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Abstract

e AIM: To analyse the association of sleep quality with
myopia under different genetic risk (GR) levels.

e METHODS: A cross-sectional survey of students aged
9-14y in Wenzhou, China, was conducted. Refraction
without cycloplegia and ocular parameters were measured.
Sleep quality was assessed with the Pittsburgh Sleep Quality
Index (PSQI). Seventeen single nucleotide polymorphisms
(SNPs) were replicated by association analysis and used to
compute the GR score (GRS). Possible confounders were
assessed by a questionnaire that collected information
about the children and their parents. Generalized linear
models were used to analyse the sleep quality, the GR, and
their interaction effects on the risk of myopia.

e RESULTS: Out of 1354 children included in this study,
353 (26.07%) had sleep disturbances. The GRS ranged
from 4.49 to 12.89 with a mean of 7.74+1.23, and the
participants were divided into a low GR group, a moderate
GR group and a high GR group according to the GRS
quartile. In the generalized linear model, the children with
sleep disturbances and high GR had a higher risk of myopia
than those without sleep disturbances and with low GR
(OR=1.59, 95%Cl: 1.12-2.25; OR=1.88, 95%Cl: 1.23-2.88,
respectively). Compared to those with low GR and SDs,
children with high GR with or without SDs had a higher risk
of myopia (OR=4.88, 95%Cl: 2.03-11.71; OR=1.70, 95%Cl:
1.06-2.72, respectively).

e CONCLUSION: The prevalence of sleep disturbances in
elementary school students in Wenzhou was 26.07%. There
is a significant interaction between sleep disturbances and

a high GR of myopia, suggesting that a high GR of myopia
may increase children’s sensitivity to sleep disturbances.
This study indicates that children with a high GR of myopia
need to achieve adequate sleep duration and excellent
sleep quality.
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INTRODUCTION
I n recent years, the prevalence of myopia has shown a
continuous increase in younger individuals'" ™, and the

prevalence of high myopia has also grown!". Patients with high
myopia are prone to complications such as retinal detachment,
glaucoma, cataracts, and myopic macular degeneration,
which increase the risk of irreversible visual impairment and
blindness later in life”.

Although the pathogenesis of myopia is still unknown, a great
deal of studies have suggested that myopia is a multigenic
condition induced by a complex interplay between genes
and the environment®”, Hundreds of loci associated with
refractive error and myopia in Europeans and Asians have
been identified by several large-scale genome-wide association
studies (GWASs)™”. These loci provided the possibility to
calculate the genetic risk score (GRS), which estimates the

1 Individuals

overall risk of genetic susceptibility to myopia
with a GRS in the top 25% have been reported to have a
2.34- and 1.76-fold higher risk of high and moderate myopia
than the remaining 75%, respectively''". In addition, GRS
explains more phenotypic variance of spherical equivalent
(SE) in adolescents than the number of parents with myopia,
suggesting that GRS may be more effective as a proxy for
genetic factors than parental myopia'""l.

Sleep is a physiological process of human life activities, and
adequate sleep duration and high-quality sleep are important

guarantees for the healthy growth of children and adolescents.
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However, the prevalence of sleep disturbances worldwide is
20%-40%, which indicates that sleep disturbances are very

12-14

common in children and adolescents"*"". Sleep disturbances

not only lead to anxiety and depression, daytime drowsiness,
difficulty concentrating, and poor academic performance!”
but also may affect refractive development in children and
adolescents''*""!. Some studies have reported the association
of sleep quality with myopia®*'’; however, the results
are not consistent. We speculated that the reason for the
inconsistencies may be that the variation in individual genetic
susceptibility to myopia leads to different sensitivities to sleep
disturbances.

Thus, we analysed the association of sleep quality with myopia under
different levels of genetic risk (GR) in this study. This study
will offer a reference for the prevention and control of myopia
in children.

SUBJECTS AND METHODS

Ethical Approval The Wenzhou Epidemiology of Refraction
Error (WERE) study complied with the principles of the
Declaration of Helsinki and was authorized by the Ethics
Committee of the Eye Hospital of Wenzhou Medical
University. All the parents signed an informed consent form
after being informed of the study’s purpose and details. This
trial is registered as ChiCTR1900020584 at www.Chictr.org.
cn.

Subjects A cross-sectional study was carried out. Three
elementary schools in Wenzhou, Zhejiang Province, China,
were selected with cluster sampling. Students in grades 3-6
were examined from April to June 2021. A total of 1410
children were enrolled in the study, and subjects with ocular
inflammation or trauma or ill-matched subjects were excluded.
Examinations The ophthalmic examinations were conducted
by well-trained staff. Refractive error without cycloplegia was
estimated by an autorefractor (RM-800, Topcon Corp., Tokyo,
Japan). The average value was calculated after three repeated
measurements in each eye. The SE was computed as the sphere
power +1/2xcylinder power. Myopia was defined as SE of

2224 Ocular

-0.5 diopter (D) or less in at least one eye'
biological structure parameters, such as the axial length
(AL) and corneal curvature (CR), were estimated with the
IOL Master (Carl Zeiss Meditec, Oberkochen, Germany)
and a Lenstar 900 optical biometer (Haag Streit AG,
Koeniz, Switzerland). The average value was taken after 5
measurements of AL. The CR was repeatedly measured three
times, and the mean CR was defined as the average of the
steepest and flattest meridians of the CR. The AL/CR ratio was
defined as the ratio of the average AL to the average CR. Since
SE was highly correlated in both eyes (Spearman correlation
coefficient=0.835, P<0.001), only the SE, AL, and AL/CR data

were provided for the right eye.
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Questionnaires A detailed questionnaire was used to collect
information about children’s demographic characteristics
(age, sex, grade), near-work time, outdoor time, parental
myopia status and parental education level. Sleep quality was
evaluated with the Pittsburgh Sleep Quality Index (PSQI)
by asking about children’s sleep habits in a typical recent
month. The Chinese version of the PSQI has been effectively
validated in a previous report’™ and covers seven factors,
namely, subjective sleep quality, sleep latency, sleep duration,
sleep efficiency, sleep disturbances, hypnotic medication, and
daytime dysfunction. The higher the global PSQI score is, the
worse the sleep quality. Sleep disturbances were defined as a
score of 6 or more!"”. The Cronbach’s a of the PSQI in this
study was 0.617. All the questionnaires were administered
by at least 2 subject group trained surveyors who were also
well experienced in explaining these questions to facilitate the
investigation of each investigated class.

Single Nucleotide Polymorphism Selection and Genotyping
We retrieved a total of 108 single nucleotide polymorphisms
(SNPs) associated with myopia by searching the SNPedia
database, GWAS catalogue database, CREAM Consortium
database, and published papers, with a cut-off date of September
2019”1 A DNA extraction kit (Tiangen Biotechnology
Co., Ltd., Beijing, China) was used to extract DNA from
oral mucosa samples from the children, and genotyping was
performed using a custom-designed 48-Plex SNP Scan™ kit
(Cat#: G0104; Shanghai Tianhao Biotechnology Co., Ltd.).
Genotyping of a random duplicated sample was performed as
an internal control to guarantee the quality of the genotyping
data, and there were no genotyping errors detected for any of
the SNPs. The success rate of genotyping was greater than
99%, and the concordance rate was 100% for 3% of replicate
samples. The genotyping data for this study were completed in
April 2020. Since the individual genome remains unchanged
throughout life, it does not affect the results of this data
analysis.

Genetic Risk Score Using the gene polymorphism data, 17
SNPs associated with myopia were replicated by association
analysis in this study and used to calculate the GRS. The 17
SNPs were rs13217285 (near LINC00240, HIST1H2BJ),
1s524952 (near LINC02252, GJD2), rs2855530 (near BMP4),
152181346 (near BMP4, CDKN3), 152738265 (near BMP4),
rs334354 (near TGFBR1), rs10760673 (near TGFBR1),
rs1532278 (near CLU), rs745480 (near LRIT2), rs9416017
(near DNAJB12), rs1994840 (near C4orf22), rs10122788 (near
MVBI12B), rs837323 (near PCCA), rs7042950 (near RORB),
rs11101263 (near FRMPD2), rs12898755 (near APH1B), and
rs511217 near (KCNA4). Each locus of each study subject was
assigned a 0 or In odds ratio (OR) score according to whether
the subject carried the risk allele. After scoring all the SNPs,
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the scores were synthesized to obtain the GRS for each study
subject”’. GRs=zf:]1n(0R1.)n,. (i=1,2...k; n=0,1,2). The higher
the GRS is, the higher the genetic susceptibility to myopia.
The study subjects were divided into a low GR group (<P,s),
a moderate GR group (P,s-P,5) and a high GR group (>P,5)
according to the GRS quartile™.

Statistical Analysis EpiData 3.1 software was used to input
the data. Using gPlink1.07 software, multivariate logistic
regression was used to analyse the relationship between
the SNPs and myopia, and the GRS was calculated. The
questionnaire data and examinations were assessed with
SPSS (version 24.0; IBM Corporation, Chicago, IL, USA).
The global scores of the PSQI and GRS are reported as the
mean+tstandard deviation based on a normal distribution with
comparisons between groups by independent-sample Student’s
t-test and analysis of variance. The SE, AL, and AL/CR ratio
are reported as medians with interquartile ranges (IQRs) for
nonnormal distributions with comparisons between groups
using the Mann-Whitney U test and Kruskal-Wallis H test.
The prevalence of myopia and sleep disturbances are reported
as percentages with comparisons between groups by the Chi-
square test. The influence of GRS, sleep disturbances, and their
interaction on the risk of myopia was evaluated, and the ORs
and 95% confidence intervals (95%Cls) were calculated by
generalized linear models. A two-tailed P<0.05 was considered
to be statistically significant.

RESULTS

A total of 1410 children, namely, 782 (55.46%) boys and 628
(44.54%) girls aged 9-14y (10.74+1.15y), who were subjected
to the eye examinations were enrolled in this analysis. There
was no significant difference in the prevalence of myopia
between boys (63.62%) and girls (65.45%, P>0.05). The age of
children with myopia (10.89+1.14y) was significantly higher
than that of children without myopia (10.48+1.12y, P<0.001).
The prevalence of myopia in grade 3 to grade 6 children was
49.03%, 62.02%, 70.04%, and 76.62%, respectively. The
prevalence of myopia was significantly different between
grades (P<0.001) and increased significantly with increasing
grade (P for trend<0.001).

The global score of PSQI ranged from 0 to 14, with a mean
of 4.0942.48. The students in the myopia group exhibited
poorer PSQI scores (4.22+2.52) than those in the nonmyopia
group (3.84+2.40, P=0.006), while there were no significant
differences in age, sex, parental education level, or the number
of parents with myopia (Table 1). Subscale analyses of the
PSQI results revealed worse subjective sleep scores (P=0.022),
sleep efficacy scores (P=0.007) and daytime dysfunction
scores (P=0.026) in the myopia group than in the nonmyopia
group. However, there were no statistically significant differences
in the other factors (P>0.05, Table 2). Of the 1354 students,

Table 1 Sleep quality and the GRS in children mean+SD
Parameters Sleep quality P GRS P
Age (y) 0.142° 0.925°
9 3.89+2.46 7.76£1.12
10 3.94+2.31 7.75+1.26
11 4.09+2.47 7.69+£1.29
12 4.37£2.72 7.75+1.22
13-14 4.37+2.63 7.80£1.15
Sex 0.993 0.232°
Boys 4.09+2.51 7.70+1.21
Girls 4.09+2.45 7.79+1.26
Paternal education level 0.139° 0.292°
Under college 4.2442.56 7.70+1.26
College and above 4.01£2.50 7.78+1.20
Maternal education level 0.137° 0.993
Under college 4.26+2.59 7.74+1.28
College and above 4.02+2.49 7.74£1.19
No. of myopic parents 0.659" 0.787"
0 4.14£2.55 7.71+£1.27
1 4.2342.53 7.77+1.24
2 4.01£2.53 7.71£1.17
Refractive status 0.006" <0.001"
Nonmyopia 3.84+2.40 7.57+1.20
Myopia 4.2242.52 7.84+1.23

*Analysis of variance; "Independent-sample Student’s r-test. GRS:

Genetic risk score.

353 (26.07%) had sleep disturbances. The prevalence of
myopia in children with sleep disturbances was significantly
higher than that in children without sleep disturbances
(69.69% vs 62.34%, P=0.013; Figure 1A). In addition, the
children with sleep disturbances had more negative SEs
(P=0.032) and higher AL/CR ratios (P=0.050) than those
without sleep disturbances. However, there was no significant
difference in the AL between children with sleep disturbances
and those without sleep disturbances (P>0.05, Table 3).

The GRS ranged from 4.49 to 12.89, with a mean of 7.74+1.23.
The GRS in the myopia group (7.84+1.23) was significantly
higher than that in the nonmyopia group (7.57+1.20, P<0.001).
However, there were no significant differences in age, sex,
parental education level or the number of parents with myopia
(Table 1). The prevalence of myopia in children with high GR
was significantly higher than those with moderate GR and low
GR (71.01% vs 62.41% vs 58.60%, P=0.002) and increased
significantly with increasing GR level (P for trend <0.001;
Figure 1B). In addition, there were statistically significant
differences in the SE, AL, and AL/CR ratio among the high
GR group, moderate GR group, and low GR group (P=0.008,
0.010, 0.003, respectively). With increasing GR level, the SE
decreased (P for trend=0.008), and the AL (P for trend=0.003)
and AL/CR ratio (P for trend=0.001) increased (Table 3).
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Figure 1 Prevalence of myopia in all children with or without sleep disturbances (A) and based on the genetic risk level (B).

Table 2 Scores of factors in the PSQI mean+SD
Parameters All Nonmyopia Myopia t P
Subjective sleep 0.82+0.71 0.76+0.69 0.85+0.71 -2.288 0.022*
Sleep latency 0.95+0.97 0.90+0.96 0.99+0.97 -1.599 0.110
Sleep duration 0.07+0.31 0.05+0.29 0.07+0.32 -1.227 0.220
Sleep efficacy 0.11+0.41 0.08+0.33 0.13+0.45 -2.721 0.007*
Sleep difficulty 1.00+0.59 0.99+0.60 1.00+0.58 -0.311 0.756
Daytime dysfunction 1.13+0.93 1.06+0.92 1.17+0.93 -2.229 0.026
PSQI global score 4.09+2.48 3.84+2.40 4.22+2.52 -2.746 0.006°

PSQLI: Pittsburgh Sleep Quality Index. "P<0.05.

Table 3 Analysis of the differences in the SE, AL, and AL/CR ratio among different sleep quality and genetic risk levels
Parameters SE° P AL’ P AL/CR® P
Sleep disturbances 0.032° 0.221° 0.050°
No -0.63 (1.88) 23.96 (1.37) 3.05(0.16)

Yes -0.88 (2.13) 24.09 (1.40) 3.07 (0.18)
Genetic risk 0.008° 0.010° 0.003°
Low -0.50 (1.63) 23.91 (1.38) 3.04 (0.16)
Moderate -0.63 (1.75) 23.94 (1.40) 3.04 (0.16)
High -0.88 (2.13) 24.16 (1.44) 3.07 (0.17)

*Mann-Whitney U test; "Kruskal-Wallis H test; ‘Median (interquartile range). SE: Spherical equivalent; AL: Axial length; AL/CR: The ratio of

the axial length to the corneal curvature.

Generalized linear model was used to assess factors associated
with myopia after adjusting for confounders. In the
generalized linear model, sleep disturbances and high GR were
independent risk factors for myopia. The children with sleep
disturbances and high GR had a higher risk of myopia than
those without sleep disturbances and with low GR (OR=1.59,
P=0.010; OR=1.88, P=0.003, respectively; Table 4). Compared
to those with low GR and without sleep disturbances, children
with high GR with or without sleep disturbances had a
higher risk of having myopia (OR=4.88, 95%CI: 2.03-11.71,
P<0.001; OR=1.70, 95%CI: 1.06-2.72, P=0.028; Figure 2).
DISCUSSION

In the WERE study consisting of 1410 children, we found
that both sleep disturbances and high GR were significantly
associated with an increased risk of myopia. Notably, we also

found a significant interaction between sleep disturbances and
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high GR of myopia, as represented by 17 associated SNPs,
suggesting that a high GR of myopia may increase children’s
sensitivity to sleep disturbances.

Association Between Sleep Quality and Myopia Our study
showed that sleep quality was significantly related to myopia
in children. The PSQI global scores in the children with
myopia were higher than those in the children without myopia,
and the subscales of the PSQI scores revealed that the myopia
group had worse scores for subjective sleep, sleep efficacy and
daytime dysfunction than the nonmyopia group, which is
consistent with the research conclusions of Ayaki et al'”, Lin
et al”"" and Wang et al™. The sleep disturbances prevalence
of 26.07% in this study is consistent with that reported in

I and international studies*"”". In recent years,

previous national'
with the popularization and expansion of electronic products,

the massive use of artificial light sources, the increase in
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Low GR and with SDs
Reference:Low GR and without SDs
Moderate GR and without SDs
Reference:Low GR and without SDs
Moderate GR and with SDs
Reference:Low GR and without SDs
High GR and without SDs
Reference:Low GR and without SDs
High GR and with SDs

OR(95%CI) P
1.61(0.84-3.09) p=0.149
1.16(0.78-1.72) p=0.468
1.50(0.89-2.52) p=0.128
1.70(1.06-2.72) p=0.028

| 4.88(2.03-11.71) p <0.001

Reference:Low GR and without SDs

10

OR

Figure 2 Risk of myopia based on sleep disturbances and the GR Multivariable-adjusted OR (adjusted for children’s age, sex, maternal

and paternal education level, number of myopic parents, near-work time, outdoor time) for myopia versus the GR level and SDs. The GR was
divided into low, moderate, and high GR levels. OR: Odds ratio; GR: Genetic risk.

Table 4 Generalized linear model analysis of the association of sleep quality and the genetic risk level with children’s myopia

Parameters Model 1 Model 2 Model 3

OR (95%CI) P OR (95%CI) P OR (95%CI) P
Sleep disturbances
No 1 1 1
Yes 1.31 (1.00-1.72) 0.049 1.51 (1.09-2.10) 0.012 1.59 (1.12-2.25) 0.010
Genetic risk
Low 1 1 1
Moderate 1.23 (0.94-1.63) 0.136 1.10 (0.79-1.53) 0.581 1.10 (0.78-1.55) 0.601
High 1.81(1.30-2.52) <0.001 1.84 (1.24-2.74) 0.003 1.88 (1.23-2.88) 0.003

Model 1: Adjusted for age and sex; Model 2: Adjusted for age, sex, number of myopic parents, paternal education levels, and maternal education

levels; Model 3: Adjusted for age, sex, number of myopic parents, paternal education levels, maternal education levels, average daily outdoor

activities time, and average daily near-work time. OR: Odds ratio.

educational pressure and other factors, normal sleep times have
been affected, leading to late sleep, insufficient sleep time and
sleep disturbances”' .

We found that sleep disturbances are an independent risk factor
for myopia. Children with sleep disturbances have a 1.59
times higher risk of myopia and have more negative SEs and
higher AL/CR ratios than those without sleep disturbances.
A finding by Lin et al”'" showed that poor sleep quality was
a risk factor for myopia. This finding is also consistent with
another study by Ayaki et al'"”, suggesting that sleep quality in
children was significantly correlated with myopic error, with
the high myopia group being the worst affected. In this study,
we also found that the prevalence of sleep disturbances was
higher in students with more near-work time, which indicated
that the correlation between sleep disturbances and myopia
may be confounded by accommodative dysfunction caused by
nearwork. Therefore, to reduce the interference of confounding
factors, we used generalized linear model to control for
relevant confounders such as near-work time, and the results
showed that sleep disturbances remained associated with
myopia. Although the specific mechanism is still unclear, most
scholars believe that sleep may affect refractive development.
Sleep disturbances with late sleep and insufficient sleep time

cause circadian rhythm disturbances, in turn affecting retinal
circadian rhythms"'®. The retinal circadian rhythm is the centre
of the signalling mechanism, and the retinal neurotransmitter
response controls the daily rhythm of eyeball growth and
eyeball size after interacting with the retinal circadian clock,
thereby regulating the refractive development of the eyeball"”.
However, there are also studies indicating insufficient evidence
that sleep disturbances are associated with myopia''**”. This
may be due to variations in the genetic susceptibility of myopia
resulting in different sensitivities to sleep disturbances.

Association Between Genetic Risk and Myopia It is well
known that genetic factors are a very important aetiology
of myopia that cannot be ignored. The GRS is a condensed
indicator of genetic susceptibility to disease. In this study,
we found that the risk of myopia in children with a high GR
was 1.88 times higher than that in children with a low GR,
indicating that children with a high GR have a higher genetic
susceptibility to myopia. Many studies have shown that the
higher the GR score is, the greater the risk of myopia. For
example, a study by Lanca et al'" in Chinese children aged 6
to 11y in Singapore showed that the risk of high and moderate
myopia was increased by 2.34- and 1.76-fold in children
with GRSs above 75%, respectively, compared with those
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with GRSs below 75%. Additionally, a study by Ghorbani

Mojarrad et al''”

reached the same conclusion. At present, the
GRS has been used to predict myopia in a number of studies.
A study by Ghorbani Mojarrad er al'"” reported that the GRS
had a receiver operating characteristic curve value of 0.67 for
myopia, 0.75 for moderate myopia, and 0.73 for high myopia.
Moreover, we found that the SE decreased, while the AL and
AL/CR ratio increased with increasing GR level in this study.
Previous studies by Lanca et al'" and Tideman et al" reached
the same conclusion that the GRS had a negative correlation
with the SE and a positive correlation with the AL and AL/CR
ratio.

Interaction Between Sleep Quality and Genetic Risk In
this study, we found that the interaction between sleep quality
and GR significantly increases the risk of myopia in children.
Children with a high GR but without sleep disturbances or
those with a high GR with sleep disturbances had a 70% and
388% (OR 1.70, 95%CI: 1.06-2.72; OR=4.88, 95%CI: 2.03-
11.71) increased risk of myopia, respectively, compared to
those with a low GR and no sleep disturbances. Recently, an
increasing number of scholars have investigated the influence
of the interaction between genes and the environment
(including near work, outdoor activities and education) on
myopia and found that the interaction between genes and the
environment is related to a greater risk of myopia than that due

7% For example,

to the existence of the two independently'
a study by Enthoven et al*” reported a significant interaction
between the GRS and lifestyle (near work and outdoor), showing
that their combination has the strongest influence. Another study
by Verhoeven et al™® reported that subjects with a high GR and
high levels of education had a far higher risk of myopia than
subjects with only one of the two factors, providing proof of
a gene—environment interaction. The school-age period is a
sensitive or critical period, and school-aged children are more
vulnerable to environmental factors. Additionally, children
vary in their sensitivity to their surroundings, and this variation
is affected by the interaction among developmental timing,
genetic factors and environments'*”. The interaction of sleep
quality and GR indicated that children vary in their sensitivity
to sleep disturbances due to differences in genetic susceptibility
to myopia. Thus, the GR of myopia was not taken into
consideration, which may be the reason why the relationship
between sleep disturbances and myopia remains controversial.
The children with sleep disturbances and a high GR had a
higher risk of myopia in this study. This finding suggested that
to reduce the risk of myopia, children with high GR need to
improve their sleep quality since an individual’s GR remains
essentially fixed throughout their lifetime. However, this
strategy needs to be further investigated by cohort studies or
randomized controlled trials.
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The strength of our study is that the GRS is a genetic index
that is measured objectively without subjective bias and it can
estimate the overall risk of individual genetic susceptibility
to myopia. To the best of our knowledge, we are the first to
find that the interaction between sleep disturbances and GR is
associated with myopia. On the other hand, there were some
potential limitations to this study. First, there may be some
errors in the measurement of refractive without cycloplegia.
Although refractive without cycloplegia is less exact than
cycloplegic refraction, it is more feasible for screening and
monitoring myopia in a large-scale cohort. Moreover, the
AL and AL/CR measurements used here are unlikely to be
influenced by cycloplegia. Additionally, since sleep quality and
environmental factors were estimated by questionnaires, there
is a potential for recall bias. Therefore, objective measurement
tools such as actiwatches and cloud clamps will be used to
collect data in the future.

In summary, the prevalence of sleep disturbances was 26.07%

for elementary school students in Wenzhou. There was a

significant interaction between sleep disturbances and a high

GR of myopia, suggesting that a high GR of myopia may

increase children’s sensitivity to sleep disturbances. This

study indicates that children with a high GR of myopia need
to obtain adequate sleep duration and excellent sleep quality.

However, longitudinal cohort studies and animal experiments

are required to further validate our results.
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