patient enrollment
This study was approved by the institutional review 
board of Zhongshan Ophthalmic Center. All patients 
with uHM and their family members in the study were 
enrolled from the Pediatric and Genetic Eye Clinic, 
Zhongshan Ophthalmic Center, Guangzhou, and evalu-
ated by a senior ophthalmologist (Zhang Q). Based on 
the initial complaint and routine ophthalmic examination 
the preliminary diagnosis of probands from 75 unrelated 
families was simplex uHM that was defined as follows [1, 
2]: (1) the highly myopic eye had a cycloplegic refraction 
(spherical equivalent) ≤ −  6.00 diopters (D) (or ≤ −  5.00 
D when the age of a proband is less than 7  years old) 
while the fellow eye did not have such refraction; (2) The 
absolute difference of refraction between highly myopic 
eye and the fellow eye should be at least 5 diopters (≥ 5 
D); (3) Exclusion of diseases involved in cornea, iris, and 
lens; (4) Exclusion of retinal diseases except for myopic 
fundus changes based on major complaint reported by 
the patient or their legal guardians and routine fundus 
examination; (5) Individuals with eoHM in both eyes 
were excluded. Prior to collecting peripheral venous 
blood samples and clinical data, all participants or their 
legal guardians underwent informed consent in accord-
ance with the principles of the Declaration of Helsinki. 
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The genomic DNA was prepared from the peripheral 
venous blood as previously described [13].

Variants identification and evaluation
Whole-exome sequencing (WES), or targeted exome-
sequencing (TES) on 736 eye-panel genes was conducted 
on the genomic DNA from the 75 probands with uHM, 
using methods described in our previous study [17]. For 
WES, the Agilent SureSelect Human All Exon Enrich-
ment Kit (Agilent, Santa Clara, CA, United States) was 
used to construct the whole-exome library. The library 
quality assessment was performed using Agilent Tech-
nologies 2100 Bioanalyzer and library sequencing was 
conducted using Illumina HiSeq platform (Illumina, 
San Diego, CA, United States) with an average depth of 
at least 125-fold. The clean reads were mapped to the 
human reference genome hg19 with Burrows-Wheeler 
Aligner (BWA) software (http://​bio-​bwa.​sourc​eforge.​
net/). Subsequently, variant calling was performed using 
GATK (https://​gatk.​broad​insti​tute.​org/​hc.​en-​us) and 
SAMTOOLS (http://​samto​ols.​sourc​eforge.​net/) imple-
menting Bayesian approaches, and annotation of the 
detected variants was performed using ANNOVAR 
(http://​annov​ar.​openb​ioinf​ormat​ics.​org/​en/​latest/).

For TES, through the Bioruptor Plus (Diagenode, 
Liege, Belgium), genomic DNA Fragments of approxi-
mately 200 base-pair (bp) were obtained. Subsequently, 
the fragments were subject to the KAPA HTP Library 
Preparation Kit (Roche, Basel, Switzerland) to generate 
a paired-end library. For the library capture, the Nim-
bleGen SeqCap EZ Choice Library SR V5 kit (Roche) 
was utilized, and then the libraries were sequenced using 
NextSeq550 Mild output v2 kit (150 bp paired-end) on an 
Illumina Nextseq550 Analyzer (Illumina, San Diego, CA). 
Data analysis, including variant calling, annotation, and 
screening was conducted utilizing Strand NGS software 
(Karnataka, India). The genes included in the target gene 
panels are listed in Additional file 1: Table S1 as described 
in our previous study [17].

The detected variants were filtered through multiple 
steps of bioinformatic analysis as previously described. 
Firstly, variants with low sequencing quality (coverage 
depth less than 5) or with minor allele frequency (MAF) 
of more than 1% in the gnomAD database (https://​gno-
mad.​broad​insti​tute.​org/) were excluded. Subsequently, 
the potential effect of missense variants was evaluated 
using five in silico prediction tools, including SIFT 
(http://​sift.​jcvi.​org/), Polyphen-2 (http://​genet​ics.​bwh.​
harva​rd.​edu/​pph2/), PROVEAN (http://​prove​an.​jcvi.​
org/​seq_​submit.​php), CADD (http://​cadd.​gs.​washi​
ngton.​edu), and REVEL (https://​sites.​google.​com/​site/​
revel​genom​ics/). Then, the influence of variants on 

splicing signals was computationally examined by an 
online splicing prediction tool: Human splicing finder 
program (HSF, https://​hsf.​genom​nis.​com/​mutat​ion/​
analy​sis). Additionally, these variants were evaluated by 
a comparison analysis of the gnomAD database and the 
Human Gene Mutation Database (HGMD). The vari-
ants were evaluated according to the American College 
of Medical Genetics and Genomics (ACMG) and the 
Association for Molecular Pathology (AMP) criteria. 
Then, the residual variants, including pathogenic, likely 
pathogenic, and variants of uncertain significance, were 
confirmed by Sanger sequencing as described previ-
ously [21], for which the primers were designed using 
primer 3 (http://​prime​r3.​ut.​ee/). Finally, co-segregation 
analysis was performed on available family members.

Clinical data collection
General clinical information of all participants includ-
ing age, sex, and first symptom was collected. Par-
ticipants included in this study underwent routine 
ophthalmological examinations and necessary addi-
tional specific tests, including fundus photography, 
RetCam digital photography, scanning-laser ophthal-
mology (SLO), optical coherence tomography (OCT), 
fundus fluorescein angiography (FFA), and the electro-
retinogram (ERG). Based on fundus photography, SLO, 
Retcam, FFA, and OCT results, the peripheral retinal 
abnormalities were evaluated by two ophthalmologists. 
The evaluation on peripheral retina mainly considered 
color changes (pigmentary changes, hypopigmenta-
tion, degeneration), and vascular morphology (avas-
cular zone, neovascularization, vascular leakage), and 
fibrous proliferation, as described in previous studies 
[22–25]. The comprehensive list of peripheral retinal 
changes observed in this study and represent image of 
each peripheral retinal changes could be found in Addi-
tional file 3: Fig. S3 and Table S6. In addition, grading 
of high myopia was based on the classification pro-
posed by Ohno-Matsui et  al. [26], where the myopic 
fundi were classified into five categories: Category 0 (no 
myopic retinal degenerative lesion), Category 1 (tes-
sellated fundus), Category 2 (chorioretinal atrophy), 
Category 3 (patchy chorioretinal atrophy), Category 4 
(macular atrophy). Foveal hypoplasia grading was per-
formed according to the Leicester Grading System [27]. 
Patients with FEVR were staged based on the FEVR 
classification scheme proposed by Pendergast and 
Trese [28].

http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
https://gatk.broadinstitute.org/hc.en-us
http://samtools.sourceforge.net/
http://annovar.openbioinformatics.org/en/latest/
https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://provean.jcvi.org/seq_submit.php
http://provean.jcvi.org/seq_submit.php
http://cadd.gs.washington.edu
http://cadd.gs.washington.edu
https://sites.google.com/site/revelgenomics/
https://sites.google.com/site/revelgenomics/
https://hsf.genomnis.com/mutation/analysis
https://hsf.genomnis.com/mutation/analysis
http://primer3.ut.ee/
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Follow‑up observation on progress of visual acuity 
after intervention
Follow-up observation on progress of visual acuity 
was through medical record review, telephone inter-
views, and outpatient follow-up visits. Of the 75 uHM 
probands, 38 had follow-up clinical data on wear of 
glasses together with patching therapy. The baseline date 
was defined as the date of the proband’s first treatment 
and the last follow-up date was defined as the date of the 
last measurement of best corrected visual acuity (BCVA). 
Each participant was advised to continuously wear spec-
tacles for optical correction, with replacement of glasses 
in follow-up visit, if necessary. Additionally, the rela-
tive healthy eye was recommended to be patched for at 
least 4 h each day for at least five days a week, while in 
the meantime the highly myopic eye was encouraged to 
perform amblyopia training exercises once the healthy 
eye was patched. The patients were also advised to have 

regular follow up visit every six months. The mean fol-
low-up time was 24.55 ± 20.17 months.

Statistical analysis
All statistical analyses were performed using IBM SPSS 
statistics software v26.0 (IBM Corporation, Armonk, NY, 
USA). Clinical data were compared between the highly 
myopic eye and the fellow eye using a Wilcoxon signed-
rank test or Fihser’s exact test. The comparison of the 
BCVA within the same uHM patient group at different 
time points was evaluated using the Wilcoxon signed-
rank test or paired Student’s t-test. The refractive differ-
ence between the highly myopic eye and the fellow eye 
with the corresponding difference in total axial length 
was compared by linear regression. A P value less than 
0.05 is taken to indicate statistical significance.

Fig. 1  The demographic characteristics and clinical data of 75 pedigrees with unilateral high myopia in this study. A Demographic data 
and clinical characteristics including sex, age, visual acuity, refraction error, axial length, first symptom, myopic maculopathy classification, and FEVR 
stage classification. B Correlation of refraction error difference (diopters) and axial length difference (millimeters) between the highly myopic 
and contralateral eyes (R2 = 0.79, P < 0.0001). C Distribution of available refraction data in diopters of patients with unilateral high myopia in this 
study. D Distribution of available axial length in millimeters of patients with unilateral high myopia in this study. The red circles represent the highly 
myopic eyes, and the gray circles represent the fellow eye
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Results
The clinical characteristics of uHM
The 75 unrelated probands initially diagnosed as uHM 
were recruited in the current study. The general clini-
cal findings of these 75 uHM patients were presented in 
Fig. 1 and Additional file 1: Table S2. Of the 75 probands, 
38 were female (50.7%) and 37 were male (49.3%), with 
a mean age at onset of 4.42 ± 2.07  years (median 3.83, 
interquartile range (IQR) 3.08 to 5.33 years) (Fig. 1A and 
Additional file 1: Table S2). At the first examination, the 
majority of the probands (71/75) were children except for 
four who were more than 12 years of age. The mean age 
at examination was 6.21 ± 4.70  years (median 5.08, IQR 
4.00 to 6.42) (Fig.  1A). The most common initial symp-
toms were HM (40%, 30/75) and impaired vision in the 
poor eye (45.3%, 34/75). Based on the available clini-
cal data, the prevalence of strabismus in this cohort was 
13.8% (9/65).

In the 75 probands, the highly myopic eyes had a mean 
spherical equivalent refraction of − 10.20 ± 3.30 diopters 
(median − 9.75 diopters, IQR − 11.75 to − 8.0 diopters) 
while the fellow eyes had a mean spherical equivalent 
refraction of − 0.70 ± 1.88 diopters (median − 0.25 diop-
ters, IQR − 2.06 to 0.75 diopters). A difference of at least 
−  5.00 diopters was observed in all patients (Fig.  1C, 
D). Consistent with this, the mean total axial length of 
the highly myopic eye was 26.18 ± 1.70  mm (median 
25.87 mm, IQR 25.26 to 26.98 mm) while that of the fel-
low eye was 22.90 ± 1.09  mm (median 22.75  mm, IQR 
22.25 to 23.73  mm) (Fig.  1A). The relationship between 
the intraocular difference in axial length and the intraoc-
ular difference in refractive error is shown in Fig. 1B.

The intraocular difference in axial length in these 
patients is consistent with the intraocular difference in 
refraction error (R2 = 0.79, P < 0.0001) (Fig. 1B), based on 
correlation analysis of 60 of 75 probands with both data 
of refraction and axial length, in which the average axial 
length difference between the highly myopic eye and the 
fellow eye was 3.27 ± 1.31 mm and the average refractive 
error between the highly myopic eye and the fellow eye 
was 9.30 ± 3.31 diopters. The linear regression coefficient 
of the relationship was 0.3505, indicating that each 1 mm 
intraocular difference in axial length corresponds to the 
intraocular difference of 2.81 diopters.

According to the myopic maculopathy classifica-
tion system [26], a tessellated fundus (Category 1), dif-
fuse chorioretinal atrophy (Category 2), and macular 
atrophy (Category 4) were observed in 77.3% (58/75), 
20.0% (15/75), and 2.7% (2/75) of patients, respectively 
(Fig.  1A). The available posterior fundus photographs 
revealed a normal-appearing or typical myopic appear-
ance in the 75 probands (Fig. 2). However, extensive ocu-
lar examinations including SLO, OCT, FFA, and ERG, 

ultra-widefield fundus photography and FFA images 
revealed specific fundus changes in 48% (36/75) of these 
probands (Additional file  1: Table  S2). The distribution 
of peripheral fundus changes in the probands were dem-
onstrated in the Additional file 1: Table S3-1. Of the 63 
eyes in 36 probands with peripheral retinal changes, the 
most common abnormality was the peripheral retinal 
avascular zone (74.6%, 47/63), followed by neovasculari-
zation (54.0%, 34/63), fluorescein leakage (31.7%, 20/63), 
peripheral pigmentary changes (31.7%, 20/63), periph-
eral retinal degeneration (30.2%, 19/63), and followed by 
several others (Additional file 1: Table S3-1). In addition, 
there was no significant difference in the distribution 
of peripheral retinal degeneration between the highly 
myopic eye (36/75) and the fellow eye (27/75) (Fisher’s 
exact test, P = 0.558).

Available OCT findings demonstrate Grade 1 to 
Grade 2 foveal hypoplasia in eight probands and normal 
structures in 36 probands. Similarly, the available ERG 
examination results of 18 eyes from nine probands exhib-
ited normal cone response in six eyes and normal rod 
response in nine eyes. The remaining eyes demonstrated 
a mild reduction in cone response in four eyes, moderate 
reduction in one eye, and severe reduction in seven eyes. 
Additionally, there was a mild reduction in rod response 
in five eyes, moderate reduction in one eye, and severe 
reduction in three eyes (Additional file 2: Fig. S1).

Molecular findings
The results of the genetic screening of the 75 probands 
with uHM from unrelated families are shown in Addi-
tional file  1: Table  S2. After the detected variants were 
systematically evaluated with reference to the ACMG/
AMP criteria, 21 potential pathogenic variants in 13 
genes were identified in 20 of 75 (26.67%) probands, 
including two in-frame variants, nine truncation variants, 
and ten missense variants (Fig. 3 and Table 1; Additional 
file 1: Table S2). These variants in the 20 probands could 
be classified as pathogenic (6 probands), likely patho-
genic (6), and variant of uncertain significance (9) based 
on ACMG/AMP criteria (Table 1). In addition, these var-
iants are predicted to be deleterious by at least five in-sil-
ico prediction tools or were predicted to have an impact 
on splicing sites, as determined by the HSF tool. Finally, 
the majority of these variants (15/21) were absent in the 
gnomAD database, while the other four variants were 
extremely rare, with allele frequencies below 0.0001 and  
the last  two were  compound heterozygous variants in 
GPR179. The 21 variants were confirmed by the Sanger 
sequencing (Additional file 2: Fig. S2).

Of the 13 genes, variants in genes related to Stick-
ler syndrome were most common, including COL11A1 
(4/20, 20%) and COL2A1 (2/20, 10%). Variants in genes 
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associated with FEVR were the second leading causa-
tive factor in solved uHM probands: FZD4 (2/20, 10%), 
LRP5 (2/20, 10%), and TSPAN12 (1/20, 5%). The variants 
in the remaining 9 probands were detected in the fol-
lowing genes, which contribute to other related diseases 
when mutated, including FBN1, GPR179, ZEB2, PAX6, 
GPR143, OPN1LW, FRMD7, and CACNA1F (Fig.  3C). 
Interestingly, three female probands with uHM had het-
erozygous variants in X-linked genes (GPR143, OPN1LW, 
and CACNA1F), suggesting a skewed inactivation of the 
X chromosome between their two eyes.

Genotype–phenotype correlation of uHM probands
The 20 probands with genetic variants identified in 
known myopia-related genes presented as simplex uHM 

without any other ocular conditions on their first visit to 
the general eye clinic. Additionally, while most parents 
only had mild to moderate myopia, so that the initial 
diagnosis of the 20 probands was presumed to be simplex 
uHM based on routine ocular examination (Fig.  2 and 
Table  2). There was no difference in population charac-
teristics, including age, gender, visual acuity, refraction 
error, and axial length between the 20 probands with 
identified genetic defects and the remaining 55 probands 
without genetic variants (Additional file  1: Table  S4). 
However, the myopic maculopathy in the highly myopic 
eye tended to be more severe in these 20 probands com-
pared to the remaining probands (Fisher’s exact test, 
P = 0.003).

Fig. 2  The posterior fundus photographs of bilateral eyes of six patients in this cohort. The uHM presents unilateral high myopia. The uHM 
symbol is in the lower-left corner of the fundus image of the highly myopic eye. The traditional fundus images of six patients show typical myopic 
fundus. A–C the fundus images of three probands (F13-II:2; F18-II:1; F4-II:1) reveal the tessellated fundus (C1) in the highly myopia eye and normal 
appearance (C0) in the fellow eye. D the fundus image of the proband (F15-II:2) shows diffuse chorioretinal atrophy (C2) in the highly myopic eye 
and normal appearance in the fellow eye. E the fundus images of the proband (F12-II:2) shows diffuse chorioretinal atrophy (C2) in both eyes. F 
the fundus photography of the proband (F20-II:2) demonstrates the macular atrophy (C4) in the highly myopic eye and the tessellated fundus (C1) 
in the fellow eye
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Extensive ophthalmological evaluation identified 
peripheral specific signs in these patients, corresponding 
to their genetic findings. Among these peripheral retinal 
changes, variants in genes related to Stickler syndrome 
were predominantly associated with peripheral retinal 
pigmentary changes (50%), lattice degeneration (25%), or 
peripheral avascular region (25%) in this cohort (Addi-
tional file 1: Table S3-2). For example, the peripheral fun-
dus images of proband with variants in genes related to 
Stickler syndrome show lattice degeneration or periph-
eral retinal degeneration in the highly myopic eye only, 
and peripheral retinal pigmentary change in both eyes 
(Fig. 4A–F).

On the other hand, the variants in genes related to 
FEVR were mainly associated with peripheral retinal 
avascular zone (100%), neovascularization (90%), and 
fluorescein leakage (60%)  (Additional file 1: Table S3-2). 

The peripheral retinal degeneration was also found in 
both eyes of all patients with variants in LRP5 (Fig. 4I–
J). The FFA images of proband F9-II:1 demonstrate 
bilateral peripheral avascular areas, fluorescein leak-
age, and neovascularization, despite the myopic or nor-
mal appearance in the posterior fundus, consistent with 
FEVR disease caused by the FZD4 variant c.328_330del 
(p.Ile110del) (Fig.  4K, L). A similar pattern of fundus 
changes was also observed in proband F11-II:1 with 
LRP5 variant 4466C > A (p.Thr1489Lys) (Fig.  4I, J). In 
comparison to the fellow eye, patients with uHM and 
FEVR tended to have a more advanced stage of FEVR in 
the highly myopic eye (P = 0.043) (Fig. 1A).

Moreover, the SLO images of GPR143 c.767 + 10C > G 
carrier (F17-II:1) showed bilateral mosaic fundus pig-
mentation with radially hypopigmentation streaks 
oriented in the peripheral region with a normal-like 

Fig. 3  The molecular testing results and genetic landscape of the unilateral high myopia cohort. A Pedigrees of 20 unilateral families with potential 
pathogenic variants in 13 genes. The phenotypes of the patients shown in the pedigrees were based on the first visit. A solid black pattern indicates 
high myopia, a half-filled pattern indicated unilateral high myopia. a striped pattern indicates mild to moderate myopia. Circles represent females, 
squares represent males, and circles with a dot in center indicate heterozygous female carriers. M indicates mutant allele, + indicates the normal 
allele. Black arrows point to probands. B The molecular test results of 75 unrelated pedigrees with unilateral high myopia. Potential pathogenic 
variants in 13 genes were identified in 26.73% of the in-house cohort (20/75). C The distribution of the contributions of 13 genes to unilateral high 
myopia in these patients
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posterior pole consistent with the specific changes in 
OA1 carriers (Fig.  4G, H) in whom uHM is relatively 
rare. For the variants in other genes such as FBN1, ZEB2, 
GPR179, PAX6, OPN1LW, FRMD7, and CACNA1F, spe-
cific peripheral changes were relatively rare in probands 
carrying variants in these genes, which was indeed align-
ing with the genetic findings. In summary, the final diag-
nostic phenotypes of the 20 probands or their affected 
family members were based on genetic variants as well 
as comprehensive ocular ophthalmic examinations, espe-
cially the strong correlation between the varied gene and 
closely related specific phenotypes. However, for those 
probands with unspecific retinal changes without identi-
fied genetic variants, a final diagnosis rather than uHM 
would be difficult in clinic (Table  2; Additional file  1: 
Table S2; Additional file 2: Fig. S2).

Improvement of visual acuity in probands with uHM
The mean logMAR BCVA of the highly myopic eye and 
the fellow eye were 0.89 ± 0.63 (median 0.7, IQR 0.43 
to 1.00) and 0.17 ± 0.19 (median 0.1, IQR 0.0 to 0.3), 
respectively. There was a statistically significant dif-
ference between the BCVA of the highly myopic eye 
and that of the fellow eye (Wilcoxon signed-rank test, 
P < 0.001). Based on results of the follow-up study, uHM 
probands demonstrated steady BCVA improvement and 
gradual progression of refractive error (Additional file 1: 
Table  S5). There were similar BCVA improvements in 
both eyes of these probands (Fig.  5A, C), but different 
rates of refractive error progression were observed in the 
highly myopic eye and the fellow eye of uHM probands. 
Compared to the fellow eye, the highly myopic eye of 
uHM children had a higher progression rate of refraction 
error (Fig.  5B, D). According to the available follow-up 
study results for 38 uHM probands, the mean logMAR 
BCVA of the highly myopic eye improved from 0.84 to 
0.56 within 6 to 12 months of clinical intervention (opti-
cal correction together with patch therapy) (Wilcoxon 
signed-rank test, P = 4.3E−5) (Fig. 5E). Similarly, based on 
the follow-up data available for 20 uHM probands, the 
mean logMAR BCVA of highly myopic eyes improved 
from 0.72 to 0.39 with clinical intervention over the 

period from 18 to 24 months (Wilcoxon signed-rank test, 
P = 0.003) (Fig. 5F). Moreover, the mean logMAR BCVA 
further improved from 0.53 to 0.40 with clinical inter-
vention (Wilcoxon signed-rank test, P = 0.011) between 
the period 6 to 12 months and 18 to 24 months (Fig. 5G). 
However, it is worth noting that the BCVA of two 
probands (F5-II:1 and F44-II:1) had decreased slightly 
in 6–12 months, and for the one patient (F44-II:1), there 
was a slightly worsening from that point to 18–24 months 
(Fig. 5E–G). Additionally, the BCVA of other two patients 
(F43-II:1 and F47-II:1) improved within 6–12 months but 
slightly worsened from that time to 18–24 months (Addi-
tional file 1: Table S5 and Fig. 5F, H). The fluctuation of 
BCVA among these patients may be attributed to the 
poor compliance as no apparent change on posterior fun-
dus was observed.

Consistent with the above results, follow-up of 18 
uHM probands showed progressive improvement in 
the mean BCVA at each follow-up time point (base-
line vs 6 to 12  months, P = 0.005; baseline vs 18 to 
24 months, P = 0.001; 6 to 12 months vs 18 to 24 months, 
P = 0.011)  (Fig.  5H). Among the 18 participants, at the 
end of 18 to 24  months, the BCVA of 15 (83.3%) uHM 
patients was 0.52 logMAR or better (Snellen frac-
tion 20/63), and the BCVA of 11 (61.1%) uHM patients 
improved 3 or more lines.

Discussion
In the current study, 75 probands with referring diagno-
sis of simplex uHM based on routine examination were 
recruited from our Pediatric and Genetic Eye Clinic. 
Extensive clinical and genetic analysis identified periph-
eral retinal changes with potentially severe consequences 
in 48% of probands with uHM while causative genetic 
defects were detected in 26.7% of them. These findings 
are of clinical significance not only for the complica-
tions with the potential to cause blindness in the patients 
themselves but also for genetic counseling for their sib-
lings or offspring. As far as we know, our data present for 
the first time a systematic extensive clinical and genetic 
analysis of a cohort of uHM with important findings 

Fig. 4  The specific ophthalmology examination results during follow-up for six probands in our cohort. The clinical findings of highly myopic eyes 
are boxed in red. A–F, the traditional fundus images of the three patients (F1-II:1; F2-II:2; F6-II:2) with variants in genes related to Stickler syndrome 
(COL2A1 and COL11A1) demonstrates the typical myopic fundus, while ultra-widefield fundus images show the specific peripheral fundus changes 
including lattice degeneration and peripheral retinal pigmentation in the highly myopic eyes. The corresponding magnified images of the local 
retinal region (outlined by white dashed lines in an ultra-widefield fundus image) illustrate the similar fundus changes. G–H, the posterior 
fundus images of the GPR143 carrier (F18-II:1) shows myopic fundus, and ultra-widefield fundus images and magnified images demonstrate 
the nonuniform fundus pigmentation in both eyes. I-L, the fundus images of two probands (F11-II:1; F9-II:1) with variants in genes related to FEVR 
(LRP5 and FZD4) illustrate classic myopic fundus in the posterior pole, the peripheral avascular region, and fluorescein leakage were observed 
in fluorescein angiography

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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that would be valuable in improving the clinical care of 
patients with uHM.

Clinical care of uHM, complex or simplex, has been 
considered to be a challenge in the pediatric eye clinic, 
in which most attention has been paid to amblyopia and 
strabismus [4, 29]. Thus, uHM has been described as 
an accompanying sign associated with other ocular or 
systemic diseases in which the clinical signs of original 
diseases are remarkable, including corneal opacity [5], 
congenital lens abnormalities [2], uveal coloboma [6], 
morning glory syndrome [7], Straatsma syndrome [8], 
Stickler syndrome [9], familial exudative vitreoretinopa-
thy [30], and retinopathy of prematurity [10], etc. Unlike 
the complex uHM cases mentioned above, simplex 
uHM patients usually lack noticeable suggestive signs of 
other ocular or systemic diseases except for a posterior 
myopic fundus on routine ocular examination. Such sim-
plex uHM may mainly be treated as anisometropia alone 
with attention paid to amblyopia and strabismus in clini-
cal practice [2, 4, 29]. Peripheral retinal changes under-
lying severe complications may be neglected because of 
an appearance of simple myopic fundus in uHM, espe-
cially when the OCT and ERG results reveal no signifi-
cant abnormalities or only subtle changes, as they did 
in most of the probands enrolled in this study. In the 
current study, we detected obvious peripheral retinal 
changes including retinal degeneration, lattice degenera-
tion, retinal pigmentary changes or hypopigmentation, 
peripheral avascular zone, neovascularization, fluores-
cein leakage, or fibrous proliferation in about half of the 
probands. In this study, the most common peripheral 
changes are peripheral avascular zone and neovasculari-
zation, which have been identified to be highly associated 
with variants in genes related to FEVR. Correspondingly, 
the peripheral retinal degeneration, lattice degeneration, 
and pigmentary changes have been observed in more 
than one-third of cases with peripheral retinal changes, 
highly associated with variants in genes related to Stick-
ler syndrome. These findings indicate that the peripheral 
retinal changes may underlie vision-threatening diseases 
and emphasize the importance of systematic evaluation 
of the entire peripheral retina as soon as possible for 

children with uHM. Their importance is further shown 
by the detection in these patients of genetic variants in 
genes associated with ocular diseases frequently lead-
ing to blindness. Therefore, SLO or RetCam screening 
is recommended as an initial necessary examination for 
all patients with uHM. Additional specific examinations 
such as FFA or OCTA would be needed if suggestive signs 
were observed by SLO or RetCam. In addition, there is 
no statistically significant difference in the distribution of 
peripheral retinal changes between the highly myopic eye 
and the fellow eye, suggesting that the peripheral retinal 
examination should be performed not only in the highly 
myopic eye but also in the fellow eye.

There is a high correlation between axial length and 
spherical equivalent refraction in our patients, indicat-
ing that the asymmetric spherical equivalent refraction 
difference between both eyes in uHM patients can be 
primarily attributed to the interocular difference in total 
axial length, which is consistent with previous studies [2, 
18, 31]. However, the contribution of other optical com-
ponents, such as cornea and crystalline lens, cannot be 
ruled out. In this cohort, FBN1 variants have been identi-
fied in two probands, associated with Marfan syndrome. 
Previous study suggests that the high myopia in Marfan 
syndrome may be derived from both lenticular as well as 
axial mechanisms [32]. Consistently, our recently  pub-
lished data also suggests that myopia in patients with 
Marfan syndrome initially presents as refractive myopia 
and gradually evolves into axial myopia [33]. This transi-
tion is attributed to the normal axial length in the early 
stages in these patients, which later develops into longer 
axial length with age and disease progression. Addition-
ally, the minimal axial length difference in this cohort 
is 1.43  mm (contributed to about 4 diopter difference), 
observed in the proband F52-II:1. Despite an 8.5 diop-
ter refraction difference in this patient, inconsistent with 
axial length difference, this might be partly explained by 
the young age of the proband (examined at 3 years old). 
Alternatively, it implies a potential contribution of other 
optical components to refractive asymmetry, as some 
studies propose that interocular difference in corneal or 

(See figure on next page.)
Fig. 5  Best-corrected visual acuity and refraction progression of unilateral high myopia. Different colored points represent different genes, gray 
points represent patients without an identified genetic cause, and the red curve represents the best nonlinear fit of all data points. Scatter plots 
show the steady improvement of best-corrected visual acuity with age in the highly myopic eye (A) and the fellow eye (C). The other scatter plots 
show the gradual progression of refraction with age in the highly myopic eye (B) and the fellow eye (D). E Paired box plot showing the mean 
visual acuity of highly myopic eye improving from 0.84 to 0.56 logMAR (P = 4.3E−5) with clinical intervention over 6–12 months (38 patients). 
F Mean visual acuity of highly myopic eyes improved from 0.72 to 0.39 logMAR (P = 0.003) with clinical intervention in the period from 18 
to 24 months (20 patients). G. Mean visual acuity improved from 0.53 to 0.40 with clinical intervention (P = 0.011) over periods from 6 to 12 months 
and 18 to 24 months (18 patients). H Comparison between the bassline visual acuity and final visual acuity at time points of 6–12 months 
and 18–24 months after clinical intervention (18 patients). BCVA = best-corrected visual acuity, yrs = years, mo = month
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Fig. 5  (See legend on previous page.)
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crystalline lens structure may contribute to the asymme-
try in refractive errors. [18, 34–36]

There have been many genetic studies on bilateral 
eoHM in recent years and a number of genetic factors 
contributing to or associated with eoHM have been iden-
tified [12], so that currently genetic variants are seen in 
about one third of families with monogenic eoHM (about 
24% in RetNet genes [13, 14] and 9% in genes for high 
myopia [15–17] based on our previous studies). How-
ever, genetic analysis of uHM has been lacking although 
most uHM is also early-onset, usually occurring in early 
childhood. In the current study, 21 potential pathogenic 
variants in 13 genes were identified in 26.7% (20/75) of 
probands by exome sequencing, with a detection rate 
comparable to that for eoHM, suggesting a similar 
genetic contribution to both uHM and eoHM. Similarly, 
genetic contributions have also been observed in patients 
with bilateral or unilateral microphthalmia or coloboma 
[37–39]. In previous studies, uHM has been suggested 
to be primarily influenced by genetic factors rather than 
environmental factors, especially when it occurs at a 
young age [2, 18], although exact genetic defects have not 
been explored. It remains puzzling how genetic defects 
lead to asymmetric ocular growth between the two eyes. 
In fact, the asymmetry is not a rare phenomenon in 
inherited ocular diseases. For the patients with microph-
thalmia, anophthalmia and coloboma (MAC), the asym-
metric development of the two eyes is common [37, 40]. 
The genetic diagnostic rate of unilateral MAC patients 
has been found to be similar to that for bilateral MAC 
patients [37]. In addition, the unilateral retinal changes 
also have been found in FEVR patients, and causative 
genetic variants have been identified in more than half of 
unilateral FEVR patients [41]. Similarly, asymmetry can 
also be observed in Mendelian inherited systemic dis-
orders such as Goldenhar syndrome [42, 43]. Neverthe-
less, the exact molecular mechanism for uHM remains 
unclear. This phenomenon might relate to changes in 
gene expression due to DNA methylation or other epige-
netic control mechanism [44], or perhaps due to modi-
fying genes, a environmental modifier, or developmental 
stochastic effect [45]. In this study, heterozygous vari-
ants in X linked genes, including GPR143, OPN1LW, or 
CACNA1F, have been identified in three probands. The 
skewed X-chromosome inactivation in different eyes 
might account for asymmetric ocular changes in the 
female patients [2]. Recently, PAX6 and ZFHX1B variants 
were reported to be involved in developmental aniso-
metropia through regulating the unbalanced elongation 
of axial length between the eyes [46]. Coincidentally, 
the variants in both PAX6 and ZFHX1B (ZEB2) have 
been identified in uHM probands in this study [46]. The 
other detected genes in this study, such as those related 

to Stickler syndrome (COL2A1 and COL11A1) or Marfan 
syndrome (FBN1), which have been proposed to modu-
late ocular growth through axial mechanism [32, 47]. 
However, myopia in FEVR has been suggested be through 
a lenticular mechanism, [32, 48], anisometropia has been 
observed as a common sign in patients with FEVR [41]. 
The exact mechanism underlying uHM or asymmetrical 
development of the eye is unclear [29, 49]. In general, the 
mechanisms through which genetic defects contribute 
to the development of uHM and unilateral diseases in 
general remain a puzzle that requires further studies to 
unravel in the future.

As genetic defects contribute to a significant portion 
of uHM, it might be important to provide genetic testing 
and counseling for patients with uHM during their ini-
tial visit. The most common genetic cause of uHM in this 
study is variants in genes related to Stickler syndrome 
and FEVR, indicating that uHM had high risk of reti-
nal detachment. In addition, our data suggests that the 
presence of other underlying inherited ocular diseases 
might be under-ascertained in simplex uHM. As seen 
in proband F20-II:2 with uHM and heterozygous CAC-
NA1F p. Ala657Thr variant, subsequent analysis of her 
son demonstrated the same variant in hemizygous status 
and congenital stationary night blindness (CSNB) with 
bilateral high myopia. Thus, genetic screening for uHM 
patients can provide solid information for genetic coun-
seling not only for the patients themselves, but also for 
family members, and especially for female carriers with 
X-linked diseases.

The prevalence and severity of amblyopia has been sug-
gested to be gradually increased with age and with the 
magnitude of anisometropia during early childhood [50]. 
Gabai and Zeppieri reported that the optimal treatment 
window of anisometropia appears to be between 3 and 
7  years of age, as the impact of age on treatment effec-
tiveness is minimal during this period, while the efficacy 
of treatment decreased after this age [51]. Thus, timely 
recognition and intervention of uHM in pre-school chil-
dren is important. The basic treatment for uHM is wear-
ing spectacles for optical correction in combination 
with patch therapy. Several studies have identified the 
efficiency of such basic treatment on amblyopia associ-
ated with uHM in children [4, 52]. In the current study, 
the BCVA of children with uHM improves through cor-
rection of refractive error together with occlusion, con-
sistent with previous studies. Apart from such basic 
treatment, the posterior scleral reinforcement combined 
with patching therapy had been suggested to contrib-
ute to delaying the myopia progression and improving 
the visual acuity based on study on 16 preschool uHM 
children [53]. As nearly half of the uHM probands in 
the current cohort exhibited peripheral fundus changes 
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underlying risky complication, therefore, surgical inter-
ventions for young uHM children should be treated 
with great caution, emphasizing the necessity of com-
prehensive preoperative examinations. Further research 
is essential to validate the benefits and disadvantages of 
surgical interventions for young uHM children in the 
future. In addition, low-concentration atropine [54] and 
orthokeratology treatment [55] might delay the myopia 
progression on the highly myopic eye in children with 
myopic anisometropia. However, it’s noteworthy that 
such intervention on myopia is mainly based  on low to 
moderate myopia, other than uHM as seen in the current 
study. The effectiveness of these interventions in children 
with uHM requires further studies.

Although the current study provides valuable novel 
findings, there are some limitations. First, as described 
above, the number of uHM participants enrolled in the 
follow-up study of the BCVA improvement in highly 
myopic eye is limited due to variable time of follow-up 
duration, lack of placebo controls, and compliance of 
intervention in children. Therefore, the treatment out-
come of the current study should be taken with caution. 
The accurate assessment of the effectiveness of the clini-
cal intervention for uHM patients requires prospective 
cohort studies in the future. Second, the variants related 
to Stickler syndrome or Marfan syndrome have been 
commonly identified in this cohort. Since all subjects 
are recruited in our Pediatric and Genetic Eye Clinic, 
the majority of patients in this cohort are children (the 
age at examination was 6.21 ± 4.70 years) so that some of 
the valuable examinations (like SLO, FFA) were not per-
formed in all probands. Furthermore, some extra-ocular 
manifestations related to these syndromes are not obvi-
ous in early childhood, which may present or become 
more obvious in the teenager period [56], so that gene 
test on these patients in young childhood may provide an 
early warning marker in the care of these diseases. How-
ever, the transition of related clinical manifestations still 
needs to be further observed in the future.

Conclusions
In summary, to the best of our knowledge, the current 
study represents the first systematic clinical and genetic 
analysis of simplex uHM, revealing not only a clear asso-
ciation between monogenic variants and uHM but also 
potential blinding diseases hidden under classic myopic 
fundus. These findings emphasize the importance of 
early extensive examination of peripheral retina in both 
eyes of uHM patients and of genetic counseling for fam-
ily members based on genetic testing. Regular follow up 
visit is crucial not only for care of amblyopia but also for 
early detection of potential complications, which is the 
key for effective management of blindness consequence. 

In addition, this study may enrich our understanding of 
the molecular basis underlying uHM. The risky factors 
identified in the current study may also be valuable to be 
explored in other related eye diseases, such as anisome-
tropia and amblyopia.
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mal structure in three eyes of two patients (F4-II:1 and F5-II:2). The grade 
1 or grade 2 foveal hypoplasia was observed in five eyes of three patients 
(F1-II:1, F5-II:2, and F12-II:2). E-H The ERG findings of the highly myopic eye 
of four patients showed normal cone and rod response in two patients 
(F8-II:1 and F14-II:1), moderate to severe reduction in cone response, and 
severe reduction in rod response in the other two patients (F9-II:1 and 
F13-II:2). Figure S2. Family Pedigrees and Sanger sequencing chromato-
grams results for 20 unilateral high myopia families. The DNA sequencing 
results of affected patients and normal controls were presented in the 
right column. While the corresponding family pedigrees were displayed in 
the left column.

Additional file 3: Figure S3. Representative image of each peripheral 
retinal change identified in the study. Table S6. List of peripheral retinal 
changes in this cohort.
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