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Editorial on the Research Topic
 Differences between emmetropic and myopic eyes: implications for myopia development, its progression, and ocular health




Myopia has emerged as a pressing public health concern worldwide of increasing prevalence that represents a growing burden due to the myopia-associated visual impairment. This, coupled with our expanding understanding of its complex etiology, underscores the urgent need for multidisciplinary research in myopia. This Research Topic of Frontiers in Medicine brings together nine original studies that traverse the full spectrum of myopia science—from large-scale epidemiological insights to innovative investigations of optical and molecular mechanisms. Together, they offer an integrated perspective on how we define, detect, and potentially intervene in the development and progression of myopia.


Global and environmental perspectives on myopia

This Research Topic frames the global impact of myopia with three large-scale epidemiological studies. Mu et al. investigated changes in myopia prevalence among nearly 850,000 school-age children in Shenzhen, China, before, during, and after the COVID-19 pandemic. Their findings highlight the accelerating impact of behavioral shifts—specifically decreased outdoor activity and increased near work—on myopia. Complementing this, Li et al. presented a prospective study of nearly 38,000 children in Xuzhou, China, revealing semester-level myopia progression and emphasizing the vulnerability of early primary school students. Adding an environmental dimension, Liu T. et al. conducted a cross-sectional study linking satellite-derived measurements of outdoor artificial light at night (ALAN) to increased myopia prevalence in over 33,000 adolescents, identifying it as a modifiable environmental risk factor with implications for urban lighting policy.



Structural and functional changes in the myopic eye

Three studies in this Research Topic explored structural and functional manifestations of myopia. Huang et al. compared macular characteristics in eyes with myopic choroidal neovascularization and their contralateral eyes, and propose that reduced perforating scleral vessels and choroidal thinning may be potential diagnostic markers for advanced myopia disease. Bueno et al. used second harmonic generation microscopy to study collagen remodeling in the posterior sclera of chicks with form-deprivation myopia, revealing increased collagen alignment without changes in thickness. Their use of objective Radon Transform-based quantification suggests that collagen architecture beyond overall scleral dimensions may play a key role in the biomechanical behavior of the myopic eye. Importantly, the study challenges prior assumptions that scleral thinning is a hallmark of axial elongation, instead emphasizing the importance of fiber orientation in ocular growth. These findings offer a new window into the role of the sclera in myopia and support the use of advanced imaging techniques to monitor tissue-level remodeling in vivo. Kendrick et al. introduced a Radial Asymmetry Metric to quantify peripheral blur anisotropy in myopia. Their study provides compelling evidence that blur asymmetry is not only more pronounced at greater retinal eccentricities but also differs in orientation in myopic eyes, with larger vertically oriented blur in the temporal retina. This framework represents an advance over traditional Modulation Transfer Function analyses by capturing both the direction and magnitude of blur that are otherwise missed. Their results point to the importance of peripheral image quality and its anisotropic properties in shaping ocular growth.



Molecular and cellular mechanisms underpinning eye growth

Transitioning from macroscale to molecular insights, two studies in this topic aimed to elucidate the signaling pathways that govern myopia development. Palumaa et al. presented a meta-analysis of retinal transcriptome data from animal models, identifying both conserved and species-specific gene expression patterns—several of which overlap with human data. They unify data across multiple datasets from mice and chicks with experimental myopia, revealing consistent molecular responses not evident in individual studies. Among the conserved pathways, Transforming Growth Factor-beta signaling and circadian entrainment emerged as central regulators, while species-specific patterns highlighted dopamine signaling in mice and glucagon in chicks. The convergence between animal model data and human genetic findings adds translational weight to the molecular targets identified. The authors also underscored the value of meta-analytic strategies in enhancing reproducibility and discovering novel gene targets for future investigation. Sanchez et al. offered novel insights into the role of exosomes derived from the retinal pigment epithelium in tree shrews, revealing proteomic differences in myopic eyes through an innovative ex vivo model. Their profiling identified over 500 proteins, with dozens uniquely expressed in each group and 286 significantly differentially regulated. In myopic eyes, upregulated proteins were primarily associated with cytoskeletal remodeling, oxidative stress response, and extracellular matrix dynamics—aligned with active tissue remodeling. Conversely, non-myopic eyes showed enrichment of proteins involved in phototransduction and mitochondrial homeostasis. These findings support the hypothesis that RPE-derived exosomes modulate emmetropization through cell signaling and metabolic regulation, and suggest potential applications in biomarker discovery and future pharmacological interventions for myopia.



Visual experience and experimental modulation

The last study of this Research Topic described how visual experience can be manipulated to influence ocular growth at a mechanistic level. Liu H. et al. investigated the effects of dynamic checkerboard visual stimuli—with different spatial and temporal frequencies—on ocular physiology and molecular signaling in chicks. Through a controlled experimental design with short-, medium-, and long-term exposure durations, the authors measured changes in choroidal thickness, ocular biometry, dopamine metabolite concentrations, and the expression of key genes linked to eye growth. Their findings reveal that exposure to 10 Hz flickering stimuli, particularly with ON-type patterns leads to greater elongation and myopia, and also correlates with increased levels of retinal dopamine metabolites. Additionally, gene expression analyses suggested an integrated visual, neurochemical, and genetic response. While choroidal thinning was an early feature in myopia, its predictive value for long-term growth was limited, indicating that multiple signaling pathways operate in concert. This study offers important evidence that the visual scene—its flicker rate, contrast polarity, and spatial granularity—can influence biological responses relevant to myopia, supporting the development of novel interventions to slow its progression.



Conclusion

Taken together, the nine contributions to this Research Topic present a compelling, multifaceted picture of myopia. Large-scale epidemiological studies reveal alarming trends in prevalence and progression, along with environmental risk factors such as artificial light exposure. Structural and functional analyses underscore differences in scleral and choroidal architecture as well as peripheral blur asymmetry in myopic eyes. Molecular and proteomic investigations expose conserved signaling pathways across species and the role of exosomes in intraocular communication. Finally, experimental manipulation of visual stimuli demonstrates how image dynamics can directly influence refractive error development.

Together, these articles converge on a shared insight: myopia is a complex, multi-system condition best understood through integrated perspectives. We hope this Research Topic serves as both a scientific resource and a catalyst for future interdisciplinary advances in understanding myopia. We hope this Research Topic will serve as a valuable resource for researchers, clinicians, and policymakers working toward the shared goal of reducing the global burden of myopia.
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Purpose: This study investigates the prevalence and progression of myopia among primary and secondary school students in Xuzhou City, China, during one academic year.
Methods: The study employed a prospective research design and utilized a whole-group sampling method to conduct non-cycloplegic spot photo screenings on 37,938 students from 44 primary and secondary schools in Xuzhou City, China. A one-year study was conducted to gather spherical equivalent refraction (SER), and subsequent analysis was carried out to explore the disparities in myopia prevalence among primary and secondary school students within the same academic year, as well as the progression of myopia.
Results: During the 2022 academic year, the overall prevalence of myopia in the first and second semesters was 62.6 and 64.2% respectively, indicating an increasing trend. Particularly in primary school (Grades 1–6), the prevalence of myopia increased with higher grade levels, and significant variations in myopia prevalence were observed mainly in grades 1–3 and 7 (p < 0.05). The incidence rate of myopia in middle school remained stable, while in primary school, there was a positive correlation between myopia incidence and the grade level, with the highest rate of 20.1% in grade 6. Among the myopic population, the median value of spherical equivalent refraction slightly decreased between the two semesters. The proportion of high myopia increased among students in grades 5–8.
Conclusion: Our study revealed that within one academic year, the prevalence of myopia and the severity of myopia have significantly increased in Xuzhou City, China, accompanied by an increase in the proportion of high myopia. For different grade levels, we should adopt personalized prevention and control measures, with a particular focus on lower grade levels and students who have just entered a new grade.

Keywords
 myopia; development; children; adolescents; prevalence


Introduction

Myopia is a common condition that causes visual impairment and is a major public health problem, especially among children and adolescents (1). In the absence of effective preventive and control measures, it is projected that the global myopia population will approach approximately 5 billion by the year 2050, with high myopia affecting approximately 10% of the global population. East Asia and Southeast Asia are identified as regions with the highest prevalence of myopia, where the occurrence among young adults ranges from 80 to 90%. Furthermore, the prevalence of high myopia among this demographic in these regions is relatively elevated, ranging from 10 to 20%. High myopia substantially increases the risk of ocular complications, encompassing myopic maculopathy, retinal detachment, glaucoma, cataracts, and a range of other pathologies. These conditions have the potential to cause enduring and irreversible visual impairment (2, 3). The global cost of myopia interventions is also rising (4).

Based on research surveys (5–10), there has been a consistent rise in the prevalence of myopia among children and adolescents in China, indicating a severe situation regarding myopic incidence. However, current longitudinal studies on this topic, both in China and other countries (5–8, 10), typically have a minimal time interval of 1 year. Nonetheless, several findings have found a significant prevalence in the incidence and progression of myopia within a single academic year (two semesters) among students, particularly in higher grades burdened with heavier academic loads. Consequently, we undertook a 1-year study, meticulously examining the myopia status of primary and secondary school students in Xuzhou City throughout two semesters. The primary objective was to assess the incidence and developmental trends of myopia among these students within the same academic year. Gaining insights into the patterns of myopia incidence and development among children and adolescents is imperative for refining and adapting local measures aimed at preventing and controlling myopia.



Methods


Study population

In accordance with the requirements of the “Comprehensive Control of Myopia in Children and Adolescents” program (11), Xuzhou City has implemented comprehensive vision screening for primary and secondary school students since the beginning of 2019. The screening took place twice a year, within 1 month after the commencement of each semester (6 months). This study employed a whole-group sampling method to select 44 schools from five districts in Xuzhou City randomly. The survey data collected from the same cohort of students during both the first and second semesters of the 2022 academic year were analyzed. A total of 38,041 students participated in the research, with individuals wearing contact lenses or affected by other conditions that could potentially impact ocular data collection being excluded from the study. Ultimately, 37,938 students were included in the final analysis. This study followed the principles of the Helsinki Declaration and was approved by the Ethics Committee of Xuzhou Medical University Xuzhou Municipal Hospital, China (No. Xyll[2019]022).



Data collection

A week before the initiation of the screening process, thorough communication was conducted with the schools to acquire comprehensive demographic information about the students, encompassing their names, genders, ages, and other pertinent particulars. It was explicitly communicated that participants were strictly prohibited from wearing contact lenses on the examination day. Furthermore, a comprehensive briefing was provided to all participants and their respective guardians, elucidating the study’s purpose, extent, and significance. Before the examination, explicit verbal consent was obtained from the guardians to ensure their understanding and agreement with the research protocol.

Subjects were screened for refractive error using the Spot photo screener (Welch Allyn, VS100) for non-cycloplegic photorefraction. The screening was performed by experienced ophthalmic staff, including one ophthalmologist and five optometrists. Before the refractive screening, subjects underwent a slit lamp examination and were asked about their ocular history to exclude those with cataracts or other conditions that may affect refraction, as well as those who had undergone refractive surgery or wore contact lenses. Subjects with a history of ortho-k lenses within the last month were also recorded. The examiner used the Spot photo screener to collect data from the subjects in a relative darkroom at a distance of approximately 1 m in the uncorrected state. The data was automatically generated and uploaded to the terminal for recording. If significant refractive errors, strabismus, or anisometropia were detected, feedback was provided to the school and parents with a recommendation for further examination at a medical clinic.



Definition

The spherical equivalent refraction (SER) is calculated by adding the sum of the sphere power with half of the cylinder power. If the result exceeds the ±7.50 D range of the Spot screener, it is recorded as ±8.00D. If the SER of either eye is less than or equal to −0.50 D, the student is classified as myopic. Individuals who wear ortho-k lenses are also considered myopic (12). The degree of myopia is classified into mild myopia (−3.00 D < SER ≤ −0.50 D), moderate myopia (−6.00 D < SER ≤ −3.00 D), and high myopia (SER ≤ −6.00 D).



Statistical analyses

The statistical analysis was conducted using SPSS 27.0 (IBMSPSS, Armonk, NY, United States), Microsoft Excel 2010, and the figures were prepared using OriginPro 2021. The statistical tests were two-sided, and a p-value < 0.05 was considered statistically significant. The skewed distribution of continuous variables was represented by the median (interquartile range, IQR), while count data was presented as frequency (rate). The Mann–Whitney U test was used to compare differences between the two groups, and the chi-square test was used to compare the prevalence and incidence of myopia among different grade levels. Spearman rank correlation test was used to assess the correlation between the spherical equivalent refraction (SER) of the left and right eyes. Due to the high correlation between the SER of both eyes (Spearman’s rank correlation = 0.932, p < 0.01), we used the SER of the right eye to evaluate the progression of myopia in students.




Results


General characteristics

The study encompassed a cohort of 38,041 students enrolled in 44 schools. A total of 104 participants were excluded from the analysis due to specific criteria, including the use of contact lenses, recent ortho-k lens wear, prior eye surgeries, or the presence of other ocular conditions that could potentially influence the refractive status. Consequently, the final dataset comprised 37,938 eligible records meeting the inclusion criteria. Among these records, 20,799 (54.8%) corresponded to male students, while 17,139 (45.2%) represented female students. The distribution of the sample size, grade levels, and gender can be found in Figure 1.

[image: Chart A is a pie chart showing the distribution of individuals across grades one through nine, with Grade 6 having the largest portion at 28.7%, and Grade 5 following at 15%. Chart B is a pie chart depicting gender distribution, with females representing 54.8% and males 45.2% of the total population of 37,938.]

FIGURE 1
 Basic Characteristics of the Study Population. (A) Distribution of subjects by grade level. (B) Distribution of subjects by gender.




Myopia prevalence and incidence

Table 1 presents the changes in the prevalence of myopia among students in grades 1–9 during the first and second semesters of the 2022 academic year, including both male and female students. The overall myopia prevalence for the 2022 academic year was 62.6 and 64.2%, showing an increasing trend. Within the same semester, there was a linear relationship between myopia prevalence and grade, with an increase in myopia prevalence as the grade level advanced during the primary school stage. The variation in myopic prevalence among different grades is mainly concentrated in grades 1–3 and 7 (p < 0.05). Among them, the largest increase in myopia prevalence is observed in grade 3 (2.8%), followed by grade 2 (2.6%), grade 1 (2.2%), and grade 7 (1.4%). The myopia prevalence in both males and females increases from the beginning and end of the same academic year, with females having a higher myopia prevalence than males.



TABLE 1 Myopia prevalence by grade and gender (%).
[image: Table showing the prevalence of myopia by grade and gender over two semesters. Grades one to nine percentages increase slightly from the first to second semester. Significant p-values are highlighted for grades one, two, three, and seven. Male and female percentages also increase slightly, with significant p-values. Total prevalence grows from 62.6% to 64.2% with p-values below 0.001. Significance is set at p < 0.05.]

The incidence rate of myopia during the academic year of 2022 exhibited notable variations primarily among primary school students, while the incidence rate remained relatively stable among middle school students. Within the primary school stage, there was a positive correlation between the incidence of myopia and grade level, with the highest incidence rate of 20.1% observed in the 6th grade. Moreover, there was no statistically significant difference in myopia incidence between males and females (Table 2).



TABLE 2 The incidence rate of myopia in the 2022 academic year (%).
[image: Table showing myopia incidence across different grades and genders. Grades 1 to 6 show increasing incidence from 8.4% to 20.1%, with a significant p-value under 0.001. Grades 7 to 9 have a less significant p-value of 0.617, with incidences ranging from 15.1% to 16.1%. Overall, myopia incidence in males is 15.1% and females 16.0%, with a p-value of 0.345. Total incidence is 11.9% for grades 1-6 and 15.4% for grades 7-9, with a total p-value under 0.001. Significance is indicated at a p-value less than 0.05.]



Refractive error

Table 3 shows the spherical equivalent refraction (SER) of primary and secondary school students throughout the 2022 academic year, encompassing the first and second semesters. Within the myopic population (identified as myopic during the initial semester screening), the median SER values exhibited a slight decline during both halves of the year. Nonetheless, the extent of this change was relatively modest. Figure 2 illustrates the distribution of spherical equivalent refraction (SER) for children and adolescents in grades 1–9 during the 2022 academic year.



TABLE 3 SER values for different grade levels in the 2022 academic year (D).
[image: Table comparing first and second semester grades for students with and without myopia. No myopia group shows consistent mean grades of plus 0.25 with p-values below 0.001. Myopia group shows negative mean grades ranging from minus 1.50 to minus 2.75, with all p-values also below 0.001. Significance was set at p less than 0.05.]

[image: Nine violin plots arranged in a grid, labeled Grade 1 to Grade 9. Each plot compares spherical equivalent refraction in diopters (D) for two groups, S1 and S2, using blue and red violins, respectively. The plots show distribution spreads for each grade.]

FIGURE 2
 Distribution of spherical equivalent refraction in subjects from Grade 1 to Grade 9 during the 2022 academic year. S1 denotes First Semester, S2 denotes Second Semester.




Fluctuations in the severity of myopia

Further analysis showed that the proportion of mild myopia in grades 6–8 decreased from semester 1 to 2 (46.0, 36.9, 39.3% vs. 42.9, 35.4, 37.4%), while the proportion of moderate myopia increased in grades 4–9 (11.3, 17.4, 23.4, 23.7, 25.5, 23.2% vs. 14.6, 20.5, 26.6, 26.2, 28.3, 25.8%). In addition, there was an increase in the proportion of high myopia in grades 5–8 (0.4, 1.1, 1.6, 1.9% vs1.0, 1.9, 2.2, 2.6%) (Table 4; Figure 3).



TABLE 4 Changes in the degree of myopia in the 2022 academic year (%).
[image: Table comparing myopia prevalence in grades one to nine during 2022 Semester 1 and Semester 2. Categories include no myopia, mild, moderate, and high myopia, with percentages provided for each semester. Superscript letters denote statistical significance; p-values indicate significant differences, with some marked as significant at p < 0.05.]

[image: Bar chart showing the prevalence of low, moderate, and high myopia in grades 1 to 9 at two stages, S1 and S2. Two shades of blue represent low myopia, green for moderate, and orange for high myopia. The prevalence is higher for low and moderate myopia, especially at S2.]

FIGURE 3
 Distribution of myopia rates across different grade levels in primary and secondary schools during the 2022 academic year. Comparison of myopia rates between the first semester (S1) and the second semester (S2).





Discussion

Our research has unveiled that within the educational landscape in China, the prevalence and incidence of myopia among primary and secondary school students are far from desirable, and the situation is exacerbated with higher grade levels. Employing a longitudinal approach, we monitored the myopia trajectory of students spanning grades 1–9 in Xuzhou, China, throughout a single academic year encompassing both the initial and subsequent semesters. Unlike the majority of studies that typically have a one-year interval between examinations, our research findings revealed a significant progression and increase in the incidence, prevalence, and severity of myopia among children and adolescents within a single semester (6 months).

Our research investigation revealed that the prevalence of myopia among primary and secondary school students in Xuzhou City during the first and second semesters of the 2022 academic year was 62.6 and 64.2%, respectively. Notably, there was a significant increase in myopia prevalence during the second semester compared to the first semester. Furthermore, consistent with findings from both domestic and international surveys, the myopia rate among females was higher than that among males (13–15). This trend may be attributed to the relatively lower amount of time females spend engaging in outdoor activities compared to males, and longer periods of close-eye use (16, 17). Research on the prevalence of myopia, both nationally and internationally, was mostly based on cross-sectional studies with a minimum time interval of 1 year. There is a paucity of longitudinal studies focusing on short-term changes in myopia. According to a meta-analysis of myopia prevalence among children and adolescents in China from 1998 to 2016, the overall myopia prevalence rate among children aged 3–19 years was 37.7%. The study also found a close association between myopia prevalence and gender, and the analysis showed an increasing trend in myopia prevalence as the study years progressed (18). According to the data from the Chinese Ministry of Education for the 2019–2020 academic year, the prevalence of myopia among primary school students was 36.49%. Looking at other provinces and cities in China, the prevalence of myopia among primary school students is 37.7% in Hong Kong, and 33.6% in Chongqing (19, 20). In northern India, the prevalence of myopia among primary school children was reported to be 21.1%, in South Korea, the prevalence of myopia among children and adolescents aged 5–18 years reached as high as 65.4%. Another study conducted in Singapore revealed a myopia prevalence rate of 31.6% among primary school children. Interestingly, in Japan, a similar survey reported a significantly higher prevalence of myopia, with Japanese elementary school students reaching 76.5% (21–24). The prevalence of myopia is generally high in East Asia. Therefore, it is of the utmost importance to implement effective strategies for the early detection of myopia and the implementation of myopia prevention and control measures.

The findings of this study demonstrate a clear linear relationship between grade level and the prevalence of myopia, particularly in primary school grades where the prevalence of myopia escalates with higher grade levels. Numerous studies have consistently established a strong association between myopia prevalence and grade levels (25–28), which can be attributed to heightened academic pressures, prolonged close-eye use, diminished engagement in outdoor activities, and sleep decrease as students progress to higher grades. The changes in ocular parameters that contribute to refractive error predominantly occur during childhood (29–31). In addition, the impact of COVID-19 on education and lifestyle has led to an increase in near-work activities and screen time, accompanied by a decrease in outdoor activities. This has made regular eye examinations even more important in preparing for myopia management (32). The current research findings indicate a significant increase in the prevalence of myopia during the second semester of the academic year, with a particular emphasis on students in grades 1–3 and 7. Consequently, it is imperative to prioritize targeted interventions aimed at controlling and preventing myopia in these specific cohorts, namely lower-grade students and those who have recently transitioned to a higher-grade level. Such focused interventions hold significant potential for effectively curbing the escalating prevalence of myopia and its associated risks among school-aged children.

In Guangzhou, the annual incidence of myopia was between 20 and 30% in 2018 (33). Furthermore, in Anyang City, the yearly incidence of myopia increased from 7.8% in grades 1 and 2 to 25.3% in grades 5 and 6 (7). In our study, the overall incidence rate of myopia among primary and secondary school students within 6 months was 13.4%. Among primary school students, it was 11.9%, and among secondary school students, it was 15.4%. However, further analysis revealed that the incidence of myopia showed a linear increase with grade level in primary schools, while it tended to stabilize in different grades of secondary schools. This observation may be related to the education system in China and the developmental characteristics of children and adolescents themselves. The academic workload and visual stress for primary school students tend to increase as they progress to higher grades, accompanied by rapid changes in axial length. On the other hand, secondary school students generally have a heavier academic workload, but the changes in visual stress may be relatively smaller compared to primary school, and eye growth and development are more stable than in childhood. However, overall, the incidence of myopia in secondary school is still higher than that in primary school, which is consistent with the findings of the Mojiang Myopia Progression Study. This study reported that the annual incidence of myopia among first-grade primary school students was 33.6%, while it increased to 54% by the first grade of secondary school (5). These findings highlight the continued importance of implementing early myopia prevention strategies, with specific attention to the primary school stage, emphasizing the crucial need for sustained awareness and intervention measures during this critical period to tackle the risk factors linked to myopia development.

In our study, we analyzed the changes in refractive diopters over one semester in eyes with myopia and eyes without myopia. We have found that eyes with myopia exhibit a greater progression of myopia compared to eyes without myopia. This finding is consistent with the earlier viewpoint proposed by Mäntyjärvi (34), and can be expressed as follows: There exists a well-controlled controlled eye growth, but once the eyes cross the zero point and become myopic, the change in refractive error increases throughout the same period. As early as the late 1990s, highly competitive Hong Kong also observed this phenomenon. They reported that in a small sample of myopic eyes, the myopic progression over two and a half years in 6-year-old children was −1.92D, while non-myopic eyes showed only a −0.41D shift in refractive error during the same period (35). Our research findings indicate that among primary school students from Grade 2 to junior high school students in Grade 9, myopic eyes showed a myopic progression of −0.25D to −0.50D over one semester, while non-myopic eyes had no myopic shift (0D) during the same period. The results show a similar trend to the previously mentioned study conducted in Hong Kong. This further confirms the above viewpoint that once the eye alters into myopia, crossing over zero-point, its growth is no longer perfectly controlled and the axial length increase is getting out of control. Furthermore, we also investigated the changes in the degree of myopia among children who were already myopic. We found that, overall, there was a decrease in the prevalence of low myopia and an increase in the prevalence of moderate to high myopia in the second semester compared to the first semester among primary and secondary school students. When examining the data by grade level, this trend was observed from the fourth grade to the ninth grade. Another study that investigated the trends of myopia among primary and junior school students in the post-COVID-19 epidemic period over 3 years also reported the changes in the prevalence of different myopia degrees (36). From the data, it can be observed that the trend of the increasing prevalence of moderate to high myopia started in the fourth grade, which is consistent with the findings of our study. Nonetheless, our study, which investigated the changes over one semester, yielded the same outcomes. These findings emphasize the importance of timely implementing measures to control myopia, regulate its progression, and prevent a rapid worsening in its severity upon manifestation. Under the same educational background, it is important to adopt different myopia prevention measures for students in different grades of primary school, taking into account the school, family, and individual aspects. Moreover, Shanghai myopia research has found that well-implemented school myopia management can effectively reduce the risk of myopia among students. These measures mainly include encouraging outdoor activities during recess or physical education class providing adequate instruction in reading and writing postures, and good writing on blackboards, desks, and chairs with suitable heights (37).


Limitations

This study differs from the majority of cross-sectional myopia screening studies as it adopts a prospective longitudinal design. Additionally, compared to the commonly used one-year observation period, our study has a more intensive and frequent observation period, and we have a sufficiently large sample size. However, there are certain limitations to this study. We employed non-cycloplegic refraction for myopia screening, as the use of cycloplegic agents in schools requires parental consent and may not be operationally feasible in large samples or school environments. This may have an impact on the detection of myopia. Nevertheless, the large sample size compensates for this limitation.




Conclusion

In summary, our research indicates a high incidence of myopia among primary and secondary school students in Xuzhou, China, within one academic year. There is a significant increase in myopia prevalence within a single semester, accompanied by notable progression and a rise in high myopia rates. These issues worsen with higher grade levels. To effectively prevent and control myopia in children and adolescents, it is crucial to conduct two refractive examinations per year for early detection and intervention. Personalized prevention and control measures tailored to different grade levels are essential for effective management.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by Ethics Committee of Xuzhou Medical University Xuzhou Municipal Hospital, China. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin because This is an observational study, and before conducting visual screening each semester, we inform parents and teachers about the screening’s purpose, methods, and the necessary precautions to take before the exam. We have obtained verbal consent from the parents, which was approved by the Ethics Committee of Xuzhou Municipal Hospital.



Author contributions

LL: Conceptualization, Formal analysis, Investigation, Methodology, Project administration, Visualization, Writing – original draft, Writing – review & editing. YL: Conceptualization, Formal analysis, Methodology, Supervision, Writing – original draft, Writing – review & editing. QW: Methodology, Supervision, Writing – original draft, Writing – review & editing. MW: Methodology, Supervision, Writing – original draft, Writing – review & editing. WZ: Conceptualization, Methodology, Software, Supervision, Visualization, Writing – original draft, Writing – review & editing. XW: Conceptualization, Methodology, Software, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by grants from the Xuzhou Medical Leading Talent Training Project (Grant No. XWRCHT20210022).



Acknowledgments

The authors would like to thank all participants who voluntarily contributed to this study. This article has been published as a preprint under the doi number https://doi.org/10.21203/rs.3.rs-3828222/v1.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Chen, YX, Liao, CM, Tan, Z, and He, MG. Who needs myopia control? Int J Ophthalmol. (2021) 14:1297–301. doi: 10.18240/ijo.2021.09.01 
	 2. Holden, BA, Fricke, TR, Wilson, DA, Jong, M, Naidoo, KS, Sankaridurg, P , et al. Global prevalence of myopia and high myopia and temporal trends from 2000 through 2050. Ophthalmology. (2016) 123:1036–42. doi: 10.1016/j.ophtha.2016.01.006 
	 3. Haarman, AEG, Enthoven, CA, Tideman, JWL, Tedja, MS, Verhoeven, VJ, and Klaver, C. The complications of myopia: a review and meta-analysis. Invest Ophthalmol Vis Sci. (2020) 61:49. doi: 10.1167/iovs.61.4.49 
	 4. Foo, LL, Lanca, C, Wong, CW, Ting, D, Lamoureux, E, Saw, SM , et al. Cost of myopia correction: a systematic review. Front Med. (2021) 8:718724. doi: 10.3389/fmed.2021.718724 
	 5. Li, L, Zhong, H, Li, J, Li, CR, and Pan, CW. Incidence of myopia and biometric characteristics of premyopic eyes among Chinese children and adolescents. BMC Ophthalmol. (2018) 18:178. doi: 10.1186/s12886-018-0836-9 
	 6. Fan, DSP, Lam, DSC, Lam, RF, Lau, JT, Chong, KS, Cheung, EY , et al. Prevalence, incidence, and progression of myopia of school children in Hong Kong. Invest Ophthalmol Vis Sci. (2004) 45:1071–5. doi: 10.1167/iovs.03-1151

	 7. Li, SM, Wei, S, Atchison, DA, Kang, MT, Liu, L, Li, H , et al. Annual incidences and progressions of myopia and high myopia in Chinese schoolchildren based on a 5-year cohort study. Invest Ophthalmol Vis Sci. (2022) 63:8. doi: 10.1167/iovs.63.1.8 
	 8. Bro, T, and Löfgren, S. Relatively stable prevalence of myopia among Swedish children aged 4 to 7 years between 2015 and 2020. Optom Vis Sci. (2023) 100:91–5. doi: 10.1097/OPX.0000000000001972 
	 9. Zhou, WJ, Zhang, YY, Li, H, Wu, YF, Xu, J, Lv, S , et al. Five-year progression of refractive errors and incidence of myopia in school-aged children in Western China. J Epidemiol. (2016) 26:386–95. doi: 10.2188/jea.JE20140258 
	 10. Saw, SM, Tong, L, Chua, WH, Chia, KS, Koh, D, Tan, DT , et al. Incidence and progression of myopia in Singaporean school children. Invest Ophthalmol Vis Sci. (2005) 46:51–7. doi: 10.1167/iovs.04-0565 
	 11. Jiangsu Provincial Department of Education, D.o.P.E., Health and Arts Education
. Opinions on comprehensive prevention and control of Myopiaamong children and adolescents in Jiangsu Province (Su education, sports, health and arts: No. 7) ; (2019).

	 12. National Health Commission of the People’s republic of China
. Specification for screening of refractive error in primary and secondary school students (WS/T 663–2020). Beijing: National Health Commission of the People’s Republic of China (2020).

	 13. Jing, S, Yi, X, Lei, Y, Hu, L, Cheng, W, Wen, T , et al. Prevalence and risk factors for myopia and high myopia: a cross-sectional study among Han and Uyghur students in Xinjiang, China. Ophthalmic Physiol Opt. (2022) 42:28–35. doi: 10.1111/opo.12907 
	 14. Jiang, D, Zhang, D, Zhang, Y, Shi, B, Gao, H, Guo, Y , et al. The trend of myopia rate in 61 350 children and adolescents: a cross-sectional research in Ningbo. Zhejiang Acta Ophthalmol. (2020) 98:e525–6. doi: 10.1111/aos.14343 
	 15. Morgan, A, Young, R, Narankhand, B, Chen, S, Cottriall, C, and Hosking, S. Prevalence rate of myopia in schoolchildren in rural Mongolia. Optom Vis Sci. (2006) 83:53–6. doi: 10.1097/01.opx.0000195567.88641.af 
	 16. Ip, JM, Saw, SM, Rose, KA, Morgan, IG, Kifley, A, Wang, JJ , et al. Role of near work in myopia: findings in a sample of Australian school children. Invest Ophthalmol Vis Sci. (2008) 49:2903–10. doi: 10.1167/iovs.07-0804

	 17. Wu, LJ, You, QS, Duan, JL, Luo, YX, Liu, LJ, Li, X , et al. Prevalence and associated factors of myopia in high-school students in Beijing. PLoS One. (2015) 10:e0120764. doi: 10.1371/journal.pone.0120764 
	 18. Dong, L, Kang, YK, Li, Y, Wei, WB, and Jonas, JB. Prevalence and time trends of myopia in children and adolescents in China: a systemic review and meta-analysis. Retina. (2020) 40:399–411. doi: 10.1097/IAE.0000000000002590 
	 19. Yue, Y, Liu, X, Yi, S, Liu, B, Yi, H, and Li, H. High prevalence of myopia and low hyperopia reserve in 4411 Chinese primary school students and associated risk factors. BMC Ophthalmol. (2022) 22:212. doi: 10.1186/s12886-022-02436-5 
	 20. Choy, BNK, You, Q, Zhu, MM, Lai, JSM, Ng, ALK, and Wong, IYH. Prevalence and associations of myopia in Hong Kong primary school students. Jpn J Ophthalmol. (2020) 64:437–49. doi: 10.1007/s10384-020-00733-4 
	 21. Singh, NK, James, RM, Yadav, A, Kumar, R, Asthana, S, and Labani, S. Prevalence of myopia and associated risk factors in schoolchildren in North India. Optom Vis Sci. (2019) 96:200–5. doi: 10.1097/OPX.0000000000001344 
	 22. Kim, H, Seo, JS, Yoo, WS, Kim, GN, Kim, RB, Chae, JE , et al. Factors associated with myopia in Korean children: Korea National Health and nutrition examination survey 2016–2017 (KNHANES VII). BMC Ophthalmol. (2020) 20:31–7. doi: 10.1186/s12886-020-1316-6 
	 23. Karuppiah, V, Wong, L, Tay, V, Ge, X, and Kang, LL. School-based programme to address childhood myopia in Singapore. Singapore Med J. (2021) 62:63–8. doi: 10.11622/smedj.2019144 
	 24. Yotsukura, E, Torii, H, Inokuchi, M, Tokumura, M, Uchino, M, Nakamura, K , et al. Current prevalence of myopia and association of myopia with environmental factors among schoolchildren in Japan. JAMA Ophthalmol. (2019) 137:1233–9. doi: 10.1001/jamaophthalmol.2019.3103 
	 25. Leng, L, Zhang, J, Xie, S, Ding, W, Ji, R, Tian, Y , et al. Effect of sunshine duration on myopia in primary school students from northern and southern China. Int J Gen Med. (2021) 14:4913–22. doi: 10.2147/IJGM.S328281 
	 26. Hung, HD, Chinh, DD, Tan, PV, Duong, NV, Anh, NQ, Le, NH , et al. The prevalence of myopia and factors associated with it among secondary school children in rural Vietnam. Clin Ophthalmol. (2020) 14:1079–90. doi: 10.2147/OPTH.S251218 
	 27. Peng, W, Zhang, Z, Wang, F, Sun, S, and Sun, Y. Association of educational environment with the prevalence of myopia: a cross-sectional study in Central China. Front Public Health. (2023) 11:1188198. doi: 10.3389/fpubh.2023.1188198 
	 28. Xu, SJ, Wan, YH, Xu, ZH, Zhang, H, Xu, L, Wang, B , et al. Association between time spent on physical exercise, sleep, homework and suspected myopia among students. Zhonghua Liu Xing Bing Xue Za Zhi. (2016) 37:183–6. doi: 10.3760/cma.j.issn.0254-6450.2016.02.006 
	 29. Yii, FSL
. Emmetropic eye growth in east Asians and non-east Asians. Ophthalmic Physiol Opt. (2023) 43:1412–8. doi: 10.1111/opo.13195 
	 30. Rozema, J, Dankert, S, Iribarren, R, Lanca, C, and Saw, SM. Axial growth and lens power loss at myopia onset in Singaporean children. Invest Ophthalmol Vis Sci. (2019) 60:3091–9. doi: 10.1167/iovs.18-26247 
	 31. Zadnik, K, Mutti, DO, Mitchell, GL, Jones, LA, Burr, D, and Moeschberger, ML. Normal eye growth in emmetropic schoolchildren. Optom Vis Sci. (2004) 81:819–28. doi: 10.1097/01.opx.0000145028.53923.67 
	 32. Singh, NK
. Myopia epidemic post–coronavirus disease 2019. Optom Vis Sci. (2020) 97:911–2. doi: 10.1097/OPX.0000000000001591

	 33. Wang, SK, Guo, Y, Liao, C, Chen, Y, Su, G, Zhang, G , et al. Incidence of and factors associated with myopia and high myopia in Chinese children, based on refraction without cycloplegia. JAMA Ophthalmol. (2018) 136:1017–24. doi: 10.1001/jamaophthalmol.2018.2658 
	 34. Mäntyjärvi, MI
. Changes of refraction in schoolchildren. Arch Ophthalmol. (1985) 103:790–2. doi: 10.1001/archopht.1985.01050060050022

	 35. Goldschmidt, E, Lam, CSY, and Opper, S. The development of myopia in Hong Kong children. Acta Ophthalmol Scand. (2001) 79:228–32. doi: 10.1034/j.1600-0420.2001.790303.x 
	 36. Zhou, W, Li, Q, Chen, H, Liao, Y, Wang, W, Pei, Y , et al. Trends of myopia development among primary and junior school students in the post-COVID-19 epidemic period. Front Public Health. (2022) 10:970751. doi: 10.3389/fpubh.2022.970751 
	 37. Shi, JJ, Wang, YJ, Lyu, PP, Hu, JW, Wen, XS, and Shi, HJ. Effects of school myopia management measures on myopia onset and progression among Chinese primary school students. BMC Public Health. (2023) 23:1819. doi: 10.1186/s12889-023-16719-z 


Copyright
 © 2024 Li, Liao, Wang, Wang, Zhang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 22 July 2024
doi: 10.3389/fmed.2024.1344968








[image: image2]

Comparative analysis of macular characteristics in mCNV and contralateral eyes

Gongyu Huang1†, Xiangjun She1†, Yun Zhang1, Zongduan Zhang1* and Lijun Shen2*


1National Clinical Research Center for Ocular Diseases, Eye Hospital, Wenzhou Medical University, Wenzhou, China

2Zhejiang Provincial People’s Hospital (Affiliated People’s Hospital, Hangzhou Medical College), Hangzhou, China

Edited by
 Pablo De Gracia, University of Detroit Mercy, United States

Reviewed by
 Javier Rojas-Viñuela, Natural Optics Balaguer, Spain
 Pathik Amin, University of Chicago Medicine, United States

*Correspondence
 Zongduan Zhang, zzduan@yeah.net; Lijun Shen, slj@mail.eye.ac.cn 

†These authors have contributed equally to this work

Received 27 November 2023
 Accepted 09 July 2024
 Published 22 July 2024

Citation
 Huang G, She X, Zhang Y, Zhang Z and Shen L (2024) Comparative analysis of macular characteristics in mCNV and contralateral eyes. Front. Med. 11:1344968. doi: 10.3389/fmed.2024.1344968
 




Purpose: To illustrate the characteristics of perforating scleral vessels in macular regions between mCNV eyes and contralateral eyes in unilateral mCNV patients.
Methods: This was a retrospective study that included patients with unilateral naive mCNV. The study aimed to identify and analyze the distribution of perforating scleral vessels (PSVs) in the macular region of mCNV eyes and contralateral eyes. The central macular choroidal thicknesses (mChT) were measured using optical coherence tomography angiography (OCTA). The grades of myopic atrophic maculopathy (MAM) and macular myopic diffuse chorioretinal atrophy (DCA) were evaluated within groups. The number of PSVs and mChT were compared between contralateral and mCNV eyes based on the grade of DCA. The ROC curves were utilized to explore the diagnostic indexes for mCNV.
Results: A total of 102 eyes from 51 patients with unilateral mCNV were included. There was no significance in the severity of MAM or the grade of DCA between mCNV eyes and contralateral eyes (p = 0.074, p = 0.054, respectively). The mean number of PSVs in mCNV eyes was fewer than the contralateral eyes [1.00 (1.00–2.00) vs. 2.00 (0.75–3.00), p = 0.030]. The mChT in mCNV eyes was thinner than the contralateral eyes [36.00 (25.00–53.75) μm vs. 46.00 (31.00–75.25) μm, p = 0.001]. The mean grade of DCA in mCNV eyes was higher than that in contralateral eyes [3.00 (3.00–3.00) vs. 3.00 (2.00–3.00), p = 0.004]. When DCA involved the macular region, there were more PSVs in contralateral eyes than in mCNV eyes [1.50 (1.00–2.00) vs. 2.00 (1.00–3.00), p = 0.042]. Similarly, when DCA involved the foveal region, there were more PSVs in contralateral eyes than in mCNV eyes [1.50 (1.00–2.00) vs. 3.00 (2.00–4.00), p = 0.004]. The grade of DCA and mChT were valuable factors for predicting mCNV eyes (AUC = 0.6566, p = 0.021; AUC = 0.6304, p = 0.029; respectively). When the extent of DCA exceeded the foveal region, the count of PSVs was a good diagnostic factor for predicting mCNV (AUC = 0.7430, p = 0.003).
Conclusion: The mean amount of PSVs was significantly lower in the mCNV eyes compared to the contralateral eyes. When the extent of DCA exceeded the foveal region, the count of PSVs was a good diagnostic factor for predicting mCNV. Myopic eyes with a higher grade of DCA and a thinner mChT were more likely to develop mCNV.
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 pathological myopia; choroidal neovasclurization; perforating scleral vessels; myopic macular maculopathies; diffuse choroid atrophy


Introduction

Pathologic myopia is defined as myopia accompanied by typical degenerative lesions, including myopic maculopathies that are equal to or more severe than diffuse chorioretinal atrophy (DCA). DCA is a grade 2 lesion in the META-analysis classification system for pathologic myopia (1). The appearance of a posterior staphyloma is also considered a typical degenerative lesion in pathologic myopia (2). Pathologic myopia is a significant cause of visual impairment and blindness in East Asia, with an estimated prevalence of 1 to 3% in the population. The accompanying degenerative changes in the posterior segment of the eye and the macula can lead to vision loss, and pathologic myopia is one of the main causes of blindness in East Asia (3).

Myopic choroidal neovascularization (mCNV) has been estimated to develop in 5 to 10% of eyes with pathological myopia, and it is the most common cause of vision loss among all myopic-related macular complications (4, 5). The prognosis of mCNV without clinical treatment is poor (6–8). A decade-long study showed that vision decreased significantly to 20/200 or less in untreated mCNV patients followed for 10 years (7).

Cohen SY et al. investigated the population with mCNV and showed that about 14% of patients were diagnosed with bilateral naive mCNV, which means that most patients suffered from unilateral mCNV (9). About 15% of patients diagnosed with naive mCNV in unilateral eyes developed mCNV in the contralateral eyes within 8 years of follow-up (5, 6).

Lacquer cracks and patchy atrophies have been hypothesized to play a role in the pathogenesis of mCNV in patients with pathological myopia, and the apparent thinning of the choroid and loss of choroidal vessels in pathologic myopia may lead to the progression of myopic macular atrophy (10, 11). Monitoring for signs of mCNV in patients with pathological myopia, and early diagnosis and treatment of mCNV, can help preserve vision and prevent further vision loss.

However, Querques et al. reported that perforating scleral vessels (PSVs) were usually detected in lacquer cracks (12). Ruiz-Medrano et al. reported that PSVs were detected in more than 90% of mCNV eyes (13). They speculated that PSV might contribute to the formation of myopic maculopathy. In our previous study, we found that the eyes with PSVs adjacent to mCNV had worse efficacy of anti-VEGF treatment (14).

Whether the structure of PSV was an important sign for mCNV was not known. This study aimed to analyze the characteristics of PSVs in the macular region between mCNV eyes and contralateral eyes in patients with unilateral mCNV. Additionally, we aimed to identify risk factors for mCNV within the macular region.


Methods

Ethics approval for this retrospective observational study was obtained from the Research Ethics Committee of the Affiliated Eye Hospital of Wenzhou Medical University, China. The ethics acceptance number is H2023-012-K-09, and the registration number of this clinical trial is ChiCTR2300070120. All procedures for this study were conducted in accordance with the Declaration of Helsinki. We reviewed the medical records of patients who visited the Affiliated Eye Hospital of Wenzhou Medical University from November 2017 to September 2022.

The inclusion criteria for this study were as follows: (1) Patients with bilateral eyes met the following diagnostic criteria for high myopia: spherical refraction ≤ −6.00D or axial length longer than 26 mm, with typically degenerative changes in the retina, choroid, and sclera; (2) presence of naive mCNV: ① appeared as a flat, small, greyish subretinal lesion beneath or in close proximity to the fovea with or without hemorrhage on fundus photography; ② assessed on en face images generated by the automatically segmented outer retina slabs and choriocapillaris slabs, mCNV appeared as a large hyperintense vascular anastomotic network on OCT and OCTA devices; ③ B-scan images on OCT/OCTA appeared as highly reflective dome-shaped elevations above the retinal pigment epithelial band (because most mCNVs were type 2 CNVs), ④ FA findings in mCNV usually comprise well-defined hyper fluorescence in the early phase with leakage in the late phase in a classic CNV pattern of leakage (15, 16). The exclusion criteria were as follows: (1) CNV was secondary to other diseases, such as multifocal choroiditis, panuveitis, idiopathic CNV, and neovascular AMD; (2) the imaging quality of OCTA and fundus images was poor, or OCTA images showed poor correspondence in the macular area; (3) coexisting or history of any other severe ocular or systemic disease, or undergone other intraocular surgeries in addition to cataract or refractive surgery.

The age, gender, best corrected visual acuity (BCVA) measured with a Landolt C chart, and spherical equivalent (SE) were collected from the medical records. The grade of myopic chorioretinal atrophy (MAM) was determined by color fundus photography (TRC-50DX, Topcon Corporation, Tokyo, Japan) and confocal scanning laser ophthalmoscopy (cSLO; Optos Daytona, Optos, England). SD-OCT (Spectralis SD-OCT; Heidelberg Engineering, Germany) was used to measure the central macular choroidal thickness (mChT). Horizontal and vertical B-scans, as well as en-face images, mainly included outer retina slabs, choriocapillaris slabs, and choroid slabs automatically generated within the 3 × 3 mm, 6 × 6 mm, and 9 × 9 mm by OCTA (Angio OCT; Optovue, Fremont, CA, United States) and swept-source OCTA (SS-OCTA) (VG200D; SVision Imaging, Ltd., Luoyang, China) were used to assess the number and distribution of PSVs. Fluorescein angiography was performed when necessary.



Acquisition and analysis of PSVs’ distribution

The criteria for defining PSVs were as follows: (1) linear or wavy morphology in OCTA images; (2) low reflectance appearance; (3) extension from the sclera through the choroid toward the retina (12, 17). The position of PSVs was determined by where they joined the choroid based on en-face images manually adjusted the thickness of contiguous slabs of choroid and sclera on OCTA combined with horizontal and vertical B-scans. When necessary, fluorescein angiography results were also used to confirm the position of PSVs (Figure 1).

[image: Composite image showing a series of retinal scans and graphics labeled A to Q. Panels A, B, C, F, I, J, and K depict color and grayscale retinal images with annotations in shapes such as stars and arrows in yellow and red. Panels D, E, G, H, L, M, N, O, P, and Q feature cross-sectional optical coherence tomography (OCT) scans with colored lines and arrows indicating areas of interest, emphasizing retinal layers and possible abnormalities.]

FIGURE 1
 Images of the distributions of perforating scleral vessels (PSVs) in the macular region using swept-source OCT (SS-OCT). (A) 57-year-old woman was diagnosed with unilateral naive myopic choroidal neovascularization (mCNV) in her right eye; her equivalent refractive error of OD was −11.75 D and OS was −10.38 D. She had one PSV in her right eye and three in her left eye. The scanning laser ophthalmoscopy and OCT images indicated that OD was graded as A3T0N2s, OS was graded as A2T0N0, and the grade of DCA was D3. The boxes (B,J) indicated the scan area on SS-OCT. (A–H) The right fundus shows a grayish mCNV (yellow star in A,C–E) and (D,E) the corresponding horizontal and vertical B-scan images of mCNV. (F) The cross lines indicate the location of the PSV and are marked with a yellow number (yellow arrows in G,H) indicating horizontal and vertical B-scan images corresponding to the location of the PSV in figure (F). (I–Q) Left fundus without mCNV, (K) the cross lines indicated the location of the first PSV, and the locations of the three PSVs entering the choroid are marked with red numbers. (L,M) indicated horizontal and vertical B-scan images corresponding to the location of the first PSV, (N,O) the location of the second PSV, and (P,Q) the location of the third PSV.


The ETDRS grid, which was automatically generated on the OCTA device, was used to determine the relative position between the PSVs and the fovea within the macular region (3 × 3 mm area with the fovea as the center). The innermost ring of the ETDRS grid was 1 mm in diameter, and the middle ring was 3 mm in diameter. The ETDRS grid was positioned manually to correspond best to the position of the center of the fovea. Meanwhile, 6 × 6 mm and 9 × 9 mm scans on OCTA were used to check the accuracy of the distribution of PSVs at the edge of the 3 × 3 mm scan area. The total number of PSVs was recorded by counting all PSVs within the macular region. In addition, we divided the position of PSVs into five types: (1) PSVs in the foveal area; (2) in the superior area of the fovea; (3) in the inferior area of the fovea; (4) in the nasal area of the fovea; (5) in the temporal area of the fovea. (Figure 1) Two experienced retinal doctors repeated the measurements three times to confirm the presence of PSVs, the disagreement was decided by a senior expert. The distributions and counts of PSVs in both eyes were compared in patients with unilateral as well as bilateral mCNV.



Definition and grading of myopic maculopathy (MM)

Fundus photographs combined with B-scan images on OCTA were analyzed, and the macular microvasculature was also assessed. According to a recent international classification system (ATN), myopic maculopathies are divided into three types: myopic atrophic maculopathy (MAM), myopic tractional maculopathy (MTM), and myopic neovascularization (MNM) (1). The MAM is further classified into 5 grades: A0 (normal macula without any myopic retinal lesions), A1 (tessellated fundus only), A2 (diffuse chorioretinal atrophy), A3 (patchy chorioretinal atrophy), and A4 (complete macular atrophy). Diffuse chorioretinal atrophy (DCA) is a common pathological change in highly myopic eyes.

DCA appears as a faint yellowish lesion in color fundus photography and usually starts from the temporal side of the peripapillary region and gradually involves the entire posterior pole (18). The central macular choroidal thickness in eyes with diffuse chorioretinal atrophy (usually less than 100 μm) is thinner than that in eyes with a tessellated fundus, and the choroidal capillary density is significantly reduced. This disproportionate thinning of the choroid may be a key factor in diffuse atrophy and pathologic myopia (19). The distance from the fovea to the temporal edge of the optic disc was denoted as 3 mm, half of which was equal to the radius of the middle circle of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid and one-sixth of which was equal to the radius of the inner circle of the grid. In these eyes with a diagnosis of DCA, we subclassified diffuse chorioretinal atrophy (DCA) according to the extent of atrophic changes on fundus photographs into 4 grades: without DCA or with DCA but without involvement of a radius of 3 mm around the fovea (D0); involvement to a radius of 1.5 to 3 mm around the fovea (D1); involvement of the parafovea (D2); and involvement of the fovea (D3) (20). MTM were classified into 6 grades: T0 (no macular schisis), T1 (inner or outer foveoschisis), T2 (inner and outer foveoschisis), T3 (foveal retinal detachment), T4 (full-thickness macular hole), and T5 (T4 + retinal detachment). The central macular choroidal thickness (mChT) was measured three times on B-scan images using SD-OCT.



Statistical analysis

The Kolmogorov–Smirnov test was used to check the normality of numerical variables. Normally distributed variables were presented as mean ± SD, non-normally distributed variables were presented as median (the first quartile to the third quartile), and P < 0.05 was considered statistically significant and shown in bold in the tables. The independent t-test, or Mann–Whitney U test, was used to compare continuous variables. Non-continuous variables were compared based on the Mann–Whitney U test. The Wilcoxon signed-rank test was used to compare the count of PSVs between bilateral eyes. Receiver operating characteristic (ROC) curves were plotted to assess the ability of PSVs and mChT to distinguish a subject with mCNV. The area under the ROC curve (AUC) was used to determine the diagnostic accuracy of the indexes mentioned above. The closer the value of the AUC was to 1.0, the more perfect the discrimination was (21). All data were analyzed using the commercial analytical software program SPSS 26.0.0 (SPSS Inc., Chicago, IL). GraphPad Prism 8.3.0 (GraphPad Prism Inc., San Diego, California, United States) was used to calculate relevant metrics and plot the ROC curves.




Results


Demographics and fundus characteristics of participants

102 eyes of 51 patients (11 males and 40 females) diagnosed with unilateral naive mCNV at their initial visit were enrolled. (Table 1) In patients with unilateral mCNV, the mean age was 53.51 ± 14.01 years old, the mean spherical equivalent (SE) was −13.03 ± 3.12D, the mean SE of contralateral eyes was −12.43 ± 4.71D (p = 0.074). The mean BCVA of mCNV eyes was 0.40 (0.22–0.85), and that of contralateral eyes was 0.22 (0.05–0.40) (p = 0.000).



TABLE 1 Demographic profiles and fundus characteristics of participants with unilateral mCNV.
[image: Table comparing clinical features of CNV and contralateral eyes in 51 participants. Key metrics: age, gender, SE, BCVA, MAM grade, DCA number and grade, MTM, mChT, and PSV count, with statistical p-values. SE is less negative in CNV eyes. BCVA, DCA, and mChT show significant differences. MAM and PSV show some variance. Significant p-values are indicated, with tests including t-test, Mann-Whitney U, and Wilcoxon signed-rank.]

There was no significant difference in the grade of MAM and MTM between mCNV eyes and contralateral eyes (p = 0.054, p = 0.171, respectively). In the MAM classification analysis, the proportion of eyes with DCA was highest in both mCNV eyes (66%) and contralateral eyes (82%). In mCNV eyes, 0 (0%) eyes were categorized as D0, 1 (3%) eye as D1, 4 (12%) eyes as D2, and 28 (85%) eyes as D3. In contralateral eyes, 1 (2%) eye was categorized as D0, 6 (14%) eyes as D1, 12 (29%) eyes as D2, and 23 (55%) eyes as D3. The mean grade of DCA in mCNV eyes was higher than in contralateral eyes (3.00 (3.00–3.00) vs. 3.00 (2.00–3.00), p = 0.004).

The average central macular choroidal thickness (mChT) of mCNV eyes was thinner than that of contralateral eyes: 36.00 (25.00–53.75) μm vs. 46.00 (31.00–75.25) μm (p = 0.029). Regarding the count and distribution of PSVs within the macular region, there were more PSVs in contralateral eyes than in mCNV eyes (p = 0.030), especially in the parafoveal and inferior foveal regions (p = 0.028) (p = 0.011).



Binocular features of PSVs in eyes with the same grade of DCA

The structures of PSVs were compared in mCNV eyes and contralateral eyes based on the same grade of DCA. When DCA involved the macular region (grade of DCA equal to D2 and D3), the mean BCVA of mCNV eyes was worse than that of the contralateral eyes (p = 0.000), and the count of PSVs in the macular region of mCNV eyes was less than that in the contralateral eyes [1.50 (1.00–2.00) vs. 2.00 (1.00–3.00); p = 0.042]. Similarly, when DCA involved the fovea (grade of DCA equal to D3), the mean BCVA of mCNV eyes was worse than that of contralateral eyes (p = 0.000), and the count of PSVs in the macular region of mCNV eyes was less than that in the contralateral eyes [1.50 (1.00–2.00) vs. 3.00 (2.00–4.00); p = 0.004]. However, the number of PSVs in the foveal region of bilateral eyes was not significantly different, regardless of the grade of DCA (p = 0.947 for D2 + D3; p = 0.453 for D3) (Table 2).



TABLE 2 The features of PSVs in patients with unilateral mCNV according to the degree of DCA.
[image: A table comparing data between macula-involved and fovea-involved eyes, focusing on the mCNV eye and contralateral eye. Columns display measurements for age, spherical equivalent (SE), best corrected visual acuity (BCVA), central macular choroidal thickness (mChT), and perforating scleral vessels (PSV) count. The table includes mean values, standard deviations, ranges, and p-values. Footnotes specify statistical tests used: Student's t-test and Mann–Whitney U test.]



The diagnostic value of PSVs for mCNV

Receiver operating characteristic (ROC) curves were used to analyze the diagnosis value for mCNV. The results in Figure 2 depict that the grade of DCA showed an Area Under the Curve (AUC) of 0.6566 and a cut-off value of 2.50, producing an 84.9% specificity and 45.2% sensitivity with a p-value of 0.021. The mChT produced an AUC of 0.6304 and a cut-off value of 30.50 μm with a 44.7% specificity and 76.6% sensitivity with a p-value of 0.029. Most of the eyes in our study showed a grade of DCA equal to D3. To exclude the effects of chorioretinal atrophy, the ROC curve analysis of the number of PSVs in the macular region when the grade of DCA was equal to D3 showed an AUC of 0.7430 and the cut-off value of 2.50, producing an 82.1% specificity and 52.2% sensitivity with a p-value of 0.003. Therefore, the grade of DCA, mChT, and the number of PSVs of eyes diagnosed with D3 were all potentially useful diagnostic factors for mCNV. However, further studies are required to confirm the diagnostic value of these factors for mCNV.

[image: ROC curve plot showing sensitivity versus 1-specificity for different parameters in medical diagnostics. Six lines represent various measures, with Area Under Curve (AUC) values: DCA grade (0.6566), mChT, μm (0.6304), Macular PSV count (0.6011), Foveal PSV count (0.5165), DCA3, macular PSV count (0.7430), and DCA3, foveal PSV count (0.5489). DCA3, macular PSV count shows the highest AUC, indicating better diagnostic performance.]

FIGURE 2
 Receiver operating characteristic (ROC) curves of parameters for mCNV.


The number of PSVs in the macula or foveal region was not a perfect diagnostic factor, with AUC values of 0.6011 (p = 0.078) and 0.5165 (p = 0.733), respectively. Also, the number of PSVs in the foveal region was not a perfect diagnostic factor when the DCA grade was equal to D3, with an AUC value of 0.5489 and a p-value of 0.551 (Table 3).



TABLE 3 Results of important parameters from ROC curve.
[image: Table comparing variables related to diffuse chorioretinal atrophy (DCA) including AUC, confidence intervals, P values, Youden’s J statistic, and cut-off values. DCA grade, macular, and foveal PSV counts, and central macular choroidal thickness are assessed. Notable AUC values include 0.7430 for DCA = 3 and macular PSV count.]




Discussion

This study investigated the differences in the mChT and the number of PSVs in the macular region in patients with unilateral mCNV. The results showed that mChT was thinner and there were fewer PSVs in the macular region in mCNV eyes compared to the contralateral eyes. When the extents of DCA were closer to the fovea, there were more PSVs in the macular region in the contralateral eyes than in the mCNV eyes. When DCA approached the fovea, the number of PSVs in the macular region might be a potentially useful diagnostic factor for mCNV.

Previous research suggests that mCNV may be correlated with myopic atrophic maculopathy (MAM) (22–24). Some researchers reported that there was no significant correlation between mCNV and myopic tractional maculopathy (MTM) (25). One study by Flores-Moreno I et al. showed that in myopic eyes, the thickness of the choroid decreased (26). In our study, we did not find any significant difference in SE, grade of MAM, or MTM between the bilateral eyes of either unilateral or bilateral mCNV patients. However, our results suggest that the mChT was thinner in the mCNV eyes than in the contralateral eyes. This finding supports the theory that mCNV may be associated with choroidal thinning, which could be a potential risk factor for mCNV. Further studies are necessary to confirm this association and investigate the underlying mechanisms involved.

Ishida T et al. reported a connection between mCNV and intrascleral vessels. They found that 75% of PSVs were detected below or around the mCNV, and indocyanine green angiography showed that these PSVs were intrascleral arteries originating from the short posterior ciliary arteries (SPCAs). Swept-source OCT showed that some of the mCNVs had continuous connections with scleral vessels, mainly the SPCA (27). PSVs are commonly observed in highly myopic eyes. Some studies also suggest that PSVs may originate from the posterior ciliary artery (PCA) and SPCA (28, 29). This suggests that PSVs merge into the choroid and provide blood flow and oxygen diffusion to the choroid.

Asakuma et al. (30) reported a high prevalence of DCA (91.6%) in patients with myopic retinopathy. However, Liu et al. (20) reported a lower prevalence of DCA (20.6%) in the high myopic group. Our study showed that a large proportion of both mCNV eyes and contralateral eyes had DCA, with proportions of 66 and 82%, respectively. The average grade of DCA in mCNV eyes was also higher than in contralateral eyes, suggesting that the extent of DCA was closer to the fovea in mCNV eyes.

In our study, we observed more PSVs in contralateral eyes than mCNV eyes in the macular region, especially in the parafovea area of the retina and the inferior quadrant of the fovea. Also, when the DCA involved the macula, we found more PSVs in the contralateral eyes than in the mCNV eyes. This finding is interesting because it suggests that in highly myopic eyes where the choroid is almost non-existent, in eyes with slightly more PSV counts, the probability of mCNV being detected may be smaller. There may be a negative correlation between PSV and mCNV, but the role of PSV in the generation of mCNV and the mechanism of this are not yet clear. We speculate that in highly myopic eyes with an almost absent choroid, when the blood flow from PSVs is weakened, mCNVs are more likely to appear in the macular area. These findings suggest that in highly myopic eyes, the choroidal blood flow may be insufficient to nourish the retinal tissue, leading to the development of mCNV.

By analyzing AUC values under ROC curves, we found that the grade of DCA >2.5 and the mChT <30.5 μm were the diagnostic factors for mCNV. When the grade of DCA was D3, the number of PSVs in the macular region was less than 2.5, which was also an effective diagnostic factor for mCNV. These results suggest that in highly myopic eyes accompanied by atrophied choroids, PSVs may play an important role in the blood flow supply for choroids. When there are fewer PSVs in the macular region, this phenomenon may be weakened, and the probability of the development of mCNV may increase.

We acknowledge that our study had several limitations. First, the sample size was relatively small, and a larger sample size experiment is needed in the future to verify our current research results. Second, this was a retrospective cross-sectional clinical study that had limited research capacity on the role of PSVs in the pathogenesis of mCNV and required appropriate animal model experiments for verification. Third, histopathological analysis was needed to verify the connection between mCNV and intrascleral vessels, and more relevant studies are needed to explore the pathological mechanism in the future.
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Objectives: To evaluate the epidemiological characteristics of myopia among school-aged children before, during, and after the coronavirus disease (COVID-19) pandemic.
Methods: A total of 848,697 students aged 6–15 years from 786 primary and secondary schools in Shenzhen, China, were randomly selected as research subjects. We conducted annual myopia screenings from 2019 to 2022. 2019 was considered before the COVID-19 pandemic, 2020 as during the pandemic, and 2021 and 2022 as after the pandemic. Demographic characteristics, visual acuity, and spherical equivalent refraction (SE) were collected.
Results: During the 4-year follow-up period, the uncorrected visual acuity (UCVA) of the study subjects progressed following a trend of −0.18 ± 0.30D (−0.17 ± 0.29D for boys, −0.21 ± 0.32Dfor girls) (p < 0.001). Those students who were in grade 4 aged 9–10 years at the baseline examination showed the greatest decline in visual acuity (0.23). The SE of the study subjects progressed following a trend of −1.00 ± 1.27D (−0.96 ± 1.25D for boys, −1.05 ± 1.31D for girls) (p < 0.001). The students who were in grade 5 aged 10–11 years at the baseline examination showed the greatest decline in SE (1.15D ± 1.22, p < 0.001). The prevalence of myopia (UCVA<5.0 and SE < –0.50D of any eye) increased by 28.2% (27.0% for boys and 29.8% for girls). Those students who were in grade 2 aged 7–8 years at the baseline examination showed the greatest increase in myopia prevalence (37.6%, p < 0.001). During the COVID-19 pandemic, the subjects’ visual acuity and SE measurements decreased by −0.05 ± 0.19 (p < 0.001) and − 0.36 ± 0.89D (p < 0.001) respectively, and the prevalence of myopia increased by 11.3% (10.6% for boys and 12.2% for girls) (p < 0.001). The 3-year cumulative incidence of myopia for non-myopic grade 1 aged 6–7 years students with baseline SE of ≥1.00D, ≥ 0.50D and < 1.00D, ≥0D and < 0.50D, and ≥ −0.50D and < 0D were 6.8, 24.8, 39.0, and 48.1%, respectively.
Conclusion: During the COVID-19 pandemic, the SE of school-aged children showed myopic drift and decreased visual acuity. Myopia progressed faster among girls than among boys in the same grades. The risk of myopia among school-aged children persisted even after the home quarantine of the COVID-19 pandemic was lifted.
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Introduction

Myopia is a global public health issue and represents one of the main causes of vision loss. Studies predict that by 2050, half of the world’s population will suffer from myopia and the prevalence of severe myopia will reach 9.8% (1). Myopia has long been an epidemic in Asian populations (2), particularly in China, where its prevalence remains high and is rapidly increasing (3). Myopia, particularly severe myopia, can increase the risk of eye diseases such as retinal detachment, macular degeneration, and glaucoma (4, 5), as well as irreversible visual impairment and blindness (6). Visual impairment poses a huge economic burden across the globe (7), with an annual economic loss of approximately $244 billion worldwide (8).

Since the outbreak of coronavirus disease-19 (COVID-19) in China at the end of 2019, most countries worldwide have controlled its spread by maintaining social distancing, home quarantines, and through other methods (9). China lifted its at-home quarantine program in May 2020. During the COVID-19 pandemic, approximately 278 million primary and secondary school students in China received online education at home (10). One survey found that home quarantine, particularly online learning, led to a reduction in children’s outdoor activities, increased use of electronic devices, and irregular sleep and dietary habits (11, 12). During the COVID-19 pandemic, children spent more time watching electronic screens and less time outdoors (13). Reduced outdoor activity, increased use of electronic devices, and insufficient sleep are known risk factors for the occurrence and progression of myopia (14, 15). Several studies have assessed the development of myopia in children and adolescents before and after the COVID-19 pandemic. The prevalence of myopia among children and adolescents in China’s Chongqing province, for example, increased from 45.3 to 55.4% (16). Similarly, the spherical equivalent refractions (SE) of primary and secondary school students in Wenzhou province progressed from −0.23 D to −0.34 D (17).

Cross-sectional studies have been used to assess the occurrence and development of myopia during the COVID-19 pandemic; however, it has been difficult to assess the impact of the pandemic on myopia. In several cohort studies, the observation time was too short to draw sound conclusions. Cohort studies have important scientific value for revealing the causes of various diseases. When based on large samples and long-term follow-up observations, they can effectively control for various biases, explore the causal relationship between exposure and effects, and provide strong etiological evidence. This study used a large-scale population cohort study to observe a cohort of research subjects for four consecutive years to evaluate the epidemiological characteristics and developmental trends of myopia among school-aged children.



Methods


Study design and population

This study selected primary and secondary school students aged 6–15 yeas in Shenzhen to conduct a myopia follow-up cohort study, and longitudinally observed the development trend of myopia in the participants from 2019 to 2022. Using the cluster random sampling method, students from 786 primary and secondary schools in Shenzhen were selected as study participants. Shenzhen has no countryside and is the third most populous city in China. The students recruited for the study were all from urban areas. Students in grades 1–6 aged 6–11 years attending primary schools and students in grades 7–9 aged 12–15 years attending secondary schools were recruited. The included students needed to be able to complete all examinations set for the study, cooperate to complete a 4-year follow-up, and both them and their guardians needed to agree to participate in the study. Students who could not complete the myopia screenings were excluded.

We conducted myopia screenings of the research participants from September to November of every year from 2019–2022. We define the periods as follows: 2019 was considered before the COVID-19 pandemic, 2020 as during the pandemic, and 2021 and 2022 as after the pandemic. A total of 851,891 students participated in myopia screenings for the first time during this study, and 848,697 completed the 4-year follow-up, with a loss-to-follow-up rate of 0.37%. The follow-up results are presented in Table 1. In total, 848,697 primary and secondary school students, including 460,983 boys and 387,714 girls, were enrolled in this study.



TABLE 1 Follow-up of the study participants.
[image: Table displaying the number of students by grade and sex for 2019 and 2022, with the rate of loss to follow-up percentage. Grade 1 had 156,024 in 2019 and 155,462 in 2022; rate 0.36%. For Grade 9, 23,510 in 2019 and 23,204 in 2022; rate 1.30%. Males were 462,851 in 2019 and 460,983 in 2022; rate 0.40%. Females were 389,040 in 2019 and 387,714 in 2022; rate 0.34%.]

This study’s procedure met the requirements of the Declaration of Helsinki and was approved by the Ethics Committee of the Shenzhen Eye Hospital (2023KYYJ047-02). Before participating in the study, the students and their parents/guardians were informed of the research objectives and examination procedures, and informed consent forms were signed by all of the participants’ parents or guardians.



Data collection


Myopia screening

Basic information of participants in the present study including sex, date of birth, school name, and grade were collected. The included research participants were screened for myopia by trained optometrists or ophthalmologists. The screening items included uncorrected visual acuity and refraction tests, and all processes were strictly performed in accordance with the specifications for screening refractive error in primary and secondary school students (WS/T 663–2020). A logarithmic visual acuity chart (Eye Vision 1,603–01) was used to examine uncorrected visual acuity in both eyes. An autorefractor (NIDEK AR-1) was used to check for non-cycloplegic SE. This study relied on the Shenzhen Children and Adolescents Myopia Monitoring Big Data Platform. All screening data was uploaded in real time to the platform for storage and summary.



Definition of myopia

Myopia was defined as the uncorrected visual acuity of any eye of the participants <5.0, as well as a non-cycloplegic SE of < −0.50 diopter (D) (18). Myopic students were classified according to the SE values of their right eyes. Mild myopia was defined as −3.00 D ≤ SE < −0.50 D, moderate myopia was defined as −6.00 D ≤ SE < −3.00 D, and severe myopia was defined as SE < −6.00 D.




Statistical analysis

Statistical analyses were performed using R (version 4.1.0), and the significance level was set at α = 0.05. As the binocular visual acuity (r = 0.833, p < 0.05) and SE (r = 0.879, p < 0.05) of the participants in this study were highly correlated, only the right eye was included in the analysis. Continuous variables are described using [image: Mean plus or minus standard deviation, represented as X-bar plus or minus S.],and analysis of variance was used to compare differences between different groups. Categorical data were compared using the [image: Greek letter chi followed by a superscript two, representing chi-squared.] test, and p < 0.05 was considered statistically significant.




Results

A total of 848,697 students from primary and secondary schools in Shenzhen participated in this study. The prevalence rates of myopia in grade 1–9 students in 2019 were 13.6, 19.0, 28.7, 41.0, 52.5, 62.5, 70.9, 77.5, and 81.7%, respectively (Table 2).



TABLE 2 Baseline data of participants in this study in 2019.
[image: Table displaying visual and refractive data for students from grades 1 to 9. It includes columns for gender, sample size (N), visual acuity, spherical equivalent refractions (D), and prevalence of myopia (%). Data shows increasing myopia prevalence and refractive errors from lower to higher grades.]

From 2019 to 2022, visual acuity measurements across all grades followed a downward trend. Over the observation period, the participants showed a decrease of 0.18 ± 0.30 (p < 0.001) in uncorrected visual acuity, with boys and girls experiencing a decrease of 0.17 ± 0.29 (p < 0.001) and 0.21 ± 0.32 (p < 0.001), respectively. Students who were in grade 4 at baseline showed the greatest decline in visual acuity (0.23 ± 0.31, p < 0.001), followed by those who were in grades 3 (0.22 ± 0.31, p < 0.001) and 5 (0.22 ± 0.31, p < 0.001) at baseline. Except for those students who were in grades 7–9 at baseline, boys in the other grades showed lower uncorrected visual acuity decreases than girls. Among the girls, those who were in grade 4 at baseline showed the greatest decrease in visual acuity (0.26 ± 0.33, p < 0.001), while among the boys, those who were in grades 4–6 at baseline showed the greatest decrease in visual acuity (0.20 ± 0.29, p < 0.001). During the COVID-19 pandemic, the participants’ visual acuity levels decreased by 0.05 ± 0.19 (p < 0.001), of which those who were in grades 4–6 at baseline experienced the greatest decline (0.07, p < 0.001). A more detailed overview of the results is provided in Table 3 and Figures 1A, 2C.



TABLE 3 Visual acuity progression among school-aged children from 2019–2022.
[image: Table displaying baseline grades and changes from 2019 to 2022 for grades one through nine, separated by male and female categories. It shows annual changes, F-statistics, and P-values, indicating statistical significance. The overall change for all grades is noted at the bottom, with significant P-values less than 0.001. The specific values demonstrate variations across different grades and gender.]

[image: Graphs in two panels, labeled A and B, display data by grade (1 to 9) and year (2019 to 2022). Panel A plots visual acuity; Panel B plots spherical equivalent refractions in diopters. Each grade contains four stacked line graphs per year. The pattern and spread vary across grades and years, showing changes in vision metrics over time and education levels.]

FIGURE 1
 (A) Distribution of visual acuity among school-aged children in China from 2019–2022. (B) Distribution of spherical equivalent refractions among school-aged children in China from 2019–2022. *The dashed line represents the mean value.


[image: Four panels labeled A, B, C, and D, show visual and myopia-related data for grades one through nine from 2019 to 2022. Panel A uses stacked bar charts to display the prevalence of no, mild, moderate, and high myopia. Panels B and C use line graphs to show percentages and visual acuity trends for all students, boys, and girls. Panel D presents the spherical equivalent (SE) over time. Each grade has a separate graph to compare yearly changes.]

FIGURE 2
 (A) Changes in constituent ratio of myopia among school-aged children in China from 2019–2022. (B) Changes in myopia prevalence among school-aged children in China from 2019–2022. (C) Changes in visual acuity among school-aged children in China from 2019–2022. (D) Changes in spherical equivalent refractions among school-aged children in China from 2019–2022.


From 2019 to 2022, the SE of the participants showed a myopic drift, decreasing by 1.00 ± 1.27 D (p < 0.001). Boys and girls dropped by 0.96 ± 1.25 D (p < 0.001) and 1.05 ± 1.31 D (p < 0.001), respectively. The students who were in grade 5 at baseline showed the highest decrease in SE (1.15 D ± 1.22, p < 0.001), followed by those who were in grades 4 (1.13 D ± 1.30, p < 0.001) and 3 (1.09 D ± 1.35, p < 0.001) at baseline. Except for those who were in grades 6–9 at baseline, the SE decreases of the boys in the other grades were lower than those of the girls. Among the girls, those who were in grade 4 at baseline showed the greatest decrease in SE (1.20 D ± 1.33, p < 0.001). Among the boys, those who were in grade 5 at baseline showed the greatest decrease in SE (1.12 D ± 1.22, p < 0.001). During the COVID-19 pandemic, the participants’ SE decreased by 0.36 D ± 0.89 (p < 0.001), among which the students who were in grade 7 at baseline had the highest decrease (0.45 D ± 0.78, p < 0.001). A more detailed overview of the results is provided in Table 4 and Figures 1B, 2D.



TABLE 4 Spherical equivalent refraction progression among school-aged children from 2019–2022.
[image: Table detailing changes across grades from 2019 to 2022, including gender breakdowns. Columns include change from 2019-2022, annual change per year, F values, and p-values. Significant changes are noted with p-values less than 0.001.]

During the observation period, the prevalence of myopia among the participants of all grades showed an increasing trend. It increased by 28.2% overall, by 27.0 and 29.8% in boys and girls (p < 0.001), respectively, showing a statistically significant difference. The students who were in grade 2 at baseline had the highest increase (37.6%, p < 0.001), followed by those who were in grades 3 (36.6%, p < 0.001) and 1 (32.4%, p < 0.001) at baseline. During the COVID-19 pandemic, the prevalence of myopia among the participants increased by 11.3% (10.6% for boys and 12.2% for girls), with the highest increase (15.7%) seen in those who were in grade 3 at baseline. Detailed results are shown in Table 5 and Figure 2B. Further analysis showed that as the grade increased the proportion of mild myopia increased first, followed by a decrease—both of which were statistically significant (p < 0.05). With increasing grades, the proportion of severe and moderate myopia also increased, showing a statistically significant difference (p < 0.05) (Table 6 and Figure 2A).



TABLE 5 Prevalence of myopia among school-aged children from 2019–2022.
[image: Table displaying changes in prevalence (%) from 2019 to 2022, categorized by grade and gender. Each row shows baseline grade data for males and females, with prevalence percentages listed for each year. Additionally, the table includes statistical values (\( \chi^2 \)) and significant P-values for each comparison. Overall trends indicate increased prevalence across grades and genders from 2019 to 2022. The bottom rows provide total prevalence changes and statistical values across all grades.]



TABLE 6 Proportion of varying degrees of myopia among school-aged children from 2019–2022.
[image: A table presents the prevalence of myopia from 2019 to 2022 with categories: no myopia, mild, moderate, and severe myopia. Grades range from one to nine, showing a decreasing trend of no myopia and increasing mild to severe myopia over the years. Chi-square values and P-values indicate statistically significant changes with P-values ≤0.001.]

We selected students in grade 1 who were not myopic at baseline for follow-up and found that the 3-year cumulative incidence of myopia of students with baseline SE of ≥1.00 D, ≥ 0.50 D and < 1.00 D, ≥ 0 D and < 0.50 D, and ≥ −0.50 D and < 0 D were 6.8, 24.8, 39.0, and 48.1%, respectively. Detailed results are presented in Table 7.



TABLE 7 Cumulative incidence of myopia among students in Grade 1 with different baseline spherical equivalent refraction.
[image: Table showing baseline spherical equivalent (SE) categories with follow-up percentages over one, two, and three years. Categories: -0.5≤Baseline SE<0, 0<Baseline SE<0.5, 0.5≤Baseline SE<1, Baseline SE≥1. Follow-ups: one year (24.6%, 12.9%, 4.5%, 1.6%), two years (34.3%, 23.9%, 11.6%, 2.4%), three years (48.1%, 39.0%, 24.8%, 6.8%). Chi-squared values are 6,565.52, 6,586.15, 6,836.07 respectively. All p-values are less than 0.001.]



Discussion

This four-year cohort study focused on uncorrected visual acuity, SE, and the incidence and prevalence of myopia among school-aged children in Shenzhen, China. During the observation period, it was found that the uncorrected visual acuity and SE measurements of the study participants decreased by 0.18 and 1.00 D, respectively, and that the prevalence of myopia increased by 28.2%. The students who were in grade 4 at baseline showed the greatest decrease in visual acuity (0.23), those who were in grade 5 at baseline showed the greatest decrease in SE (1.15 D), and the prevalence of myopia increased the most among the students who were in grade 2 at baseline (37.6%). Girls showed a greater decrease in visual acuity and SE, and a greater increase in the prevalence of myopia compared to boys of the same grades. For non-myopic students in grade 1 at baseline, the cumulative incidences of myopia in the first, second, and third years of follow-up were 13.5, 22.6, and 36.2%, respectively.

In 2020, many countries around the world—including China—adopted home quarantine policies to prevent and control the COVID-19 pandemic (9). At-home quarantining proved to be an effective way to control the COVID-19 pandemic (19). China suspended schools nationwide from February to May of 2020, with students studying at home or undergoing online learning (10). Specifically, schools were suspended between February and May 2020 as part of the initial response to the COVID-19 outbreak. In addition to the school closures, Shenzhen experienced several other public health measures aimed at controlling the spread of the virus. These included: Before COVID-19 (2019): Regular schooling and activities were uninterrupted, with no special public health measures related to COVID-19. During COVID-19 (2020): Significant disruptions occurred due to the strict lockdown and school closures, with a shift to remote learning and limited physical interactions. After COVID-19 (2021–2022): A gradual return to normalcy was observed, but some public health measures persisted to prevent new outbreaks.

COVID-19 has had a negative impact on health-related behaviors in children (20–22). The time children spent watching electronic screens reached a peak, while the time spent outdoors declined significantly. Screen time in school-aged children increased by approximately 30 h/week during the COVID-19 pandemic (23). Chinese children used smartphones for long periods to play video games and browse the internet during the COVID-19 pandemic (24). Students in grades 4–6 often use smartphones for online learning and social media (24). After the COVID-19 outbreak, it became particularly critical to monitor myopia in a timely manner and explore the characteristics of myopia onset, which is helpful for formulating targeted myopia prevention and control strategies in school-aged children. This study spanned the pre-, mid-, and post-pandemic periods, and analyzed the epidemiological characteristics of myopia among school-aged children in China, with a goal of providing a scientific basis for formulating targeted myopia prevention and control strategies in this vulnerable demographic.

We found that the visual acuity measurements of our study participants decreased by 0.18 over four years, and by 0.05, 0.06, and 0.07 over 2019–2020, 2020–2021, and 2021–2022, respectively. The SE decreased by 1.00 D over four years, and by 0.36 D, 0.30 D, and 0.35 D over 2019–2020, 2020–2021, and 2021–2022, respectively. Consistent with the results of other studies (17, 25), the risk of myopia among school-aged children remained high in 2021 and 2022, after the home-quarantine order was lifted. This may be related to failures to change unhealthy lifestyles and habits of eye use that many children developed during the pandemic. Study found that, although children were more involved in health-related behaviors after the pandemic subsided, their participation levels were lower than they were in the pre-COVID-19 period (13). In this study, the SE of the participants during the COVID-19 pandemic decreased by 0.36 D, which was similar to that in Shantou and Guangdong (−0.35 D) (26), and lower than that in Chongqing (−0.43 D) (27), Anyang (−0.46 D) (28), and Wenzhou (−0.44 D) (29).

One survey found that the prevalence of myopia among children and adolescents in nine Chinese provinces increased by 11.7% during the COVID-19 pandemic (30). Similarly, the prevalence of myopia among the students in this study increased by 11.3% during the COVID-19 pandemic. With increasing age, the prevalence of severe myopia gradually increased, and there was no severe myopia observed among preschool children. The prevalence of severe myopia has been reported to increase slowly during primary school, then rapidly during secondary school and high school (31). The prevalence of severe myopia among the participants in this study gradually increased in 2019, 2020, 2021, and 2022, to 0.9, 1.7, 2.6, and 3.8%, respectively. The prevalence of severe myopia is predicted to increase significantly globally, with 9.8% of the global population predicted to suffer from severe myopia by 2050 (1). In this study, the prevalence of severe myopia among the study participants in 2022 was 3.8%, which was higher than that in Shandong (2.0%) (32) and Anyang (1.2%) (33), but lower than that in Beijing (8.6%) (31) and Zhejiang (9.4%) (34). These differences may be caused by multiple factors, including lifestyle, environment, and genetics.

When humans are born, the eyeball is in a hyperopic state, with its SE ranging from +2.50 ~ +3.00 D. Over time, this SE gradually tends toward mild hyperopia or emmetropia. This process is often called “emmetropization” (35), and the degree of hyperopia present in the process is called “hyperopia reserve” (28). Hyperopia reserves in children and adolescents gradually decrease over time. With a decrease in the hyperopia reserve, the cumulative incidence of myopia in primary school students gradually increases over 1–3 years. If students have not yet developed myopia in the first grade of primary school, but are already in the emmetropic state (−0.50 to 0 D), their 3-year cumulative incidence of myopia can be as high as >48%. When the hyperopia reserve reaches above +1.00 D, the 3-year cumulative incidence of myopia is likely to be <7%. Pre-myopia is a key intermediate stage in refractive development, and the pre-myopia stage is a high-risk stage of myopia (36). Therefore, early screening myopia is an effective means to prevent myopia. Children and adolescents use their eyes at close ranges too early and too often, which leads to excessive consumption of hyperopia reserves and increases the likelihood of developing myopia. Therefore, scientific and timely monitoring of hyperopia reserves in children and early detection of children at high risk of developing myopia are important for its prevention and control.

There are some significant advantages to this study. First, its sample size was large, with over 840,000 children and adolescents participating. Second, participant compliance was good, with a loss-to-follow-up rate of only 0.37%. Third, the study population included students of all grades in primary and secondary schools, and the results comprehensively reflected the epidemiological characteristics of myopia in students of all ages. Fourth, this study relied on the Shenzhen Children and Adolescents Myopia Monitoring Big Data Platform, and all data were uploaded to the platform in real time at the screening site, which saved time and effort and provided data-based support for the study. Fifth, based on the baseline, the study participants were followed up continuously for 3 years, which was a long enough period to reveal changes in myopia over time. However, there are some key shortcomings to this study that are worth noting as well. First, although non-cycloplegic refractive examination has been proven to have high sensitivity and specificity for large-scale myopia screening (37), it may overestimate the prevalence of myopia to some extent. Second, some biological parameters of the eyeball that are closely related to refraction, such as the corneal radius (CR) and axial length (AL), were not included as screening indicators. One study found that AL and the AL/CR ratio are closely related to refractive status (38). Third, the age of the subjects in this study was not recorded during follow-up, so age-specific SE changes of the subjects could not be analyzed.

This study revealed changing trends in visual acuity and refractive status during and after the COVID-19 pandemic among school-aged children in China. Over a follow-up period of 4 years, the participants’ visual acuity measurements progressed to −0.18 ± 0.30 D (−0.17 ± 0.29 D for boys, −0.21 ± 0.32 D for girls), their SE progressed to −1.00 ± 1.27 D (−0.96 ± 1.25 D for boys, −1.05 ± 1.31 D for girls), and the prevalence of myopia and severe myopia increased by 28.2 and 2.9%, respectively. During the COVID-19 pandemic, the participants’ visual acuity and SE measurements decreased by 0.05 and 0.36 D, respectively, and the prevalence of myopia increased by 11.3%. As the risk of myopia did not decrease after the at-home quarantine order was lifted, we recommend timely monitoring and early intervention for myopia in school-aged children.
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Background: The association between the rapid increase in myopia among adolescents and the amount of outdoor artificial light at night (ALAN) remains unclear. The aim of this study was to investigate the association between outdoor ALAN and myopia in adolescents.
Methods: Stratified cluster random sampling was used to obtain a sample of 33,160 students (age range: 9–18 years; mean: 13.51 years) with complete data from 120 primary and secondary schools across the Ningxia region in China in 2021. Myopia was defined as a spherical equivalent (SE) ≤−0.5 diopters (D) in at least one eye, determined by automated refractometers without cycloplegia. Outdoor ALAN data were obtained from satellite data and the two-year average outdoor ALAN exposure for each participant was determined by matching it to their school address (home addresses were not available). The association between ALAN and myopia was assessed using multiple logistic regression models and restricted cubic spline (RCS) regression. Stratified analyses were performed by age, sex, residence, school level, and outdoor exercise time.
Results: The myopia group had higher outdoor ALAN levels than the non-myopia group [median (interquartile spacing): 14.44 (3.88–26.56) vs. 6.95 (1.21–21.74) nanoWatts/cm2/sr]. After adjusting for covariates identified through stepwise regression, it was observed that the prevalence of myopia increased by 4% for every 10-unit change [95% confidence interval (CI): 1.02–1.07]. Compared to the first quantile (Q1) of outdoor ALAN exposure, the odds ratio (OR) of myopia was 1.20 (95% CI: 1.08–1.34) in the fourth quantile. RCS further showed a positive nonlinear relationship between outdoor ALAN exposure and myopia (p for nonlinear <0.001). Stronger effects were not found in subgroup analyses.
Conclusion: Outdoor ALAN exposure is positively and nonlinearly associated with the prevalence of myopia in adolescents. Controlling outdoor light pollution may constitute a potential strategy to reduce the incidence of myopia in adolescents.
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1 Introduction

Myopia is a refractive error in eye health, leading to blurred vision when observing distant objects (1–3). According to Holden et al. (4), the global prevalence of myopia in 2000 was 22.9% (1.406 billion people). Projections indicated that by 2050, myopia will affect 49.8% (4.758 billion) of the global population (4). Myopia occurs primarily in childhood through early adulthood, making adolescents a key group of concern (5, 6). Myopia poses a high risk for irreversible visual impairment caused by diseases such as glaucoma, retinal detachment, or myopic maculopathy. The increasing prevalence and associated risks not only escalate healthcare costs but also diminish the quality of life, posing a substantial burden on the global healthcare and economy (7–9). Consequently, a comprehensive understanding of the influencing factors of myopia becomes imperative.

Factors influencing myopia development include genetics, environment, and their interplay (10–12). Among these, inadequate sunlight exposure or limited time spent outdoors during daylight is usually suggested as an important driver of myopia prevalence (13, 14). However, outdoor artificial light at night (ALAN) differs from natural light during the day, potentially yielding distinct effects (14, 15). ALAN, with its high intensity, unnatural wavelengths, and abrupt switches, poses potential health risks (16, 17). Furthermore, in contemporary times, ALAN is growing at an annual rate of 5–20% (18), thus warranting our attention.

A review also highlighted the non-coincidental correlation between the widespread use of light-emitting diodes (LEDs) and the accelerating spike in the prevalence of myopia (14). Several studies have provided some plausible explanations for the above phenomenon (14, 19–22). Chronic exposure to ALAN may lead to severe circadian rhythm disturbances that alter the circadian rhythm of the retina (23, 24). Recent reviews have elucidated how retinal circadian rhythm disruption affects the onset and progression of myopia (14, 20, 21, 25). Additionally, ALAN suppressed melatonin production and deprived people of sleep, both of which were also important factors in the development of myopia (19, 22). Numerous epidemiological studies have investigated the association between ALAN and various outcomes, including obesity, fasting blood glucose, blood pressure, and sleep (18, 26–29). However, the association with myopia is notably limited.

A few epidemiologic studies have attempted to explore the relationship between nighttime light exposure and myopia development, but the results have been inconsistent (30–33). Quinn et al. (33) found that the development of myopia in children was strongly associated with their exposure to nighttime lighting in the first 2 years of life. However, subsequent research by Gwiazda et al. (32) found no significant relationship between myopia prevalence and exposure to nighttime lighting during the first 2 years or later. Similarly, Czepita et al. (30) reported that light from fluorescent lamps was associated with a higher incidence of astigmatism, but Czepita et al. (31) later found no association between nighttime light usage and myopia in Polish children without a family history of myopia. Additionally, to our knowledge, no available studies have explored the associations of ALAN with myopia among Chinese adolescents. To address the knowledge gap, we conducted a large representative cross-sectional study in 2021 among school adolescents in 22 districts/counties/cities in Ningxia, China. The study aimed to quantify the association between ALAN and myopia, and to examine the modifying effects of certain individual characteristics.



2 Methods


2.1 Study design and population

The survey samples were obtained from the monitoring program of students’ myopia and health influencing factors conducted from September to December 2021 by the Ningxia Center for Disease Control and Prevention. Ningxia is located in the northwest of China, with 9 districts, 11 counties and 2 cities under its jurisdiction, covering a total area of 66,400 square kilometers.1 Ningxia is also an autonomous region of China known as the Ningxia Hui Autonomous Region. We used stratified cluster random sampling to select schools for monitoring, and a total of 120 schools were selected. The detailed spatial distribution of surveyed schools in each district or county is shown in Figure 1. About two classes per school per grade were taken as the basic unit of investigation. Given responsiveness, our study only focused on in-school adolescents (fourth grade through high school). A total of 34,777 adolescents participated in the survey, with each participant receiving a physical examination and a structured questionnaire. The questionnaires were paper-based and completed by the adolescents themselves, with completion taking approximately 10 to 30 min. After excluding 1,617 (4.65%) participants with missing covariates, a total of 33,160 adolescents were included in the final analysis. The study was approved by the Ethics Committee of the People’s Hospital of Ningxia Hui Autonomous Region ([2022]-NZR-093) and was conducted in accordance with the guidelines of the Declaration of Helsinki.
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FIGURE 1
 Spatial distribution of schools of the study subjects in Ningxia province, China. Red dots represent the schools (n = 120) of the study subjects; the gray lines represent administrative boundaries of 22 districts/counties/cities in Ningxia province, China.




2.2 Myopia determination

In this study, myopia was diagnosed following the national standard “Technical Specifications for Student Health Examination” (GB/T 26343) and the health industry standard “Specification for Myopia Screening in Primary and Secondary School Students” (WS/T 663-2020). Briefly, ophthalmologists or trained investigators used automated refractometers to perform eye examinations without cycloplegia. All refractometers were compliant with the ISO 10342:2010 standard for ophthalmic instruments. Three measurements were taken in each eye and averaged. If the spherical equivalent (SE) of any two measurements differed by ≥0.50 diopters (D), the eye was re-measured and a new mean value was calculated. SE was calculated by the following formula: SE = sphericity degree + 0.5 × cylindrical degree. SE was used to assess refractive error in this study, consistent with previous epidemiologic surveys of children (34, 35). Based on previous literature and industry standards (WS/T 663-2020), myopia was defined as a SE of ≤−0.5 D in at least one eye (36, 37). In addition, students with suspected eye abnormalities were referred to a specialist for further evaluation.



2.3 Environmental data

During the survey, the residential address of each participant’s school was collected and subsequently the longitude and latitude of each participant’s school were extracted. Outdoor ALAN data were sourced from NASA/NOAA’s Visible Infrared Imaging Radiometer Suite (VIIRS) Day/Night Band (DNB) low-light imaging data, which provides high-quality nighttime light products2 (18, 38). The intensity of outdoor ALAN was quantified in raster units, ranging from 0 to 472.86 nanoWatts/cm2/sr, with a spatial resolution of 500 m. Taking Supplementary Figure S1 as an example, we presented the annual average outdoor ALAN exposure for 2020 in Ningxia province. Considering our population data collection occurred in 2021, we downloaded outdoor ALAN data for the years 2018–2020. Then, using ArcGIS version 10.2 software, we extracted the annual mean values of outdoor ALAN for each school buffer (1 km, 3 km, and 5 km) for the years 2018–2020. Considering that the majority of the included schools follow a three-year curriculum, for the main analysis, we used the 1 km buffer and 2-year average of outdoor ALAN exposure as the main exposure variable. Also, the effects of multiple definitions of outdoor ALAN were explored.

The assessment of the schools’ green space was conducted using the normalized difference vegetation index (NDVI). NDVI values range from −1 to 1 (3). Higher NDVI values indicate higher levels of green space around the school. NDVI data were sourced from Moderate Resolution Imaging Spectroradiometer (MODIS) surface reflectance data.3 Considering the seasonality of vegetation, we extracted the summer three-month average (June to August) from the MODIS VI product (MOD13Q1) as the primary exposure, with a spatial resolution of 250 m. Taking Supplementary Figure S2 as an example, we also presented the annual average NDVI exposure for 2020 in Ningxia province. For the main analysis, we also used the 1 km buffer and 2-year average of NDVI exposure as the main exposure variable.

The daily data of particulate matter ≤2.5 mm (PM2.5) at a 1 km spatial resolution were obtained from ChinaHighAirPollutants database4 (39). PM2.5 was ultimately selected as the primary exposure variable given the generally high correlation of air pollution indicators. Additionally, using ArcGIS version 10.2 software, the 1 km data were resampled to 500 m for subsequent matching purposes. For the main analysis, the 1 km buffer and 2-year average of PM2.5 exposure was used as the main exposure variable.



2.4 Covariates

Based on previous studies (3, 40, 41), covariates were selected as follows: demographic characteristics [age, sex, residence, nationality, school level, exposure time, body mass index (BMI), and parental myopia]; behavioral and lifestyle factors (nighttime sleep, outdoor exercise time per day, frequency of sugar per week, frequency of oil per week, frequency of fruit per week, frequency of vegetable per week, computers and TVs spend time per day, after-school homework time per day, after-school tutoring time per day, eye exercises per day, and annual frequency of visual inspections); and regional macro-indicators [gross domestic product (GDP) per capita, population density, and health technical personnel].

Among these factors, exposure time represented time exposed to the school environment: grade 4 to 6, indicating >3 year of exposure time; grade 7 and grade 10, indicating 1 year of exposure time; grade 8 and grade 11, indicating 2 year of exposure time; grade 9 and grade 12, indicating 3 year of exposure time, respectively. BMI was calculated by dividing the weight (kg) of each participant by the square of height (m). Data on demographic and behavioral/lifestyle factors were collected using a structured questionnaire. Behavioral/lifestyle factors were primarily assessed through questions about the past week. For example, participants were asked: “How much time is spent on outdoor exercise per day over the past week?” with response options including: less than 1 h, 1–2 h, and 2 h or more. Data on regional macro-indicators were obtained from Ningxia Statistical Yearbook of 2020.5



2.5 Statistical analysis

Continuous variables that were normal or approximately normal were described by the mean [standard deviation (SD)], while those that were not normally distributed were expressed as the median [interquartile spacing (IQR)]. Descriptive statistics for categorical variables were expressed as numbers (percentages, %). Depending on the distribution of the variables, student’s t-tests, Mann–Whitney U-tests, or chi-square tests were used to compare differences in individual characteristics between non-myopic and myopic participants.

Multiple logistic regression was used to estimate the associations between outdoor ALAN (per 10 units or per quartile increase) exposure and the prevalence of myopia. We constructed three models. Model 1 was not adjusted for any covariates. Based on univariate analysis (p < 0.1), Model 2 adjusted for age, sex, residence, nationality, school level, exposure time, body mass index, parental myopia, nighttime sleep, outdoor exercise time, fruit, vegetable, computers and TVs spend time, after-school homework time, after-school tutoring time, eye exercises, annual frequency of visual inspections, health technical personnel, NDVI, and PM2.5. A stepwise selection approach was used to build a parsimonious model. Thus, Model 3 (main model) adjusted for age, sex, residence, nationality, school level, exposure time, body mass index, parental myopia, fruit, vegetable, after-school homework time, eye exercises, annual frequency of visual inspections, and PM2.5.

In examining the relationship between outdoor ALAN exposure and the prevalence of myopia, we further investigated the shape of the exposure-response curve using restricted cubic spline (RCS) regression. For the RCS, the knots were set to the 5th, 25th, 50th, 75th and 95th percentiles, and the reference value was 0. The nonlinear p-value of the RCS was calculated by the Wald test.

Based on prior literature and our database, we selected five individual characteristics to explore the modifying effects, which were associated with myopia with moderate to high strength of evidence (3, 40). These characteristics were: (1) age (≤10 years and >10 years), (2) sex (male and female), (3) residence (rural areas and urban areas), (4) school level (primary, junior, and senior), and (5) outdoor exercise time (<1 h, 1–2 h, and ≥2 h). We used Z-tests to examine whether the differences between the subgroup effect estimates were significant or not. In addition, multiple comparisons existed for school level and outdoor exercise time. Thus, the Benjamini–Hochberg FDR method was calculated to correct for multiple comparisons.

We also performed a series of sensitivity analyses. First, we redefined four ALAN levels based on a variety of buffers (e.g., 3 km and 5 km) and annual averages (e.g., 1-year and 3-year average). Second, we excluded exposures with a duration of ≤1 year. Third, considering potential data clustering in schools, we used a generalized linear mixed model to test main results. All analyses were completed using SPSS for Windows (version 23.0) and R software (version 4.1.3). A two-tailed p-value of less than 0.05 was considered statistically significant.




3 Results


3.1 Descriptive statistics

Supplementary Table S1 shows the characteristics of 33,160 Chinese adolescents. The age of the students participating in the study ranged from 9 to 18 years (mean ± SD: 13.51 ± 2.55 years). Supplementary Table S1 also shows that the overall prevalence of myopia among students was 61.4% (20,325 out of 33,160). Table 1 further illustrates the variations in myopia prevalence across different groups. For example, a higher prevalence of myopia was observed among older adolescents, females, individuals from urban areas, and those of Han Chinese ethnicity, as well as among individuals with higher levels of education. Briefly, with the exception of five variables (outdoor exercise time, frequency of sugar, frequency of oil, GDP per capita, population density), all other variables showed differences between the two groups (p < 0.05).



TABLE 1 Description of non-myopia (n = 12,808) and myopia (n = 20,352) groups.
[image: A table comparing variables between non-myopia and myopia groups. Variables include age, sex, residence, nationality, school level, exposure time, body mass index, parental myopia, nighttime sleep, outdoor exercise, diet, screen time, homework, tutoring, eye exercises, visual inspections, GDP per capita, population density, health personnel, NDVI, PM2.5, and outdoor ALAN. Statistical values such as means, standard deviations, t-values, and p-values are displayed. Each entry shows differences in values and significance levels between the two groups.]

The radiance of LAN exposure exhibited significant variation across Ningxia Province, as illustrated in Supplementary Figure S1. In general, most areas experienced lower-intensity outdoor ALAN, while higher-intensity outdoor ALAN was notably concentrated in northern cities. The distribution of outdoor ALAN among the 120 study sites (schools) displayed a leftward skew, and the median (IQR) ALAN exposure for all study sites was 12.90 (2.10, 25.04) nanoWatts/cm2/sr, as depicted in Supplementary Figure S3.



3.2 Associations of outdoor ALAN with myopia

Significant differences in outdoor ALAN levels were observed between the non-myopia group and the myopia group (p < 0.001; see Figure 2). Outdoor ALAN levels were higher in the myopia group [median (IQR): 14.44 nanoWatts/cm2/sr (3.88–26.56)] than in the non-myopia group [median (IQR): 6.95 nanoWatts/cm2/sr (1.21–21.74)].

[image: Box plot comparing outdoor artificial light at night (ALAN) exposure in non-myopia and myopia groups, measured in nanowatts per square centimeter per steradian. The myopia group, in teal, shows higher median exposure than the non-myopia group, in red. Statistical significance is indicated with p < 0.001.]

FIGURE 2
 Differences in the outdoor ALAN between the non-myopia and myopia groups. “p < 0.001” represented a significant difference in the median by the Mann–Whitney U-test. ALAN, artificial light at night.


Table 2 presents the ORs and 95% CIs for the associations between outdoor ALAN exposure and the prevalence of myopia. In Model 1, without adjusting for any covariates, there was an 18% increase in myopia prevalence for every 10-unit change in outdoor ALAN. In Model 2, after adjusting for covariates identified through univariate analysis (p < 0.1), a 4% increase in myopia prevalence was observed for every 10-unit change in outdoor ALAN. Similar results were obtained using stepwise regression approaches in Model 3.



TABLE 2 Associations of outdoor ALAN with myopia in different models.
[image: Table showing statistical analysis results from three models. Model 1 shows significant results for continuous and quartile variables, with odds ratio ranging from 1.62 to 2.08 and p-value <0.001. Model 2, adjusted for several factors, shows significant results for the continuous variable with an odds ratio of 1.04 and p-value 0.002. Quartile Q4 is significant with an odds ratio of 1.21 and p-value 0.001. Model 3, further adjusted, shows a similar pattern; continuous variable has an odds ratio of 1.04 and p-value 0.001, and quartile Q4 is significant with an odds ratio of 1.20 and p-value 0.001. Statistical significance is indicated in bold.]

To preliminarily explore non-linear relationships, we categorized outdoor ALAN into quartiles (Q1, Q2, Q3, and Q4). As shown in Table 2, association estimates were calculated for the top three quartiles compared to the lowest outdoor ALAN quartile. In Model 1, statistically significant positive associations were observed between outdoor ALAN and myopia prevalence (ORQ4 vs. Q1: 2.08, 95% CI: 1.95–2.22). Model 2 and Model 3 found similar association estimates (ORQ4 vs. Q1: 1.21, 95% CI: 1.08–1.35; ORQ4 vs. Q1: 1.20, 95% CI: 1.08–1.34, respectively). Considering the simplicity of the model, we use Model 3 as the main model for subsequent analysis.

We further investigated the shape of the exposure-response curve in examining the relationship between outdoor ALAN exposure and myopia prevalence (Figure 3). The relationship between outdoor LAN exposure (reference concentration: 0 nanoWatts/cm2/sr) and the prevalence of myopia exhibited a nonlinear exposure-response curve (p for nonlinear <0.001). The effect steeply increased at low outdoor ALAN levels, remained stable at medium levels, and gradually increased at high levels. Overall, the RCS analysis indicated a nonlinear positive dose-response association between long-term outdoor ALAN exposure and myopia in adolescents.

[image: Graph showing the relationship between outdoor artificial light at night (ALAN) levels and myopia risk. The top line graph, with a shaded confidence interval, indicates a nonlinear trend. Below, a histogram displays the frequency distribution of ALAN levels. The line's upward trend suggests increased myopia risk with higher ALAN. P-value is less than 0.001, indicating significance.]

FIGURE 3
 Nonlinear association of outdoor ALAN exposure with OR for myopia. ALAN, artificial light at night; OR, odds ratio; 95% CI, 95% confidence interval. Adjusted for age, sex, residence, nationality, school level, exposure time, body mass index, parental myopia, fruit, vegetable, after-school homework time, eye exercises, annual frequency of visual inspections, and PM2.5.




3.3 Subgroup and sensitivity analysis

Table 3 shows the associations of outdoor ALAN with myopia prevalence modified by age, sex, residence, parental myopia, school level, and outdoor exercise time. Compared to the outdoor ALAN in Q1, the outdoor ALAN in Q4 was significantly associated with increased odds of myopia in adolescents older than 10 years of age, with no myopic parents, attending junior school, and spending more time outdoors. Both males and females showed a significant increase in the prevalence of myopia when exposed to outdoor ALAN in Q4 compared to Q1. Compared to the outdoor ALAN in Q1, the outdoor ALAN in Q2 was significantly associated with increased odds of myopia in rural areas. It is worth noting that we only found statistically significant differences between urban and rural areas (p = 0.029).



TABLE 3 Associations of outdoor ALAN with myopia by subgroups.
[image: Table displaying associations between quartile variables and factors such as age, sex, residence, school level, outdoor exercise, and parental myopia. Statistical values and p-interactions are provided, with significant results indicated in bold. The data is adjusted for various demographic and lifestyle factors, using the Benjamini-Hochberg FDR method for correction.]

In sensitivity analyses, the associations between outdoor ALAN and myopia prevalence remained stable (see Supplementary Tables S2, S3). First, defining four ALAN levels was based on a variety of buffers (e.g., 3 km and 5 km) and annual averages (e.g., 1-year and 3-year average). The associations varied to some extent in different definitions, but the direction remained stable. Second, excluding exposure time ≤1 year, we observed a slight decrease in the effects (ORQ4 vs. Q1: 1.16, 95% CI: 1.02–1.31). Third, considering potential data clustering in schools, we used a generalized linear mixed model and observed the increased effects. For instance, a 8% increase in myopia prevalence was observed for every 10-unit change in outdoor ALAN. Compared to the outdoor ALAN in Q1, the outdoor ALAN in Q4 was significantly associated with increased odds of myopia (ORQ4 vs. Q1: 1.40, 95% CI: 1.00–1.96).




4 Discussion


4.1 Main findings

This study is the first to identify a positive nonlinear association between long-term exposure to outdoor ALAN and myopia in adolescents. Although a stronger correlation was not found in a specific population (e.g., sex), the findings still offer important insights. Given the rising rates of ALAN and myopia in contemporary society, the study offers crucial first-hand evidence of ALAN’s potential impact on eye health.



4.2 Comparison with previous work and possible explanations

Holden et al. (4) reported a global myopia prevalence of 22.9% (1.406 billion people) in 2000, projecting a significant increase to 49.8% (4.758 billion) by 2050 (4). A comprehensive review underscored a non-coincidental correlation between the widespread adoption of LEDs and the escalating prevalence of myopia (14). While daytime LEDs used for general lighting may impact visual performance and eye strain, ALAN, characterized by exposure to artificial light during nighttime hours, may have distinct and potentially more significant effects on myopia development (14, 25). Research on the association of ALAN with myopia is very limited, as only a few epidemiologic studies conducted abroad have shown inconsistent results (30–33). Quinn et al. (33) identified a strong link between childhood myopia development and exposure to nighttime lighting during the first 2 years of life. However, a follow-up study by Gwiazda et al. (32) found no significant relationship between nighttime lighting exposure—whether in the first 2 years or later—and the prevalence of myopia. Similarly, Czepita et al. (30) observed a high incidence of astigmatism associated with fluorescent lighting. In a subsequent study, Czepita et al. (31) found no association between myopia and nighttime light use in Polish children without a family history of myopia. These inconsistent results may partly be attributed to the accuracy of exposure measurements, statistical methods, and the limitation on specific populations.

Our study extends previous work in three ways. First, unlike previous studies that used questionnaires to assess artificial light (30–33), we used relatively high-precision data of outdoor ALAN (38). By focusing on outdoor ALAN, our study introduces a new perspective on environmental influences on myopia, offering insights beyond the commonly studied indoor lighting. Second, we used a variety of methods, including logistic regression and RCS methods, to mutually validate the results. These methods demonstrated a positive nonlinear dose–response relationship between ALAN and myopia, providing a more comprehensive understanding of the association. Third, to our knowledge, this is the first and largest study examining the link between ALAN and myopia in adolescent. These three extensions further add support for a positive association between ALAN and myopia.

The exact mechanisms between ALAN and myopia are not clear. One possible mechanism is that long-term exposure to ALAN may lead to severe disruption of circadian rhythms, thereby altering the circadian rhythm of the retina. Several systematic reviews have detailed this mechanism, including Lei et al. (27), Regmi et al. (42), and Nickla (25). In addition, several other systematic reviews have noted that retinal circadian rhythm disturbances may specifically affect the onset and progression of myopia, such as Chakraborty et al. (20), Stone et al. (21), and Zhang et al. (14). Another possible mechanism is that ALAN inhibits melatonin production and deprives sleep, both of which are also important factors in the development of myopia, as supported by Chakraborty et al. (19) and Touitou et al. (22). These mechanisms form, in part, the biological basis for the link between ALAN and myopia.



4.3 Public health and clinical implications

Our study found that long-term exposure to outdoor ALAN may be positively associated with myopia. This association provides important insights for clinical practice and public health. Ophthalmologists can advise adolescents to take a series of measures, such as avoiding overexposure to strong light sources at night, which are expected to reduce the incidence of myopia. Eye care professionals can advise adolescents to avoid or minimize exposure to ALAN, which may help reduce the incidence of myopia. For high-risk groups in light-polluted environments, especially students, regular eye health checkups are especially important, and early detection and intervention will improve the effectiveness of myopia prevention and control.

In addition, understanding the association between outdoor light pollution and myopia provides an important knowledge base for the public. Although no specific sensitive groups were identified, the effect did diminish after adjusting for other known risk factors such as lifestyle factors. This suggests that individuals may be able to take steps to mitigate the effects of ALAN. Educational institutions and health departments can work together to conduct publicity campaigns to raise public awareness of outdoor light pollution in order to reduce its harmful effects on eye health. It is crucial to incorporate light pollution prevention and control measures in urban planning, such as rationalizing lighting facilities and reducing glare exposure, to improve the urban environment and reduce eye health risks. Taken together, this study provides substantial guidance for the development of more effective eye health strategies that not only contribute to the eye health of individuals, but also have a positive impact at the public health level.




5 Strengths and limitations

Our study has several strengths. First, this is the first and largest research to explore the association between outdoor ALAN and adolescent myopia, using a representative sample. This makes our results more generalizable to adolescents in other parts of China, especially to populations in cities in northwestern China. Second, the study incorporated covariates of multiple dimensions (such as demographic characteristics, behavioral/lifestyle factors, and regional macro-indicators) to make the results closer to the real situation by adjusting for confounders as much as possible. Third, we conducted multiple sensitivity analyses and subgroup analyses to emphasize the robustness of our results.

Nevertheless, there are also several limitations. First, cross-sectional studies have inherent limitations and fail to provide evidence of a causal relationship between ALAN and myopia. Further cohort and experimental studies (including clinical trials and animal studies) are needed to elucidate these findings and to further our understanding of the mechanisms by which ALAN causes myopia in adolescents. Second, the outdoor ALAN data include only daily, monthly and annual data, not hourly data (see text footnote 2). Therefore, we were unable to assess the effects of ALAN exposure during the last few hours of the day on myopia. Future studies should develop and use hourly ALAN data to further validate and extend the current findings. Third, this study was only able to use ALAN data obtained from satellite remote sensing to represent ALAN exposure at participants’ schools. Individual participant addresses were not obtained, which may have led to measurement bias. Given that most schools in China use the principle of proximity to school, the ALAN values near schools reflect to some extent the level of residential exposure. It is undeniable that this measurement bias may underestimate the true effect of ALAN exposure. In future studies, we will collect individual addresses to better match exposure levels and reduce the likelihood of misclassification. Fourth, indoor ALAN exposure could not be measured. Indoor ALAN exposure might significantly impact myopia and potentially confound the results related to outdoor ALAN exposure (43). Thus, we measured alternative indicators (such as after-school homework time and after-school tutoring time) and adjusted for these variables to mitigate the potential impact of indoor ALAN exposure on the study results. Future studies should include both indoor and outdoor ALAN exposure to provide a more comprehensive understanding of how different types of light exposure affect myopia. Fifth, considering that urbanization may be an important confounder (3), we initially included three regional macro-indicators (GDP per capita, population density, and health technical personnel) and residence for potential adjustment in our analysis. Although some factors may not be included in the final model, they were carefully considered during the analysis. Finally, unmeasured variables may cause residual confounding (44), such as outdoor time during daylight. However, our model was adjusted for a range of important/alternative covariates (e.g., outdoor exercise time) that were closely associated with the outcomes. Therefore, we believe that the effects of unmeasured residual confounding on the results are likely to be limited and are unlikely to change the direction of the main results.



6 Conclusion

In conclusion, our study reveals a positive nonlinear relationship between long-term outdoor ALAN exposure and adolescent myopia. No stronger correlations were found in specific populations. These findings deepen our understanding of environmental influences on myopia. Further cohort studies are essential to clarify the association between outdoor ALAN and myopia, as well as to understand the underlying mechanisms that contribute to adolescent myopia.
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Quantitative structural organization of the sclera in chicks after deprivation myopia measured with second harmonic generation microscopy
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Visual deprivation causes enhanced eye growth and the development of myopia, which is associated with a change in the arrangement of collagen fibers within the sclera. A second harmonic generation (SHG) microscope has been used to image the collagen fibers of unstained scleral punches from the posterior part of chicken eyes. We aimed to analyze the fibrous scleral tissue and quantify the changes in collagen organization in relation to the extent of induced deprivation myopia. The scleral architecture was assessed with the Radon transform (RT) through the parameter called structural dispersion (SD) that provides an objective tool to quantify the level of organization of the collagen network. We found that final refraction and axial length changes were linearly correlated. However, no significant differences in scleral thickness were found for different amounts of induced myopia. In contrast, a significant correlation between SD and refraction was demonstrated, ranging from a non-organized (in the control sclerae) to a quasi-aligned distribution (with a dominant direction of the fibers, in the sclera of myopic chicks). These findings demonstrate a remodeling process of the scleral collagen associated with myopia progression that can be measured accurately combining SHG imaging microscopy and RT algorithms.
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1 Introduction

The sclera is the white outer shell of the eye, a tough connective tissue with a complex organization of collagen fibers. It contains approximately 50% collagen by weight (about 90% type I) (1). This dense collagenous structure provides protection against external injury. Different microscopy techniques have been used to investigate the structure of the sclera and to measure the preferred orientations of the collagen lamellae. These include bright-field, scanning electron and atomic force microscopy, among others (2–5).

Myopia is an ocular condition resulting from a mismatch between the eye’s optical power and its axial length. The size and shape of the myopic eye are partly determined by the resistance of the sclera (6). Early studies of the human myopic eye detected thinner collagen fiber bundles and reduced scleral thickness at the posterior pole of the eye as compared with the emmetropic eye (6, 7). A study in monkeys’ eyes with experimentally induced myopia found that smaller fiber diameters are associated with a marked scleral thinning (8). Scleral thinning was also shown to occur during the development of axial myopia in a shrew model (9). Extensive details on the role of the sclera in the development of myopia can be seen in the work by McBrien and Gentle (10).

Chickens have been widely used as an animal model in myopia studies (11–13). The induction of visual deprivation using monocular diffusers or defocus with negative lenses has been reported to cause ocular elongation and subsequent myopia (11), which is associated with scleral growth (14) and increased creep rate of posterior and equatorial sclera (15). The chick’s sclera is composed of two layers: an outer fibrous layer (similar to that of the mammals), mainly composed of collagen type I and an inner cartilaginous layer, which contains collagen types II and IV, and aggrecan as the predominant cartilage proteoglycan (16, 17).

Second harmonic generation (SHG) microscopy is a non-lineal imaging modality especially suitable for visualizing collagen-based samples without the need of chemical markers, fixation procedures or histological preparation (18–20). Due to the rich collagen content of the sclera, this ocular component has been widely studied using this technique (21–26). Several experiments have used ex-vivo non-stained samples from both porcine (21, 22, 25) and human eyes (23, 24, 26). More recently, SHG images of the sclera in living human eyes have also been successfully obtained (27). However, to the best of our knowledge experiments combining SHG imaging and chicken scleras have not been previously reported.

It has been shown that the spatial arrangement of collagen in the sclera is altered by various conditions such as glaucoma (28), aging (29), or myopia (9, 10) to name a few. However, some previous studies on scleral changes were not fully consistent. More recently, quantitative analyses on the scleral arrangement as a function of myopia in guinea pig eyes using SHG imaging microscopy have been reported (30, 31). In particular, this article goes a step further on this topic and we evaluate and quantify the changes suffered by the sclera of myopic chickens by combining SHG images and the Radon transform (RT).



2 Materials and methods


2.1 Animals and tissue preparation

The scleral tissue used in this study was obtained from 13 chickens (aged 7–10 days) examined as part of a study on the development of myopia. All experiments were conducted in accordance with the ARVO statement for the use of animals and approved by the University of Tübingen Commission for Animal Welfare. White Leghorn chickens were raised under an 11/13 h light/dark cycle, with the light phase starting at 8:00 a.m. Water and food were supplied ad libitum. Illumination was provided by light bulbs that produced an average ambient illuminance of 500 lx on the cage floor.

Deprivation myopia was induced by attaching translucent plastic diffusers (32) over one eye for 7 days. Fellow eyes had normal vision and served as contralateral controls. Refractive state was measured without cycloplegia right before diffuser treatment started and at the end of the treatment period by automated infrared photoretinoscopy (33). Ocular dimensions were determined by A-scan ultrasonography as previously described (32), also at the beginning and at the end of the treatment period. Averages of three measurements for both refraction and axial length from contralateral control and treated eyes were taken.

Animals were sacrificed by an overdose of ether. The eyes were immediately enucleated and cut with a razor blade in the equatorial plane, approximately 1 mm posterior to the ora serrata. The anterior segment of the eye was discarded and the vitreous removed. From each ocular globe, tissue punches (8-mm in diameter) were taken from an area close to the optic nerve head (Figure 1). Then, both the retinal pigment epithelium and the choroidal layers were removed. The remaining scleral tissue was fixed by 30 min of immersion in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, washed and afterwards stored to be sent in 1% PFA solution for SHG imaging.
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FIGURE 1
 Illustrative drawing representing the location from where the chicken sclera tissue was harvested. The inset picture shows the scleral punch placed on the microscope glass bottom dish.




2.2 SHG image acquisition

SHG images of the sclera samples were obtained using a multiphoton microscopy system [see (34) for further details of the setup]. In brief, the instrument combined a commercial inverted microscope (TE2000-U; Nikon, Japan) with a 800-nm (central wavelength) Ti:sapphire laser (Mira900f; Coherent, St Clara, CA). The repetition frequency of the laser was 76 MHz, and the pulse width was ~120 fs. The beam was focused on the sample through a long working distance objective (20x, NA 0.50, Nikon, ELWD series), with an average power of 80 mW. The focusing objective collected the nonlinear signal emitted by the sample. The signal emitted in the backward direction passed through a dedicated narrow-band spectral filter (400 ± 10 nm) before reaching the detector. The detector was a photomultiplier tube (PMT; R7205-01, Hamamatsu). A DC motor coupled to the objective allowed optical sectioning across the entire specimen along the Z-direction.

Each non-stained scleral punch (see section 2.3) was placed on the microscope stage with its fibrous layer facing down on a glass bottom dish filled with phosphate buffer. The inset in Figure 1 shows one of the specimens prepared for SHG image acquisition.

Two imaging protocols were used to record the SHG signal from the scleral tissue: tomographic imaging (35) and “regular” XY-plane imaging. The latter was set to operate at 1 frame/s. SHG images were 180 × 180 μm2 in size (256 × 256 pixel2) and corresponded to the plane with best intensity projection within the sclera. For the former, the separation across adjacent points was 2 μm and it was used to image the fibrous portion of the chicken sclera. Whereas XY images allowed the visualization of the sclera collagen fibers, tomographic images permitted the calculation of the sample’s thickness (see section 2.3). No image averaging was performed. Illustrative examples of SHG images acquired with both protocols are presented in Figure 2.

[image: Two blue-tinted microscopic images. The top image shows a banded pattern with a horizontal gradient from light to dark. The bottom image displays a dense network of fibers in various shades of blue. Both images have white scale bars.]

FIGURE 2
 SHG images of the chicken sclera: axial tomography (top) and image across an XY plane (bottom). Scale bar: 50 μm.




2.3 Image analysis

Image processing was performed by a dedicated software developed under MatLab™ (The MathWorks, Inc., Natick, MA). Fibrous scleral thickness of the was obtained from the tomographic images as follows (Figure 3). For each Xi location (vertical axis on Figure 3a) the intensity profile along the Z axis was extracted (horizontal axis on Figures 3a,b). For each set of data forming an axial profile, the corresponding derivatives were used for an accurate edge detection. Then, the distance between every pair of edge points (at both sides of the profile) was taken as the local thickness (ti, see red arrows in Figure 3). The final thickness for each sample used herein was the mean value across all Xi locations.

[image: (a) Visualization of a narrow, bright blue strip on a dark background, with red asterisks flanking it. Arrows labeled X and Z indicate directions. (b) Graph depicting Second Harmonic Generation (SHG) intensity versus pixel location, showing a peak with red arrows labeled "tᵢ" indicating width.]

FIGURE 3
 (a) Tomographic SHG images of a chicken sclera along the X direction. Red dots set the position of the edge estimated after the derivative of the curve at every point. (b) Example of an intensity profile as a function of depth for a particular Xi location.


To explore the organization of the scleral collagen fibers of each SHG image (Figure 4a), the RT method was applied. This is a mathematical tool that combined with the Fourier Transform (FFT) robustly quantifies the preferential (or dominant) orientation (PO) of the fibers (Figures 4b,c) and the structural dispersion (SD) value. A detailed description of this formalism and its advantages when wavy collagen fibers and crimped architecture appear in the image can be found in (36). The RT of the FFT image ensures that all peaks are close to the center of the x′ reference axis (Figure 4c). This x′ = 0 line represents the angular information of the fibers (Figure 4d). In particular, the peak provides the PO (green arrow), and the SD is computed as standard deviation of the values of the angular distribution (37). If a PO exists, the distribution of Figure 4d can be fitted by a Gaussian function centered on the actual PO value. When SD ≤ 20°, the sample is composed of fibers quasi-aligned along a PO. For a sample presenting a non-organized structure, SD will be larger than 40°. A partially organized distribution is considered when SD values are within the range (20°, 40°]. As a general rule, the higher the SD, the lower the level of organization of the fibers within the tissue. At this step the algorithm is not designed to compute the thickness of the fibers with the SHG image.

[image: Four-panel image analysis: (a) A blue-textured surface. (b) Frequency distribution plot with a diagonal line. (c) Heatmap with a highlighted area and arrow, indicating frequency or angle. (d) Graph of Radon Transform versus Orientation, showing a peak with standard deviation of 14 degrees, marked with PO.]

FIGURE 4
 RT procedure to perform the calculation of the structural organization of the collagen fibers of the fibrous chicken sclera. (a) Original SHG image; (b) FFT image; (c) RT of the FFT image where the peak (green arrow) corresponds to the preferential orientation; (d) RT plot for x′ = 0. The insets indicate the values of SD and PO.




2.4 Statistics

Data are shown as the mean ± standard deviation. The difference between the experimental eyes and the fellow eyes were analyzed with a paired t-test. In Figures 5b, 6, 7, the measured parameters were expressed as changes/increment (Δ, after-before).

[image: Two scatter plots with red data points and trend lines. (a) Plots final refraction (D) against final axial length (mm), showing a negative correlation. (b) Shows refraction increment (D) versus axial length increment (mm), also indicating a negative correlation.]

FIGURE 5
 (a) Relationship between refraction (in D) and axial length (in mm) (best linear fit (solid black line): Rxfinal = −6.74*ALfinal + 63.74). (b) Change in refraction during the treatment period as a function of change in axial length (best linear fit (solid black line): ΔRxfinal = 7.86*ΔALfinal + 3.52).


[image: Scatter plot showing the relationship between axial length increment (mm) and scleral thickness (microns). Red dots represent data points with error bars, distributed mostly between 60 and 80 microns on the vertical axis and between 0 and 1.5 mm on the horizontal axis.]

FIGURE 6
 Averaged values of fibrous scleral thickness (μm) vs. the increment in axial length (mm).


[image: Scatter plot showing the relationship between axial length increment in millimeters and standard deviation in degrees. Red data points are distributed with a downward trend, indicated by a black regression line. Axial length increment ranges from 0.0 to 2.0, and standard deviation ranges from 0 to 50.]

FIGURE 7
 Changes in SD with axial length increment. Linear regression fitted to the data shows a statistically significant decrease. Best linear fit: SD = −16.85·ΔAL + 41.66.





3 Results


3.1 Refraction and axial length

The diffuser-treated eyes developed axial myopia during the 1-week treatment period (mean final refraction: −4.70 ± 2.71 D, see Figure 8). Fellow control eyes, which were exposed to normal visual experience, remained slightly hyperopic (+2.49 ± 0.64 D). The refraction values between the two groups of eyes were statistically different (paired t-test, p < 0.0001).

[image: Scatter plot comparing refraction (D) between two groups: Control and Deprived. Control group shows a positive refraction around 2.00 D, while the Deprived group shows a negative refraction around -4.00 D. Error bars indicate variability.]

FIGURE 8
 Average refraction in control and deprived chicken eyes (after 1 week of wearing a diffuser). Error bars indicate the standard deviation.


Figure 5a shows the individual refraction as a function of the axial length after deprivation. It can be seen that higher degrees of myopia are closely associated with longer ocular length. This result is as expected. In the figure, the black line shows the best linear fit from the experimental data, which is significant (R = 0.77, p < 0.0001). The final refraction values were in the range of −10.1 D to +3.6 D. For completeness, the relationship between the change from baseline in refraction (ΔRx) and axial length (ΔAL) is shown in Figure 5b. Again, a statistically significant linear correlation was found (R = 0.78, p < 0.0001).



3.2 Fibrous scleral thickness

As an example, Figure 9 shows two randomly chosen SHG intensity profiles along the depth location (i.e., the Z-axis of the tissue as shown in Figure 3) for scleras from chicken eyes with low and high levels of myopia. Visual inspection reveals little difference between the two profiles, resulting in similar thickness values.

[image: Graph showing SHG intensity (arbitrary units) versus depth (microns). The plot features two lines, red and blue, both forming a peak around 40 microns with intensity close to 1.00 and tapering off towards zero at depths 0 and 90 microns.]

FIGURE 9
 SHG intensity profiles as a function of depth for scleral punches from myopic eyes with refraction values of −1.23 D (blue) and − 9.35 D (red).


To confirm the apparent lack of change in the scleral thickness as a function of refraction, all samples were analyzed following the experimental procedure described above. Figure 6 shows the values of thickness of the fibrous sclera as a function of axial length change for all the samples included in the experiment. The values ranged between 50 and 70 μm (mean value: 62 ± 6 μm). Each value corresponded to the average across the entire SHG tomography. No relationship between both parameters was found here. There was no correlation between the scleral thickness and the final refraction either.

This absence of changes with myopia was confirmed in a parallel experiment using a commercial optical coherence tomography (OCT) instrument (Spectralis, Heidelberg Engineering). Measurements provided a mean fibrous scleral thickness value of 58 ± 9 μm, with no significant difference between myopic and control eyes.



3.3 Organization of the scleral collagen fibers

Figure 10 shows, as representative examples, SHG images of the sclera in eyes with low (left) and high (right) axial length changes (or alternatively, low and high changes in refraction after the deprivation treatment). Directly from the images it is difficult to detect changes in the collagen structure distribution, although the scleral fibers are visible and well delineated. The insets of Figure 10 show the corresponding SD values computed through the RT procedure explained in Methods (section 2.3). Moreover, no relationship between SHG intensity and refraction or axial length was found.

[image: Two microscopy images labeled (a) and (b) show textured surfaces in shades of blue. Image (a) shows a more uniform texture with measurements ΔAL = 0.2 mm and SD = 41 degrees. Image (b) displays a more varied texture with measurements ΔAL = 1.8 mm and SD = 19 degrees. Both images include a white scale bar for reference.]

FIGURE 10
 SHG images for chicken scleras with low (left) and high (right) axial length increments after deprivation. Insets indicate the change in axial length (ΔAL) and the SD values computed by the RT algorithm. Scale bar in (a,b): 50 μm.


Although some motion artifacts are apparent at the edges of the images, affected areas were never included in the image processing procedure. Our algorithm was designed to automatically detect and eliminate those regions from the analysis.

To further explore and quantify possible differences in the scleral collagen arrangement as a function of myopia, the SD was calculated for all samples. SD values as a function of the axial length increment are depicted in Figure 7. A decreasing (statistically significant) linear trend was observed (R = 0.65, p = 0.0004). The correlation of SD with the final axial length, not shown in the figure, was similar (SD = −16.07·ALFINAL + 180.46; R = 0.67, p = 0.0002).

The relationship between SD and the final ocular refraction is shown in Figure 11 for all specimens. The fitting to a linear model shows a weaker, but still significant, correlation compared to the evolution of SD as a function of axial length increment (R = 0.48, p = 0.01). It is interesting to note a broader inter-sample dispersion in the SD values in the group of eyes with refraction at +3D and closer to 0D.

[image: Scatter plot showing the relationship between Final Refraction (D) and SD (degrees). Blue circles represent data points for negative refraction values, while blue triangles represent positive values. A trend line indicates a positive correlation.]

FIGURE 11
 SD values as a function of the final refraction. The black line corresponds to the best linear fit (SD = 1.31·Rxfinal + 26.80). Data for eyes with refraction values at +3D and closer to 0D are represent with a different symbol (triangles).


Finally, Figure 12 depicts the overall impact of deprivation on the sclera organization of treated eyes, compared to fellow (non-deprived) eyes. While the average SD for the control group was 34 ± 11° (which is close to a non-organized collagen structure), this value was significantly reduced to 19 ± 7° in the deprived eyes (values within the range of the quasi-aligned distribution). Differences between the two groups were statistically significant (p = 0.02, paired t-test).

[image: Bar chart comparing standard deviation of two groups labeled "Control" and "Deprived". Each group is represented by a blue dot with error bars. Control group has a higher standard deviation around 35, while Deprived group is about 20.]

FIGURE 12
 Averaged values of scleral SD in control and deprived chicken eyes (after 1 week of wearing diffuser). Error bars indicate the standard deviation.





4 Discussion and conclusion

The sclera is not a static outer layer of the eye, but a dynamic tissue capable of altering the composition and structure of its extracellular matrix (i.e., collagen) in response to changes in the visual environment (38). In recent decades, there has been increasing interest in studying changes in various ocular structures due to myopia. In particular, changes in the myopic sclera as a result of axial elongation were early reported (6). As myopia progression alters the structure of this outer ocular envelope, non-invasive and quantitative analyses of the collagen fiber distribution are of great importance. These will help to better understand how myopia development alters collagen organization within the sclera.

Although morphological changes in the sclera were early recognized (2, 6), only a few studies have quantitatively characterized the extracellular matrix of the sclera and its relationship to myopia [see for instance the review by Harper and Summers (39)]. More recently, techniques such as polarization-sensitive OCT (40) and SHG microscopy (30, 31) have been used in guinea pigs for this purpose. In the former, the authors reported a positive correlation between scleral birefringence and refractive error that predicted the onset of myopia (40). On the other hand, SHG images revealed that scleral collagen fibers of form-deprivation myopic eyes were more aligned (30). Similar results were showed by Germann et al. since they found an increase in the order coefficient of the fibers when comparing the treated myopic eye and the non-myopic fellow eye (31).

In the present work we used chickens as myopia animal models. Unlike the rodent sclera (and mammals’ in general) (41) where only a fibrous layer appears, the chicken sclera consists of an inner cartilaginous layer and an outer fibrous layer that resembles mammalian sclera. Herein, SHG microscopy was used to image unstained scleral punches in both control and form-deprivation myopic chicken eyes. The thickness of the fibrous sclera was measured and the degree of organization of its collagen fibers was computed as a function of various myopia-related ocular parameters.

In contrast to the cartilaginous layer, the fibrous layer undergoes remodeling during excessive eye growth, a mechanism that might underlie the development of myopia (10). In particular, collagen fibers in the human sclera have been observed to become lamellar rather than interwoven with increasing degree of myopia (2, 6). A decrease in collagen concentration has also been observed in the posterior sclera of highly myopic humans (42). More recently, the use of wide-angle x-ray scattering mapping has shown statistically significant differences in posterior scleral fiber angle deviation when comparing non-myopic and highly myopic human eyes (>6 D) (43).

Our results on scleral remodeling in myopic eyes are consistent with previous studies in mammalian animal models and humans. The degree of organization of the scleral collagen was found to increase with myopia. In particular, there is a significant linear negative relationship between SD and the ocular axial length (slope: −16°/mm). On average, it decreased from ~50° (unorganized) to ~15° (quasi-organized). Moreover, as refraction and axial length are closely related, SD was also significantly (positively) correlated with final refraction (slope: 1.3°/D). This means that the more myopic the eye is, the higher organized the scleral collagen is.

It has been also reported that high myopia in both humans and monkeys is associated with severe thinning of the (fibrous) sclera, particularly at the posterior pole of the eye (6, 8). However, the significance of scleral thinning is still unclear. Although this might be related to a reduction in collagen fiber diameter (2), some authors claimed that this thinning was a consequence of passive stretching of the scleral tissue around the enlarged myopic eye (44, 45). However, a shrew model forced a reinterpretation of this hypothesis, since this significant thinning in the posterior part of the eye occurred after both short- and long-term deprivation treatments (9).

Our data show that the fibrous scleral thickness remains relatively constant. In our specimens, thickness values varied between 50 and 70 μm, but no correlation with the degree of myopia was observed. This result differs from previous findings in mammalian models or humans (2, 6–9, 37). Other studies have found that the thinning of the fibrous sclera in chicks is similar to what was observed in myopic mammals (16, 46, 47). On the opposite, a recent study in chicks did not find a significant difference in the thickness of the fibrous scleral layer between myopic and control eyes (48). Although this agrees with our results, there are large differences in terms of absolute fibrous sclera thickness between both experiments. Whereas Yan and colleagues measured a mean thickness of 110 μm (48), we obtained 62 μm using SHG tomography and 58 μm by means of OCT. This divergence may be partly explained by the fact that chicken hybrid line in Yan’s study was different from ours. Moreover, their animals were also slightly older.

Additional physical parameters such as the fiber size or the tissue elasticity were out of the scope of this work. However, it is interesting to note that smaller collagen fiber diameters in the fibrous sclera of chicken myopic eyes (16, 49) and mammalian models (including humans) (2, 9, 30) have been previously described. This narrowing of the fibers may be associated with both biochemical and biomechanical changes in the scleral extracellular matrix (15, 42, 50). Scleral elasticity has been showed to increase in eyes developing myopia, mainly due to the reduced collagen content (51). Other evidence suggests that the biomechanical properties of sclera (elasticity and creep) may play a significant regulatory role in the axial elongation of myopic eyes (15, 52). Whereas elasticity is related to the immediate change in the tissue length when a force is applied (i.e., extension vs. load), creep describes the slow, time-dependent extension/compression under a constant load (i.e., extension vs. time) (15). Although biomechanical parameters have not been specifically addressed here, further analyses on these may help to clarify whether scleral collagen changes in myopia result from passive stretch or from active tissue remodeling.

In conclusion, SHG microscopy images of the chicken scleral tissue were used to objectively study the changes produced during the development of deprivation myopia. The spatially resolved distribution of scleral collagen fibers was visualized and quantified as a function of ocular refraction. The axial elongation associated with increasing amounts of myopia is closely related to the rearranging of the scleral tissue. Our experiment showed a process of remodeling of the posterior sclera during axial elongation. The collagen pattern changes from a non-organized distribution into a quasi-organize arrangement.
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Purpose: Changes in choroidal thickness (ChT) are proposed to predict myopia development but evidence is mixed. We investigated time courses of choroidal responses, following different types of dynamic artificial stimulation in chicks with and without spectacle lenses, as well as changes in retinal dopamine metabolism and expression of candidate genes.
Methods: Chicks were kept in an arena surrounded by computer monitors presenting dynamic checkerboard fields of small, medium and large size. Fields were displayed with different cycle frequencies, as ON (rapid rise, slow decay) or OFF (slow rise, rapid decay) temporal luminance profile. Refractive errors, ocular biometry and ChT were assessed. Dopamine metabolism and candidate gene expression levels were also measured. Stimuli were applied for (1) 3 h with no lens, (2) 3 h and monocular treatment with −7D or +7D lenses, (3) 3 or 7 days.
Results: (1) The smallest fields caused the largest decrease in ChT. (2) Negative lens treatment induced on average 11.7 μm thinner choroids. ChT thinning was enhanced by 10 Hz-ON medium field size flicker which also reduced choroidal thickening with positive lenses. (3) With prolonged treatment, the choroid recovered from initial thinning in all groups although to varying degrees which were dependent on stimulus parameters. Relative ChT changes were positively correlated with the vitreal level of dopamine metabolites. Retinal EGR-1 mRNA level was positively correlated with choroidal thickness. Retinal melanopsin mRNA was increased by 10 Hz-ON stimulation and choroidal BMPR1A mRNA increased with 10 Hz-OFF stimulation. On average, early choroidal thinning did not predict the amount of negative lens-induced eye growth changes after 7 days, whereas later ChT changes showed a weak association.
Conclusion: Negative lenses caused long-lasting choroidal thinning, with some recovery during lens wear, especially after stimulation with 10 Hz. The dynamic stimuli modulated choroidal thinning but effects were small. There was little difference between ON and OFF stimulation, perhaps because the checkerboard patterns were too coarse. 10 Hz cycle frequency increased dopamine release. Less dopamine was correlated with thinner choroids. Result do not exclude a predictive value of choroidal thickening for future refractive development since we almost exclusively tested choroidal thinning effects.
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1 Introduction

Wallman et al. (1) discovered in the early 90’s in chickens that the thickness of the choroid, the highly vascularized layer behind the retina, changes when the plane of focus in the retinal image is shifted. With a positive lens in front of the eye, the choroid thickens within hours, moving the retina closer to the focal plane. With a negative lens, the choroid thins, moving the retina closer to the focal plane. In the long term, defocus-induced choroidal thickness changes are followed by changes in growth of the outer coat of the eye, the sclera, leading to the compensation of lens-induced refractive errors (REs). Similar changes in choroidal thickness (ChT) were found in tree shrews, guinea pigs, marmosets and monkeys even though the effects on refractive state were smaller because the induced ChT changes were smaller and the eyes larger (2–4). A few studies in the chicken model have later addressed the question of whether ChT changes can predict ocular growth rates with all kinds of stimulation, with variable outcomes. While one study (5) showed that baseline ChT was neither related to baseline eye size, nor to subsequent eye growth rates, Nickla and Totonelly (6) measured an inverse correlation between ChT changes and axial eye growth rates in untreated chicken eyes. However, it was consistently found that baseline ChT did not predict the susceptibility to deprivation myopia (6, 7).

Recently, due to the advancements of optical coherence tomography (OCT) imaging, even tiny changes in ChT can be non-invasively measured in human subjects (8). It was found that (1) similar to chickens and monkeys, wearing a positive lens in one eye induced thickening of the choroid both in adults and children (9–11). (2) Studies in children also showed that developmental changes in ChT successfully predicted future myopia development (12). Furthermore, cross-sectional studies demonstrated that myopic children and myopic adults had thinner choroids than non-myopes. An inverse association between ChT changes and changes in eye growth was confirmed by Read et al. (13) who concluded that “Choroidal thickness exhibited an inverse association with the axial eye length changes, implying a potential role for the choroid in eye growth.” (3) Atropine, known to inhibit myopia development, also makes the choroid thicker and prevents choroidal thinning that is normally induced by wearing a negative lens (14).

In recent years, evidence has accumulated that visual stimuli other than defocus can also change ChT. However, it remained uncertain whether such changes can reliably predict whether a treatment can control myopia. Short term exposure (3 h) to computer-generated artificial stimuli on a screen that predominantly activate ON pathways caused choroidal thickening in chicks, while stimulation of the OFF pathways caused choroidal thinning (15). ChT returned to baseline after 7 days despite continued treatment (15). Unexpectedly, with both dynamic ON and OFF stimulation on a computer screen, with an underlying repetition frequency of 1 Hz, more myopia was induced by negative lenses than under continuous illumination with comparable brightness. Still, retinal dopamine release was higher with ON than OFF stimulation. The ChT changes measured after short-term exposure did not predict refractive states measured after 7 days. Possible explanations are that (1) the underlying repetition frequency (1 Hz) of the temporal sawtooth-shaped luminance profiles in each of the small fields of the checkerboard stimulus might have induced a myopic shift (16), (2) highly dynamic spatio-temporal pattern seen by the chickens made the retina more responsive to defocus and therefore made the negative lenses more effective, (3) in the long term, it does not matter whether stimulation is more ON or OFF because of adaptation of the ON and OFF pathways. Also, Nickla and Totonelly (6) found that the relationship between choroidal thickening and eye growth inhibition may be disrupted under certain experimental conditions. Given that researchers might rely on the assumption that thicker choroids predict myopia inhibition (1), there is an urgent need (1) to find out under which conditions these predictions remain valid and, (2) which mechanisms and biochemical pathways trigger such changes in ChT and, subsequently, scleral growth.

In the current study, we applied visual stimuli with different dynamic luminance profiles, provided on the computer screens as checkerboard patterns with random phases with respect to each other: (1) rapid ON with slow decay or (2) slow increase with rapid OFF or (3) temporal square wave luminance profiles. The repetition frequencies were either 0 Hz (stationary pattern), or 0.8 Hz, 1.2 Hz, 2.5 Hz, 6.5 Hz, 7.5 Hz, and 10 Hz. Individual fields of the checkerboards subtended either 1.7 deg. of visual angle (small squares, 28 × 28 pixels “SSQ”), 2.9 deg. (medium size squares, 48 × 48 pixels, “MSQ”), or 4.1 deg. (large squares, 68 × 68 pixels “LSQ”). Subsequent changes in ChT, eye growth, and myopia development were studied, including their time courses. To find out whether the presentation of a dynamic pattern itself, without ON or OFF dominance, may increase the sensitivity of the retina to defocus, square wave temporal luminance profiles were also tested.

To learn more about the messengers and biochemical pathways that control ChT and, subsequently, the growth of the sclera, some known markers of myopia development were studied. The time course of expression changes of established retinal and choroidal biomarkers is often unknown. We aimed to find out whether their expression level correlates with changes in eye growth and choroidal thickness after medium-term (3 days) and long-term (7 days) treatment. We focused on mRNA expression changes of the transcription factor early-growth response-1 (EGR-1) (17, 18), gap junction delta-2 (GJD2) (19), melanopsin (OPN4) (20) and neuropsin (OPN5) in the retina (21, 22). Choroidal markers shown to correlate with ChT, i.e., retinaldehyde dehydrogenase 2 (RALDH2) (23) and bone morphogenic protein receptor 1A (BMPR1A) (24) were also measured. In addition, we quantified the vitreal and retinal dopamine content and its metabolites, as they are known to be associated with changes in eye growth (25, 26).



2 Materials and methods


2.1 Animals and rearing conditions

White leghorn chicks were obtained from a local hatchery (Weiss, Kirchberg, Germany) at postnatal day 1. They were raised in a temperature and humidity-controlled animal facility. Water and food were supplied ad libitum. The light cycle was 11:13 light/dark (8:30 AM to 6:30 PM) with an illuminance of approximately 500 lux during the light phase. All experiments were conducted in accordance with the statement of the Association for Research in Vision and Ophthalmology (ARVO) for the use of Animals in Ophthalmic and Vision Research. Procedures were approved by the commission for Animal Welfare of the Medical Faculty of the University of Tübingen. Water and food were supplied ad libitum under all experimental conditions.



2.2 Visual stimulation: ON-, OFF- and square wave stimuli

Dynamic ON or OFF or square wave stimuli were developed using Visual C++ 8.0 as previously described (15). Stimuli consisted of a checkerboard pattern in which the fields had a repetitive sawtooth-shaped temporal luminance profile, with ON stimuli generated by a rapid rise in brightness and slow linear decay and OFF with a slow rise and rapid decay. Square wave stimuli with either bright or dark fields with both rapid ON and OFF and 0.5 duty cycle were also used. Cycles in all fields were randomly phase shifted with respect to each other, using the rnd() function in C++. Cycle frequency could be adjusted by selecting the number of pixel brightness steps in the temporal brightness slopes of each field.

For stimulation, chickens were kept in a perspex container (“arena” 60 × 60 cm) as previously described (15). Four computer screens (Acer KG271A, 61 cm; Acer, New Taipei City, Taiwan; resolution 1,920 × 1,080 (3.15 px/mm); refresh frequency 144 Hz), displaying the stimuli, were placed behind the transparent walls. In addition, the stimuli were projected from above on the white cardboard covering the floor by two video projectors (Acer, P1383W, resolution 1,280 × 800, contrast 13,000:1). The backlights of the computer screens were white LEDs and the projectors contained mercury high-pressure lamps. The combined spectrum of the computer screen and projector lamps perceived by the chicks in the arena was continuous, ranging from 380 to 780 nm (Supplementary Figure S1). Average illuminance in the arena was 400 lux. Chicks were kept in the arena during the experiment and housed in the animal facility before and after exposure. Chicks could freely move in the “arena” with water and food supplied in small bowls ad libitum.



2.3 Experiments


2.3.1 Effects of short-term dynamic ON or OFF stimulation with different temporal and spatial frequencies on ChT in chickens with normal visual experience

Seven chickens per group were exposed to ON and OFF stimuli for 3 h, from 10:00 AM to 1:00 PM. The duration of 3 h was chosen based on a previous set of experiments that showed significant changes in choroidal thickness after 3 h (15). ChT was determined by spectral domain optical coherence tomography (SD-OCT) before and after the exposure period. The numbers of squared fields in the checkerboard pattern on the screen were 68 × 39 (28 × 28 pixels = 8.9 × 8.9 mm, small squares, “SSQ”), 40 × 22 (48 × 48 pixels = 15.2 × 15.2 mm, medium size squares, “MSQ”) or 28 × 16 (68 × 68 pixels = 21.5 × 21.5 mm; large squares, “LSQ”). Naturally, the visual angles of each field varied considerably with the viewing distances of the chickens. If they were in the center of the arena, the viewing distance was about 30 cm, and the visual angles were 1.7 deg. (SSQ), 2.9 deg. (MSQ) and 4.1 deg. (LSQ), equivalent to spatial frequencies of about 0.3, 0.17 and 0.12 cyc/deg.

Cycle frequencies of 0 Hz, 0.8 Hz, 1.2 Hz, 2.5 Hz, 6.5 Hz, 7.5 Hz, and 10 Hz were tested.



2.3.2 Effects of short-term dynamic ON or OFF stimulation with different temporal and spatial frequencies on ChT in chickens treated with lenses

Chicks were treated monocularly with a −7D lens or a +7D lens. The same experimental set-up as described under (2.3.1) was used.



2.3.3 Effects of long-term exposure (7 days) and medium-term exposure (3 days) to ON-, OFF and square wave stimuli on ChT and eye growth

The medium square size (MSQ) of the checkerboard pattern was used. Baseline measurements of refractive error (RE), ocular biometry, and ChT were taken at 8–10 days of age. A −7D lens was placed in front of one eye of the animals in the morning of the following day, the contralateral eye served as internal control. Stimuli were presented daily between 9:00 AM and 6:00 PM, and they spent the remaining time of the day in the dark. After a treatment period of 3 days or 7 days measurements of refraction, biometry, and ChT were taken, and retinal and choroidal samples were collected for high pressure liquid chromatography (HPLC) and quantitative RT-PCR (qRT-PCT) analyses.


2.3.3.1 7 days treatment

Chicks were exposed to checkerboard stimuli (medium square size, MSQ) at different frequencies (1.2 Hz, 10 Hz, or static) and different wave types (ON, OFF, or square). Two different control groups were used: chicks in the room light (RL) control group (“RL-7d,” n = 7) were raised under white room light (400 lux, spectral range, spectral range of light 380 to 780 nm), while chicks in the second control group (“static-7d,” n = 6) were placed in an “arena” displaying stationary brightness in the checkerboard patterns. Illuminances for both control groups were approximately 400 lux, as in all other experimental groups. In addition, chicks were randomly assigned to the 1.2-Hz ON stimulus group (1.2-ON-7d, n = 7), 1.2-Hz OFF stimulus group (1.2-OFF-7d, n = 7), 1.2-Hz square wave stimulus group (1.2-square-7d, n = 7), 10-Hz ON stimulus group (10-ON-7d, n = 7), 10-Hz OFF stimulus group (10-OFF-7d, n = 7) and 10-Hz square wave stimulus group (10-square-7d, n = 7).



2.3.3.2 3 days treatment

Since we did not find a significant effect of the 1.2 Hz stimulus on ChT in the 7 day treatment groups, we omitted the 1.2 Hz ON and OFF group. Chicks were monocularly treated with a −7D lens and randomly assigned to one of the following groups: room light group (RL-3d, n = 7), static pattern group (static-3d, n = 7), 10-Hz ON stimulus group (10-ON-3d, n = 7), 10-Hz OFF stimulus group (10-OFF-3d, n = 7) and 10-Hz square wave stimulus group (10-square-3d, n = 6).





2.4 Measurements


2.4.1 Refractive error and ocular biometry

Refraction and ocular biometry were measured before and after treatment for the medium and long-term treatment. An automated version of infrared photoretinoscopy was used to measure the refractive error (27). Five readings per eye were taken and averaged for analysis. Ocular dimensions were measured using A-scan ultrasonography with a 11 MHz probe as previously described (28). The speed of sound in the lens of the chick was previously determined by Wallman and Adams (29). The cornea was topically anesthetized with one drop of 2% xylocaine solution before measuring. The depth of the anterior chamber (ACD), lens thickness (LT), vitreous chamber depth (VCD) and axial length (AL) were recorded, with five repeated measurements.



2.4.2 Spectral domain optical coherence tomography

OCT represents a highly precise, fast and convenient technique to measure ChT in alert chickens (28). OCT measurements (Spectralis OCT, Heidelberg Engineering, Germany, resolution mode: high speed, scan angle: 30 degrees, scan type: B-scan, 768 × 496 pixels, line scan, eye tracking not engaged, scan rate of the live image 8.8 frames/s, wavelength of measurement 1,060 nm) were taken once per day during 10:00 to 10:30 a.m., as previously described (28). The −7D lens was removed before measurement and cleaned carefully. The measurements were taken in a short time (usually within 1 min), and the lens was immediately put back on after each measurement. To ensure consistent measurements in the same fundal area, we held alert chicks by hand in front of the OCT camera and manually adjusted the position of their heads until the cornea was aligned perpendicular to the optical axis of the OCT camera and the fundal layers could be seen on the screen. Optimal alignment of the chicken eye was assumed when the image of the pupil in the left screen window was centered and the scan of the fundal layers in the right window was horizontally aligned. Scans became tilted when the eyes were not properly aligned. Repeated measurements involved re-alignment of the chick head and the eye in each case. Five images were analyzed for each eye and ChT was measured at 5 positions in each image. The approximate lateral distance between each of the five measurement positions within each image was 80 μm, covering a total lateral distance of about 320 μm. The ChT was measured manually using the publicly available software ImageJ,1 being determined as the distance between the retinal pigment epithelium layer and the outer boundary of the choroid [as described in Liu et al. (30)].



2.4.3 Sample preparation

The chicks were sacrificed by inhaling an overdose of ether and the eyes were immediately enucleated. The eyeballs were cut perpendicularly into halves with a razor blade, 1 mm posterior to the ora serrata. The anterior segment was discarded, leaving only the posterior eye cup. The vitreous body was then removed and quickly frozen in liquid nitrogen. A circular tissue sample with an 8-mm diameter was cut from the central posterior eye cup using a biopsy punch, as previously described (31). The biopsy samples were consistently taken from the circular region just above the root of the pecten, in the central area. The sample was then transferred to a Petri dish under a dissecting microscope, with the retina facing up. Typically, the retina detached easily and was peeled off with an ophthalmic hook. The pigment epithelium was discarded, and the choroid was separated from the sclera using forceps and a hook. Any small clusters of retinal pigment epithelial cells remaining on the choroid were carefully brushed away under visual control. The retina was separated into two halves, one for high pressure liquid chromatography (HPLC) and one for qRT-PCR analysis, while the choroid was only used for HPLC analysis. Tissues were immediately frozen in liquid nitrogen and stored at −80°C for subsequent analysis.



2.4.4 Measurement of dopamine and metabolites via high pressure liquid chromatography

All vitreal samples were weighed and homogenized in 750 μL mobile phase (Thermo Fisher Scientific, Sunnyvale, CA, United States) using a tissue lyser and 5-mm stainless steel beads (TissureLyser LT, Qiagen, Hilden, Germany) at 50 Hz for 4 min. For retinal samples, 350 μL of mobile phase was added instead. A volume of 50 μL of retinal samples was reserved for protein concentration determination (BCA Protein kit, Thermo Scientific, Rockford, IL, United States). Following homogenization, all samples were centrifuged at 14,000 g for 10 min at 4°C. The resulting supernatant was filtered using a 0.2 μm nylon membrane filter (Thermo Scientific, Rockwood, MI, United States), and 25 μL of the filtered sample were directly injected into the HPLC system. Samples were analyzed for catecholamine and indolamine content via HPLC (Ultimate 3000 LC with electrochemical detection ECD 3000RS, Thermo Fischer Scientific) with coulometric detection utilizing an established HPLC method in our lab (32). In brief, a hypersil C18 column was used (150 mm × 3 mm, 3 μm) together with a test mobile phase (Thermo Fischer Scientific) containing 10% acetonitrile and 1% phosphate buffer. The flow rate was 0.4 mL/min and the potential at the first and second electrode was set to +370 and −200 mV, respectively. Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA, a metabolite of dopamine), serotonin and 5’-Hydroxyindolylessigsäure (HIAA) concentrations were determined with a high reproducibility (98%). The biogenic amine content in the retina was quantified as nanograms per milligram of protein (ng/mg protein), while in the vitreal, the concentration of the substances was determined relative to the wet weight (ng/100 mg wet weight). As described by others, vitreal DOPAC levels can be used as a sensitive measure of DA release from the retina (33). In addition, vitreal HVA levels can be used as an indirect measure of dopaminergic activity, as it has been shown that vitreal HVA levels correlate significantly with vitreal DOPAC levels (32).



2.4.5 Real-time PCR analysis

Total RNA was extracted from retina and choroid samples using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany), and the resulting RNA was treated with DNase Inactivation Reagent (AM1906, Invitrogen, Waltham, Massachusetts, United States) to eliminate contaminating chromosomal DNA according to the manufacturer’s instructions. The concentration of RNA (ng/μL) was determined using the NanoDrop® ND-1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, United States), and the purity and quality of the nucleic acid were assessed via the OD260/OD280 nm absorption ratio. Subsequently, 1 μg of retinal RNA or 500 ng of choroidal RNA was reverse transcribed to generate first-strand cDNA using a mixture of oligo(dT)15 and random primers. GoScript (Promega, Madison, United States) was used to reverse transcribe the RNA while the addition of a Rnase inhibitor (Thermo Fisher Scientific, Wilmington, United States) prevented RNA degradation.

The primer pair for melanopsin (OPN4) (Table 1) was designed using the Primer-BLAST tool (NCBI) (forward primer 5′-TAGGCGTCTGGCTGTACTCT-3′; reverse primer 5′-TGTGTAGGCACGGACTGATG-3′; product length 136 Bp). The primer pairs for amplification of GJD2, OPN5, RALDH2 and BMPR1A, β-actin (ACTB) and Hypoxanthinephosphoribosyl-transferase (HPRT) have already been published [RALDH2 and EGR-1 (34); GJD2 (35); BMPR1A (36); OPN5 (21); BACT and HPRT (37), Table 1].



TABLE 1 Primer sequences.
[image: Table listing genes with their forward and reverse primer sequences in the five-prime to three-prime direction. Eight genes are shown: HPRT, ACTB, OPN4, RALDH2, EGR-1, GJD2, BMPR1A, and OPN5, each with corresponding primer sequences.]

Efficiency of the primers was calculated with the equation E = 10(−1/slope), where the slope of the standard curve was derived from serial cDNA dilutions. PCR was performed using the an iCycler device (CFX96TM System, BioRad, Hercules, United States), with the cycling conditions set as follows: pre-activation phase for 3 min at 95°C, followed by 39 cycles of 95°C for 10 s, 59°C for 15 s, and 72°C for 15 s, with a final extension at 95°C for 3 min. Melting curve analysis was conducted subsequently. Single pure products were verified with a single peak. PCR was carried out in a 96-well plate with 2 ng of cDNA per well, using the QuantiNova SYBR Green PCR Kit (Qiagen, Hilden, Germany). Triplicate reactions were performed for all samples. Hypoxanthinephosphoribosyl-transferase (HPRT) and β-actin (ACTB) were used as reference genes. The mRNA expression level was analyzed using mean normalized expression (MNE), which is directly proportional to the amount of the target gene relative to the reference gene. MNE was calculated separately for either ACTB or HPRT using the mean cycle threshold (CT) value of the target and reference genes and taking the efficiency (E) of the PCR reaction into account:

[image: MNE equals the efficiency of the reference gene raised to the power of CT reference mean, divided by the efficiency of the target gene raised to the power of CT target mean.]



2.4.6 Statistics

Data are shown as the mean ± SEM. The changes in axial length, vitreous chamber depth and ChT were also calculated (ΔX, ΔN, lens- treated eye = X; fellow eye = N). The difference in the changes in treated and contralateral control eyes is referred to as the relative change (ΔX − ΔN). A power calculation was undertaken to determine the group sizes required to achieve 80% power in observing a 1 D change in refractive development (when the standard deviation (SD) is approximately 0.6 D), a 0.075 mm change in axial length growth (when SD is 0.045 mm), 0.25 ng difference in retinal dopamine content (when SD is 0.15 ng) and 50 μm ChT change (when SD is 30 μm). With a group size of 7 chicks, differences between treatment groups should become significant at the 5% level. The normal distribution of the variables was confirmed via Shapiro–Wilk normality test.

The interocular differences (lens-treated vs. fellow eye) were analyzed with paired t-test. The difference between each two groups (exp. vs. exp., fellow vs. fellow) were compared using two-way mixed analysis of variance (ANOVA), with “eye” and “group” being within- and between-subject factors, respectively. Tukey’s multiple comparisons test was applied in post hoc analyses. Multifactorial ANOVAs were used to evaluate the impact of image size, character, frequency and lens treatment on ChT changes and the interaction effect of these variables. If a significant main effect of one of the parameters was detected, the data was split and one-way ANOVA was used for comparison, followed by Tukey’s multiple comparisons test. ChT measured at different times after stimulation was compared with the respective individual thickness at baseline using a two-way ANOVA with repeated measures and Dunnett’s test for multiple comparisons. “time” and “eye” were considered as two within-subject factors. Values of p < 0.05 were considered significant. Statistical analyses were done using commercial software JMP 16 (SAS Institute, Cary, NC, United States) and GraphPad prism 8 (San Diego, CA, United States).





3 Results


3.1 Effects of short-term (3 h) dynamic ON/OFF stimulation with different temporal and spatial frequency on changes in ChT


3.1.1 Effects of ON/OFF stimulation in the control group with normal vision

The field sizes of the checkerboard pattern had a significant main effect on short-term ChT changes with the smallest squares (SSQ) causing the largest decrease in ChT (Multifactorial ANOVA: size: p < 0.0002; mean delta ChT: SSQ: −22.8 ± 2.3 μm, MSQ: −11.2 ± 2.2 μm, LSQ: −13.4 ± 1.9 μm) while frequency had no significant effect (p = 0.2877) and there was no difference between ON and OFF stimulation (p = 0.421). There was a significant interaction between temporal frequency and size (Multifactorial ANOVA: frequency × size: p = 0.0024). The data was therefore split according to stimulus size (Figures 1A–C) and frequency (Figures 1D–I). It was found that the sawtooth-shaped temporal luminance profile (ON/OFF) had a significant effect when small squares were used (Figure 1A; p = 0.0024; mean ChT change ON: −25.9 μm, OFF: −19.0 μm) and frequency significantly influenced ChT when medium size squares were used (Figure 1B, p = 0.010). Only one stimulus (1.2 Hz ON, MSQ) induced choroidal thickening (+4.8 ± 6.5 μm), all others made the choroid thinner. For this reason, medium size square (MSQ) stimuli were used for the medium- and long-term treatment.

[image: Line and scatter plots comparing changes in choroidal thickness (ΔChT) for ON and OFF conditions. Plots A, B, and C show data for small, medium, and large squares across frequencies from 0 to 10 Hz. Plots D, E, and F show ON condition results for 0.8, 1.2, and 10 Hz, respectively, with significance indicated by asterisks. Plots G, H, and I display OFF condition results at the same frequencies. Data points are differentiated by color: red, black, and blue.]

FIGURE 1
 (A–C) Effect of short-term dynamic ON/OFF stimuli with different temporal and spatial frequency on changes in choroidal thickness in control chicks. The size of the stimuli had a significant main effect, with the smallest squares causing the largest decrease in ChT. Only one of the stimuli (B: 1.2 Hz ON, MSQ) induced an increase in choroidal thickness (+4.8 ± 6.5 μm) while OFF stimuli at this field size and frequency caused a significantly thinner choroid (−11.7 ± 2.7 μm). Graphs show mean data ± SEM. Un-paired t-tests: *p < 0.05. (D–I) The interaction between temporal and spatial frequency on choroidal thickness changes was highly significant. In combination with 0.8 Hz flicker large stimuli (LSQ) produced significantly smaller changes in choroidal thickness than small stimuli (SSQ) (C,D), whereas under 1.2 Hz flicker choroidal thickness was thickest in the chicks treated with medium size ON stimuli (E). Graphs show mean data ± SEM. One-way ANOVA, Tukey post hoc analysis: *p < 0.05.


Interactions between spatial and temporal frequencies are shown in Figures 1D–I. At 0.8 Hz, the largest checkerboard stimuli (LSQ) caused less choroidal thinning than the smallest (SSQ) with both types, ON and OFF (one-way ANOVA, Figure 1D ON: p < 0.01; Figure 1G OFF: p = 0.0189). The medium checkerboard stimulus (MSQ) had a similar effect on ChT changes as the large stimulus (LSQ) in the ON condition, and the small (SSQ) stimulus in the OFF condition. At 1.2 Hz the medium size squares (MSQ) induced significantly less choroidal thinning than LSQ and SSQ, and only with the ON stimulus (Figures 1E,H). There was no effect of square size on ChT changes at 10 Hz temporal flicker stimulation (Figures 1F,I).



3.1.2 Effects of short-term exposure in chicken with negative lenses (small size checkerboard patterns) and of medium size checkerboard patterns on eyes with negative or positive lenses

Chicks were treated unilaterally with −7D lenses, the contralateral eye was left open and served as control. The small size checkerboard-pattern was used (SSQ). Three hours of negative lens treatment induced on average 11.7 μm thinner choroids compared to the control eyes (Figure 2A). The treatment (negative lens vs. control) and frequency had a significant main effect (multifactorial ANOVA: treatment: p < 0.0001; frequency: p = 0.037) but the type of flicker (ON/OFF/no flicker) had not (Multifactorial ANOVA: type of flicker: p = 0.20).
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FIGURE 2
 (A) Effect of negative lens treatment on choroidal thickness changes under different flicker frequencies (small square size). Three hours of treatment induced on average 11.7 μm more choroidal thinning compared to the contralateral eyes. Also, the flicker frequency of the checkerboard pattern has a significant main effect. The graph shows mean data ± SEM. (B,C) Comparison of the effect of plus lens treatment and negative lens treatment on choroidal thickness. Three hours of negative lens treatment induced a significantly larger reduction in choroidal thickness under ON flicker of 10 Hz and medium size checker-board stimuli compared to 10 Hz OFF flicker (10 Hz ON vs. 10 Hz OFF: −62.8 ± 7.6 μm vs. −25.6 ± 13.9 μm), whereas 3 hours of plus lens treatment induced a larger increase under OFF flicker of 10 Hz (trend, p = 0.052). Graphs show mean data ± SEM. Paired t-test: *p < 0.05. Unpaired t-test: ##p < 0.01.


Medium size checkerboard pattern (MSQ) was used in addition. Three hours of negative lens treatment induced significantly more choroidal thinning with ON flicker, compared to OFF flicker (Figure 2B: 10 Hz ON vs. 10 Hz OFF: −62.8 ± 7.6 μm vs. −25.6 ± 13.9 μm), whereas three hours of positive lens treatment induced a larger increase with ON flicker (Figure 2C: 10 Hz ON vs. 10 Hz OFF: −83.3 ± 10.6 vs. −25.1 ± 12.8 μm).




3.2 Effects of medium- and long-term treatment with ON, OFF and square wave stimuli (medium size, MSQ) on myopia development and eye growth


3.2.1 Refraction

All groups of chicks exhibited a significant myopic shift after 3 or 7 days of lens wear. There was no significant difference in refractive development in the fellow eyes. The negative lens-treated eyes were more myopic after 7 days of treatment under 10 Hz dynamic ON flicker (10-ON) than those under a stationary stimulus, as shown in Figure 3A (∆RE: −4.66 ± 0.34 D vs. −2.86 ± 0.26 D, p = 0.03). Furthermore, 3 days of treatment with 10 Hz ON stimulation induced more myopia than 10 Hz OFF stimulation in the lens treated eye (∆RE: 10-ON vs. 10-OFF: −2.59 ± 0.24 D vs. −1.78 ± 0.20 D, p = 0.04, Figure 3B).
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FIGURE 3
 Effects of different stimuli on eye growth after treatment for 7 days (A,C,E) and for 3 days (B,D,F). After 7 days of treatment, negative lens-treated eye exposed to 10-Hz ON stimulus were more myopic than those treated with a static pattern (A). The 10 Hz ON stimulus also induced more myopia than the 10-Hz OFF stimulus in the medium-term experiment (B). None of the stimuli influenced the increase in VCD induced by negative lens (C,D). On the contrary, in the long-term experiment, a significant effect on the change in AL in LIM eyes was observed in the 10-ON group, which exhibited longer AL compared to the RL, static, and 1.2-Hz groups (E). In addition, the AL of the fellow eyes in 10-OFF group was longer compared to the RL group. No significant differences were found among the lens treated groups after 3 days of treatment. However, it is worth noting that also no interocular differences between the contralateral control eyes and the −7D lens treated eyes were found in all groups exposed to 10-Hz flicker (ON, OFF, static) (F). Data are shown as mean ± SEM. The black asterisks denote interocular differences assessed via paired t-tests. Red asterisks indicate differences among groups determined by Tukey’s post hoc test. Blue asterisks indicate differences compared with the 10-OFF group (denoted by blue pound symbols). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns: not significant.




3.2.2 Ocular biometry

After 3 and 7 days of treatment, VCD was significantly longer in negative lens-treated eyes, compared to the contralateral eyes in all groups (Figures 3C,D). Compared to the control group in room light, none of the stimuli had a significant effect on the growth of the vitreous chamber depth, neither in the lens-treated eyes nor in the contralateral control eyes (Figures 3C,D).

As expected, the 7-day treatment induced a significantly greater eye length growth in the negative lens-treated eyes compared to the respective untreated control eyes, but not to the same extent in all groups. A comparison of the treatment groups showed that the change in axial length in the negative lens-treated eyes was significantly greater in the 10-ON group than those in the RL, static, and 1.2-Hz groups (∆AL: 1.55 ± 0.02 mm in 10-ON vs. 1.25 ± 0.09 mm in RL, p = 0.002; vs. 1.23 ± 0.03 mm in static, p = 0.001; vs. 1.27 ± 0.06 mm in 1.2-ON, p = 0.004, vs. 1.22 ± 0.07 mm in 1.2-OFF, p = 0.0005; vs. 1.31 ± 0.04 mm in 1.2-square, p = 0.03, Figure 3E). Furthermore, the fellow eyes in the 10-OFF group developed significantly longer eyes compared to RL and 1.2-ON groups (∆AL: 1.07 ± 0.04 mm in 10-OFF vs. 0.76 ± 0.06 mm in RL, p = 0.001; vs. 0.79 ± 0.06 mm in 1.2-ON, p = 0.004, Figure 3E).

After 3 days of treatment, the lens-treated eyes were longer than the fellow eyes only in the RL and static stimulus groups. All groups kept under a 10 Hz stimulus, whether ON, OFF, or square, did not have significantly longer axial lengths in the negative lens-treated eyes compared to their fellow eyes. There was no significant difference in axial length between the different groups after only 3 days (Figure 3F).




3.3 Effect of frequency and stimulus pattern on ChT changes

We combined the treatment groups belonging to the same category (same frequency or same stimulus pattern, respectively) to analyze the main effect of flicker frequency on ChT changes on the one hand and stimulus type on the other hand. All stimulus paradigms resulted in initial choroidal thinning, with some recovery over the 7 days (also in room light). Our results showed that the time course of ChT changes was not affected by the frequency of flicker light in the lens treated eyes. But in the fellow eyes, we detected a significant increase in ChT as shown in Figure 4A. Here, the choroid was significantly thicker after 6 days of treatment with 10-Hz flicker (∆ChT: 13.84 ± 7.83 μm) compared to the fellow eyes in the experiment with 1.2 Hz flicker (−17.73 ± 8.76 μm, p = 0.02) and also, if compared to fellow eyes in room light or with static patterns (−25.34 ± 9.47 μm, p = 0.005). On day 7, the choroid was significantly thicker in fellow eyes at 10 Hz flicker (∆ChT: 10.79 ± 9.64 μm), compared to room light or with static patterns (−27.84 ± 10.41 μm, p = 0.007). At 1.2 Hz, the difference to fellow eyes was no longer significant (−8.14 ± 8.27 μm, p = 0.24, Figure 4A).
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FIGURE 4
 Effects of different frequencies (A) and wave types (B) on the change of ChT (compared to the respective baseline measurement). All stimulus paradigms resulted in initial choroidal thinning, with some recovery over the 7 days. The high frequency stimulation resulted in an increase in ChT in the 10 Hz fellow eyes on the 6th and 7th day (A). When analyzing the effect of different stimulus patterns, only OFF stimuli increased the ChT, in the fellow and lens treated eyes (B). The asterisks in (A) indicate the level of significance in comparison to the 10-Hz group, while those in (B) indicate the level of significance in comparison to the OFF group. Data were shown as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.


When analyzing the different patterns of stimuli (ON, OFF, square wave, static), we found that, compared to room light, only the OFF stimulus had a significant effect on ChT in both negative lens-treated and fellow eyes. The choroid remained thicker in eyes treated with the OFF stimulus and negative lenses, compared to room light or compared to ON stimulation, at least during the last 3 days of the experiment (∆ChT on the 5th day: −36.26 ± 11.90 μm in the OFF group vs. −89.76 ± 9.20 μm in the RL group, p = 0.04, and vs. −86.89 ± 11.25 μm in the ON group, p = 0.009; ∆ChT on the 6th day: −21.68 ± 16.55 μm in the OFF group vs. −78.91 ± 15.05 μm in the RL group, p = 0.02, and vs. −83.11 ± 11.53 μm in the ON group, p = 0.0007; ∆ChT on the 7th day: −20.85 ± 10.79 μm in the OFF group vs. −72.66 ± 23.67 μm in the RL group, p = 0.049, and vs. −70.24 ± 14.35 μm in the ON group, p = 0.01, respectively, Figure 4B). Furthermore, in fellow eyes, the choroid was also thicker in eyes treated with the OFF stimulus, compared to in room light on the 7th day (14.60 ± 12.65 μm vs. −37.96 ± 14.89 μm, p = 0.046, Figure 4B). No significant changes were detected when compared to ON, square or static pattern stimuli.



3.4 Effects of different stimuli and time on ChT

ChT decreased strongly during the first day of stimulation. This was true for all eyes, including the fellow eyes, but here to a lesser extent. The 10 Hz OFF stimulus had the strongest effect on the ChT. In this group, the choroid was significantly thicker from day 5 to the end of the experiment than in chicks kept under room light (RL vs. 10 Hz-OFF: ∆5 days: −89.76 ± 9.20 μm vs. −30.14 ± 17.40 μm, p = 0.048; ∆6 days: −78.91 ± 15.05 μm vs. −15.47 ± 27.81 μm, p = 0.03; ∆7 days: −72.66 ± 23.67 μm vs. −12.20 ± 15.82 μm, p = 0.045, two-way repeated measures ANOVA with Tukey’s test, Figure 5C). A similar effect was observed in the 10 Hz-OFF fellow eyes, although only on the last day. In the 10 Hz ON fellow eyes, ChT was also increased at days 6 and 7 (∆6 days: 19.37 ± 9.46 μm in 10 Hz-ON group vs. −27.35 ± 13.99 μm in RL group, p = 0.04, and vs. −37.46 ± 12.48 μm in 1.2 Hz-ON group, p = 0.008; ∆7 days: 14.99 ± 9.54 μm in 10 Hz-ON group vs. −37.96 ± 14.89 μm in RL group, p = 0.02, Figure 5A). In contrast, the 1.2 Hz and 10 Hz square wave stimuli had no effect on ChT, neither in the negative lens treated nor the fellow eyes compared to the static and room light groups (Figure 5E). The experiment was repeated, limiting the treatment to 3 days because we wanted to collect samples for gene expression studies comparing the effect of long-term and medium-term treatment. The time course of ChT changes during the first 3 days (Figures 5B,D) was similar to that observed in the long-term treatment experiment (Figures 5A,C). Specifically, there was a rapid decrease in ChT during the first day. ChT changes in the 10 Hz-ON and 10 Hz-OFF flicker groups were not significantly different from that in room light and under static stimuli. However, the chicks treated with 10 Hz square wave stimulus had a significantly thicker choroid than those treated with RL during the first 2 days in LIM eyes (RL vs. 10-square: ∆1 day: −93.80 ± 16.13 μm vs. −30.24 ± 9.85 μm, p = 0.01; ∆2 days: −87.58 ± 11.16 μm vs. −34.58 ± 11.48 μm, p = 0.049, Figure 5F), and during the first 3 days in the fellow eyes (RL vs. 10-square: ∆1 day: −45.94 ± 12.10 μm vs. 2.72 ± 6.14 μm, p = 0.02; ∆2 days: −35.56 ± 12.28 μm vs. 6.07 ± 4.65 μm, p = 0.04; ∆3 days: −27.69 ± 12.40 μm vs. 17.89 ± 6.73 μm, p = 0.02, Figure 5F). In addition, the ChT of the fellow eyes in 10-square group was also thicker than that in the static stimulus group on the 3rd day (Static vs. 10-square: −30.16 ± 12.62 μm vs. 17.89 ± 6.73 μm, p = 0.02, Figure 5F).
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FIGURE 5
 Effect of different stimuli on the change of ChT after 7 days (A,C,E) and medium-3 days of treatment (B,D,F). In the long-term experiment, the 10-Hz ON stimulus thickened the choroid in the fellow eyes (A), whilst the 10-Hz OFF stimulus increased the ChT in both eyes (B). The square wave stimulus did not have a significant influence on the ChT (C). In the medium-term experiment, no significant differences were detected with ON or OFF stimuli (B,D). However, the choroid was thickened by the square wave stimulus in both eyes (F). Data were shown as mean ± SEM. *p < 0.05 and **p < 0.01.


We also investigated whether initial changes in ChT that occurred on the first day of lens treatment were correlated with later changes in axial length and vitreous chamber depth. For this analysis, the changes in ChT relative to baseline on day 0 were determined separately for each eye. The values of the contralateral control eyes were then subtracted from those of the lens-treated eyes (ΔX − ΔN). We found that initial changes in ChT relative to baseline between the two eyes (ΔX − ΔN: day 1) were not significantly correlated with changes in axial length and vitreous chamber depth after 7 days of treatment (ΔX − ΔN ChT day 1 vs. ΔX − ΔN AL change day 7: p = 0.099, R2 = 0.0504). In contrast, relative ChT changes at day 5, day 6 and day 7 showed a significant association with myopia development (Supplementary Figure S2A: AL: R2 = 0.1241, p < 0.01; Supplementary Figure S2B: VCD: R2 = 0.0977, p < 0.05). After treatment of 3 days, only axial length changes and ChT showed a weak but significant correlation (medium term treatment: R2 = 0.0763, p < 0.05).

Interestingly, ChT changed significantly during the 7 days treatment in some groups. Pronounced recovery was observed for both 1.2 Hz and 10 Hz OFF stimulation which showed up as an increase in ChT during the last 3 days of the experiment (Supplementary Table S1).

We also investigated whether initial changes in ChT that occurred on the first day of lens treatment were correlated with later changes in choroidal thickness. In an analysis of the entire data set, a significant correlation between changes on day 1 and changes at each subsequent day was observed. Obviously, animals that showed a large decrease in ChT in eyes with negative lenses, compared to their fellow eyes on day 1 also showed a larger difference on subsequent days. However, the significance of the correlation declined steadily over the week of treatment (Supplementary Table S2). In a separate analysis of this relationship in each of the treatment groups, the predictive power was high during the first 3 days in the animals in the static stimulus group and from day 2 to day 6 in the 10 Hz OFF group but there was no correlation with any other stimulus.



3.5 Effects of the different visual stimuli on retinal dopamine metabolism

Vitreal levels of dopamine metabolites DOPAC and HVA can be used as a sensitive measure of dopamine release from the retina (33). In line with previous findings (38), negative lens treatment reduced the amount of dopamine metabolites DOPAC and HVA with high significance in all groups (Supplementary Table S3). In addition, frequency (0 Hz, 1.2 Hz, or 10 Hz) and stimuli pattern (ON, OFF, square wave, room light) had a significant main effect on dopamine metabolism (multifactorial ANOVA: DOPAC: treatment and frequency: p < 0.0001, Figure 6A; HVA: treatment, frequency and stimuli pattern: p < 0.0001, Figure 6B). When vitreal HVA data were grouped according to stimulus type, HVA content was significantly higher when chicks were stimulated with square wave stimuli compared to room light and OFF stimuli, and also higher under ON stimulation than under room light (one-way ANOVA, p = 0.0002, Figure 6B). A recent study in our lab (15) found a significant increase in DOPAC and HVA level in chicks kept under 1 Hz-ON vs. 1 Hz-OFF stimulation. Although, there was no significant difference between 1.2 Hz-ON and 1.2 Hz-OFF stimuli in our present study, a similar trend was seen in terms of a higher mean level of vitreal HVA in fellow and −7D lens-treated eyes in the 1.2-ON vs. 1.2 OFF group. When the vitreal HVA data were grouped according to frequency, vitreal HVA was significantly higher under flicker light, compared to room light, and also higher at 10 Hz flicker than at 1.2 Hz flicker (one-way ANOVA, p < 0.0001, Figure 6B).
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FIGURE 6
 Effect of different stimuli on the level of retinal dopamine metabolites. The 10-Hz OFF and 10-Hz square stimuli increased the level of vitreal DOPAC in the fellow eyes (A). All high-frequency patterns and the 1.2-Hz square stimulus increased the amount of HVA in the vitreal in the fellow eyes. The high frequency stimuli also increased the level of vitreal HVA in LIM eyes, except for the 10-Hz ON stimulus. In addition, the fellow eyes in 1.2-ON group contained more vitreal HVA in comparison to the RL group (B). The change in ChT after 7 days (RL, 10-ON, 10-OFF, 10-square group data are shown) were positively correlated with the level of vitreal DOPAC (C) and vitreal HVA (D). Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Overall, the largest changes were observed in fellow control eyes under 10 Hz flicker with the OFF stimulus, with significantly higher level of vitreal DOPAC than in room light and 1.2 Hz OFF flicker (10-OFF vs. RL: 5.17 ± 0.31 vs. 3.92 ± 0.17 ng/100 mg wet weight, p = 0.003; vs. 1.2-OFF: 4.11 ± 0.21 ng/100 mg wet weight, p = 0.02, Figure 6A). Also, the 10 Hz square wave stimulus increased vitreal DOPAC levels in the fellow control eyes. Also, the 1.2 Hz and 10 Hz ON, OFF and square wave stimuli increased the amount of vitreal HVA level in fellow eyes, compared to room light.

In the negative lens-treated eyes, vitreal HVA content was significantly higher in at 10 Hz OFF and 10 Hz square wave stimulation compared to room light (RL vs. 10-OFF: 2.05 ± 0.19 vs. 3.18 ± 0.36 ng/100 mg wet weight, p = 0.03; vs. 10-square: 3.73 ± 0.18 ng/100 mg wet weight, p = 0.0002, Figure 6B). Vitreal HVA levels were also increased at 1.2 Hz square wave stimulation, compared to room light and to 1.2 Hz OFF stimulation.

After 1 week of treatment, vitreal DOPAC and HVA content were correlated with the changes in ChT (Figures 6C,D) when data from all eyes were pooled. The higher their content, the thicker was the choroid (p < 0.0001, R2 = 0.30; p = 0.0004, R2 = 0.23, respectively, Figures 6C,D).



3.6 Effects of ON and OFF stimuli and treatment duration on gene expression


3.6.1 Retina

Expression of candidate genes that were previously associated with myopia development was measured after 3 and 7 days of negative lens treatment, both in room light as well as with 10-Hz ON and 10-Hz OFF flicker light (Figure 7). As found in previous studies (34), EGR-1 mRNA levels decreased in negative lens-treated eyes. This effect was found in room light, both after 3 days (RL-LIM vs. RL-fellow: 0.34 ± 0.02 vs. 1.24 ± 0.25, p = 0.01) and 7 days (RL-LIM vs. RL-fellow: 0.33 ± 0.04 vs. 0.71 ± 0.12, p = 0.02, Figure 7A). EGR-1 mRNA expression was also lower in the negative lens-treated eyes compared to fellow eyes at 10 Hz ON flicker after 3 days of treatment (0.65 ± 0.05 vs. 1.00 ± 0.07, p = 0.047) and 10 Hz OFF flicker after 7 days (0.42 ± 0.04 vs. 0.83 ± 0.11, p = 0.02). However, EGR-1 mRNA expression in eyes with negative lenses was still significantly higher at 10 Hz ON (0.65 ± 0.05, p = 0.02) and OFF stimulation after 3 days of treatment (0.76 ± 0.12, p = 0.0009), compared to room lighting (0.34 ± 0.02). The effect persisted after 7 days with 10 Hz ON stimulation (0.85 ± 0.11, p < 0.0001 to RL, p = 0.0008 compared to 10 Hz OFF stimulation).
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FIGURE 7
 The mRNA expression level of myopia candidate genes in the retina after long or short-term treatment. Negative lens treatment significantly decreased retinal EGR-1 expression in room light (RL), in 10 Hz ON flicker (after 3 days), and in 10 Hz OFF flicker (after 7 days). Compared to the RL-LIM eyes, EGR-1 mRNA expression in the lens treated eyes was significantly higher, both in the 10-Hz ON and 10-Hz OFF stimuli, after 3 days. This effect persisted in the 10-ON group in the long-term experiment (A). A temporal effect was observed in the fellow eyes of the RL group, as the level of retinal EGR-1 mRNA decreased over time (A). After 3 days of treatment, the 10-Hz ON stimulus induced a significant increase in the level of retinal OPN4 mRNA in both eyes, compared to the RL and 10-OFF groups. However, after 7 days of treatment, this effect was observed only in the fellow eyes (B). The expression of retinal OPN5 mRNA was higher in LIM eyes in the 10-ON group than that in the 10-OFF group (C). In the short-term experiment, only the 10-OFF group showed an interocular effect in the expression of retinal GJD2 mRNA, which was an elevation in the LIM eyes (D). Data were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


We also found a small reduction in the level of retinal OPN4 mRNA in eyes with negative lenses after 3 days under room lighting (RL-LIM vs. fellow: 0.73 ± 0.05 vs. 0.83 ± 0.05, p = 0.03, Figure 7B). The perhaps most significant finding was that 10 Hz ON exposure stimulated the expression of OPN4 mRNA in both eyes after 3 days and in fellow eyes after 7 days (Figure 7B). There was no change in the level of retinal OPN5 mRNA after 3 days of treatment. After 1 week of treatment, retinal OPN5 mRNA expression was higher in the negative lens-treated eyes after 10 Hz ON stimulation (0.35 ± 0.03) compared to 10 OFF stimulation (0.25 ± 0.01, p = 0.01, Figure 7C).

A small increase in retinal GJD2 mRNA was observed in the eyes treated with negative lenses under 10 Hz OFF stimulation after 3 days, compared to fellow eyes (0.68 ± 0.06 vs. 0.55 ± 0.06, p = 0.047, Figure 7D).

After 3 day of treatment, changes in ChT and retinal EGR-1 mRNA levels were positively correlated, showing that retinal EGR-1 mRNA levels increase as the choroid thickened. This correlation was significant (p = 0.007), although only 17% of the change in ChT was explained by changes in EGR-1 in mRNA (R2 = 0.17). No such correlation was found after 7 days of treatment, nor for any of the other studied genes.



3.6.2 Choroid

There was no significant change in choroidal RALDH2 mRNA during 3 days of treatment. However, the level of RALDH2 expression was significantly lower in the lens treated eyes compared to the fellow eyes with 10 Hz OFF stimulation after 7 days (11.44 ± 1.92 vs. 17.23 ± 3.01, p = 0.03, Figure 8A). A similar trend was observed in room lighting (12.18 ± 1.06 vs. 17.72 ± 1.83, p = 0.05). After 7 days, also choroidal BMPR1A mRNA changed in both eyes, both in room lighting and 10 Hz OFF stimulation (RL-LIM: 3.14 ± 0.30; RL-fellow: 3.72 ± 0.48; 10-OFF-LIM: 3.16 ± 0.38; 10-OFF-fellow: 3.60 ± 0.39). At 7 days, there was a higher level of BMPR1A expression compared to 3 days (RL-LIM: 1.91 ± 0.17, p = 0.01; RL-fellow: 1.86 ± 0.15, p < 0.0001; 10-OFF-LIM: 1.83 ± 0.24, p = 0.005; 10-OFF-fellow: 1.93 ± 0.21, p = 0.0002, Figure 8B). No temporal effect was found in 10-ON group. An interocular difference was observed in the expression of choroidal OPN4 mRNA during both the early (LIM vs. fellow: 0.39 ± 0.07 vs. 0.55 ± 0.09, p = 0.003) and late periods (LIM vs. fellow: 0.69 ± 0.07 vs. 0.90 ± 0.10, p = 0.04, Figure 8C) of treatment in the RL group. This difference was not observed in the other groups.
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FIGURE 8
 The mRNA expression level of myopia-related genes in the choroid after long or short-term treatment. The expression of choroidal RALDH2 mRNA was decreased by −7D lens in the RL and 10-OFF group after treatment for 7 days (A). In both eyes of the RL and 10-OFF groups, a significant temporal effect was shown in the expression of choroidal BMPR1A mRNA, which was elevated over time (B). The expression of choroidal OPN4 mRNA was found to be decreased in LIM eyes in the RL group (C). Data were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


After treatment for 3 days, ChT change and choroidal RALDH2 mRNA level were found to be positively correlated. This correlation was significant (p = 0.045), although only 10% of the change in ChT can possibly be explained by changes in the amount of choroidal RALDH2 mRNA expression. No significant correlation was found for the other genes.





4 Discussion

We have investigated how different computer-generated dynamic visual stimuli, assumed to predominantly stimulate retinal ON and OFF pathways, in combination with or without imposed optical defocus, affect ChT thickness, axial length, refraction and the expression of some biomarkers of myopia, including dopamine. The time kinetics was also studied, by measuring after 3 h, and 3 and 7 days of continued treatment. The potential predictive power of these variables for future refractive development was statistically analyzed.


4.1 Temporal and spatial frequency during ON or OFF stimulation determine changes in ChT

After short-term treatment of 3 h, the effect of ON/OFF stimuli on ChT varied with the field sizes of the dynamic checkerboard patterns and their temporal frequency. Both dynamic ON and OFF stimuli caused choroidal thinning in chicks with normal vision, with the largest effect at the smallest field size used. Only one type of stimulus, a 1.2 Hz pattern cycle checkerboard with medium field sizes of about 2.9 deg. visual angle, led to thickening of the choroid. It is well known that stimulus size plays an important role in the ON/OFF response of retinal ganglion cells (RGCs). With an increase of stimulus size, the amplitudes of both, ON- and OFF-center RGCs, decrease. When a full-field stimulus was presented to mice in vivo, approximately half of the OFF-center RGCs altered their sign into either OFF/ON or ON only. The sign switch was derived from the area surround the receptive field (39). In humans, ON and OFF responses in the primary visual cortex have different spatial characteristics: large gratings with low spatial frequencies activate more OFF-dominated neurons, while narrow gratings with high spatial frequencies shifts the responses to ON-dominated neurons (40). ON and OFF ganglion cells exhibit an asymmetrical pattern in their temporal adaptation to photopic and scotopic conditions. Specifically, under photopic conditions, both ON and OFF ganglion cells demonstrate similar temporal characteristics. However, under scotopic conditions, ON cells shift their tuning towards low temporal frequencies, whereas OFF cells respond to higher frequencies (41). In mice, the response of both ON and OFF retinal ganglion cells increased with temporal frequencies ranging from 0.15 to 3 Hz. Beyond 3 Hz, their responses began to decrease (41). In our study, chickens were stimulated under photopic conditions, with an ambient illumainance of 400 lux. Assuming that findings in mice and humans can be extrapolated to birds, a smaller stimulus size combined with relatively low stimulation frequency should induce a stronger response in both ON and OFF cells. In fact, differences between ON and OFF stimulation were only observed with medium-sized fields in the checkerboard at a frequency of 1.2 Hz. In this case, ON stimuli caused thickening of the choroid, and OFF stimuli resulted in choroidal thinning. One reason for the generally not consistent differences between ON versus OFF stimulation in the current study is that the checkerboard fields may have been too large to stimulate antagonistic receptive fields. Diedrich and Schaeffel (42) used multi-electrode recordings in the chick retina and found a visual acuity of the chicks of about 5 cyc/deg. and a rather low maximal contrast sensitivity of about 10 at 1.7 cyc/deg. (10% contrast is detected). The strongest responses of ganglion cells were measured with stimuli of 1.64 cyc/deg. In the current study, we have a minimal 1.7 deg. visual angle (SQS), equivalent to about max 0.3 cyc/deg. It is not known, whether the antagonistic ON/OFF receptive fields are activated at this field size. If not, only temporal ON/OFF signals will be generated.

In young human subjects, a computer-generated dynamic ON stimulus at 1 Hz, similar to the one in the current study increased ChT while the OFF version of it decreased it (15). The authors of this study translated the ON and OFF signals into practical applications for humans: reading white text on a black background stimulates the ON pathway, while reading black text on a white background stimulates the OFF pathway (43). The magnitudes of these effects of contrast polarity on ChT were greater than that of dynamic ON/OFF square stimulations in humans and chicks. This difference in magnitude could be attributed to the significantly smaller size of the stimuli in the former case, as speculated by the authors. Nevertheless, we observed in this study that a medium size ON stimulus was in fact more effective compared to the small size, which was used in the previous study (15), in chickens. The reason for this difference in results between the two studies remains unclear, as the same stimuli were used. The only known difference between the two studies that we are aware of, is the different White Leghorn hybrid line used. Furthermore, our findings revealed that only the OFF stimulus with a frequency of 10 Hz had an enhancing effect on ChT in LIM eyes. The reason could be that the OFF RGCs activate preferential over ON RGCs in a frequency band around 10 Hz, as predicted in a model (44).

The effects of the ON and OFF stimuli on refractive error development also vary. Both the 1-Hz ON and OFF stimuli of small squares promoted the development of LIM in chickens (15). In another study, a 4-Hz OFF stimulus was observed to diminish positive lens-induced hyperopia, while a 4-Hz ON stimulus mitigated the development of LIM in chickens (45). Likewise, blocking the ON response inhibited the progression of LIM, whereas blocking the OFF response prevented the development of positive lens-induced hyperopia (46). In the human visual cortex, ON cortical pathways exhibit higher contrast sensitivity compared to OFF cortical pathways, with this discrepancy escalating with luminance range. The asymmetrical characteristics present in ON and OFF responses add complexity to the assessment of effects, particularly when considering tuning parameters. However, in cases of myopia, where the eye elongates, the ON pathways become less responsive and less sensitive (47).



4.2 Differential effect of high flicker frequency on the initial choroidal response to positive and negative lens treatment

Short term treatment with negative lenses induced a significantly larger response (reduction in choroidal thickness) in the negative lens-treated eyes with 10 Hz ON flicker compared to 10 Hz OFF flicker, whereas 3 h of plus lens treatment induced a larger response (increase in ChT) with stimulation of the ON system. It was already discussed since long that different retinal circuits with different temporal characteristics are involved in the processing of hyperopic and myopic defocus (48), which might than lead to the differential effect of high frequency ON and OFF flicker on the size of the choroidal response as shown in our study. In addition, it was recently discussed that “choroidal thickening induced by positive defocus may be triggered by metabolic constraints, rather than representing a “third mechanism of focusing the eye” as first proposed by Wallman et al. (1, 49).



4.3 The initial extent of ChT thinning (after 1 day) does not predict the amount of negative lens-induced myopia

ChT is inversely correlated with axial length in myopia (50), as well as with refractive error and visual acuity in high myopes (51, 52). In addition, subfoveal ChT in humans is an independent predictor for myopic maculopathy progression (53). In a large cohort and longitudinal study performed in young adults, the authors found that each 10 μm increase in baseline ChT was associated with a refractive change of 0.006 D/year and of 0.003 mm/year in axial length (54). In addition to forecasting the natural eye growth process, ChT can also be used to predict or assess the effectiveness of myopia control methods, such as repeated low-level red-light therapy (55) and low-concentration atropine (56). Animal experiments have shown that baseline ChT is correlated with baseline refraction and deprivation-induced myopia development in pigmented guinea pigs, but not in the albino ones (57). On the other hand, it has been shown that ChT as an independent parameter cannot predict visual acuity in high myopes after adjustment for spherical equivalent and the presence of pathological myopic lesions (58). Similar evidence has been found in chickens, indicating that baseline ChT is unable to predict the extent of the final myopic shift in form-deprived chickens (7). However, it has been shown to be predictive of ocular growth in chickens with normal vision (6), where a thicker choroid is associated with reduced eye growth. However, this relationship is not as quantitatively precise as the correlation between refractive error and axial length.

A number of studies have shown an association between a treatment-induced reduction in eye length growth and thickening of the choroid. As for example a brief period of normal vision during negative lens-wearing effectively slow down myopia development, inducing a choroid thickening of 91 μm and less axial elongation of 183 μm (59). In addition, the dopamine receptor agonist apomorphine reduces axial elongation by 184 μm and increases choroidal thickness by 42 μm in LIM chickens (60). This may also explain why 0.01% atropine is not effective in slowing myopia progression in children in the long term, as there was no significant increase in ChT after 6 months of use (61).

In our study, the choroidal thickness decreased significantly less in the 10-OFF group. This effect was already seen after 3 h of treatment. The 10 Hz OFF treated chicks also had a thicker choroid after 7 days, but there was no significant difference in the lens-induced myopic shift in this group compared to the control group. It seems that less ChT reduction does not mean less eye growth. This result therefore supports earlier findings of our groups and others that a decrease in choroidal thickness induced by artificial stimuli has no predictive power for the change in eye length growth. With the exception of one stimulus, all artificial stimuli tested in this study led to choroidal thinning. ChT decreased strongly during the first day of stimulation followed by a partial or full recovery at day 7. Initial choroidal thinning (1 day) induced by negative lens wear under a number of artificial stimuli did not predict the amount of myopia induced by negative lenses after 7 days, while ChT changes that occurred later during the treatment period showed a significant association. One has to keep in mind that the extent to which the choroid can thin has a natural lower limit, which potentially had an impact on the results of the correlation analysis. Also, the result of the present study does not provide much information about the predictive power of initial choroidal thickening, since only one stimulus induced this effect (1.2 Hz-ON after 3 h of treatment). A current review article by Ostrin et al. (62) states that “current evidence is not sufficient to speculate that short-term choroidal thickening can be used as a biomarker of treatment efficacy for myopia control therapies.” Therefore, future studies should focus on stimuli that thicken the choroid in order to analyze the predictive power of choroidal thickening.



4.4 Influence of artificial stimuli and lens treatment on dopamine metabolism and the correlation with ChT

As expected, negative lens treatment reduced dopamine release as measured by changes in the amount of dopamine metabolites in the vitreous. On the other hand, dopamine release was strongly stimulated by high frequency flicker and also-although to a lesser extent- by low frequency flicker; both in fellow control eyes (DOPAC and HVA) and in the lens-treated eyes (HVA). This result thereby supports previous findings in chicks showing that frequencies around 10 Hz (stroboscopic light (63)) optimally activate dopaminergic amacrine cells and therefore stimulate retinal dopamine release. In addition, a study in guinea pigs demonstrated that 0.5 Hz luminance flicker increase the levels of the dopamine metabolites (64). Interestingly, HVA level was highest in the group of chicks kept under square wave stimulation. However, as HVA levels were equally elevated in both control and lens-treated eyes, the lens-induced effect persisted in all treatment groups.

The amount of dopamine release was positively correlated with choroidal thickness. This result thereby confirms an association between both parameters that was also recently described and discussed in a study by Mathis et al. (65). As no dopamine receptors have been identified in the choroid, it was supposed that a direct effect of the transmitter in this tissue is unlikely (66). However, Mathis et al. showed that retinal and choroidal dopamine levels are correlated, suggesting a role for dopamine in choroidal thickness changes. Further studies are needed to clarify the exact nature of the pathway linking retinal dopamine release to ChT changes.



4.5 Influence of artificial stimuli and lens treatment on candidate gene expression changes and their correlation with changes in ChT

Changes in visual input and signals within the retina can lead to changes in ChT, scleral structure and consequently axial elongation of the eye. With the use of large-scale screening technologies, a number of molecules have been found to be associated with the development or prevention of induced myopia and therefore postulated to play a role in the regulation of ocular growth (67).

Most consistent across studies and animal models were changes in the expression of the immediate early gene EGR-1 in correlation with induced defocus and deprivation. EGR-1 knockout mice exhibit axial myopia, highlighting its essential role in eye growth (68). The expression pattern of EGR-1 aligns with the trajectory of eye growth: it is downregulated in eyes developing LIM (lens-induced myopia) and upregulated during recovery from LIM (69). In our study, we confirmed that lens treatment reduced the expression of EGR-1 under room light conditions. Interestingly, we found a significant positive correlation of ChT changes and retinal EGR-1 mRNA levels after 3 days of treatment, i.e., a low retinal EGR-1 level was correlated with a thinner choroid. However, whether a causal relationship exists requires further investigation, also because there was no significant correlation between both parameters after 1 week and the extent of the correlation was relatively low (only 17% of the change in ChT could be explained by changes in EGR-1 expression). Possibly, ChT changes might be regulated at least partly by visual signals derived from the retina, including EGR-1. However, after longer treatment, a disassociation takes place. This is also reflected in the increased mRNA expression of EGR-1 in the LIM retina of the 10-ON groups which does not correspond to a reduced eye growth after 1 week, indicating that EGR-1 expression may not/not any more correlate with the rate of eye growth after long treatment periods.

The expression of the gap junction protein 2, also known as connexin-36, was found to decrease in the retinas of guinea pigs with FDM (19) and LIM (70) whereas functional connexin-35 increased in the cone-dominated myopic chicken retina (71). In mice, no change in GJD2 mRNA was found but an increased phosphorylation of connexin-36 which could indicate increased functional gap junction coupling of AII amacrine cells in the rod-dominated myopic mouse retina. This might be a possible adaptation to adjust to the altered noisy signaling status (72). AII amacrine cells (ACs), coupled by connexin-36, segregate signals into ON and OFF pathways. In our study, only the retinas of 10 Hz OFF stimulated chicks showed a higher level of GJD2 mRNA compared to the fellow eyes after 3 days of treatment. This effect in gene expression in 10 Hz-OFF was not correlated with differential changes in ChT in this treatment group at that time point. In addition, the increase in GJD2 mRNA expression level was only temporal and not seen after 1 week of treatment.

Violet light has been found to provide protective effects against lens-induced myopia (LIM) and to cause choroidal thickening in mice. These effects are dependent on the function of retinal OPN5 (73). Violet light exposure also upregulated EGR-1 expression in the chicken chorio-retinal tissues (74), an effect subsequently confirmed in mice to be mediated by OPN5 (75). In our study, we observed significantly higher levels of EGR-1 and OPN5 mRNA expression in the LIM eyes of the 10-ON group compared to the 10-OFF group after 1 week of treatment. Given that our light source did not emit violet light, it seems plausible that the alteration in OPN5 and EGR-1 expression are independent of each other in this particular case.

The blue light sensitive non-visual opsin melanopsin (OPN4) is expressed in the choroid and in intrinsically photosensitive ganglion cells (ipRGCs) in the retina which, like rods and cones, provide essential input to dopaminergic amacrine cells (76). OPN4 knock-out mice exhibit greater hyperopia compared to wildtype mice; however, they are also more susceptible to form-deprivation myopia (FDM) (20). We did not detect any lens-induced changes in retinal OPN4 expression after one week, but its level was significantly elevated in the 10 Hz ON group compared to the 10 Hz OFF group, in fellow and lens treated eyes after 3 days of treatment. Since short-term experiments showed a significant thinner choroid during short-term 10 Hz ON stimulation (Figure 8B), a higher retinal OPN4 level might be associated with a thinner choroid, which fits to the OPN4 knock-out results. It was also observed in OPN4 knock-out mice that the choroidal thickening in response to the light stimulation was absent (77). In contrast to extensive knowledge about the function of melanopsin in the retina, its role in the choroid is currently unknown. Interestingly, it was recently concluded that melanopsin may regulate diurnal or defocus-induced changes in ChT, “including the intriguing possibility that the choroid may be photosensitive” (78). Indeed, the opsin genes including OPN4 were found to be expressed in the chick choroid (79). We observed that the OPN4 mRNA expression was decreased in the LIM eyes compared to the fellow eyes in the RL group, both in short-term and long-term experiment. The expression of OPN4 in the choroid might therefore play a role in the thickness response.

A significant down-regulation of the bone morphogenetic protein receptor BMPR1A was observed in the choroid of chickens after 48 h of treatment with a +10D lens, while no such effect was observed in the retina (24). Interestingly, our study identified a temporal effect on BMPR1A mRNA expression. Specifically, prolonged treatment resulted in elevated mRNA levels in both eyes of the RL and 10-OFF groups. In contrast, the 10-ON group exhibited an opposite trend in mRNA expression. The temporal upregulation of BMP is necessary for early ocular lens development in chickens (80). Therefore, the temporal elevation might be related with eye development as well.




5 Summary

In conclusion, our study confirms that negative lens treatment thins the choroid in chickens, and that the effect can be modulated by artificial visual stimuli in their environment. However, the induced increase in ChT with 1.2 Hz ON flicker was too small to generate long-term changes in myopia development. We found that the amplitude of choroidal thinning on day 1 of lens treatment had no predictive value for the amount of myopia that developed in 7 days, whereas relative changes in ChT were predictive from day 5 on. Parameters of the used ON/OFF stimuli tuning, such as field sizes of the checkerboard and cycle frequency induce varying effects on ChT, highlighting the need for careful analysis of these parameters to achieve inhibition of myopia.
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SUPPLEMENTARY FIGURE 1 | Light spectrum perceived by the chicks in the experimental set up “arena”.



SUPPLEMENTARY FIGURE 2 | Significant correlation of relative changes in choroidal thickness with axial length (A) and vitreous chamber depth (B) after 7 days of treatment. Interocular differences between the two eyes are shown (X = lens treated eye; N = normal fellow eye).




Footnotes
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Objective: Myopia prevalence is increasing at alarming rates, yet the underlying mechanistic causes are not understood. Several studies have employed experimental animal models of myopia and transcriptome profiling to identify genes and pathways contributing to myopia. In this study, we determined the retinal transcriptome changes in response to form deprivation in mouse retinas. We then conducted a transcriptome meta-analysis incorporating all publicly available datasets and analyzed how the results related to the genes associated with refractive errors in human genome-wide association studies (GWAS).
Methods: Form deprivation was induced in three male C57BL6/J mice from postnatal day 28 (P28) to P42. Retinal gene expression was analyzed with RNA sequencing, followed by differential gene expression analysis with DESeq2 and identification of associated pathways with the Kyoto Encyclopedia of Genes and Genomes (KEGG). A systematic search identified four similar retinal transcriptomics datasets in response to experimental myopia using chicks or mice. The five studies underwent transcriptome meta-analyses to determine retinal gene expression changes and associated pathways. The results were compared with genes associated with human myopia.
Results: Differential gene expression analysis of form-deprived mouse retinas revealed 235 significantly altered transcripts, implicating the BMP2 signaling pathway and circadian rhythms, among others. Transcriptome-wide meta-analyses of experimental myopia datasets found 427 differentially expressed genes in the mouse model and 1,110 in the chick model, with limited gene overlap between species. Pathway analysis of these two gene sets implicated TGF-beta signaling and circadian rhythm pathways in both mouse and chick retinas. Some pathways associated only with mouse retinal changes included dopamine signaling and HIF-1 signaling pathway, whereas glucagon signaling was only associated with gene changes in chick retinas. The follistatin gene changed in both mouse and chick retinas and has also been implicated in human myopia. TGF-beta signaling pathway and circadian entrainment processes were associated with myopia in mice, chicks, and humans.
Conclusion: This study highlights the power of combining datasets to enhance statistical power and identify robust gene expression changes across different experimental animal models and conditions. The data supports other experimental evidence that TGF-beta signaling pathway and circadian rhythms are involved in myopic eye growth.
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1 Introduction

Myopia prevalence rates are increasing worldwide (1) yet the causes for this are not fully known. While there is convincing evidence that the retina is essential for signaling refractive eye growth [see review (2)], the exact mechanisms that regulate this process remain elusive. Current myopia control methods, which include optical and pharmacological treatments and lifestyle changes, are limited in their effect size (3). Therefore, understanding the causal mechanisms regulating refractive development and myopia is essential for optimizing current treatments and developing novel approaches to myopia management.

The field of myopia research has significantly benefitted from studies conducted on animal models that investigate molecular changes associated with myopia development. Two primary methods for inducing experimental myopia are form deprivation and lens-induced myopia, where either a diffuser goggle or a negative-powered lens is placed in front of the experimental eye, resulting in the induction of myopic refractive shift (4, 5). The increasing accessibility and affordability of advanced sequencing technologies have made transcriptome analyses increasingly popular. Several studies have implemented transcriptome profiling of the retinal tissue to identify molecular signatures and cellular pathways associated with myopic eye growth (6–13). However, despite the wealth of data generated, the sample size of each study is usually relatively small, which can limit the statistical power and robustness of findings. In addition to the variability between studies arising from slight differences in experimental protocols, other sources of variation include differences in sequencing methods and analysis pipelines (14). Furthermore, the robustness of retinal changes in response to myopic stimulus can also be evaluated by analyzing samples from different species.

Conducting meta-analyses addresses some of the limitations of transcriptome profiling by retrieving samples from multiple studies that analyze the same experimental condition and applying the same analysis pipelines. Meta-analyses remove variation introduced by applying different analysis pipelines and increase the sample size, thus enhancing statistical power. This approach provides an overview of the most robustly changing genes and pathways across different laboratories and experimental models and has been used in several contexts (15, 16). Identifying these consistent changes can result in a better understanding of the underlying biological processes and mechanisms.

In this article, we first present a transcriptome analysis of retinal changes in a mouse model of form deprivation myopia (FDM). Then, we perform a systematic search and meta-analysis of publicly available transcriptomic datasets related to experimental myopia in animal models. Through this combined approach, we aim to identify key gene expression changes and pathways involved in myopia development, which may provide insights into the robust molecular mechanisms underlying this condition. Furthermore, we compare the transcriptomic changes with genes and pathways associated with human refractive errors to determine which retinal changes in experimental myopia may be associated with the human disease.



2 Materials and methods


2.1 Animals

All animal experiments were approved by the Atlanta Veterans Affairs Institutional Animal Care and Use Committee (protocol V015-14). Male C57BL/6J mice were housed in a standard 12-12 hour light-dark cycle. Food and water were provided ad libitum. From postnatal day (P) 28, mice were exposed to FDM by surgically attaching a head-mounted diffuser goggle over the right eye (17). The left eye remained uncovered and served as an internal control. Refractive error, corneal curvature and axial length were measured at P28, P35, and P42. After dilating the eyes with 1% tropicamide, mice were anesthetized (ketamine 80 mg/kg; xylazine 16 mg/kg). Refractive error was measured with an automated infrared eccentric photorefractor (5), corneal radius of curvature was measured using an automated keratometer (18) and axial length with a spectral domain optical coherence tomography system (Bioptigen, Durham, NC, USA). Myopic shift was calculated as the refractive error difference between the goggled and uncovered eye.



2.2 Tissue preparation and RNA sequencing

At P42, mice were sacrificed by cervical dislocation during the light phase; their retinal tissue was immediately collected, flash-frozen on dry ice, and stored at −80°C until further processing. Total RNA was extracted using TRIzol and RNeasy Micro kit RNA extraction methods according to the manufacturers' protocols. RNA quantity was measured with a NanoDrop 1000 (Thermo Fisher Scientific), RNA quality was analyzed with the Agilent 2100 Bioanalyzer using the Pico chip (Agilent Technologies), and samples with an RNA integrity number (RIN) >7.5 were used for RNA sequencing (RNA-Seq). RNA was submitted to Emory Integrated Genomics Core. Following poly-A enrichment, 50-base paired-end libraries were prepared and sequenced on the Illumina HiSeq Sequencing System at 50 M reads per sample. The RNA-Seq data of this study are available in the Gene Expression Omnibus repository, accession number GSE284642, and BioProject, accession number PRJNA1200000.



2.3 RNA sequencing data analysis

FASTQ files were uploaded to the Galaxy web platform (19). Read quality was analyzed with FastQC (20). Reads filtered for low-quality reads and trimmed using Trimmomatic (21). Transcript abundance was quantified with Salmon (22). Count normalization and differential analysis were conducted with DESeq2 (23) in R (24) and an unadjusted p value of < 0.05 was considered statistically significant, as this analysis is exploratory in nature with an aim to suggest further hypotheses. Differentially regulated pathways and cellular functions were further analyzed using the KEGG database (25) and GO terms (26) and visualized with pathfindR (27) and ggplot2 (28).



2.4 Systematic search of transcriptomics datasets

A search was conducted on the PubMed, Gene Expression Omnibus (GEO) and BioProject databases using the following search statement: retina* AND (transcriptom* OR “RNA seq*” OR “RNA-seq*” OR microarray) AND (myopia OR “short*sighted*” OR “refractive error” OR “refractive development” OR “ocular growth” OR “eye growth” OR “experimental myopia” OR “lens-induced myopia” OR “image defocus” OR “form*deprivation”). All searches were conducted on June 5, 2024. The results were screened for studies that met the following inclusion criteria:

	1. The study used an animal model.
	2. The study included samples from control eyes and eyes with experimentally induced myopia.
	3. The study analyzed retinal samples. All combined tissue samples, e.g. retina/RPE/choroid were excluded.
	4. The study conducted whole-genome transcriptome profiling (RNA-Seq or microarray analysis).



2.5 Data processing and meta-analysis

With this search, six RNA-Seq datasets were identified (Table 1). The unprocessed data files of identified studies in the FASTQ format were located. In two instances, the studies filled the inclusion criteria, yet the raw data was not found nor accessed after contacting the corresponding author. Identified studies used either the chick or mouse model of myopia, and the samples from different species were analyzed separately.


TABLE 1 Experimental myopia retinal transcriptome profiling studies identified.

[image: Table shows studies on myopia in different species with columns for reference, BioProject accession number, species, myopia model, animal age at start, induction duration, control group, number of samples, and sex. Included studies used chicks and mice, employing FDM or LIM models. Excluded studies involved marmosets and mice with specified conditions.]

The FASTQ files were imported to the Galaxy platform (19), filtered for low-quality reads, and trimmed using Trimmomatic (21), specifying the adapter parameters to what was used in each experiment. The quality of individual reads was analyzed with FastQC (20) before and after the trimming process. Samples were excluded if the percentage of duplicates, read count, or GC content was >2 standard deviations from the mean of the respective study. Transcript abundance was quantified with Salmon (22), estimates were aggregated to the gene level.

Non-normalized untransformed count matrices of each study were obtained using tximport package (v 1.28.0) (29) in R. Next, ComBat-seq (30) from the sva package (v 3.48.0) (31) was used to remove batch effects between studies, specifying the study identifier as the batch variable and the treatment group (experimental myopia vs. control) as the grouping variable. Manipulations used for myopia induction were not separated in this meta-analysis. Low-abundance transcripts were eliminated by retaining only genes with >10 counts in the number of samples of the smallest experimental group. Differential gene expression between control and experimental myopia samples was conducted using the DESeq2 package (23). An unadjusted p value of < 0.05 was considered statistically significant, which does increase type I error risk, but as the analysis has inherently high biological variability, a more stringent criteria could eliminate potentially interesting and relevant findings. Transcripts were annotated using the Mus musculus GRCm38 Ensembl v91 release or the Gallus gallus GRCg7b Ensembl v112 release genome assemblies. Differentially expressed pathways and cellular functions were further analyzed using the KEGG database (25), and visualized with pathfindR (27) and ggplot2 (28). Principal component analyses (PCA) of experiments were performed on the variance-stabilized counts of the RNA-Seq data using DESeq2 (23). PCA coordinates were extracted, considering treatment and batch as grouping factors.

Genes associated with refractive errors from genome-wide association studies (GWAS) were retrieved from the GWAS Catalog (32). Single nucleotide variants (SNVs) and their corresponding mapped genes were obtained for traits “myopia” (Experimental Factor Ontology [EFO] trait HP_0000545) and “abnormality of refraction” (EFO trait HP_0000539). Pathways enriched for genes associated with a genetic predisposition to myopia were determined using the KEGG database (25) and visualized with pathfindR (27) and ggplot2 (28).




3 Results


3.1 Transcriptomic changes in response to FDM in the mouse retina

Form deprivation was induced in three male mice from postnatal day (P) 28 by placing a translucent goggle in front of the right eye with a head-mounted pedestal, while the contralateral left eye remained uncovered and served as a control eye (17). By P42, the form-deprived eyes developed myopia, as their refractive error was on average 1.37 ± 0.87 D [mean ± standard deviation (SD)] more myopic than the contralateral uncovered eyes (P28 vs. P42 p = 0.008, one-way ANOVA with Šidák's correction for multiple comparisons; Figure 1A). We did not observe statistically significant changes in axial length and corneal radius of curvature between the control and form-deprived eyes (two-way repeated measures ANOVA, age x eye interaction effect p > 0.05; Figures 1B, C), which is not uncommon as the magnitude of changes is very small (33, 34).
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FIGURE 1
 Ocular changes in response to form deprivation in mice used in the RNA sequencing experiment. (A) The myopic shift, expressed as the interocular difference in refractive error, showed relative myopia in the form-deprived eye of wild-type C57BL/6J mice after two weeks of form deprivation. Axial length (B) and corneal curvature (C) dynamics in response to form deprivation revealed no interaction effect between age and form deprivation. Data are mean ± SEM, n = 3. In (A), statistical analysis was performed using one-way ANOVA with Šidák's correction for multiple comparisons. In (B, C), two-way repeated measures ANOVA was used. ** p < 0.01. FDM, form-deprivation myopia.


The retinas of these animals were submitted for RNA-Seq analysis. Upon quality control, one sample was removed as its read duplication level was >2 SD from the mean of the study. Differential gene expression analysis showed that 235 transcripts were differentially expressed between the control and experimental retinas (Figure 2A and Supplementary Table 1). Among the most highly upregulated transcripts were several crystallins (Cry), such as Cryaa, Cryba1, Cryba2, Cryba4, Crybb1, Crybb2 and Crygs. Upregulation of different crystallin transcripts has been also demonstrated previously in chick compound retina/RPE/choroid tissue in response to FDM (35) and in chick retinas after FDM and LIM induction (36). Among the downregulated genes were paraoxonase 1 (Pon1), an antioxidative protein associated with lower activity in AMD (37) and potentially linked to oxidative stress, which has been reported in myopia (38); and retinoic acid early transcript 1E (Raet1e), which is intriguing as retinoic acid signaling has been implicated in myopia (39).
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FIGURE 2
 Differentially expressed genes and enriched pathways in FDM mouse retinas. (A) A volcano plot of genes differentially regulated in FDM retinas from wild-type mice, illustrating the log2 effect size and unadjusted log-transformed p values. The gray dashed horizontal line indicates an unadjusted p value of 0.05. Genes with significant changes are highlighted in red (upregulated) and blue (downregulated), with a selection of gene names indicated. A selection of KEGG pathways (B) and GO terms (C) enriched for the differentially regulated genes are highlighted.


The genes were further analyzed for enriched pathways using the KEGG database and GO biological process terms. The enriched pathways included various cell signaling pathways, e.g. thyroid hormone and Ras signaling pathways. Thyroid hormone signaling has also been implicated in prior studies investigating the retinal response to experimental myopia (10, 40). A key gene in the Ras signaling pathway, RASGRF1, has been associated with myopia (41), and there is evidence that its downstream pathway, the MAPK pathway, is differentially regulated in myopic retinas (11). They also included the regulation of the BMP signaling pathway, which has been associated with experimental myopia in previous studies in the retina and choroid (42), as well as the sclera (43, 44) (Figures 2B, C, Supplementary Tables 2, 3).



3.2 Identification of publicly available retinal transcriptomics datasets of experimental myopia

To increase the number of experimental samples and thereby increase the statistical power of our analysis, while simultaneously reducing the variation induced by conducting experiments in different laboratories in different species and using slightly different RNA-Seq protocols, we sought to combine and analyze all similar experiments conducted to date. We performed systematic searches in PubMed, GEO, and BioProject to identify studies employing transcriptome profiling to study retinal gene expression in response to experimental myopia in animal models. These searches yielded 71, 42, and 8 results, respectively. After screening the articles for inclusion criteria (see Materials and methods), we determined six suitable studies: two using mice (8, 9), three using chicks (7, 10, 45), and one using marmosets (6) as experimental animals. Four of the studies were included in the meta-analysis, as well as the RNA-Seq experiment presented earlier (Table 1).

There were several global differences between the studies conducted in mouse and chick models regarding the developmental stage of animals and the duration of myopia induction. The experiments conducted in mice used juvenile animals aged between 3 and 4 weeks, while chicks were as young as newly hatched to 7 days old. In mice, myopia was induced for a total of 2 to 4 weeks, while in chicks, the induction was limited to 4–48 h. Four of the five studies induced myopia with form deprivation, and one study in chicks used a −10D lens. Four studies used the contralateral eye as a control eye, while one used age-matched untreated animals. Three of the studies used only male animals, one used male and female, and the sex of animals in one study was not collected (see an overview in Table 1).

Since the chick and mouse samples differed not only in the experimental animal used but also in the developmental stage and myopia induction length, we conducted two separate meta-analyses, one including samples from mouse studies and one including all samples from chick studies. In these two sets of samples, we analyzed the effect of experimental myopia on the retinal transcriptome. A total of 9 control and 8 experimental myopia samples were identified using the mouse model, and 49 control and 50 experimental myopia samples in the chick model. After removing samples with outliers regarding sequencing read quality metrics (see Materials and methods; Supplementary Tables 4, 5), a total of nine control and seven myopia mouse samples, and 46 control and 45 myopia chick samples were included in the downstream analysis.



3.3 Meta-analysis of retinal transcriptomics datasets of experimental myopia

Samples from all included studies underwent the same analysis pipeline to ensure the results were directly comparable. Principal component analyses (PCA) of the individual studies did not indicate a clear clustering of the experimental samples by myopia treatment (Supplementary Figure 1). In studies that used the contralateral eye as a control, the samples from the same experimental animal were clustered together (Supplementary Figures 1B, C, E). In the only study using experimental animals of both sexes, there was clear clustering based on sex (Supplementary Figure 1D).

Next, we combined the two studies conducted in mice and the three studies conducted in chicks separately by applying batch correction and normalization using ComBat-seq (30). Before batch correction and normalization, we observed the expected batch effects, revealed by the sample distribution in PCA (Figures 3A, C). After data processing, the samples were clustered significantly closer, while a certain level of segregation between samples remained (Figures 3B, D).


[image: Four scatter plots display principal component analysis (PCA) data. Plots A and C show raw data, while plots B and D show batch corrected and normalized data. Orange and purple markers represent myopia and control treatments, respectively, for mouse (plots A, B) and chick (plots C, D) meta-analyses. Different marker shapes indicate various studies. Variance percentages are noted on axes.]
FIGURE 3
 Principal component analysis of the samples included in the RNA-sequencing meta-analysis. The raw RNA-Seq datasets of the studies using the mouse model of myopia (A) and chick model of myopia (C) before any processing. The RNA-Seq samples of the mouse (B) and chick studies (D) after batch correction and normalization.


The meta-analysis of 16 mouse retinal samples identified 427 differentially regulated genes (unadjusted p value < 0.05, Figure 4A, Supplementary Table 6). Among the enriched KEGG pathways, significant changes were observed in signaling pathways such as TGF-beta (Figures 4B, C, Supplementary Table 7), which is critical in ocular growth and myopia development (42, 46). In addition, among the enriched pathways were dopaminergic, GABAergic and serotonergic synapse and circadian entrainment. The genes contributing to these pathways largely overlapped and included G-protein gamma subunit genes Gng3 and Gng4 (Figure 4C), which contribute to various receptor signaling pathways (47).
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FIGURE 4
 Genes and pathways differentially regulated in mouse retinas in response to experimental myopia. (A) A volcano plot of genes differentially regulated in response to experimental myopia in mouse retinas, indicating the log2 effect size and unadjusted log-transformed p values. The gray dashed horizontal line indicates an unadjusted p value of 0.05. A selection of genes significantly changing are highlighted in red (upregulated) and blue (downregulated), with the gene names indicated. (B) A selection of KEGG pathways enriched for the differentially regulated genes are highlighted. (C) The genes contributing to the pathways illustrated in (B) are shown on the horizontal axis, colors represent the directionality of gene expression change in experimental myopia.


A significantly larger number of samples, a total of 91, were included in the meta-analysis of chick retinal responses to experimental myopia. We found that 1,110 genes were differentially regulated (Figure 5A, Supplementary Table 8), a larger proportion of them (54%), with highest changes in significance, were downregulated. Among those genes was vasoactive intestinal polypeptide (VIP), which is expressed in a subset of amacrine cells (48), and its downregulation in response to myopia has been shown in macaque retinas (48), chick retinas (45) and chick retina/RPE complex (49). Furthermore, intravitreal administration of VIP reduced the magnitude of FDM, while VIP antagonists abolished FDM development in chicks (50). The most significantly downregulated gene was urotensin-2B (UTS2B; Benjamini-Hochberg adjusted p value 1.05E-35). UTS2B encodes for urotensin II-related peptide (URP), and the downregulation of prepro-URP has been reported previously in chick retina (45) and retina/RPE complex (49). In addition to its vasoactive properties, URP is also known to induce cell proliferation (51). To our knowledge, the effect of URP in the retina is not well understood. Also among the top downregulated genes was brain-derived neurotrophic factor (BDNF), which has been established as neuroprotective agent in the retina (52–54). While the exact role of BDNF in myopia has not been clearly identified to date, lower levels of BDNF have been found in the aqueous humor of myopic individuals (55), and polymorphisms in the noncoding RNA gene BDNF-AS, the antisense RNA of BDNF, have been associated with myopia (56).


[image: Panel A shows a volcano plot highlighting genes with significant expression changes, labeled and categorized as downregulated or upregulated in myopia. Panel B displays a dot plot indicating the fold enrichment and significance of eight pathways related to gene expression, with dot size representing the number of genes. Panel C presents a heat map showing the expression changes across multiple pathways, with color coding for downregulated, upregulated, or not assessed within the pathway genes.]
FIGURE 5
 Genes and pathways differentially regulated in chick retinas in response to experimental myopia. (A) A volcano plot of genes differentially regulated in response to experimental myopia in chick retinas, indicating the log2 effect size and unadjusted log-transformed p values. The gray dashed horizontal line indicates an unadjusted p value of 0.05. A selection of genes significantly changing are highlighted in red (upregulated) and blue (downregulated), with the gene names indicated. (B) A selection of KEGG pathways enriched for the differentially regulated genes are highlighted. (C) The genes contributing to the pathways illustrated in (B) are shown on the horizontal axis, colors represent the directionality of gene expression change in experimental myopia.


In line with a higher number of differentially expressed genes, the gene set was enriched for more pathways (Figures 5B, C, Supplementary Table 9). Similarly to the mouse model, the TGF-beta pathway and circadian entrainment pathways were prominent. Among the pathways that were overrepresented in the genes changing in chick retinas, but not in mouse retinas, were the HIF-1 signaling pathway as well as glucagon signaling.

Next, we sought to understand to what extent the genes and pathways differentially regulated in the mouse and chick retinas overlap. Furthermore, we wanted to determine how the findings from experimental myopia models compare to the knowledge about refractive error genetics in humans. To this end, we analyzed the results of the meta-analyses in the context of genes implicated in refractive errors in GWAS studies (Supplementary Table 10), defined as being mapped in the proximity of genetic loci associated with refractive error and myopia. Regarding gene-level changes, we found that one gene, follistatin (Fst), was downregulated in mouse and chick retinas, and has also been implicated in refractive error in humans (Figure 6A, Supplementary Table 11). The impact of light perception and photoreceptors also seems to be conserved in the mechanisms. In particular, we observed that the gene encoding for melanopsin (Opn4) was downregulated in both mouse and chick retinas (Figure 6A). In addition, genes associated with photoreceptor function and phototransduction, such as Vsx1 and Rdh5, were changing in chick retinas and are also implicated in refractive errors in humans (Figure 6A).
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FIGURE 6
 Overlap between genes and enriched pathways differentially regulated in experimental myopia in mouse and chick retinas, and those implicated in refractive error in human GWA studies. (A) Venn diagram of genes differentially regulated in experimental myopia in the mouse and chick retina and genes implicated in refractive error in humans show one gene associated with all three gene groups. (B) Venn diagram of pathways enriched for genes in (A). A subset of genes and pathways most relevant in the context of the retina and refractive development are illustrated on the graphs. GWAS, genome-wide association study.


We further explored the pathways enriched for the genes changing in mouse and chick retinas, as well as those overrepresented in human refractive error susceptibility genes (Supplementary Table 12), with a subset highlighted for their relevance in retinal and refractive development (Figure 6B, Supplementary Table 13). Pathways associated with all three analyses included, again, the TGF-beta signaling pathway and circadian entrainment processes. These findings reveal the mechanistic similarities between experimental myopia in mouse and chick retinas and our knowledge of refractive error genetics in humans. They highlight the complexities of myopia as a multifactorial condition influenced by both conserved and species-specific pathways.




4 Discussion

Myopia is a growing healthcare concern, and a better mechanistic understanding of the disorder is required to design novel and effective management approaches. The increasing number of publicly available studies employing transcriptome profiling in experimental myopia provides the opportunity to combine the studies in meta-analyses, which increases the power of the analysis and allows the detection of consistent changes across experimental protocols and techniques. Here, we performed two meta-analyses on two retinal transcriptome profiling studies of mouse experimental myopia and three retinal transcriptome profiling studies of chick experimental myopia. During the final stages of manuscript preparation, another dataset by Stone et al. (57) was published, which was not included in this analysis.

We identified 427 and 1,110 differentially expressed genes in the mouse and chick retinas upon experimental myopia, respectively. The gene Opn4, encoding for melanopsin, a photopigment expressed in the photosensitive retinal ganglion cells, regulating primarily the non-visual light responses (58, 59), was downregulated in the retinas of both species. Melanopsin has been found to have a strong effect on refractive development in the mouse model, where knock-out of the gene results in more hyperopic refractions and an aberrant response to FDM (60, 61). The involvement of visual processing in myopia pathogenesis is indicated by the fact that we identified the gene Vsx1, essential for terminal differentiation of subsets of OFF bipolar cells, to be downregulated in chick experimental myopia (Supplementary Table 7) and is also implicated in refractive errors in humans (GWAS Catalog). The knock-out of Vsx1 has been demonstrated to render mice less susceptible to FDM (62). Another gene differentially regulated in mouse and chick retinas, and involved in visual processing, was dopamine receptor 1 (Drd1). It has been shown in mice that the activation of retinal dopamine 1 receptor inhibits FDM development (63).

In the meta-analyses, we found that across species, which also differed in the duration of myopia induction and developmental stage, the TGF-beta pathway was differentially regulated, and the pathway was also enriched for genes associated with human refractive errors. The TGF-beta superfamily comprises cytokines, including TGF-beta, bone morphogenic proteins (BMPs), and several others. We observed downregulation of BMP2 and BMP4 in chick myopia, similar to previous studies (49), and these genes are also implicated in human myopia (Figure 6A). The only gene that was differentially regulated in both mouse and chick retinas and is also implicated in human refractive errors, was follistatin. The primary role of follistatin is to bind and neutralize members of the TGF-beta superfamily, including BMP2 and BMP4 (64), further implying the importance of this pathway in myopia pathogenesis.

Another pathway consistently changing in all three gene sets was circadian entrainment. How exactly circadian rhythms may affect myopia development is unclear, but there is evidence that multiple processes associated with refractive error display daily rhythmicity, including axial length (65, 66) and choroidal thickness (66), and the daily rhythm of axial length is altered in chicks developing experimental myopia (67, 68). In addition, data suggest a difference in behavioral circadian rhythms in myopic individuals. In particular, some studies indicate that myopic children have later sleep timing (69–71), shorter sleep duration (70, 72) and worse sleep quality (70, 73). The mechanisms underlying the association between myopia and circadian rhythms require further investigation.

Among the pathways associated with retinal gene changes in mouse and human myopia was dopamine signaling. While the overall dopamine signaling pathway was not overrepresented in the genes differentially regulated in chick retinas, tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis, was significantly downregulated in myopic chick retinas (Figure 5A). The relevance of dopamine signaling in myopia pathogenesis has been documented in several studies. For example, systemic administration of dopamine precursor L-DOPA resulted in attenuation of myopic shift in FDM (74), while the knock-out of Th in the mouse led to more myopic refractions (75). Furthermore, the dopamine receptor subtypes have been demonstrated to play distinct roles in myopic eye growth (76, 77).

One pathway overrepresented in the genes changing in chick retinas, was the HIF-1 signaling pathway, which has been associated with myopic signals in several studies (78, 79). Another such pathway involved glucagon signaling. The activation of glucagon signaling was demonstrated to inhibit experimental myopia in chicks (80). There is also evidence for the importance of glucagon signaling in the mouse retina. In particular, it has been demonstrated that glucagon increases inhibitory post-synaptic currents in rod bipolar cells in a dopamine-dependent manner, and this effect is abolished in retinas after 3 weeks of FDM (81), suggesting a potential neuromodulatory role for glucagon signaling also in the mouse retina.

In addition to studying myopia using experimentally induced models, other studies have taken advantage of the differences in the extent of myopia between different mouse strains (82), or of mouse models of diseases associated with myopia, such as complete congenital stationary night blindness (cCSNB) (11). Analyzing the retinal transcriptome of different mouse strains that vary in refractive error, Tkatchenko et al. (82) found the involvement of dopamine receptor signaling and phototransduction pathway in baseline myopia. Using three mouse models of cCSNB, Zeitz et al. (11) found that retinal genes differentially regulated were enriched for terms such as mitogen-activated protein kinase (MAPK) pathway and synaptic signaling. Similar to the results we obtained from the meta-analyses, Bdnf and Tgfb2 transcripts were both downregulated in cCSNB models (11). A previous meta-analysis by Riddell et al. (83) studied the transcriptome changes of chick eye tissues in response to optically-induced refractive errors. Interestingly, they found an enrichment of genes associated with the complement cascade (83), which we did not detect. The discrepancy may originate from the tissues included in the analyses, while we only included retinal datasets, Riddell et al. included also the RPE and choroid (83). Collectively, these data highlight both similarities and differences in the molecular pathways underlying myopia across species and models, emphasizing the value of studying diverse experimental systems to gain a comprehensive understanding of myopia development and its underlying mechanisms.

There are several limitations to the meta-analyses presented in this article. First, the number of samples from different sexes was not balanced, in fact, only one study used male and female experimental animals. In that particular study, PCA revealed a strong effect of sex on the retinal transcriptome (Supplementary Figure 1D), and therefore, it is unclear to what extent the results are generalizable across sexes. Second, with this analysis, we identified the most robustly changing retinal transcripts, without differentiating between early and late responses to myopic stimulus, nor the differential effects of FDM and LIM. As new datasets are published and the number of samples increases, these analyses will be very interesting to perform, to further understand the intricacies of the molecular signatures in retinal responses to myopic stimuli.
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Purpose: The goal of this study is to characterize peripheral blur anisotropy resulting from monochromatic and chromatic aberrations along multiple meridians of myopic and emmetropic eyes using a newly developed quantitative metric.
Methods: A scanning Shack-Hartmann-based wavefront sensor was used to measure lower- and higher-order monochromatic aberrations along the horizontal and vertical meridians of 20 healthy adult subjects (10 myopes, and 10 emmetropes). Monochromatic and polychromatic blur asymmetry magnitude and orientation were quantified using a novel metric based on the optical transfer function. Published population averages of longitudinal and transverse chromatic aberration were used for polychromatic blur asymmetry calculations.
Results: Blur anisotropy magnitude and orientation differed between refractive groups at several peripheral retinal locations under monochromatic and polychromatic conditions. Myopes were significantly more likely to have vertically oriented blur than emmetropes under monochromatic conditions in the temporal peripheral retina beyond 20°. These differences were minimized when chromatic aberrations were included, though the trend remained the same.
Implications: A trend of more vertical optical blur in the temporal periphery of myopes strengthens the hypothesis that myopes experience different peripheral optical blur than emmetropes, though the small sample size of the current study limits generalizability of the results. A thorough account of peripheral blur across the visual field may lead to a better understanding of the cues that the peripheral visual system might rely on during processes such as accommodation, emmetropization, and myopization.
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1 Introduction

Myopia, or optical near-sightedness, is one of the leading causes of visual impairment worldwide and is linked with severe eye comorbidities that can cause permanent blindness such as maculopathy, retinal detachment, and glaucoma (1, 2). This is especially concerning due to the steadily growing prevalence of myopia, which is estimated to affect 50% of the world population by 2050 (3). Genetic factors are a known predictor of myopia development (4, 5), however, lifestyle and environment have also been shown to play a role (6). Much work has been done to identify the environmental risk factors for myopia, such as education and time spent outdoors (7–9), although the mechanism by which axial elongation occurs is still largely unexplained. Foundational animal research has found that the emmetropization and myopization processes can be impacted by visual experience, however, the precise processes by which the eye uses visual input to regulate growth in humans are not yet well understood (10–13).

The relative peripheral hyperopia (RPH) theory is one such hypothetical mechanism originating from non-human primate research suggesting that larger amounts of RPH may trigger axial elongation even when the fovea is well-corrected for defocus due to detection of residual defocus in the periphery (14). Furthermore, RPH in myopes is increased when using traditional single-vision correction (15, 16), which is thought to be an explanation for myopia progression in children wearing correction optimized only for foveal refraction. A strong association found between RPH and myopia in humans supports this theory (17, 18). In response, several treatments have been developed with the aim of reducing RPH, which have shown varying degrees of success in slowing myopia progression (19). However, longitudinal studies have not been able to predict myopia development from peripheral refraction before onset, suggesting that relative peripheral hyperopia may be an aftereffect of axial elongation, rather than a cause of myopization (20). This has prompted an investigation into other potential visual signals, such as blur orientation, that the periphery might detect as a cue for accommodation or axial elongation (21).

While peripheral refraction (i.e., lower-order aberrations) has been the primary focus in myopia control research so far, it is noteworthy that higher-order aberrations and chromatic aberrations also play a significant role in both peripheral retinal image quality and blur perception (22–25). Peripheral optical aberrations, including asymmetric aberrations such as astigmatism and coma, significantly increase in magnitude with retinal eccentricity (22, 26). Coma alone, and astigmatism when it is combined with defocus, both produce asymmetric optical blur on the retina. Notably, the blur orientation caused by astigmatism also changes direction depending on the sign of defocus it is combined with. This asymmetric blur has been hypothesized to serve as an orientational signal that aids the visual system in defocus detection and emmetropization (21, 27–29). Zheleznyak recently reported that the directionality of peripheral blur varies between refractive error groups, indicating a potential association with the development of refractive errors such as myopia (29, 30). However, this work has investigated population averages of monochromatic aberrations in the temporal peripheral retina alone. Furthermore, myopes have more relative hyperopic defocus in the periphery (17) as a consequence of their more elongated eyes, which is hypothesized to impact the shape of blur on the retina. However, the retina does not necessarily expand uniformly with myopization (31), necessitating investigation of ocular aberrations and optical quality across multiple meridians of the eye. There have been several reports of optical quality in the periphery (17, 18, 22, 24, 26, 27, 29, 30, 32–34), however, peripheral optical blur anisotropy and orientation have not been quantified using individuals’ ocular aberrations nor has there been an assessment of blur anisotropy in the nasal, superior or inferior areas of the retina.

This study aims to bridge these gaps by evaluating peripheral blur anisotropy across multiple ocular meridians while accounting for individuals’ higher-order aberration profiles. Longitudinal and transverse chromatic aberrations (LCA, TCA) are also considered in this work due to their impact on image quality (35). While LCA is mostly constant across the retina (32) TCA varies in magnitude depending on retinal eccentricity and alters blur orientation differently along different meridians (36). Furthermore, a recent study evaluating peripheral blur anisotropy at different wavelengths found differences in blur anisotropy between population-averaged aberration profiles of myopes, emmetropes, and hyperopes in the temporal peripheral retina (30).

Previous metrics have described blur anisotropy using a ratio based on the two-dimensional modulation transfer function (MTF). Zheleznyak first described optical anisotropy as the ratio of MTFs for horizontal to vertical gratings (27). Ji et al. described peripheral blur anisotropy as the ratio of overall horizontal to vertical contrast calculated by vector analysis of each modulus of the MTF filtered by the spatial resolution limit (21). Zheleznyak recently took a similar approach, by calculating the ratio of the area under the horizontal MTF divided by the area under the vertical MTF (29). The drawback of a “horizontal to vertical” (H:V) ratio-based method is that it cannot be used to quantify diagonal aberrations. Therefore, a new metric capable of characterizing blur anisotropy across the entire retina would enhance our understanding of how peripheral optics impact peripheral retinal image quality.

The current study aims to address these topics by characterizing the magnitude and orientation of peripheral blur in myopic and emmetropic individuals, considering monochromatic and population-averaged chromatic aberrations across multiple meridians of the eye. A new metric is proposed that can be used to characterize peripheral blur anisotropy and orientation in an effort to elucidate how an individual’s lower- and higher-order aberrations may interact with chromatic aberrations to contribute to peripheral blur on the retina. A more comprehensive characterization of peripheral blur in myopic and emmetropic eyes is an important step towards understanding how peripheral optics might impact mechanisms behind emmetropization and myopization.



2 Materials and methods


2.1 Subject demographics

The left eyes of 20 healthy subjects between the ages of 19 and 35 (mean: 24.8 ± 4.1) years old were included in the study (9 females and 11 males). All participants satisfied the study’s inclusion criteria, which required having healthy eyes, with no history of ocular diseases or surgeries, and no current use of medications. Most of the participants were university students and included members of our laboratory team. Subjects were sorted into two groups of ten subjects each based on cycloplegic on-axis defocus error as measured by the Shack-Hartmann wavefront sensor (26). Myopes had a mean defocus of -4.78 ± 1.47 D and emmetropes had a mean spherical refraction of 0.06 ± 0.53 D. All procedures adhered to the ethical standards of the Declaration of Helsinki and received approval from the Institutional Review Board for human subject research at the University of Rochester in Rochester, NY, USA.



2.2 Wavefront measurements

Each subject underwent cycloplegia and pupil dilation with one drop each of 1% tropicamide and 2.5% phenylephrine 30 min prior to wavefront measurements. Participants were positioned with a bite bar and then instructed to fixate on the center of a Maltese cross target that was co-aligned with the optical axis of a custom-built scanning Shack-Hartmann wavefront sensor for the duration of each meridional scan measurement (26). The fixation target was viewed with a cold mirror, and a lens was inserted into the optical path to correct for subjective refractive error and to control any residual accommodation remaining after cycloplegia. This inserted lens power was not included in the wavefront sensor measurement. Subjects maintained normal central fixation for the duration of each meridional scan. Wavefront data was collected using an 850 nm laser. Measured aberrations were then converted to the equivalent magnitude at 555 nm, which is the peak of the photopic CIE luminous efficiency function (37) i.e. the wavelength that the human eye is most sensitive to. For polychromatic conditions, defocus was converted to the equivalent magnitude for individual wavelengths. Further details on the measurement device can be found in a previously published paper (26). Each meridional scan was completed within five seconds, and a pupil camera was used to monitor proper alignment between the eye and the optical axis of the device during each measurement.

The measurement ranges for ocular aberrations were as follows: horizontal meridian from -30 degrees to +30 degrees in 5 degree steps and vertical meridian from -18 degrees to +18 degrees in 6 degree steps. Negative values signify nasal and inferior retinal locations, respectively, while 0 degrees designates the fovea for all scans. Zernike aberrations and wavefronts were calculated from the acquired Shack-Hartmann spot patterns at each retinal eccentricity using a 5.5 mm diameter circular pupil. A circular pupil was used for both foveal and eccentric measurements, similar to the ‘small circle’ strategy previously described by Lundström et al. (22). A point spread function (PSF) was likewise calculated from the wavefront for each individual at each tested location.



2.3 Chromatic aberrations

Population averages of longitudinal and transverse chromatic aberrations (LCA, TCA) induced by dispersion of light in the visible spectrum were included in our polychromatic calculations to simulate the peripheral blur that our subjects might experience in natural lighting conditions. LCA presents as wavelength-dependent defocus blur and has been shown to be relatively constant across the retina (25, 38). On the other hand, TCA increases with retinal eccentricity and has the effect of blurring the retinal image along the meridian that it is measured along. For example, TCA will cause horizontal blur along the horizontal meridian of a diffraction-limited model eye and vertical blur along the vertical meridian. TCA variation between subjects has been attributed to dislocation of the pupil center from the visual axis and TCA has been consistently found to vary linearly with eccentricity (36, 39). Furthermore, Rynders et al. found that on average, the pupil is well-centered in the human eye (40) i.e. average TCA at fovea of a population is zero. Therefore, we assumed that there was no TCA on-axis and simply applied 0.41 arcmins of TCA for every degree of eccentricity in every direction, though some previous work has found that the location of lowest TCA may be offset from the fovea (36). LCA was calculated for wavelengths between 405 and 695 nm. For the unweighted polychromatic condition, all wavelengths were equally weighted. A weighted condition with peak focus at 555 nm, corresponding to the peak of the human spectral sensitivity function (Vλ) (37, 41) was also included.

Monochromatic calculations included only diffraction and Zernike aberrations obtained from wavefront measurements. Finally, we have used previously published cone sampling data to limit the spatial frequencies that are included in calculating blur anisotropy and orientation for all conditions (42). The asymmetries in cone spacing along the horizontal and vertical meridians were included in our processing.



2.4 Radial asymmetry metric

A radial asymmetry metric (RAM) used to quantify the radial asymmetry of the optical transfer function (OTF) was developed to quantitatively characterize peripheral optical blur in terms of magnitude and orientation. Unlike previous metrics (21, 29) which restrict the assessment of blur anisotropy to the ratio between horizontal and vertical components, the new RAM separately quantifies the magnitude of radial asymmetry and the directional bias of the blur (i.e., orientation). This approach provides greater flexibility, enabling the characterization of diagonal aberrations in addition to horizontal and vertical ones, across any meridian of the eye. Furthermore, this approach takes image quality into account by calculating anisotropy directly from the shape of the two-dimensional OTF matrix.

RAM magnitude, i.e., the radial asymmetry of the OTF, was quantified across the horizontal and vertical meridians of the eye in five- and six-degree intervals, respectively. To do so, first, the OTF matrix was calculated from the Fourier transform of the PSF in Matlab (The MathWorks, Natick, MA). The radial asymmetry of the original OTF (Figure 1A) was then quantified by rotating the OTF by 90 degrees (Figure 1B), and then calculating the sum of the difference between the original and rotated OTF matrices (Figure 1C). It is possible to assess the radial asymmetry of the OTF in this way because of the mirror symmetry property between the first and third quadrant (and second and fourth quadrant) of the OTF matrix in the frequency domain. For example, if the original OTF was perfectly symmetric, the sum of the difference between the original and rotated OTF matrices would be equal to zero. The value was normalized by dividing the sum of the difference map (Figure 1C) by the sum of the OTF matrix of a diffraction-limited system, for that particular retinal eccentricity. In this way, the final value for RAM magnitude represents how much total asymmetry is present in the image along every direction at that specific location on the retina, with a maximum possible value of 1.
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FIGURE 1
 Quantification of radial asymmetry metric (RAM) magnitude (A–C) and orientation (D) of the optical transfer function (OTF), and the corresponding point spread function (E). (A) Original OTF displaying radial asymmetry. (B) OTF after a 90-degree rotation to analyze asymmetry, and (C) Asymmetry matrix equal to the sum of the differences between the original and rotated OTF matrices. (D) Plot of the angular area of the OTF as a function of axis for the same OTF as shown in figure. The colored bands indicate the RAM orientation for the corresponding PSF where green is horizontal, red is vertical, blue is diagonal 135°, and yellow is diagonal 45°. (E) The PSF corresponding to the original image in figure. In this example, the OTF axis of maximum angular area of the OTF is 20 degrees. After accounting for the 90-degree rotation between OTF and PSF (20 + 90 = 110), the final RAM orientation is vertical (V), corresponding to a vertically blurred PSF.


RAM orientation was also derived from the OTF by calculating the sum of the original OTF (Figure 1A) for each angular direction between 1 and 180 degrees in 1-degree angular sections. In other words, the image quality, in terms of contrast, was assessed for each axial direction of the retinal image, where a higher value indicated higher contrast or better image quality. These values were plotted along with a running average (Matlab function ‘smooth’, R2024a) to minimize the impact of noise from the matrix calculations (Figure 1D), and the axis corresponding to the maximum value from the running average was used for subsequent calculations. The axis was then converted to the retinal image perspective by subtracting (or adding) 90 degrees, so that the final reported value corresponds to the axis of blur orientation on the retina. This is analogous to the axis of maximum blur of the PSF (Figure 1E). For ease of reporting and statistical analysis, RAM orientation results were batched into one of four categories: horizontal blur (H: 1 to 22.5 and 157.5 to 180 degrees), vertical blur (V: 67.5 to 112.5 degrees), or diagonal blur (D45: 22.5 to 67.5 degrees; D135: 112.5 to 157.5 degrees).

Zernike coefficients up to fifth-order aberrations were computed for central 40 degrees along the horizontal, vertical, and diagonal meridians of a simple model eye Zemax (Ansys, Canonsburg, PA). The corresponding PSFs were mapped by eccentricity and meridian (Figure 2A). RAM magnitude and blur anisotropy (Figure 2B) as described by Ji et al. (21) were computed based on the simulated on-axis and peripheral aberrations. Cone sampling limits were not included in this simulation. Figure 2 illustrates two notable differences between these two metrics. First, the RAM magnitude is the same along every meridian for the model eye, while the blur anisotropy metric does not identify anisotropy present along the diagonal meridians. This is because the blur anisotropy metric relies on quantifying anisotropy using a ratio of H:V components while the RAM quantifies overall radial asymmetry, which is the same across all meridians of a perfect model eye. Second, the blur anisotropy metric reaches a stable value beyond 10 degrees, while the RAM identifies 10 degrees as the location of peak difference with a gradual fall off towards 20 degrees. Again, the blur anisotropy calculation does not consider optical quality (or size) of the MTF. In other words, the blur anisotropy values can be the same for very different retinal image quality. Because the RAM is based on the overall size of the OTF, optical quality is accounted for in the magnitude calculation. Therefore, neither optical quality nor diagonal aberrations, which are prevalent along diagonal meridians of the model eye as shown in the corresponding PSFs (Figure 2A), can be quantified using the previous MTF-based ratio metric. Unlike the blur anisotropy metric however, RAM cannot describe magnitude and orientation in a single value. Therefore, RAM magnitude values should be interpreted alongside RAM orientation values to understand the complete description of the blur shape. For RAM magnitude shown in Figure 2B (left) RAM orientation was H along the horizontal meridian, V along the vertical meridian, D45 along the diagonal 45° meridian, and D135 along the diagonal 135° meridian.
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FIGURE 2
 Comparison of RAM and blur anisotropy H:V ratio metrics. (A) Point spread functions for up to fifth-order Zernike aberrations of 0°, 10°, and 20° eccentricity obtained from a simple Zemax model eye along the horizontal (H), vertical (V), diagonal 45° (D 45), and diagonal 135° (D135) meridians. The model eye was diffraction-limited on axis with a pupil size of 4 mm and a flat retinal surface. Peripheral aberrations consisted mainly of defocus, astigmatism and coma. (B) Comparison of OTF-based radial asymmetry metric (RAM, left) and MTF-based H:V ratio blur anisotropy metric (right) for horizontal (green), vertical (red), diagonal 45° (yellow), and diagonal 135° (blue) meridians. All lines for RAM magnitude, and the diagonal meridian lines for blur anisotropy, overlap.




2.5 Data processing and statistical analysis

Zernike analysis for each subject at each retinal location was performed using custom-built software. Lower-order aberrations (defocus and astigmatism) were corrected at the fovea for each subject to achieve a best-corrected image in terms of optical quality. The applied foveal correction was then applied to every peripheral point so that the final aberration data represented the Zernike coefficients of a well-corrected eye, similar to as if aberrations were measured with spectacle correction. This process is necessary so that peripheral blur in myopes who would typically wear refractive correction could be compared with peripheral blur in emmetropes.

JMP Pro 17 was used for all statistical analysis. A Wilcoxon nonparametric two-sample test was used to compare RAM magnitude means between refractive error groups at each eccentricity. A contingency analysis and likelihood ratio statistic following a chi-square distribution was used to compare categorical RAM blur orientation between refractive error groups at each eccentricity. A p-value <0.05 was considered significant and a Z-score of 1.96 was used to calculate 95% confidence intervals.




3 Results


3.1 RAM magnitude

Three conditions were evaluated for blur anisotropy as shown in Figure 3: monochromatic (top row), polychromatic (middle row), and polychromatic weighted by the human spectral sensitivity function, Vλ (bottom row). Overall, RAM magnitude increased with eccentricity across both horizontal and vertical meridians. This was true for both refractive error groups across all three optical conditions. The addition of Vλ-weighted chromatic aberrations decreased the RAM magnitude at all eccentricities. RAM magnitude was further reduced for the unweighted polychromatic condition.
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FIGURE 3
 Monchromatic (top), polychromatic (middle), Vλ-weighted polychromatic (bottom), RAM magnitude along the horizontal (left) and vertical (right) meridians for emmetropes (EM) and myopes (MY). Negative values represent nasal and inferior retinal eccentricities across the horizontal and vertical meridians, respectively. Error bars represent 95% confidence intervals. *p-value<0.05.


Generally, the RAM magnitude was similar between myopes and emmetropes at most retinal locations (Figure 3). RAM magnitude tended to be larger in emmetropes than myopes in the nasal retina beyond 20°, though this difference was only statistically significant at nasal 30° across all three conditions (p < 0.05), and at nasal 25° for Vλ-weighted polychromatic. Unweighted polychromatic blur anisotropy also statistically differed between refractive groups at nasal 10° (Figure 3, middle row), the only place where myopes had significantly larger RAM magnitude than emmetropes.



3.2 RAM blur orientation

The percentage of subjects with vertical blur (as opposed to horizontal or diagonal blur) is reported in Figure 4 for the same conditions as previously described. Overall, the prevalence of vertical blur decreased with the addition of chromatic aberration in the horizontal periphery (Figure 4, left column) and increased the prevalence of vertical blur in the vertical periphery (Figure 4, right column).
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FIGURE 4
 Percent of subjects with vertical blur for monochromatic (top), polychromatic (middle) and Vλ-weighted polychromatic (bottom) conditions along the horizontal (left) and vertical (right) meridians in emmetropes (EM) and myopes (MY). Negative values represent nasal and inferior retinal eccentricities across the horizontal and vertical meridians, respectively. *p-value<0.05.


Along the horizontal meridian, monochromatic conditions resulted in 100% of myopes having vertical blur at nasal 30° and temporal 30° retina compared to only 70 and 60% of myopes, respectively (Figure 4, top left). The temporal retina showed a clear trend of more myopes than emmetropes with vertical blur beyond 20°. This trend reached statistically significant differences beyond 20° for monochromatic and at 20° and 25° for the polychromatic condition (Figure 4, bottom row). Vλ-weighted polychromatic blur orientation showed the same trend, though only reaching statistical significance at 30° temporal (Figure 4, middle row).

Along the vertical meridian, there was only one retinal location per condition that had significant differences in blur orientation between myopes and emmetropes: 6° temporal for monochromatic, 6° nasal for polychromatic and 12° nasal for Vλ-weighted polychromatic. These differences did not appear to be part of a larger trend as the two closest rental eccentricities on either side of the locations differing between refractive groups did not exhibit similar differences between groups.




4 Discussion

This study quantified the magnitude and orientation of peripheral blur in myopic and emmetropic individuals, considering the effects of both monochromatic and chromatic aberrations across multiple retinal meridians, using a newly developed OTF-based metric. We confirmed that the magnitude of radial asymmetry increased with temporal, nasal, superior, and inferior eccentricity in both myopes and emmetropes. The magnitude of radial asymmetry of optical blur appeared to differ between myopes and emmetropes in the nasal peripheral retina, though a small sample size limits the statistical power of this observation. Our findings also indicate that the orientation of peripheral blur is significantly different between myopes and emmetropes in the temporal peripheral retina between 20° and 30°.

Previous studies have reported increasing blur anisotropy bias between horizontal and vertical MTF as eccentricity increases in the temporal peripheral retina (21, 29, 30). This is mostly attributed to an increase in defocus, astigmatism, and asymmetric higher-order aberrations such as coma in the periphery (18, 22, 24, 26, 34). We similarly found that optical blur in the temporal peripheral retina became more radially asymmetric as retinal eccentricity increased. We also found this to be true in the nasal, superior, and inferior retina, for all conditions. Furthermore, we observed an interesting trend that emmetropes had more radially asymmetric blur in the nasal peripheral retina than myopes, and that the difference increased with eccentricity between 20° and 30° for monochromatic and both polychromatic conditions (Figure 3, left column). Interestingly, these differences were most pronounced (reaching statistical significance at 25° and 30°) for the Vλ-weighted condition (Figure 3, bottom left). This finding is compelling when considering peripheral blur anisotropy as a potential visual cue for emmetropization. However, this trend was not observed in the temporal retina, nor along the vertical meridian.

Recently, Zheleznyak et al. investigated chromatic cues for the sign of defocus in the peripheral retina using a large population-averaged aberration dataset and an MTF-based H:V ratio metric (30). They found that, in the temporal retina, green and red light caused vertical blur in myopes but horizontal blur in emmetropes. Our results similarly indicate that myopes have more vertical blur than emmetropes in the temporal retina when the full visual spectrum is considered. Alternatively, Zheleznyak et al. also found that blue light alone produced a horizontal blur signal in both emmetropes and myopes in the horizontal periphery. It is important to note that there are several differences between these two studies that should be considered when comparing results. Firstly, we examined the overall impact of monochromatic and chromatic aberrations from the visible spectrum on the OTF and peripheral blur rather than the impact of individual wavelengths of light. This approach provides a straightforward representation of how optical blur appears on the retina under real-life conditions, where many wavelengths of light are present simultaneously. Secondly, we used data from individuals, however, our sample sizes were small, which limits the statistical power of our study. In contrast, Zheleznyak et al. used a large population-averaged dataset, which may provide more generalizable results. Lastly, we used a 5.5 mm circular pupil for all Zernike analysis rather than a more realistic elliptical shape. A key advantage of using a circular pupil that fits into the larger ellipse created by measuring eccentric aberrations is that Zernike coefficients can be directly compared between different eccentricities (22). However, previous studies have concluded that pupil ellipticity does not significantly impact the MTF for eccentricities less than 30° (24) which is the maximum eccentricity we measured in this study. Despite the small sample size and the methodological differences between our study and previous studies, we found similar trends, which suggests that our findings are robust.

Overall, radial asymmetry decreased when chromatic aberrations were added. The effect was larger for the unweighted polychromatic condition compared to the Vλ-weighted condition. In other words, the interaction of chromatic aberrations and monochromatic aberrations resulted in a more symmetric blur shape. One explanation is that radially symmetric LCA had more impact on the blur asymmetry than asymmetric TCA at the tested retinal eccentricities. However, this relationship might be reversed at higher eccentricities where TCA increases while LCA remains the same (36, 38). Similarly, the addition of chromatic aberrations appeared to standardize blur orientation across refractive groups, reducing the prevalence of vertical blur in the temporal periphery of myopes and increasing the prevalence of horizontal blur in both myopes and emmetropes in the horizontal periphery. Likewise, the percentage of subjects with vertical blur increased with chromatic aberrations along the vertical meridian. This was expected as TCA increases horizontal blur along the horizontal meridian and increased vertical blur along the vertical meridian. Notably, the impact of this common factor was great enough to minimize some of the statistical differences we found between groups under monochromatic conditions, though not enough to fully eliminate them. This suggests that blur orientation bias may still be markedly different between refractive error groups under natural conditions when the full visible spectrum is contributing to optical blur, especially at larger eccentricities.

We did not find any differences between refractive groups in magnitude of blur asymmetry along the vertical meridian (Figure 3, right column), and there were only standalone differences in blur orientation (Figure 4, right column). The lack of significant differences is not necessarily surprising considering that orientation only differed between refractive groups at eccentricities beyond 18° along the horizontal meridian. Aberration measurement along the vertical meridian was restricted to ±18 degrees because of the physical limitations of the scanning wavefront sensor. This is primarily due to the protrusion of the upper and lower eyelids, making it especially difficult to measure beyond 18° in the inferior retina. Alternative methods to measure aberrations or characterize the shapes of the optical surfaces of the eye beyond that range are necessary to gain a deeper understanding of optical blur in the superior and inferior periphery.

There was only one instance where RAM magnitude was found to be significantly larger in myopes than emmetropes. This was found at 10° nasal retina with unweighted chromatic aberration (Figure 3, middle left). This location is near the optic disc of the eye which is approximately at 15° nasal retina. Studies of peripheral refraction have observed localized relative myopic defocus near the optic disc of emmetropes (33). This, along with the knowledge that myopes are more likely to have a tilted optic disc (43) as well as relative peripheral hyperopia, may help to explain the significant difference found between groups at this retinal location. This finding suggests that myopes may experience different optical conditions near the optic disc compared to emmetropes, though finer sampling of monochromatic aberrations around the optic disc would be necessary to draw a conclusion.

Previous work has used MTF-based metrics to describe blur anisotropy in the periphery (21, 29), however, this strategy comes with notable limitations. While the MTF contains contrast information about the retinal image, it disregards phase information which has been shown to be important for image recognition (44), especially for broadband stimuli when higher-order aberrations are present as is the case in everyday viewing of the natural world (45). Therefore, we based our metric on the OTF which contains both contrast and phase information. Secondly, the combined effect of spectral sensitivity and decreased cone spacing in the periphery has not been included in peripheral blur studies. These conditions were included since it is not currently known if or how blur anisotropy is detected locally on the retina. We therefore used previously published cone sampling data to limit the spatial frequencies that are included in calculating blur anisotropy and orientation (42), and included a Vλ-weighted version of the polychromatic condition (41) to simulate cone spectral sensitivity. The cone sampling limit truncated the OTF to only include lower spatial frequencies at higher retinal eccentricities, while the Vλ-weighted polychromatic condition, a function of the spectral sensitivity of cone photoreceptors, specified how much impact each wavelength would have on the final retinal image quality metric. The function Vλ has a Gaussian shape with a maximum at 555 nm. Finally, H:V ratio-based metrics are limited to describing only the horizontal and vertical components of blur, which ignores the impact of aberrations that cause diagonal blur. Though not included in this work, characterization of oblique meridians is likely to yield diagonally oriented blur as shown in Figure 2A, especially when chromatic aberrations are included, due to oblique astigmatism and TCA. Therefore, the RAM described in this paper is sufficiently versatile for application to any ocular meridian of interest without bias.

Our findings also have implications for how we evaluate emerging myopia treatments. While multifocal and orthokeratology lenses are designed to decrease refractive error on the retina, they have also been found to increase higher-order aberrations on the peripheral retina (46, 47). At the same time, recent studies have claimed that contrast reduction could have a protective effect against myopia progression (48). Characterization of peripheral aberrations and consequently, blur anisotropy, with current myopia treatments may lead to a better understanding of why some optical treatments are more effective than others. Most importantly, this kind of understanding can aid the development of better and more effective myopia interventions.

Several factors were included in this analysis to reinforce the quality of the results of this study. First, individual higher-order aberrations were used to ensure that results are applicable to individual eyes. When higher-order aberrations are averaged across a large population, the individual variations tend to be minimized, leading to an underestimation of their true impact. This occurs because higher-order aberrations, other than spherical aberration, are somewhat randomly distributed within a normal population at fovea (49) and in the periphery (22). In other words, averaging these aberrations across many individuals effectively neutralizes the unique differences present in each person’s eye. These foveal individual differences are likely translated to the periphery as well, emphasizing the value of considering individualized optical treatment if peripheral optics are found to be a factor in myopia development or progression. Furthermore, some research has found that higher-order aberrations may vary between myopes and emmetropes (34). Specifically, Mathur, et al. found that the rate of change of coma increasing with eccentricity is greater in myopes than emmetropes. Notably, coma induces asymmetric blur on the retina. Secondly, multi-meridional analysis is similarly important to this investigation as imaging studies have shown that asymmetries exist in the shape of eye between different meridians (31, 32). Lastly, it is currently unknown if anisotropy or blur orientation signals are used by the retina. However, if the signal is detected and used, it may be by cone photoreceptors which have wavelength-dependent sensitivity. Therefore, chromatic aberrations, eccentricity-specific cone sampling, and the cone spectral sensitivity function were included to simulate realistic ocular optical conditions.

A limitation of our study is the small sample size, which may affect the generalizability of our findings. Additionally, while we measured aberrations along horizontal and vertical meridians, future studies should include a more comprehensive mapping of the peripheral retina, including diagonal meridians, to capture the full extent of peripheral aberrations. Population averages of chromatic aberration were used for the inclusion of both LCA and TCA in this study. Direct measurement of these factors, specifically in the periphery, may lead to more conclusive results, though some preliminary investigation by our lab has shown that the inaccuracy caused by using population-averaged chromatic aberration is minimal. A very recent study found that blur anisotropy was resistant to pupil changes for pupils larger than 1.5 mm at 30 deg. eccentricity (30). While pupil size was not a primary outcome of this study, it would be interesting for future work to assess how blur anisotropy changes with pupillary fluctuations. Finally, and most essentially, longitudinal studies are necessary to determine if there is a causal relationship between peripheral blur and refractive error.

In conclusion, our study provides valuable insights into the peripheral optical blur experienced by myopes and emmetropes under both monochromatic and polychromatic conditions. Our versatile metric can be used to precisely characterize peripheral blur orientation in any ocular meridian, which provides a useful alternative to other commonly used metrics, especially in cases where diagonal aberrations are present. The differences in peripheral blur orientation between our small groups of myopes and emmetropes underscore the importance of considering how peripheral visual signals, other than simply relative peripheral defocus, might impact myopization and emmetropization. By providing a comprehensive account of monochromatic and polychromatic peripheral blur in individual subjects, this study strengthens our knowledge of the peripheral visual signals available to the physiological systems that regulate eye growth. Future research should continue to explore these factors across different populations and under varying optical conditions to further improve our understanding and therefore lead to better myopia intervention strategies.
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Purpose: The retinal pigment epithelium (RPE) transmits growth signals from the neural retina to the choroid in the emmetropization pathway, but the underlying molecular mechanisms remain poorly understood. Here, we compared the proteomic profiles of RPE-derived exosomes between myopic and non-myopic eyes of tree shrews, dichromatic mammals closely related to primates.
Methods: Four myopic (159–210 days of visual experience, DVE) and seven non-myopic eyes (156–210 DVE) of tree shrews were included. Non-cycloplegic refractive error was measured with Nidek autorefractor, and axial ocular component dimensions were recorded with LenStar. Tissue was collected, yielding RPE-lined eyecups, which were subsequently incubated in L-15 culture media for 2 h. The RPE-derived exosomes were then enriched and purified from the incubation media by double ultracentrifugation and characterized by imaging and molecular methods. Exosomal proteins were identified and quantified with mass spectrometry, examined using GO and KEGG analyses, and compared between myopic and non-myopic samples.
Results: Out of 506 RPE exosomal proteins identified, 48 and 41 were unique to the myopic and non-myopic samples, respectively. There were 286 differentially expressed proteins in the myopic samples, including 79 upregulated and 70 downregulated. The top three upregulated proteins were Histone H4 (Fold Change, FC = 3.04, p = 0.09), PTB 1 (FC = 2.59, p = 0.08) and Histone H3.1 (FC = 2.59, p = 0.13), while the top three downregulated proteins were RPS5 (FC = −2.41, p=0.004), ACOT7 (FC=-2.15, p = 0.04) and CRYBB2 (FC = −2.14, p = 0.05). Other differentially expressed proteins included LUM, VCL, SEPTIN11, GPX3, SPTBN1, SEPTIN7, RPL10A, KCTD12, FGG, and FMOD. Proteomic analysis revealed a low abundance of ATP6V1B2 and crystallin beta B2, and a significant depletion of the crystallin protein family (crystallin A2, A3, and B3 subunits) in the myopic samples. The enrichment analyses showed extracellular matrix, cytoskeletal dynamic, and cell-matrix adhesion as the primary components associated with the RPE exosomal proteins in myopic eyes.
Conclusion: Using standard molecular and imaging techniques, this study provides the first demonstration of the ex-vivo RPE exosome biogenesis from tree shrew eyes. The results showed distinct differential expressions of the RPE exosomal proteins between the myopic and non-myopic eyes, with several proteins unique to each group. Future targeted proteomic studies of identified candidate exosomal protein signatures could elucidate the molecular mechanism of RPE exosome-mediated growth signal transmission in the emmetropization pathway.
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Introduction

In postnatally developing eyes, a visually guided emmetropization mechanism uses visual cues to control the rate of axial eye growth to achieve and maintain a good focus on the retina (emmetropia). Experimental alterations of visual cues, for example, by imposing defocus (1, 2) or changing the spectral composition of light (3–6), produce a compensatory modulation of eye growth, causing the eye to deviate from emmetropia. These vision-dependent changes in eye growth can occur in a regionally selective manner (7, 8) and without the need for accommodation (9, 10) or central connections to the brain (11), suggesting that the emmetropization mechanism is local to the eye and operates along the retina-choroid-sclera pathway, whereby the neurosensory retina [likely amacrine cells (12, 13)] produces a cascade of growth stimulatory (GO) or inhibitory (STOP) signals that trigger changes in choroidal thickness and scleral remodeling to control eye size and refractive state (14, 15). In the past few decades, certain environmental factors, likely related to the modern world, have led to a failure in emmetropization in an increasingly large number of individuals, causing a rapid rise in myopia prevalence worldwide (16). The mechanistic basis of this failure is not fully understood due largely to an incomplete understanding of the molecular mechanisms involved in the early retinal growth signaling pathway of emmetropization (17).

There is growing evidence that the retinal pigment epithelium (RPE) plays a critical role in the emmetropization mechanism (18). The anatomical location of the RPE—with the neurosensory retina on the apical side and the choroid on the basal side—allows it to serve as a conduit for growth signals between the retina and the choroid (15, 19, 20). During experimental manipulations of image focus, the RPE secretes growth-regulatory factors and shows bi-directional changes in gene expressions (18). For instance, eye growth-promoting stimuli cause downregulation of the BMP2 (21–25), while growth-inhibiting stimuli cause upregulation (21, 23, 25). These results provide compelling evidence for RPE-mediated control of eye growth, although how the RPE transmits signaling information related to eye growth remains unknown.

Exosomes are nano-sized extracellular membrane-bound vesicles (30–100 nm) that could be involved in growth signal transmission across the RPE. All eukaryotic cells release exosomes from their endosomal compartments, except perhaps the mature erythrocytes (26). Studies have reported exosome biogenesis in a variety of bodily fluids (27), including tears and aqueous humor (28, 29). Although previously thought of as a means of cellular waste disposal, recent evidence points to the major physiological function of exosomes in mediating intercellular communication through the delivery of cargo to neighboring or distant cells (30, 31). Their cargo contains proteins, nucleic acids, and lipids unique to the cell of origin and can readily cross RPE tight junctions and retinal blood barriers (32), making them candidate growth signaling molecules. Proteomic evidence supports the biogenesis of exosomes from the RPE (33, 34), likely occurring on the apical side and mediated by the inhibition of G-protein coupled receptor (GPR)143 (35), which acts as a direct competitive antagonist receptor of dopamine—a potent myopia-protective neurotransmitter molecule (35, 36). Interestingly, the apical surface of the RPE also contains Na+/K+/ATPase, a known exosomal marker (37) whose expression levels have been linked to myopia (38, 39). In addition, the RPE apical surface is known to release several neurotransmitters, such as epidermal growth factor (40) and αβ crystalline (41, 42) that are implicated in the regulation of eye growth and refractive state.

These results lead to our hypothesis that exosomes released by the RPE may serve as candidate messengers to facilitate communication of growth signals from the neurosensory retina to the choroid. In this study, we provide preliminary evidence of ex-vivo RPE exosome biogenesis from the myopic and non-myopic tree shrew eyes. In addition, we demonstrate differential expression patterns of several RPE exosomal proteins in myopic eyes and highlight major cellular pathways by which RPE exosomes may facilitate growth signal transmission in the emmetropization mechanism.



Methods


Animals

Tree shrews (Tupaia belangeri) used in this study were raised by their mothers in the Tree Shrew Core at the University of Alabama at Birmingham. The colony is maintained on a 14-h light-on/10-h light-off cycle. Since tree shrews are born with their eyes closed, we designate the day of eye-opening (~3 weeks after birth) as the first day of visual experience (DVE). The age range of animals in this study was 156 to 210 DVE. All procedures were performed in adherence with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham.



Experimental groups

Nine tree shrews (five males/four females) were the subjects in this study. All animals within a group came from a different litter and were 156 to 210 DVE at the time of tissue collection. Individual eyes were categorized into myopic (n = 4 eyes) and non-myopic (control, n = 7 eyes) groups based on their non-cycloplegic refractive error. In myopic eyes, myopia was previously induced either by a −5 D lens or narrow-band cyan light, stimuli that are known to induce myopia in these animals (3, 43, 44). Non-myopic eyes were from animals raised in standard colony lighting who were near emmetropic after having completed their initial emmetropization process or had recovered from previous treatments to become near emmetropic. The average (mean ± SD) spherical equivalent refractive error (SER) was −9.26 ± 5.98 D for the myopic group and 0.45 ± 0.64 D for the non-myopic group (Table 1). The difference in SER between the groups was consistent with the difference in vitreous chamber depth (myopic: 3.05 ± 0.05 mm; non-myopic: 2.37 ± 1.04 mm).


TABLE 1 Characteristics of the experimental groups.

[image: Table comparing visual metrics between myopic and non-myopic groups. Days of Visual Experience: Myopic 159-210, Non-myopic 156-210. Right eye to left eye ratio: Myopic 3:1, Non-myopic 4:3. Male to female ratio: Myopic 3:1, Non-myopic 3:4. Spherical equivalent refractive error: Myopic -9.26 ± 5.98, Non-myopic 0.45 ± 0.64, with p-value 0.002. Vitreous chamber depth: Myopic 3.05 ± 0.05 mm, Non-myopic 2.37 ± 0.10 mm, with p-value 0.0003. Two sample t-test used.]



Measurements of refractive error and ocular component dimensions

Non-cycloplegic refractive error was measured in awake and gently restrained animals in a dimly illuminated room using the Nidek infrared autorefractor (ARK-700A, Marco Ophthalmic, Jacksonville, FL, www.marco.com). To record these measurements, animals were aligned with the instrument using a pedestal installed on their skull, as described previously (45). A set of 10 measurements was taken, out of which five measurements with the highest quality scores were averaged to obtain the final SER. All refractive values were corrected for the “small eye artifact” (46) previously shown to be about +4 D in tree shrews (47). As with previous studies, we used non-cycloplegic data to quantify the SER because they have been shown to provide a valid estimate of refractive error in these species (48).

Following the measurement of refractive errors, axial ocular component dimensions were measured in awake and gently restrained animals with the LenStar (LS-900, Haag-Streit, www.haag-streit.com) using tree shrew-specific refractive indices (49). This optical biometer uses low-coherence interferometry to measure the dimensions of axial components. From these components, one can also calculate the vitreous chamber depth as the distance between the posterior lens surface and the internal limiting membrane of the retina. Three measurements were averaged to obtain the final measurement of axial components.



RPE tissue preparation

After the animals were terminally anesthetized (17.5 mg ketamine and 1.2 mg xylazine, followed by 50 mg xylazine, intramuscular injection), eyes were enucleated and immediately put into a 10 cm Petri dish with sterile phosphate-buffered saline (PBS) for washing (Figure 1). Eyes were then transferred to a 6-well plate containing 4 mL of fresh PBS solution and dissected into an eyecup using a dissecting microscope and an 18 G needle. An incision was made in the sclera, ~1.0 mm behind the limbal boundary. Then, the anterior segment, including the cornea, iris, ciliary body, and crystalline lens, was removed. The retina was then detached from the remaining posterior segment eyecup, gently tugging on the zonule of Zinn, and then progressively peeled away, avoiding fragmentation. The eyecup with only RPE-choroid-sclera complex (RPE-lined eyecup) was washed twice with PBS and transferred to the upper chamber of 0.4 μm transwell insert of a 24-well plate (Corning, Cat# 3450, USA). Approximately 200 μl of L-15 media was added on top of the eyecup located in the upper chamber and 500 μl of media in the lower chamber of the insert. This allowed the eyecup to immerse in media, maintaining a normal flow of fluids on the RPE monolayer during incubation. The eyecup with media was then incubated at 37°C for 2 h, using a protocol modified from a previous report (35). After 2 h, the conditioning media was collected and centrifuged at 800 × g for 5 min at 4°C. The supernatant was then transferred to a new tube and stored at −80°C before enriching exosomes.
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FIGURE 1
 Graphical illustration of experimental methodology showing sample preparation, protein digestion and extraction, and data analysis. Created with BioRender.com.




Exosome enrichment and characterization

The RPE exosomes were isolated and purified using the double ultracentrifugation method (50). First, the eyecup conditioning media (~200 μl) was thawed and centrifuged at 1,000 × g for 10 min at 4°C. The supernatant was then transferred to an ultracentrifuge tube (#361623, for fixed angle rotor) and diluted to a volume of 4.5 mL using PBS before centrifuging the diluted sample at 10,000 × g for 30 min at 4°C using a fixed angle rotor. The supernatant was collected in an ultra-clear ultracentrifuge tube (#344057, for a swinging bucket rotor) and centrifuged in a swinging bucket rotor at 100,000 × g for 60 min at 4°C. After ultracentrifugation, the pellets were washed twice with 4.5 mL of PBS and briefly air-dried by flipping tubes upside down on Kimwipe (1–3 min). The excess PBS on the tube wall was wiped off using Kimwipe without disturbing the pellet/bottom of the tube. The pellet was then reconstituted in 40 μl of PBS by pipetting up and down ~20 times gently, and resuspended samples were prepared for quality checks and proteomic analysis.

Three phenotyping methods were used to characterize the enriched exosomes: transmission electron microscopy (TEM, Tecnai Spirit T12), CD63 enzyme-linked immunoassay, and nanoparticle tracking analysis (NTA), as recommended by the International Society for Extracellular Vesicles (51). The morphology of particles in the samples was visualized with transmission electron microscopy (TEM, Tecnai Spirit T12) after preparing the samples according to a previously published protocol (27). We also evaluated CD63 expression [a molecular marker of exosomes (27)] in the samples using ExoELISA-ULTRA CD63 Kit (#EXEL-ULTRA-CD63-1, System Biosciences, SBI) following the manufacturer's instructions.



Nanoparticle tracking analysis

The size and concentration of exosomes released from RPE-lined eyecups were measured with NTA using NanoSight NS300 (Malvern Instruments Inc., Westborough, MA) equipped with a 488nm laser and integrated automated fluidics. Five 60-s videos were recorded of each sample with the camera level set at 13 and the detection threshold set at 5. The temperature was set at 25°C and monitored throughout the measurements. Videos recorded for each sample were analyzed with NTA software version 3.4.4 to determine the concentration and size of measured particles with corresponding standard errors. For analysis, auto settings were used for blur, minimum track length, and minimum expected particle size. The NanoSight system was calibrated with polystyrene latex microbeads of 50, 100, and 200 nm (Thermo Scientific Inc.) before analysis. Exosome samples were diluted at 1:50 in PBS and 1 mL was used for NanoSight analysis. Sterile PBS (Gibco #20012-027) was used as a diluent to avoid contaminating particles. Five measurement runs were performed for each sample and averaged to obtain the final data. Results of NTA were displayed as frequency distribution graphs showing the number of particles per milliliter. The concentration of particles was calculated to determine the mean ± SD number of exosomes in the myopic and non-myopic samples.



Mass spectrometry
 
Sample preparation

Proteomics analysis was carried out as previously referenced with minor changes (52) under section 2.5 nLC-ESI-MS2 under Protein IDs for GeLC. All protein extracts were attained using M-PER™ Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Cat. # 78501) and quantified using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Cat.# PI23225). As was experimentally determined, a set amount of protein per sample was diluted to 35 μL using NuPAGE LDS sample buffer (1 × final conc., Invitrogen, Cat.# NP0007). Proteins were reduced with DTT and denatured at 70°C for 10 min prior to loading everything onto Novex NuPAGE 10% Bis-Tris Protein gels (Invitrogen, Cat.# NP0315BOX) and separated (35 min at 200 constant V). The gels were stained overnight with a Novex Colloidal Blue Staining kit (Invitrogen, Cat.# LC6025). Following de-staining, each entire lane was cut into multiple MW fractions (3–8 fractions, as is experimentally determined to be optimal) and equilibrated in 100 mM ammonium bicarbonate (AmBc), each gel plug was digested overnight with Trypsin Gold, Mass Spectrometry Grade (Promega, Cat.# V5280) following manufacturer's instruction. Peptide extracts were reconstituted in 0.1% Formic Acid (FA)/ddH2O at 0.1 μg/μL.



Protein quantification

Peptide digests (8 μL each) were injected onto a 1,260 Infinity nHPLC stack (Agilent Technologies) and separated using a 75-micron I.D. × 15 cm pulled tip C-18 column (Jupiter C-18 300 Å, 5 microns, Phenomenex). This system ran in line with a Thermo Q Exactive HFx mass spectrometer, equipped with a Nanospray FlexTM ion source (Thermo Fisher Scientific), and all data was collected in CID mode. The nHPLC was configured with binary mobile phases that included solvent A (0.1%FA in ddH2O), and solvent B [0.1%FA in 15% ddH2O/85% Acetonitrile (ACN)], programmed as follows; 10 min at 5%B (2 μL/min, load), 90 min at 5%-40%B (linear: 0.5 nL/min, analyze), 5 min at 70%B (2 μL/min, wash), 10 min at 0%B (2 μL/min, equilibrate). Following each parent ion scan (300–1,200 m/z at 60k resolution), fragmentation data (MS2) was collected on the topmost intense 10 ions at 7.5K resolution. For data-dependent scans, charge state screening and dynamic exclusion were enabled with a repeat count of 2, repeat duration of 30 s, and exclusion duration of 90 s.



MS data conversion and searches

The XCalibur RAW files were collected in profile mode, centroided, and converted to MzXML using ReAdW v. 3.5.1. The mgf files were created using MzXML2Search (included in TPP v. 3.5) for all scans. The data were searched using SEQUEST (Thermo Fisher Scientific), which is set for three maximum missed cleavages, a precursor mass window of 20 ppm, trypsin digestion, variable modification C at 57.0293, and M at 15.9949 as a base setting, with additional post-translational modifications (ex: Phos, Ox, GlcNAc, etc.) that may be applied later as determined to be of importance experimentally. Searches were performed with a species-specific subset of the UniProtKB database.



Peptide filtering, grouping, and quantification

The list of peptide IDs generated based on SEQUEST search results was filtered using Scaffold (Protein Sciences, Portland Oregon). Scaffold filters and groups all peptides to generate and retain only high-confidence IDs while also generating normalized spectral counts (N-SCs) across all samples for relative quantification. The filter cut-off values were set with a minimum peptide length of >5 AAs, with no MH+1 charge states, with peptide probabilities of >80% C.I., and with the number of peptides per protein ≥2. The protein probabilities were set to a >99.0% C.I., and an false discovery rate (FDR) < 1.0. Scaffold incorporates the two most common methods for statistical validation of large proteome datasets, the FDR and protein probability (53–55). Relative quantification across experiments was performed via spectral counting (56, 57), and when relevant, spectral count abundances were normalized between samples (58).




Data and statistical analysis
 
Proteomic data analysis

For proteomic data generated, two separate non-parametric statistical analyses were performed between each pair-wise comparison. These non-parametric analyses include 1) the calculation of weight values by significance analysis of microarray (SAM; cut off >|0.8| combined with, 2) T-Test (single tail, unequal variance, cut off p < 0.05), which are then sorted according to the highest statistical relevance in each comparison. For SAM (59, 60), whereby the weight value (W) is a statistically derived function that approaches significance as the distance between the means (μ1-μ2) for each group increases, and the SD (δ1-δ2) decreases using the formula, W=(μ1-μ2)/(δ1-δ2). For protein abundance ratios determined with N-SCs, we set a 1.5–2.0-fold change (FC) as the threshold for significance, determined empirically by analyzing the inner-quartile data from the control experiments using ln-ln plots, where the Pearson's correlation coefficient (R) is 0.98, and >99% of the normalized intensities fell between the set fold change. In each case, all three tests (SAM, T-test, or FC) needed to pass to be considered significant.



Systems analysis

The Gene Ontology (GO) assignments and pathway analysis were performed using the ShinyGO 0.77 online tool (61). The results were verified with other online tools: Database for Annotation, Visualization, and Integrated Discovery and g: Profiler online tool (62). In addition, functional annotation clustering and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway mapping were performed. Protein networks and interactomes were analyzed with the STRING 9.1 public database (63).





Results


Characterization of exosomes released by RPE-lined eyecups

Figure 2 illustrates the phenotypic characterization of exosomes isolated from the RPE-lined eyecups of myopic and non-myopic tree shrew eyes. The TEM images of the samples showed homogeneous round-shaped membraned vesicles on exosome-enriched samples (Figure 2A). The particle size was in the range expected for exosomes (64) and peaked at 72.3 ± 2.3 nm for the non-myopic sample and 67.6 ± 2.3 for the myopic sample (Figure 2B). The size heterogeneity between the myopic and non-myopic samples may be related to biological roles, such as cellular processes, disease mechanisms, or cargo content and delivery (65, 66). The mean ± SD concentration of particles was 1.43 ± 0.06 × 108 particles/mL in the non-myopic sample and 9.4 ± 0.37 × 107 particles/mL in the myopic sample. The presence of the CD63, a molecular marker of exosomes (51), was measured by ExoELISA-ULTRA CD63 Kit (#EXEL-ULTRA-CD63-1, System Biosciences, SBI). The samples were positive for CD63, with a range of exosome abundance from 4 × 108 to 7 × 108 across samples.
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FIGURE 2
 The phenotypic characterization of exosomes released by RPE-lined eyecups. (A) Homogeneous round-shaped membraned vesicles with diameters of 30–150 nm characteristic of exosomes were observed in transmission electron microscopy (scale: 200 nm). (B) Concentration of particles as a function of their size on Nanoparticle Tracking Analysis (NTA) of exosomes enriched samples: non-myopic (black line) and myopic (red line). The peak size of particles was 72.3 nm for non-myopic samples and 67.6 nm for myopic samples.




Proteomic profile of RPE exosomes from myopic and non-myopic eyes

A total of 506 proteins were identified across the myopic and non-myopic RPE exosome samples. Out of these, 417 were common, 48 were uniquely expressed in the myopic samples and 41 were uniquely expressed in the non-myopic samples (Figure 3A; Supplementary Tables S1, S2). The enrichment analysis for KEGG, GO cellular components, and GO molecular functions performed on ShinyGO 0.77 for uniquely expressed proteins are shown in Figures 3B–D for myopic samples and Figures 4A–C for non-myopic samples. The RPE exosomal proteins uniquely expressed in myopic samples were linked to the metabolism of carbohydrates and amino sugars with phosphoglucomutase and phosphotransferase molecular activity which contribute to the upregulation of glycolysis pathway in target cells (Supplementary Table S1). Other notable GO cellular components associated with myopic RPE exosomal proteins were extracellular matrix, intracellular vesicles, and focal adhesion and paracrine factors related to extracellular matrix remodeling. Examples of identified proteins in these categories were Heat shock protein family B (small) member 1(HSPB1), Transforming growth factor-beta-induced protein (TGFBI), Myocilin (MYOC), Apolipoprotein A-IV (APOA4), Thrombospondin-1 (THBS1), protein phosphatase 1 catalytic subunit beta (PPP1CB), Myosin binding protein C2 (MYBPC2), Phosphoglucomutase-like protein 5 (PGM5), and Collagen type VI alpha 3 chain (COL6A3; Supplementary Tables S1, S2).
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FIGURE 3
 Proteomic profiles of RPE exosomes from myopic samples. (A) Venn diagram displaying all identified RPE exosomal proteins across the myopic and non-myopic samples. Enrichment analysis from KEGG (B), GO cellular components (C) and GO molecular functions (D) for 48 unique RPE exosomal proteins identified in myopic samples. All enrichment analysis were performed with ShinyGo 0.77 online tool.
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FIGURE 4
 Proteomic profiles of RPE exosomes from non-myopic samples. Enrichment analysis from KEGG (A), GO cellular components (B) and GO molecular functions (C) for 41 unique RPE exosomal proteins identified in non-myopic samples. All enrichment analysis were performed with ShinyGo 0.77 online tool.


In the non-myopic samples, the uniquely expressed proteins were involved in the metabolism of tricarboxylic acid and pyruvate (Figure 4A). In addition, mitochondrial components with pyruvate dehydrogenase enzymatic activity, chaperone complex, and tricarboxylic acid cycle (TCA) enzymes were the most enriched cellular components (Figures 4B, C). Examples of identified proteins in these categories were Dihydrolipoyl dehydrogenase, mitochondrial (DLD), Pyruvate dehydrogenase E1 component subunit alpha (PDHA1), Succinyl-CoA ligase [ADP-forming] (SUCLA2), T-complex protein 1 subunit beta (TCPB), Beta-crystallin A2, A3, B1, B3 (CRYBA2, CRYBA3, CRYB1 and CRYB3; Supplementary Tables S3, S4). These analyses suggest that the proteomic profile of RPE exosomes from myopic eyes shows a differential expression pattern, which likely supports altered metabolic requirements of the myopic retina and extracellular matrix remodeling process.



Identification of proteins differentially expressed in RPE exosomes from myopic eyes

The comparison of proteomic profiles of RPE exosomes between myopic and non-myopic eyes exhibited 286 differentially expressed proteins. Out of these, 79 were significantly upregulated and 70 were significantly downregulated (Supplementary Tables S5, S6). Table 2 summarizes the top 41 differential expressed proteins, including 21 upregulated, 16 downregulated, and 3 undetected in myopic samples. The heatmap of these proteins showed several protein clusters that were upregulated and downregulated in myopic samples compared with non-myopic samples (Figure 5A).


TABLE 2 Differentially expressed RPE exosomal proteins in myopic eyes.
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FIGURE 5
 Differential expression patterns of top 38 RPE exosomal proteins in myopic eyes. (A) Heatmap of these proteins comparing expression levels between myopic and non-myopic (control) eyes. The box color indicates log2 fold changes showing upregulation in red and downregulation in green. (B) Volcano plot illustrating top 40 significantly differentially abundant proteins selected by Qlucore Stats. The –log10 (Benjamini–Hochberg corrected P-value) is plotted against the log2 (fold change, FC: myopic/non-myopic). The non-axial vertical lines denote ±1.5-fold change while the non-axial horizontal line denotes p = 0.05, which is the significance threshold (prior to logarithmic transformation). Volcano plot shows significantly upregulated proteins with red dots (FC≥1.5) into the right of the non-axial vertical right line and significantly downregulated proteins as green dots (FC≤-1.5) into the left of the non-axial vertical line. (C) 3D Principal component analysis (PCA) shows that myopic (red) and non-myopic (control, blue) samples are well distinguished by two defined clusters.


A volcano plot was constructed to display the top 41 differentially expressed proteins (Figure 5B). Above the horizontal threshold line (p = 0.05), the significantly upregulated proteins (≥1.5 FC, myopic/non-myopic) are shown as red dots and the significantly downregulated proteins (≤ -1.5 FC, myopic/non-myopic) are shown as blue dots. Out of the differentially expressed proteins, the most abundant proteins in the myopic samples were Histone H4 (H4C9, FC = 3.04), PTB domain containing engulfment adaptor protein 1 (GULP1, FC = 2.59), Histone H3.1 (H3C10, FC = 2.59), Lumican (LUM, FC = 2.27), Vinculin (VSL, FC = 2.2), Septin-2,7,11 (SEPTIN 2,7,11, FC = 1.70 to 2.19), Gelsolin (GSN, FC = 1.57), Alpha-actin 4 (ACTN4, FC = 1.65), Fribomodulin (FMOD, FC = 1.73), and Fibrinogen gamma chain (FGG, FC = 1.80). Similarly, the least abundant proteins were Cell growth-inhibiting protein 34 (FC = 1.53), Arrestin-C (FC = −1.57), Alpha-crystallin A and B chains (FC = −1.61 to −1.75), Opsin 1 medium-wave-sensitive (FC = −1.81), Retinol dehydrogenase 10 (FC = −1.86), Poly(rC)-binding protein 2 (FC = −2.10), 40S ribosomal protein S5 (RPS5, FC = −2.41), Cytosolic acyl coenzyme A thioester hydrolase (ACOT7, FC = −2.15) and Beta-crystallin B2 protein (CRYBB2, FC = −2.14) (Figure 5B and Table 2). The principal component analysis of the exosome protein data showed two well-defined clusters for the myopic and non-myopic groups (Figure 5C).



Functional analysis of the top 41 differentially expressed RPE exosome proteins in the myopic eyes

The functional GO analysis of the top 41 differentially expressed proteins showed that the upregulated RPE exosomal proteins in myopic eyes were closely related to cytokinesis, glycan metabolism, and nucleosome activation pathways, including some previously reported in eye growth regulation, such as oxidative stress (67), TGF-β receptor signaling (68), and plasminogen activation (69) (Figure 6A). The most significant biological process was the response to lipid hydroperoxide. The results suggested that the upregulated protein groups could be involved in the cytoskeleton organization mediated by SEPTIN proteins and increased resistance to remodel the extracellular matrix (Supplementary Figure S1B). On the contrary, the downregulated RPE exosomal proteins in myopic eyes were mostly related to lens development, visual perception, sensory system development, and nucleotide catabolism (Figure 6B). Although the KEGG and GO analyses for the downregulated proteins in myopia did not show results in ShinyGO sorting for cellular components, these proteins were found to be related to the structure of the eye lens when they were sorted by molecular functions (Supplementary Figure S1D).


[image: Three panels show biological data. Panel A features a bar graph with red and yellow bars highlighting pathways based on log10 values. Panel B contains a bar graph with colorful bars representing various biological processes, also based on log10 values. Panel C displays a network diagram with nodes in red and blue, indicating fold change. A color scale on the side of each graph assists in interpreting the data values.]
FIGURE 6
 Enrichment analyses and networks interactions of top 41 differentially expressed RPE exosomal proteins in the myopic eyes. GO analysis for biological processes of 21 significantly upregulated proteins (A) and 17 significantly downregulated proteins and 3 undetected proteins (B) in myopic samples performed with the ShinyGO 0.77 online tool. (C) Protein–protein interaction network on STRING database of top 41 differentially expressed proteins. Fold changes are in border color of the circles: upregulated proteins in blue and downregulated proteins in red.


The ingenuity pathway analysis by category of diseases and biomarkers of 41 differentially expressed RPE exosomal proteins in myopic samples showed 35 members altered in cancer, organismal injury, and abnormalities, 23 in neurological diseases, and 13 members involved in ophthalmic diseases including conditions related to abnormal morphology of the eye (Supplementary Table S7). The top canonical pathways for differentially expressed RPE exosomal proteins in myopia were related to integrin signaling, Ras homolog family member A (RHOA) signaling, cell junction signaling, and phototransduction pathway (Supplementary Table S8).



An interaction network model for differentially expressed RPE exosomal proteins in myopia eyes

To identify the candidate protein networks involved in myopia, we used the top 41 differentially expressed RPE exosomal proteins to construct a protein-protein interaction (PPI) network model using the STRING database where nodes were defined with a score ≥ 0.4 (Figure 6C). The border color indicates fold change of differentially expressed proteins in myopic samples compared with non-myopic samples: upregulated proteins in blue and downregulated proteins in red. Closer connectivity between each node was represented by shorter distances and the number of connective lines that joined each circle. The connectivity was the most pronounced in the SEPTIN and Beta-crystalline protein interaction groups (Figure 6C).



Identification of potential RPE exosome protein biomarkers of myopia

We also compared the proteomic profile of RPE exosomes from myopic eyes with data deposited on the STRING database for myopia (448 genes), high myopia (41 genes) (63), and previously reported proteomic data from the apical side of the RPE (55 proteins) (33). We found 23 common proteins with the STRING database (Figure 7A), although these proteins did not show significant expressions on myopic samples. Three significantly downregulated RPE exosomal proteins in our myopic samples were common with the previous reports: ATPase H+ transporting V1 subunit B2 (ATP6V1B2), Crystallin beta B2 (CRYBB2), and Arrestin 3 (ARR3) (Figure 7A). Proteins ATP6V1B2 (70), CRYBB2 (68), and ARR3 (71) have been previously associated with myopia and/or high myopia (Figure 7B), suggesting that myopia could be linked with reduced expression levels of these RPE exosomal proteins. Two other previously reported RPE-derived apical exosomal proteins (33), Phosphatidylethanolamine binding protein 1 (PEPB1) and Crystallin alpha B (CRYAB) (72), were significantly downregulated in our myopic samples (Figure 7B and Supplementary Figure S2B). Protein CRYAB was also downregulated in an animal model of myopia induced by form deprivation (72).
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FIGURE 7
 Profile of RPE exosomal proteomics compared with published data. (A) Venn diagram showing significantly downregulated RPE exosomal proteins in myopic samples (blue), significantly upregulated RPE exosomal proteins in myopic samples (red), and all identified RPE exosomal proteins (green) in this study compared with all myopia monarch proteins listed on STRING database (yellow). (B) Common proteins between the current study and published data: all myopia monarch and high myopia proteins listed on STRING database, and RPE apical side-released proteins reported previously (33).





Discussion

In this preliminary study, we provided the first demonstration of RPE exosome biogenesis in tree shrew eyes using an innovative ex vivo model. By characterizing the proteomic profiles of exosomes released by the RPE in myopic and non-myopic eyes, we further showed that myopia is associated with proteomic alterations in RPE-derived exosomes. Additionally, we identified several RPE exosomal proteins as candidate biomarkers that could play a role in mediating growth signal communication across the RPE in the control of eye growth and refractive state.

There is prior evidence that proteomic profiles of exosomes are altered in myopia (28, 73, 74). However, these studies quantified protein expression levels in exosomes derived from ocular fluids such as aqueous or vitreous humor, so they are unlikely to represent exosomal characteristics and changes involved in the retina-choroid-sclera growth signaling pathway of emmetropization. The RPE is a critical mediator of growth signals between the neurosensory retina and the choroid (18, 20). It has been shown that exosomes derived from the RPE contain numerous signaling proteins in normal physiological conditions (33) including oxidative stress-induced signaling phosphoproteins (34). The RPE monolayer can potentially serve as receptors of putative signaling molecules like dopamine, retinoic acid, and adenosine and mediators of associated growth signals into the choroid (15, 36). Therefore, the mechanistic investigation of RPE-derived exosomes and exosomal proteomic profiles could provide insights into potential protein biomarkers involved in intracellular signaling of growth information in the emmetropization mechanism.


Exosomal proteins secreted by the RPE exclusively in myopic eyes

Among the 48 RPE exosomal proteins uniquely expressed in myopic eyes, we identified several family members of previously reported cytoskeletal and structural proteins related to myopia: Myosin-binding protein C (MYBPC) and Tropomyosin 1α4 (TPM4) (76), extracellular matrix proteins like Collagen alpha 3(VI) chain (COL6A3) (75), and Apolipoproteins A-IV and B (APOA4 and APOB) (74, 76). Additionally, this group of uniquely expressed RPE exosomal proteins in myopia included Thrombospondin 1 (THBS1), Keratocan (KERA), and Myocilin (MYOC) that were reportedly downregulated in the sclera of myopic tree shrew eyes (70). Considering that the same set of proteins was observed both in the RPE and sclera, the translocation of these proteins might facilitate growth signal transmission to affect the extracellular matrix remodeling in the sclera (77). Indeed, the cellular components of uniquely expressed myopic RPE exosomal proteins were primarily related to extracellular matrix, intracellular vesicles, and focal adhesion, indicating a potential role in extracellular matrix remodeling. These results suggest that the RPE exosomes likely serve as a facilitator of cellular communication to trigger morphological changes in the sclera.



Exosomal proteins secreted by the RPE exclusively in non-myopic eyes

The proteomic analysis revealed 41 RPE exosomal proteins uniquely expressed in non-myopic eyes. These proteins may have a role in the homeostatic maintenance of growth inhibitory STOP signals to produce optimal “physiological” eye growth (78, 79). For example, the unique expression of Beta-arrestin-2 (ARRB2) in non-myopic eyes is consistent with its role in the regulation of dopamine D2 receptor activity. It has been shown that ARRB2 is involved in the desensitization and internalization of dopamine D2 receptors (137) and that the activation and inactivation of these receptors could lead to myopia development and inhibition, respectively (138, 139).

Three members of the crystallin β family—CRYBB3, CRYBA2, and CRYBA1—were exclusively expressed in the non-myopic samples. These crystallin proteins are part of the α, β, and γ crystallin superfamily, which plays a crucial role in maintaining the transparency of the crystalline lens. Interestingly, members of this protein superfamily are also found in posterior ocular structures, such as the RPE, photoreceptor inner and outer segments, and the outer nuclear layer of the retina (140, 141). Studies have shown that these crystallin proteins in the RPE respond to light intensity (142) and oxidative stress (143), similar to the αβ crystallins in the lens. Furthermore, the presence of these crystallin proteins in non-myopic eyes aligns with previous findings of αβ crystallins in exosomes derived from the apical surface of human RPE cells (42). These crystallins were also localized in the interphotoreceptor matrix, suggesting their uptake from the extracellular space as part of a protective response to oxidative damage and neural stress (42). Additionally, there is evidence of signaling interactions between the lens and the posterior segment (80–82). Collectively, these findings imply that the crystallins observed could play a role in exosome-mediated intercellular communication between photoreceptors and the RPE within the emmetropization pathway.



Upregulation of RPE exosomal proteins in myopic eyes

In myopic eyes, the RPE exosomes exhibited higher levels of PTB domain-containing engulfment adapter protein 1 (GULP1) and Adaptor-related protein complex 2 (AP2A1) compared to non-myopic eyes. GULP1 is essential for phagocytosis of apoptotic cells, transport of glycosphingolipids and cholesterols, and endosomal trafficking of various low-density lipoprotein receptor-related protein 1 (LRP1) ligands (83). In contrast, AP2A1, a subunit of the adaptor protein complex 2 (AP-2), plays a role in clathrin-mediated endocytosis and helps facilitate the internalization of LRP1 and its ligands by promoting the formation of clathrin-coated vesicles (84). LRP1 functions as a scavenger of tissue inhibitors of metalloproteinases (TIMP), both of which are found in the RPE (144, 145). The upregulation of GULP1 and AP2A1 could lead to greater removal of TIMP by LRP1 in the RPE cells (85), promoting transforming growth factor (TGF)-β activation and oxidative stress and potentially contributing to myopia development (146). LRP1 deficiency has been shown to be associated with myopia phenotype through TGF-β activity (86, 87).

The RPE exosomes of myopic eyes showed upregulation of several structural proteins: actin filament binding protein, Vinculin (VCL); a filament-forming cytoskeletal GTPase, Septin family proteins (SEPTIN2, SEPTIN 7, and SEPTIN11); and focal adhesion cytoskeleton protein, βII spectrin (SPTBN1). Vinculin and βII spectrin proteins are known to be involved in cell-cell adhesion (88, 89). Additionally, Vinculin regulates cell-matrix adhesion and E-cadherin expression on cellular surfaces and potentiates mechanosensing by the E-cadherin complex (88). SEPTIN11 promotes cell motility and cell adhesion by activating the RhoA protein (90) and the Septin protein family plays a potential role in cytokinesis (91). Other upregulated RPE exosomal proteins in myopic eyes were Lumican (LUM) and Fibromodulin (FMOD), closely related members of the extracellular matrix leucine-rich repeat glycoprotein/proteoglycan family. These proteins bind to fibrils allowing assembly of the collagen network in the extracellular matrix (92). LUM is a keratan sulfate proteoglycan that promotes fibroblast-myofibroblast transition. It has been reported to increase transcription of alpha-smooth muscle actin, matrix metallopeptidase 9, Collagen I, plasminogen activator inhibitor 1, and TGF-β in vitro (93), and play several roles in ocular diseases (94). LUM helps to maintain stability and tension of the extracellular matrix in the sclera by interacting with collagen fibers (95). This interaction of LUM with collagen fibers could be involved in myopiagenesis as its gene mutation and polymorphism have been associated with myopia in humans (96) and animal models (97). For example, LUM mutant zebrafish eyes exhibited ocular enlargement primarily due to disruption of collagen fibril arrangement leading to scleral thinning and reduced stiffness (97). Additionally, double knockouts of LUM and FMOD were found to cause axial eye elongation, retinal detachment, and scleral thinning, suggesting that both proteins are critical for scleral ensemble and functioning and may underlie morphological changes in the sclera of myopic eyes (98). The proteoglycans discussed in this section have also been identified in various retinal layers, including the RPE and interphotoreceptor matrix (147). Therefore, the increased levels of these proteins in RPE exosomes from myopic eyes may indicate a compensatory response to the heightened potency of GO signals in the early emmetropization pathway, or a protective mechanism aimed at maintaining the integrity of RPE, interphotoreceptor matrix, and other retinal layers.

Proteomic analyses of RPE exosomes in myopic eyes also showed an upregulation of Alpha Actinin-4 (ACTN4) and Gelsolin (GSN), proteins previously linked with the biological basis of myopia (76). These results suggest that cytoskeletal structural proteins and coagulation pathways may have a role in myopia development. Another highly expressed exosomal protein in the myopic eyes was glutathione S-transferase mu 3 (GSTM3), a potent antioxidant enzyme that reduces glutathione and prevents neurotoxicity by cellular oxidative stress (99). It has been found that the suppression of the GSTM3 gene is associated with age-related cataract formation by oxidative stress in the lens (100). An overexpression of GSTM3 on myopic exosomes could be part of the neuroprotective response of RPE cells to counter feedback from the oxidative stress loop triggered by TGF-β (101), which is a known growth factor involved in myopiagenesis (68).

The upregulated RPE exosomal proteins were mainly involved in keratan sulfate catabolism, plasminogen activation, cytokinesis, and glycosaminoglycan and aminoglycan metabolism. The enhancement of these metabolic pathways is consistent with the reduced expression of glycosaminoglycans and proteoglycans in the sclera of myopic eyes (102, 103). Moreover, plasminogen protein has been proposed as a molecular marker of high myopia in humans (69). Proteins Fibromodulin (FMOD), Fibrinogen beta chain (FGB), and Fibrinogen gamma chain (FGG), which were upregulated in myopic eyes in this study, have also been reported to be upregulated in the retina of myopic rabbits (104). Since fibrinogen stimulates tissue plasminogen activators against plasminogen, (105) and plasminogen activators, like matrix metalloproteases, are mediators of extracellular proteolysis (106), they could act in similar ways to produce extracellular matrix remodeling in myopia.



Downregulation of RPE exosomal proteins in myopic eyes

The RPE of myopic eyes released exosomes with lower levels of proteins encoded by genes whose mutations are reportedly linked with myopia, such as Opsin 1 medium-wave-sensitive (OPN1MW) (107–109), Arrestin-C (ARR3) (71), α crystallin A and B (72, 110), and Retinol dehydrogenase 10 (RDH10) (111). Opsins are light-activated G-protein coupled transmembrane receptors that allow activation of the phototransduction pathway (112). These visual pigments contribute to human color vision (113). Opsin gene deficiency is related to color blindness (114) and its protein dysfunction is associated with cone dystrophy and myopia (108, 115, 116). ARR3 or cone-arrestin is a G-protein-coupled receptor that binds to phosphorylated opsins, after activation of the phototransduction pathway (117). ARR3 gene mutations are associated with high myopia (118). While the lower abundances of OPN1MW and ARR3 proteins in RPE exosomes of myopic eyes could indicate potential retinal dysfunction in myopia (119), it is unlikely that these proteins are packaged by the RPE cells into exosomes. Rather, exosomes that originate from cone photoreceptors are the likely source of these proteins. Presumably, the photoreceptor-derived exosomes were attached to the apical surface of the RPE and were harvested with RPE-derived exosomes.

α crystallin proteins were also downregulated in RPE exosomes of myopic eyes. These proteins belong to the small heat shock protein (HSP20) family and act as molecular chaperones. Downregulation of CRYAA mRNA and protein has been reported in high-myopic patients (110). CRYAB is known to be secreted by exosome-dependent pathways from polarized human RPE cells; they play a protective function in the interphotoreceptor matrix and confer resistance to heat and oxidative stress in cells (120, 121). Oxidative stress of retinal cells associated with myopia may initiate a downregulation of CRYAA and CRYAB secretion in the RPE exosomes. Similar results have been reported in the retina of an experimental glaucoma model, which showed significantly reduced expression of CRYAB (122). Another member of the crystallin protein family, CRYBB2, was found to be downregulated in our myopic samples. Notably, CRYBB2 has also been previously shown to be secreted in exosomes from the apical side of the RPE (33). Like other crystallin proteins, CRYBB2 has been demonstrated to help protect the RPE against oxidative stress (141). The reduced levels of crystallin proteins in RPE exosomes from myopic eyes may suggest a diminished capacity to respond to oxidative stress, potentially contributing to the dysregulation of eye growth and the development of myopia.

Another downregulated exosomal protein, RDH10, is a member of the retinol dehydrogenases family. RDH10 is mainly expressed in photoreceptors and RPE cells and reduces all-trans-retinal to all-trans-retinol during phototransduction (123). The RPE contains metabolic enzymes required for retinal signaling and metabolites like 11-cis-retinal that play a key role in the retinoid visual cycle (124). Retinoic acid, a metabolic precursor of vitamin A, has been implicated in ocular growth (15, 125) and is highly expressed in the myopic retina (126–128). It has also been shown that the extracellular matrix remodeling process in myopia could be regulated by the cell differentiation function of retinoic acid (129). Furthermore, mutations in genes related to retinoic acid metabolism like RDH5 have been found to be associated with refractive errors and myopia (111, 130, 131). Deficiency of RDH5 also results in upregulation of MMP-2 and TGF-β2, promoting the epithelial-mesenchymal transition of RPE cells and myopia development (132). These findings are consistent with our observation of reduced expression levels of RDH10 in RPE exosomes of myopic eyes, indicating their role in extracellular matrix remodeling in myopia. We found that the downregulation of these RPE exosomal proteins inhibited signaling pathways related to lens development, eyes and sensory system development, visual perception, and sensory perception of the light stimulus and was associated with processes related to purine, nucleotide/nucleoside catabolism, and carboxylic acid biosynthesis, suggesting possible metabolic alterations in myopia.



Candidate RPE exosomal signaling pathways and protein biomarkers in myopia

A comparison of our proteomics data set with published literature and the String database (63) revealed two potential exosomal protein biomarkers that were downregulated in myopic eyes: ATP6V1B2 and CRYBB2. The former has been associated with early-onset high myopia (133), while the latter has been associated with induced myopia (72). As stated previously, lower levels of CRYBB2 could be due to the oxidative stress environment of myopia eyes, enhanced by the downregulation of antioxidant genes (67) by TGF-β signaling (68). Another potential biomarker is phosphatidylethanolamine binding protein 1 (PEBP1), a Raf kinase inhibitor protein, which plays a role in cell cycle, growth, and proliferation (148). PEPB1 has been previously reported in exosomes released by the apical side of the RPE in normal physiological conditions (33) and was significantly downregulated in our myopic samples. Apart from these proteins, several other downregulated proteins in our dataset were consistently associated with myopia in the literature, providing an indirect validation of the proteomic analysis of myopic eyes (63, 76). These proteins were MYOC, ATP6V1A, RHOA, SAG, GNAT2, GNB3, COL12A1 and TGFBI.

The ingenuity pathway analysis illustrated that the differentially expressed RPE exosomal proteins of myopic eyes were involved in pathways related to phototransduction, neurotransmitters, and signal transduction, all of which are implicated in the emmetropization mechanism (15). The top canonical signaling pathways relevant to RPE exosomal proteins in myopic eyes were integrin signaling, RHOA, and cell junction pathways. Although protein RHOA was reported to be upregulated in the sclera of myopic eyes (134), it was not differentially expressed in RPE exosomes of myopic eyes in this study. Since activation of integrins and cell-cell junctions promote cell cycle progression and cell proliferation (135), these pathways likely produce changes in extracellular matrix remodeling leading to myopia (77, 136).



Ex-vivo ocular assay: an innovative method with significant implications for ocular biology research

A recent comprehensive report on the causes, prevention, and treatment of myopia, released by The National Academies of Sciences, Engineering, and Medicine, highlighted the need for the development of in vitro experimental models that can accelerate understanding of the mechanisms of emmetropization and myopia as well as identification of candidate messengers involved in the retinoscleral signaling process (17). By successfully implementing an innovative ex vivo assay to explore the pathogenesis of myopia, the present study has established a model that is as simple as an in vitro assay but with the potential to yield more robust and physiologically relevant findings. This ex vivo assay model should facilitate high-impact studies of ocular mechanisms (for example, pharmacological manipulation experiments) and significantly aid in advancing the understanding of and future discoveries in ocular biology (35).

This study has several limitations, including small sample size, two different experimental myopia paradigms, and few control eyes that had recovered from prior treatments. In addition, while the neurosensory retina was carefully separated from the RPE to isolate RPE-derived exosomes, it is likely that exosomes from non-RPE cells, such as photoreceptors, were also enriched in the conditioning media. Consequently, the enriched sample was likely composed primarily, but not exclusively, of RPE exosomes. Nevertheless, the findings provide original evidence for the potential role of RPE exosomes in myopiagenesis, opening up a new avenue for understanding the molecular mechanisms behind emmetropization and myopia. Further targeted experiments are necessary to validate candidate RPE exosomal protein biomarkers and pathways identified in this study and test these proteomic signatures across different growth-modulatory conditions (e.g., induced myopia vs. recovery from myopia) and experimental models (e.g., form-deprivation, lens-induced, and limited-bandwidth). Ultimately, a thorough proteomic characterization of RPE exosomes in myopia could provide key insights into the molecular mechanism of RPE exosome-mediated growth signal transmission in the emmetropization pathway.
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Introduction: The study of polychromatic visual perception is challenging due to the number of entangled factors involved in the process, from the cues within visual information from the outside world, to the ocular optics, the retinal properties, and neural adaptation processes in the brain.
Methods: In this study, we used an adaptive optics (AO)- based polychromatic visual simulator to investigate the perception of combined optical cues and its dependence on refractive error. Subjective best focus was obtained as the average of 3 repeated measurements for (1) polychromatic and five monochromatic wavelengths in the visible (450–670 nm); (2) three different visual stimuli (conventional binary sunburst, natural outdoor image, natural indoor image); and (3) under natural aberrations (no-AO) and corrected aberrations (AO) conditions. Repeatability was determined as the standard deviation across repetitions. Chromatic difference of focus (CDF) was calculated for Green-Blue (G-Blue, 550–470 nm) and Green-Red (G-Red, 550–700 nm). Longitudinal chromatic aberration (LCA) was estimated using a polynomial regression fit of the best subjective focus curves as a function of the wavelength. Nine young adults (28 ± 6 years) with different refractive profiles (6 myopic and 3 emmetropic) participated in this study.
Results: CDF showed different trends in the G-Red and the G-Blue regions, especially for the binary stimulus and after AO-correction of aberrations. However, in the myopic group, CDF was similar in absolute value for G-Blue and G-Red (0.61 ± 0.34 and 0.73 ± 0.58, respectively, p > 0.05 Mann-Whitney U test), whereas, in the emmetropic group, the chromatic difference was greater for G-Blue than for G-Red (0.58 ± 0.32 D and 0.22 ± 0.38 D, respectively, p < 0.05 Mann-Whitney U test). There was no effect of correcting natural aberrations. LCA does not vary with refractive error.
Discussion: Overall, the results of this study suggest that the refractive profile may influence how visual information with specific chromatic properties is perceived and processed, potentially shaping visual mechanisms involved in chromatic defocus perception.
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 myopia; chromatic defocus; longitudinal chromatic aberration; blur perception; refractive error; adaptive optics; monochromatic high-order aberrations


1 Introduction

The study of polychromatic visual information processing is challenging. First, visual inputs from the outside world are rarely well-defined homogeneous patches of light or dark, but are typically a mixture of polychromatic large-and small-scale structures (1–3) that interact with the dynamics of visual function (i.e., accommodation, binocular vision, eye movements, and adaptation, among others) (4–8). Furthermore, ocular optics is far from being a diffraction-limited system, and retinal image quality is degraded by the effects of monochromatic and chromatic aberrations, and their interactions (9–11). Finally, prolonged exposure to a degraded stimulus (i.e., a blurred retinal image) alters visual perception (12, 13) by shifting blur discrimination thresholds, more prominently in myopes than in emmetropes (14, 15).

Visual information processing, which is modulated by ocular dynamics, is essential for defocus detection (16, 17) and thus for vision. Accommodation, monochromatic high-order aberrations (HOAs), peripheral defocus, astigmatism, and chromatic aberrations are thought to modulate the sign and magnitude of defocus on the retina, and may also alter the temporal and spatial integration of defocus signals across the retina (18). Optical defocus leads to a proportional degradation of contrast at the edges of the images, a potential cue for the retina that would use edge contrast to determine the focal plane, and color contrast to identify the sign of defocus (3). However, retinal blur has been identified as the primary even-error stimulus for accommodation (19–21), the accommodative response becomes more precise when aberrations are corrected, and the presence of higher amounts of HOAs produces an increase in accommodative lag (22), similar to the increased accommodative lag found in myopes (23).

Ocular aberrations also play an important role in visual perception, and their correction could either improve retinal image quality and visual performance (24, 25) or reduce it due to adaptation. One study (26) reported that the presence of HOAs results in different point spread functions for hyperopic and myopic defocus, suggesting that these differences may be used by the visual system to determine the correct direction of focus shift. However, the relationship between aberrations and refractive error is inconclusive. Some studies have suggested a slightly higher amount of monochromatic aberrations in myopic eyes (27–29), while others have found no correlation between aberrations and refractive error (30–34) and others have found higher levels of HOAs in hyperopes (35). It seems likely that increased axial growth is accompanied by geometrical changes in the ocular components, resulting in changes in the aberration pattern and magnitude (36). In any case, if increased high-order aberrations occur in myopes, they seem to be more pronounced in high myopia (37), and related to structural changes.

In addition, chromatic cues may aid in detecting the sign of defocus. Broadband light produces color fringes on the retinal image, which may provide a signed chromatic signal of whether the defocus is hyperopic or myopic (3), as shown in a variety of animal models (18). Chromatic dispersion causes short wavelengths to focus in front of long wavelengths, creating a chromatic focus difference between them, known as longitudinal or axial chromatic aberration (LCA) (38). LCA causes long wavelengths to be focused on a more hyperopic plane than shorter wavelengths, so that the total refraction of the eye varies inversely with wavelength. Ocular LCA shows low intersubject variability, with subjective LCA (≈ 2D in the visible range) being significantly higher (by 0.50 D in the 488–700 nm range) than objective LCA (measured using reflectometric methods), likely due to differences in the retinal reflection planes and the retinal image focal plane (39, 40). Polychromatic optical quality in the phakic eye depends on the delicate balance between monochromatic and chromatic aberrations (41–43), which may be an important factor in myopic eyes because the human eye can use chromatic defocus as a directional cue for accommodation to both moving and stationary objects (44, 45). However, some individuals are able to accommodate in the absence of chromatic aberration, suggesting the existence of other achromatic cues that drive accommodation (46). Recently, Swiatczak and Schaeffel suggested that the human retina uses this difference in focus in the blue and the red to determine the sign of defocus, and hypothesized that the myopic retina has lost the ability to respond to LCA (47). Strikingly, the amount of both subjective and objective LCA was independent of the presence of HOAs (39), at least in a young emmetropic sample.

Adaptive optics (AO) based visual simulators operating at multiple wavelengths, with complementary AO elements for blur manipulation, allow to simulate vision under very different conditions, using a variety of psychophysical paradigms (i.e., method of limits, constant stimuli, adaptive staircase methods, among others), and artificial and naturalistic stimuli (Gabor patches, gratings, letters, natural images). AO allows to explore the limits of spatial vision imposed by the ocular optics (24) and to bypass them to study the neural adaptation processes in the brain, as well as to test the visual response to different optical cues in combination with relevant ocular properties (i.e., aberrations, accommodation, neural adaptation). Recently, a filter-based Badal LCA compensator incorporated into an AO scanning laser ophthalmoscope (AOSLO) allowed the independent and simultaneous control of focus at different wavelengths, so it can be tuned to compensate for the LCA of each individual eye (48), paving the way for more effective ways to modulate LCA, and understand its impact. The aim of this study is to investigate differences in the visual perception of stimuli with different spectral and spatial content in monochromatic and chromatic conditions, while controlling the subject’s monochromatic high-order aberrations using an AO-based polychromatic visual simulator. In particular, we investigate differences in the perceived best focus of subjects with different refractive errors in young adults.



2 Methods

Through-focus (TF) optical and visual quality with different stimuli (binary black and white, grayscale natural images) using five monochromatic and one polychromatic conditions was tested in a polychromatic (AO) based simulator. The subjective best focus for the same conditions was measured in 9 subjects, with different refractive errors, while controlling their ocular aberrations.


2.1 Stimuli: binary and natural images

Three different stimuli were used to evaluate the influence of visual information on the perception of the best focus in monochromatic and polychromatic conditions. Figure 1A shows the three stimuli used in the study (top row) and their corresponding frequency spectrum calculated as the magnitude of the Fourier transform of the images (bottom row). Figure 1B shows the histograms of the three images. Stimuli subtended 1.62 degrees when viewed through the AO system.

[image: Panel A shows three images: "Sunburst," "Outdoor," and "Indoor." Each has a corresponding grayscale image below it, labeled 1.62 degrees and 100 cycles per degree, respectively. Panel B is a graph illustrating the normalized count of gray levels, with distinct color-coded peaks for "Sunburst," "Outdoor," and "Indoor."]

FIGURE 1
 Visual stimuli. (A) Top row, stimuli used in the study. Bottom row, the frequency spectrum calculated as the magnitude of the Fourier transform. The stimuli are (1) Sunburst, a binary mask; (2) Outdoor, a natural grayscale image depicting an outdoor scene of a distant tree; and (3) Indoor, a natural grayscale image depicting an indoor scene of an office. (B) Histogram of the three images.




2.2 Polychromatic adaptive optics visual simulator

On-bench measurements and visual testing were performed with a custom-developed polychromatic AO system at the Institute of Optics (Spanish National Research Council, IO-CSIC, Madrid, Spain). The system has been described in detail in previous publications (39, 49, 50). The current configuration of the system consists of 9 different channels, of which the following were used in this study. (1) The illumination channel, with light coming from the supercontinuum laser source (SC400 femtopower 1,060 supercontinuum laser; Fianium Ltd., United Kingdom) in combination with a dual acousto-optic tunable filter module (Gooch & Housego, United Kingdom) that delivers light in multiple wavelengths through 2 different fiber outputs (visible and near-infrared). (2) The AO channel, consisting of the Hartmann-Shack wavefront sensor (microlens array 40 × 32, 3.6 mm effective diameter, centered at 1,062 nm; HASO 32 OEM, Imagine Eyes, France) and the electromagnetic deformable mirror (52 actuators, 15-mm effective diameter, 50 μm stroke; MIRAO, Imagine Eyes, France) to measure and correct the high-order aberrations (HOAs). In this study, it was used to compensate for the system aberrations and to measure and correct the aberrations of the subjects. The system aberrations were corrected at 827 nm. (3) The psychophysical channel uses a Digital Micro-Mirror Device (DMD, DLP® Discovery™ 4,100 0.7 XGA; Texas Instruments, United States) placed in a conjugate retinal plane to display visual stimuli subtending 1.62 angular degrees. The DMD was monochromatically illuminated with light coming from the supercontinuum laser source, and with white light coming from a white light fiber lamp (OSL2B—3,200 K; Thorlabs, Germany). (4) The pupil monitoring channel consists of an infrared camera conjugated to the pupil of the eye, in combination with an infrared LEDs ring. (5) The Badal optometer channel corrects for defocus and allows for through-focus psychophysical testing. All optoelectronic elements of the system were automatically controlled and synchronized by custom software written in Visual C++ and C# (Microsoft, United States) and MATLAB (MathWorks, United States).



2.3 On-bench testing

TF optical quality was evaluated on-bench in the same AO system using an artificial eye placed at the position of the subject’s eye using a 3-D micrometer stage. Single-pass TF retinal images of the three stimuli were collected on an artificial eye equipped with an objective lens (50.8 mm of focal length) and a CCD camera (DCC1545M, High Resolution USB2.0 CMOS Camera, Thorlabs, Germany) acting as a “retina,” in place of the subject’s eye. The stimuli were displayed in the DMD, illuminated with light from the supercontinuum laser source for monochromatic illumination and the white light lamp for polychromatic illumination, for a pupil diameter of 5 mm. Each stimulus was displayed in the DMD on a black background and projected onto the retina of the system (i.e., the CCD camera). The vergence of the system was varied from −0.75 to +0.75 D in steps of 0.25 D by changing the position of the Badal system. TF images were acquired for the wavelengths 480, 550, 633 nm and white light and for all stimuli, while correcting for the higher order aberrations of the system (RMS < 0.05 microns over the entire range).



2.4 In vivo experimental testing

To find the subjective best focus, subjects adjusted the position of the Badal system using a keyboard until the stimulus was perceived focused using the methods of limits (precision 0.01 D steps) while viewing the stimulus illuminated at a series of wavelengths in visible light (450, 480, 500, 550, 633 and 670 nm) as well as in white light. The luminance of the stimulus was approximately 20 cd/m2 throughout the tested spectral range (450–670 nm), therefore in the photopic range at all wavelengths. Equiluminance across wavelengths and white light was ensured during calibration. Subjects were instructed to use the keyboard to find the position where the stimulus appeared sharp. Subjects first performed a trial run using the reference wavelength of 550 nm to familiarize themselves with the test. The starting point of the Badal was randomly chosen between +1.00 and +1.50 D (placed beyond the optical infinity) beyond the subject’s best focus reported in the first trial to avoid any accommodative response (e.g., if the best focus at 550 nm in the first trial was −2.00 D, the starting point for finding the best focus at 550 nm was between −0.50 and −1.00 D). The best focus search was repeated 3 times for each wavelength. Measurements were later performed for each stimulus randomly for all wavelengths and white light. Later, subjects performed the same task but with AO correction. The state of the deformable mirror, which compensated for the ocular aberrations of each eye, was determined in a closed-loop operation at 880 nm and applied to measurements at all wavelengths (39). Aberrations were monitored throughout the experiment to ensure a residual RMS < 0.1 microns in all cases and all subjects.

The subjective best focus was obtained for each of the monochromatic and polychromatic light sources, three stimuli, in the presence of natural aberrations and with AO correction. Subjects were stabilized with a dental impression and the pupil of the eye was aligned with the optical axis of the instrument using the line of sight as a reference, while the natural pupil was viewed on the monitor with a pupil camera. An artificial pupil was used to maintain the same pupil diameter (5 mm) across subjects (subjects’ pupil size was greater than 5 mm − 5.49 ± 0.33 mm). The room lights were turned off during the measurements. Breaks were taken every 30 min, and subjects could stop if they needed additional rest. The entire experimental session lasted approximately 2 h.



2.5 Subjects

Nine subjects were tested monocularly in the AO system. Subjects were healthy young adults (28.2 ± 6.0 years), with refractive errors ranging from −6.25 to +1.00 D (astigmatism < 0.50 D in all cases). Subjects were classified into myopes (spherical refractive error higher than −0.5 D) and emmetropes (spherical refractive error lower −0.50 and +1.00 D). Refractive error was determined from their current prescription and adjusted, if necessary, using traditional subjective refraction, i.e., the fogging technique. There was no difference in the refractive error from the current prescription in any of the subjects. The RMS of 3rd order and higher aberrations (at 5 mm pupil diameter) in the subjects ranged from 0.07 to 0.54 μm. Figure 2A summarizes the refractive and aberration profile of the subjects, ranked according to the magnitude of their refractive error.

[image: Panel A shows a table listing subjects labeled S1 to S9 categorized as Myopes or Emmetropes, with their spherical equivalent, age, and RMS values. Panel B presents grayscale images for each subject labeled S1 to S9, showing varying patterns. Panel C is a bar graph comparing RMS values between Myopes and Emmetropes, with Myopes in blue and Emmetropes in green.]

FIGURE 2
 Refractive profile of the subjects enrolled in the study. (A) Demographics of the subjects enrolled in the study. The RMS wavefront error is with astigmatism and high-order aberrations. (B) Wavefront aberration maps. The scale bar is microns. (C) RMS wavefront error. Solid bars show the RMS with all aberrations except for piston, tilts, and defocus, and dashed bars show only high-order aberrations. Blue indicates myopes and green emmetropes.


All subjects were informed of the nature and possible consequences of the study and provided written informed consent. All protocols met the tenets of the Declaration of Helsinki and were previously approved by the Bioethics Committee of the Spanish National Research Council (CSIC).



2.6 Data analysis

On-bench testing: TF optical quality was obtained from the images of each stimulus on-bench. The image quality metric was obtained from the correlation coefficient (correlation of each of the TF images with the image in the best focus for each wavelength under the same conditions: laser power, pupil diameter, and exposure time) of the image series. Only the region of interest (where the stimulus was located in the camera image) was analyzed and converted to grayscale before estimating the correlation. The correlation metric is expected to peak at 0 D in all conditions. To provide a quantitative estimate of the degradation for both wavelength and defocus sign –myopic (negative) and hyperopic (positive)–, the absolute value of the slope of the linear regression adjustment between the negative defocus values and the correlation metric and the positive defocus values and the correlation metric was calculated. This analysis was performed considering only defocus values within the range of ±0.5 D (from −0.5 to 0.0 D for negative defocus, and from 0.0 to +0.5 D for positive defocus). The slope is an indicator of image degradation as defocus increases. A higher slope value means that the decrease in the correlation metric is greater and therefore the degradation is also greater.

In vivo testing: The subjective best focus in each condition was obtained directly from the Badal system readings. The average and the standard deviation across the 3 repeated measurements provided the subjective best focus and its repeatability for all conditions, respectively. In addition, the chromatic difference of focus curves was obtained from them by shifting the best focus curves on the vertical axis so that they crossed zero at 550 nm (the reference wavelength). The chromatic difference in focus (CDF) was fitted to a quadratic regression. The Green-Blue (G-Blue) difference was estimated as the chromatic difference in focus between green and blue (550 and 480 nm) using the adjustments for each refractive error group. Similarly, the Green-Red G-Red difference was estimated as the chromatic difference in focus between green and red (550 and 700 nm) using the adjustments for each refractive error group. Finally, the longitudinal chromatic aberration (LCA) was estimated by fitting these chromatic differences of focus curves within the visible region (from 470 to 700 nm). A Mann–Whitney U-test two-tailed was used to analyze the statistical significance of the differences between the results of the different conditions, and of different refractive error groups. A linear mixed model with Bonferroni correction was applied to account for multiple comparisons. The significance level was set at 5% (p = 0.05). MATLAB (Math-works Inc., Natick, United States) was used for analysis. Spearman correlation was used to compare psychophysical data to explore trends in visual perception.




3 Results


3.1 Through-focus on-bench image analysis

Figure 3 shows the on-bench through-focus (TF) image series acquired for the different conditions tested in a range of 1.20 D (± 0.60 D, Figure 3A), while AO-correcting the HOAs of the system. The residual Root Mean Square (RMS) after AO-correction was less than 0.05 microns for all conditions, and only the defocus term changed when the Badal system was varied (Figure 3B). Figure 3C shows the slope of the correlation metric as a function of defocus for negative and positive defocus and all wavelengths and stimuli as a bar graph (see Data Analysis section in Methods). A higher value of the slope indicates a greater decrease in the correlation metric and therefore a greater degradation. For each wavelength, the slope for negative defocus (lighter color) is on the left, and the slope for positive defocus (darker color) is on the right. For all stimuli and wavelengths, the slope for positive defocus is higher than for myopic defocus (0.103 vs. 0.079 on average), meaning that positive defocus degrades the images slightly more than negative defocus. In addition, the slope is lower for the outdoor natural stimulus than for the other two (0.017 for outdoor vs. 0.042 for indoor and 0.213 for sunburst), indicating less degradation of the outdoor images than the binary/indoor images. The sunburst had the steepest slope and therefore the highest degradation (0.256 for positive defocus in the red wavelength).

[image: Panel A shows images at different wavelengths (480 nm, 550 nm, 633 nm, and white) and defocus levels (-0.6 D to 0.6 D). Panel B presents a graph of RMS values versus defocus, comparing before and after AO correction. Panel C comprises three bar graphs labeled by illuminant (480 nm, 550 nm, 633 nm, white) showing slope correlation metrics under various conditions, including a thorough scene evaluation.]

FIGURE 3
 On-bench TF images analysis. (A) Illustrative examples of the TF images for different illumination (480, 550, 633 nm, and white light) and stimulus conditions. (B) Optical quality throughout the experiments. The defocus coefficient term of the wavefront at the pupil plane of the system measured with the wavefront sensor (white bars, c02), and the residual RSM after AO correction (gray bars) of the HOAs + astigmatism of the system. (C) Absolute value of the slope of the linear regression fit of the correlation and defocus in the range ±0.50 D. A higher value of the slope indicates a greater degradation as a function of defocus. A minus sign is placed over the negative defocus slope bars (values < 0.00 D) and a positive sign over the positive defocus slope bars (values > 0.00 D).




3.2 Subjects’ profile

Figure 2 shows the refractive and aberration profiles of the subjects who participated in the experiment, grouped according to their refractive error (from higher myopia to higher hyperopia). Figure 2A shows the demographic information, Figure 2B the wavefront aberration map of all subjects participating in the study, and Figure 2C a comparison of the RMS of HOAs + astigmatism (solid bars) and RMS of HOAs only (dashed bars). The RMS of HOAs + astigmatism ranged from 0.08 to 0.88 μm (mean 0.46 ± 0.24 μm), whereas the RMS of HOAs only ranged from 0.08 to 0.53 μm (0.26 ± 0.14 μm).



3.3 Polychromatic subjective best focus

Figure 4 shows the subjective best focus for all wavelengths, stimuli, and subjects measured in Experiment 1, with natural aberrations. Blue represents myopes (S1 to S6; refractive error higher than −0.50 D) and green represents emmetropes (S7 to S9; between −0.50 and 1.00 D). Figure 4A shows the subjective best focus for the three stimuli (Sunburst, black; Indoor, dark gray; Outdoor, light gray) for each wavelength, and the corresponding fit for each subject. Figure 4B shows the individual data clustered stimuli.

[image: Nine graphs labeled S1 to S9 show subjective best focus in diopters versus wavelength for three conditions: Sunburst, Indoor, and Outdoor. Each graph shows increasing trends from 400 to 700 nm. A second set of three graphs compares all subjects under each condition: Sunburst, Outdoor, and Indoor. Data points and lines represent individual subjects, color-coded with blue and green tones.]

FIGURE 4
 Subjective best focus for different wavelengths and stimuli in the presence of natural aberrations and after AO-correction. (A) Individual chromatic defocus curves (CDF) for the three stimuli tested. (B) Individual results for all subjects as a function of the stimulus (black, binary; dark gray, indoor gray scale; light gray, outdoor gray scale). Blue markers represent myopes (S1 to S6, ranked by increasing refractive error), and green markers represent emmetropes (S7 to S9).


Similar to previous experiments using the same experimental setup (39), the variability of the best focus task was very low (0.06 D on average, both in the presence of natural aberrations, and after AO-correction). As expected, the subjective best focus for green (550 nm) was highly correlated with that for white light, both in the presence of natural aberrations (ρ = 0.98; slope = 1.00; y-intercept = 0.22) and after AO-correction (ρ = 0.97; slope = 0.94; y-intercept = −0.13). As expected, shorter wavelengths were focused on more negative (myopic) focus, and longer wavelengths on more positive (hyperopic) focus. Subjective best focus with natural aberrations and AO-correction was highly correlated (ρ = 0.97; slope = 0.95; y-intercept = −0.39).

Figure 5 and Table 1 summarize the chromatic difference of focus (CDF) for the two refractive groups (myopes in blue; emmetropes in green) and the effect of AO-correction of natural aberrations. Figure 4A reports the subjective best focus (from Badal direct readings) obtained with the eye’s natural aberrations, and Figure 4B with AO-correction of high order aberrations. CDFs curves for emmetropes (green) remained relatively flat in the red region and becomes progressively steeper toward the blue region, whereas myopes (blue) exhibited markedly steep slopes for both the blue and red regions. A linear mixed model confirmed main effect of refractive error on CDF. In the presence of natural aberrations, CDF-Green-Blue is significantly lower than the Green-Red, whereas for myopes both are similar. AO-correction of ocular aberrations changes that partially. CDF-Green-Blue for emmetropes significantly increased, reaching higher values than myopes for the same range, whereas the increment for the Green-Red regions was lower. Myopes remained insensitive to the AO-correction effect.

[image: Graphs compare chromatic difference of focus across various environments: Sunburst, Outdoor, Indoor, and All Stimuli. Part A depicts results without Adaptive Optics (No-AO) and Part B with Adaptive Optics (AO). Part C shows bar charts for green-blue and green-red wavelengths, contrasting myopia and emmetropia. Each graph includes mathematical equations, data points, and fit lines. Insets show stimuli images used.]

FIGURE 5
 Chromatic difference of focus curves (470–700 nm). (A) Chromatic difference of focus curves (centered at 550 nm) for each stimulus and group. (B) AO-corrected chromatic difference of focus fitting curves (centered at 550 nm) for each stimulus and group. (C) Chromatic difference of focus for green-blue (550–470 nm) and green-red (550–700 nm) for all conditions, both with natural aberrations and with AO-correction. Dashed bars are AO correction data. Data from Vinas et al. (39) are shown as gray bars.



TABLE 1 Summary of the chromatic difference of focus for all conditions and groups of subjects.


	Condition
	Spectral region
	Group
	Mean ± SD (D)
	
p

	U
	Effect size r

 

 	Natural Aberrations 	Green-Blue (480–550 nm) 	Emmetropes 	0.22 ± 0.38 	0.77 	87 	0.011


 	Myopes 	0.61 ± 0.34


 	G-Red (550–700 nm) 	Emmetropes 	0.58 ± 0.32 	0.03* 	124 	0.08


 	Myopes 	0.73 ± 0.58


 	AO Correction 	Green-Blue (480–550 nm) 	Emmetropes 	0.81 ± 0.24 	0.11 	49 	−0.06


 	Myopes 	0.59 ± 0.31


 	G-Red (550–700 nm) 	Emmetropes 	0.42 ± 0.36 	0.05 	119 	0.071


 	Myopes 	0.71 ± 0.50





Descriptive and inferential results from Mann-Whitney U tests. An * represents that the values are statistically different.
 

The effect of the different stimuli is shown in Figure 5. With natural aberrations (Figure 5A), myopes showed mean G-Blue and G-Red values of 0.61 ± 0.34 and 0.73 ± 0.58 D, respectively (p = 0.31, U = 130, effect size r = 0.061, Mann–Whitney U test) whereas emmetropes showed 0.58 ± 0.32 and 0.22 ± 0.38 D, respectively (p = 0.049, U = 63, effect size r = 0.108, Mann–Whitney U test), significantly higher for G-Blue than for G-Red. The inter-group difference was significant for G-Red (p = 0.028, U = 124, effect size r = 0.08), but not for G-Blue (p = 0.77, U = 87, effect size r = 0.011). These differences were greater when using natural images (0.66 D outdoor and 0.46 D indoor) than the binary stimulus (0.23 D). On average, the CDF curves at 670 nm differed by 0.51 D.

AO correction (Figure 5B) accentuated inter-group differences in the G-Blue region (−0.22 at 480 nm on average, and particularly −0.80 D for the binary stimulus) while reducing separation at G-Red region (~0D at 670 nm). Within emmetropes, G-Blue remained higher than G-Red (p = 0.04, U = 64, effect size r = 0.113, Mann–Whitney U test); within groups, G-Red still differed although not statistically (p = 0.05, U = 119, r = 0.071) but G-Blue did not (p = 0.11, U = 49, r = −0.06). In addition, no significant differences arose natural and AO conditions inside either refractive group (all p > 0.05 in, U ranged from 21 to 173, Mann Whitney U test). For reference, the results of a previous study (39), performed in the same system and experimental conditions are shown in the figure (gray bars): 0.53 D and 0.99 D for the G-Blue and G-Red, respectively in the presence of aberrations, and 0.75 D and 0.74 after AO-correction of HOAs. The sample in that study consisted of five young subjects (28.6 ± 1.9 years) with spherical errors ranging from 0 and −4.50 D (−1.15 ± 0.95 D).



3.4 Subjective longitudinal chromatic aberration

Subjective longitudinal chromatic aberration (LCA) was estimated from the polynomial fitting of the CDF curves for the extremes of the spectral range (from 480 to 700 nm). Figure 6A shows the average across stimuli for each refractive error group and with natural aberrations and aberrations compensated. On average, subjective LCA is similar for both refractive groups when using the binary stimuli, and AO-correction of HOAs does not modify that trend. Results are slightly different with natural images, where AO-correction of HOAs increases subjective LCA total amount, particularly for emmetropic subjects, as shown in Figure 2A. There was no statistical difference as a function of the stimulus, refractive error, or aberration condition (p > 0.05 for all comparisons, U ranged from 23 to 35, Mann Whitney U test). These findings were further supported by the linear mixed model, which did not identify any significant fixed effects for these factors.

[image: Bar graphs labeled A and B show LCA 450-700 nm (D) measurements for three conditions: sunburst, indoor, and outdoor. Graph A uses blue and green bars, while graph B uses black, gray, and white bars. Error bars indicate variability. Below each graph are images representing the conditions: a radial pattern, an indoor setting, and an outdoor scene.]

FIGURE 6
 Longitudinal chromatic aberration (LCA) from 450 to 700 nm. Dashed bars represent AO correction. (A) Subjective LCA for myopes (blue) and emmetropes (green), for all three stimuli, with and without correction of HOAs. (B) Average subjective LCA as a function of the stimulus.





4 Discussion

In this study, we investigated the differences in the perception of polychromatic optical cues and their dependence on refractive error, in the presence of natural aberrations and after their aberration correction, (a) to shed light on the perception of polychromatic large-and small-scale structures; (b) to test differences between emmetropic and myopic eyes in chromatic aberration and the impact of monochromatic aberrations, and (c) to investigate the visual perception of these features.

In this study, we present differences in the perception of chromatic defocus when using binary or natural stimuli, in monochromatic and polychromatic conditions. On average, G-Blue CDF (480–550 nm) was higher than G-Red CDF (555–700 nm) in emmetropes, while myopes showed the opposite trend (Figure 5). In addition, the G-Red CDF was significantly different for myopes and emmetropes (see Figure 5C). The use of different stimuli increased these differences, with natural images showing the largest differences (binary 0.23 D; indoor 0.46 D; outdoor 0.66 D). AO correction of HOAs had no effect on the G-Blue CDF on myopes, regardless of the stimuli, but increased G-Blue CDF in emmetropes when viewing the binary or the indoor stimuli. Removal of aberrations reduced the G-Red CDF obtained with the binary (emmetropes and myopes) and outdoor (myopes) stimuli, and increased it with the indoor (emmetropes and myopes) and outdoor (emmetropes) stimuli, indicating differences in perception related to the refractive profile.


4.1 Polychromatic subjective best focus

Overall, our results are consistent with previous reports of subjective best focus measurements at different wavelengths, when using a high-contrast stimulus, similar to the binary image used here (10, 39, 51–53), with very low variability in the subjective best focus setting (<0.10 D), both in the presence of natural aberrations and after AO-correction. Similarly, the subjective best focus task showed very low variability across subjects, stimuli, and illumination conditions, and the subjective best focus for green illuminant was correlated with that for white light, both in the presence/absence of HOAs.

The chromatic difference of focus (CDF) curve for emmetropes is flatter in the red but becomes increasingly steep in the blue, in agreement with previous studies (43). Here, myopes show steeper curves for both the blue and red regions (Figure 5). In the presence of natural aberrations, the CDF curves of emmetropes and myopes showed differences in the G-Red part of the curves, both on average and for each stimulus. These differences were greater for the CDF curves obtained with natural images than for the binary stimulus, suggesting perceptual differences associated to the refractive error and the visual information presented. The model proposed by Schaeffel and Swiatczak (54), in which the retina uses a closed-loop negative feedback system based on image defocus to modulate eye growth (16, 54), receiving contributions from spatial frequency information (stimulatory pathway) and defocus in different chromatic planes (inhibitory pathway), motivated the study of chromatic blur perception to more complex stimuli, with different refractive errors, and AO natural aberrations correction. In particular, the fact that the spatial frequency component of the visual target has been reported as a potential cause of myopia development (55) motivated the use of indoor and outdoor grayscale images.



4.2 Chromatic difference of focus for blue and red

When compared with the results of a previous study performed with the same system and experimental conditions (sunburst stimuli), we find similar trends in the CDF curves, but slightly higher differences within spectral ranges (0.53 D and 0.99 D for the G-Blue and G-Red, and 0.75 D and 0.74 after AO-correction of HOAs). These differences can be attributed to the sample used (young subjects, with spherical errors ranging between 0 and −4.50 D), whereas our sample is clustered by refractive error. In addition, the previous study used a linear fit, which may have misrepresented the extremes of the spectral range, especially the red region. In emmetropes, the average G-Blue CDF across stimuli was significantly higher than the average G-Red CDF (0.58 ± 0.32 > 0.22 ± 0.38 D; p < 0.05, U = 63, Mann–Whitney U test), whereas in myopes there was a reversed non-significant trend (0.61 ± 0.34 < 0.73 ± 0.58 D, respectively). Similarly, there were statistical differences between refractive error groups in the G-Red (p < 0.05, U = 124, Mann–Whitney U test), but not in the G-Blue (p > 0.05, Mann–Whitney U test). The chromatic difference of focus for all stimuli shows that myopes perceive red defocus differently than emmetropes. In fact, myopes do not show differences in the chromatic difference of focus between G-Blue and G-Red, whereas emmetropes do. These results suggest that the mechanism that uses chromatic defocus as an optical cue is somehow disrupted in myopes, as suggested by other authors (54).

According to the Indiana chromatic eye model (56), the G-Blue focus difference in an emmetropic eye should be larger than the G-Red (0.69 vs. 0.45 D, respectively). However, experimental data do not agree with this prediction. In a previous work (39), we showed an opposite trend (G-Blue 0.53 D and G-Red 0.99 D), and AO-correcting aberrations balance these results (0.75 D and 0.74 D, respectively). In the current study (Figure 5), the G-Blue CDF is significantly different for emmetropes and myopes when testing natural outdoor images, but not when testing indoor or binary images. Correction of natural aberrations has a significant effect on emmetropes for both binary and indoor natural images, with a significant increase in the G-Blue CDF. On the other hand, G-Red CDF was significantly lower for emmetropes than for myopes, regardless of stimulus type, with similar results for outdoor natural and binary images, and higher for indoor natural images. AO-correction of aberrations significantly increased the G-Red CDF for myopes obtained with the outdoor natural images, exceeding that of the indoor natural image. These results indicate that myopic eyes do not use the blue and red focus information, whereas emmetropes do, regardless of the stimuli, consistent with the hypothesis that the myopic retina does not respond to chromatic blur in the sense that it does not use the red-blue focus difference as a cue for emmetropization (3, 47).



4.3 Impact of high-order aberrations in chromatic blur

Correction of HOAs of the subjects slightly modified those trends, highlighting differences in the blue and red regions between emmetropes and myopes, especially for the binary stimulus (Figures 5A,B). The results of our study show that natural aberrations have an impact on the perceived chromatic aberration across stimuli in emmetropes, but not in myopes. AO-correction of monochromatic aberrations increases the differences in the chromatic difference of focus for the binary stimuli, while it decreases for the natural image stimuli for emmetropic eyes. Again, myopic eyes appear to be insensitive to changes in the perceived stimuli (Figure 5B). High-order aberrations in the optics of the eye can provide an odd error cue as the point spread function changes shape with the same absolute spherical equivalent refractive error, but a different sign.



4.4 Subjective LCA and refractive error

Although some variability was found, there was no statistical difference as a function of the stimulus, refractive error, or aberration condition (p > 0.05 for all comparisons). Furthermore, there is no influence of the refractive error on the magnitude of LCA (Figure 6B), either with natural aberrations or compensated aberrations. This result is in agreement with a previous report (57) showing that LCA was not correlated with refractive error (r2 = 0.024). The results are also slightly different for natural images, where AO-correction of HOAs increased the total amount of subjective LCA, particularly for emmetropic subjects.



4.5 Limitations of the study

There are limitations to this study. First, accommodation was not paralyzed during the measurements. However, the goal of this study was to test the chromatic perception under the most natural conditions possible, given the limitations of the AO system. Therefore, we chose to maintain accommodation functionality during the measurements. However, the influence of accommodation was expected to be minimal because the subjective best focus was always found from a positive defocus. The effect of accommodation on chromatic perception remains a topic for future research, as it may provide insight into the underlying perceptual mechanisms.

Another limitation of this study was the modest sample size. Measurements in an adaptive optics system are typically long and tedious, and recruiting subjects is challenging. Nonetheless, the findings of this study provide new insights into the differences in chromatic perception between myopes and emmetropes and pave the way for the development of more efficient and rapid testing methods that can be implemented with a larger sample sizes.

Overall, the results of this study suggest that the refractive profile may influence the perception of visual information with specific chromatic properties, leading to differences in the processing of these properties. However, future work should focus on disentangling other mechanisms involved in the perception of polychromatic optical cues, such as accommodation dynamics, refractive error, and age range.
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mCHT, pm 36,00 (25.00- 46.00 (31.00-75.25) 0001t

53.75)

PSV count
Total 1,00 (1.00-2.00) 200 (0.75-3.00) 0.030'
Foveal 0,00 (0.00-0.25) 0.00(0.00-0.00) 0.971"
Parafovea 1.00 (0.00-2.00) 200 (0.00-3.00) 0.028"
Superior 0.00 (0.00-1.00) 0.00(0.00-1.00) 0.183'
Inferior 0.00 (0.00-0.00) 0.00(0.00-1.00) oon
Nasal 0,00 (0.00-1.00) 0.00(0.00-1.00) 0618
Temporal 0.00 (0.00-0.00) 0.00(0.00-1.00) 0479'

BCVA, best corrected visual acuity; MAM, myopic macular atrophy.
DCA, diffuse chorioretinal atrophy; MTM, myopic macular traction.
MCHT, central macular choroidal thickness; PSYV, perforating scleral vessels
*Student’ t-test. 'Mann-whitney U test. ‘Wilcoxon signed-rank test.
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Macula involved (D2 + D3) Fovea involved (D3)

mCNVeye  Contralateral eye Contralateral eye

(n=32) (n=35) Pralue (n=28) (n=23) Pvalue
Agey 53.06+13.49 5211£1474 0.605* 536141271 52.96+15.68 0310¢
SED —1251£3.11 —1182£3.44 0.681% —12.71£327 —12203.80 0.399*
BCVA logMAR 0.46 (0.24-0.96) 0.10 (0.05-0.22) 0.000" 0.46 (030-0.82) 0.10(0.05-0.22) 0.000"
mChTpm 38.00 (25.00-54.00) 45.00 (30.75-62.00) 0.158' 36.00 (24.25-51.75) 38.00 (25.00-53.00) 0472
PSV count
Total 150 (1.00-2.00) 2.00 (1.00-3.00) 0.042" 150 (1.00-2.00) 3.00 (2.00-4.00) 0,004
Foveal 0.00(0.00-0.75) 0.00 (0.00-1.00) 0.947" 0.00 (0.00-0.75) 0.00 (0.00-1.00) 0453

BCVA, best corrected visual acuity; mCHT, central macular choroidal thickness; PSV, perforating scleral vessels. *Student’s t-test. "Mann-whitney U test.
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Variables 95% confidence Pvalue Youden's J statistic ~ Cut-off value

interval

DCA grade 06566 054078 0021 03009 250
mChT, pm 0.6304 0.52-0.74 0.029 02128 30.50
Macular PSV count 0.6011 0.49-0.71 0.078

Foveal PSV count 05165 0.40-0.63 0773

DCA =3, macular PSV 07430 061-088 0003 03431 250
count

DCA =3, foveal PSV count 0.5489 0.39-0.71 0.551

DCA, diffuse chorioretinal atrophy; mCHT, central macular choroidal thickness; PSV, perforating scleral vessels; AUC, Area under the curve.
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First semester

1 +0.25 (0.00,+0.50)
2 +0.25 (0.00,+0.50)
3 4025 (0.00, +0.25)
4 0,00 (000, +0.25)
5 0,00 (0.00, +0.25)
6 0.00 (<025, +0.25)
7 +0.25 (0.00, +0.50)
8 +0.25 (0.00 +0.50)
9 +0.25 (0.00 + 0.50)
Total +0.25 (0.00 + 0.50)
» <0.001%

“Significance was set at p<0.05.

No myopia

Second
semester

40,25 (0.00,40.50)
40,25 (0.00,40.50)
+0.25 (0.00, +0.50)
0.00 (~0.25, +0.50)
0.00 (~0.25, +0.25)
0.00 (~0.25, +0.25)
4025 (0,25, 40.50)
4000 (<0.25 +0.50)
4025 (<0.25 +0.50)
+0.25 (0.00 +0.50)

<0.001%

0.001%
<0.001%
<0.001%
<0.001%
<0.001%
<0.001%
<0.001%
<0.001%
<0.001%

<0.001%

First semester

~275 (=425, -1.00)
~2.50 (~4.25, ~1.00)
~150 (~2.75, ~0.75)
~1.75 (~3.00, ~1.00)
~2.00 (~3.25, ~1.00)
~225(~3.75,-125)
~2,50 (~4.00, ~1.25)
~275 (~4.00, ~125)
~2,50 (~4.00, ~1.25)
~250 (~3.75, ~125)

<0.001%

Myopia

Second
semester

~2.75(~4.25, ~1.25)
~2.75 (~450, ~1.25)
~1.75 (~3.00, ~1.00)
-2.25(-3.25,-1.25)
-2.25(-3.75, -1.25)
~2.50 (~4.00, ~1.25)
~3.00 (~4.25, ~1.50)
~3.00 (~4.25, ~1.50)
~2.75 (~4.25, -1.25)
=275 (~4.00, ~1.25)

<0.001%

<0.001%
<0.001%
<0.001%
<0.001%
<0.001%
<0.001%
<0.001%
<0.001%
<0.001%
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Grades 202251 2022 S2

No Mild Moderate High No Mild Moderate High
myopia  myopia myopia myopia ~ myopia  myopia myopia myopia
1 66.1% 19.1% 13.5% 13% 643% 19.9% 14.3% 16%" 0329
2 55.20° 26.3%" 16.2% 22% 529%" 27.0% 17.6% 25% 0.186
3 57.3%" 33.5%" 8.8% 0.3% 545%" 35.0% 10.0% 0.5%" 0113
4 49.2% 39.3%" 3% 0.1% 45.9%" 39.1%" 14.6%" 0.4%" <0.001%
5 40.2% 42.0% 17.4% 0.4%" 38.9%" 39.6%" 20.5%" 10%" 0.002%
6 29.5%" 46.0% 23.4% 1% 28.6%° 42.9% 26.6%" 19%" 0.007%
7 37.8%" 36.9%" 23.7% 1.6% 36.2%" 35.4%° 26.2%° 22% <0.001*
8 33.2%° 39.3%" 25.5%" 19% 317% 37.4%° 283%° 26%" <0.001*
9 37.9%" 36.9%" 23.2%° 20% 36.6%" 35.1%" 25.8%° 24% 0.040%
Total 43.8% 35.2%° 19.7% 14%" 42.0% 34.2%° 220%° 19%" <0.001*

“Significance was set at p<0.05.
First Semester (S1); Second Semester (S2).

In the population with the same level of myopia within the same grade, different superscript ltters indicate.
Significant differences between semesters (p<(0.05).
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First semester ~ Second semester

Grades

1 37.7% 39.9% 0.044%
2 50.4% 53.0% 0.028*
3 49.2% 520% 0.033*
4 58.6% 60.9% 0.087
5 68.0% 68.7% 0555
6 767% 77.7% 0417
7 68.6% 70.0% 0.024%
8 736% 74.4% 0325
9 68.3% 70.1% 0.119
? <0.001% <0.001*

Gender

Male 59.7% 61.3% <0.001*
Female 66.1% 67.7% 0.002%
I3 <0.001% <0.001*

Total 626% 64.2% <0.001*

This tabl presens the prevalence of myopia,stratifed by both grade level and gender:
*Significance was set at p<0.05.
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H Reference BioProje pecie opia mode A al age opia o) o 0.0 e
accessio e start o d o group ample
be eatme duratio expe e
ontro
1 | Karoutaetal. (7) PRJNAG78523 Chick FDM 7 days 4and24h Age-matched 15(7+8) M
untreated controls
2 | Lietal (2) PRINA832969 Mouse (C57BL/6]) | FDM 3 weeks. 4 weeks. Contralateral 12 (6 + 6, each M
untreated eye sample 3 retinas
pooled)
3 Shan etal. (45) PRJNA766764 Chick LIM (—10D) 4 days 24and 48h Contralateral 12(6+6) Not collected
untreated eye
4 Stone et al. (10) PRJNA946718 Chick FDM Newly hatched 24-44h (every 4h) Contralateral 72 (36 + 36) Mand F
untreated eye
5 Current article Mouse (C57BL/6]) | FDM 4 weeks 2 weeks Contralateral 502+3) M
untreated eye
Not included
Tkatchenko et al. (6) - Marmoset LIM (—5D) 74 % 5 days 10 daysand 5 weeks | Contralateral eye 24 (12 + 12) Mand F
with plano lens
Jietal. (9) PRJNA994038 Mouse (C57BL/6]) LIM (-25D) 4 weeks 4 weeks Contralateral 6(3+43) Not stated
(not found on untreated eye
June 5, 2024)

EDM, form-deprivation myopia; LIM, lens-induced myopia.
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Myopia incidence

Grades

1 8.4% <0.001°%
2 106%

3 13.3%

4 14.8%

5 13.5%

6 201%

1-6 11.9%

7 15.1% 0617"
8 16.1%

9 15.7%

7-9 15.4%

Gender 0345
Male 15.1%

Female 160%

Total <0.001*

“Significance was set at p<0.05.
2, b represent p-values for comparisons between myopia incidence in primary and junior
high school grades, respectively.
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Grade at Change from Annual change (D)

bassline AR e e 2020 2021 2021-2022
Grade 1 —0.86+1.33 =0.2610.96 -0.23+0.88 =0.36+0.85 893.50 <0.001
Male =0.80+1.30 =0.2410.94 =0.22+0.85 =0.3410.81 461.09 <0.001
Female =0.93+1.36 -0.28+0.98 =0.25£0.91 =0.40+0.88 526.12 <0.001
Grade 2 =0.99+1.35 =0.31+0.94 =0.30+0.87 -0.38+0.81 374.39 <0.001
Male =091£1.31 =0.29+0.92 =0.27+0.84 =0.35+0.77 197.24 <0.001
Female =1.09+1.40 =0.33+0.97 =0.33£0.90 =0.43+0.84 268.57 <0.001
Grade 3 =1.09£1.35 =0.37+091 =0.33+0.83 =0.39+0.78 169.97 <0.001
Male =1.01£1.30 =0.35+0.88 =0.30+0.80 =0.3740.75 138.17 <0.001
Female =119£1.39 =0.40+0.94 =0.3740.86 -0.42+0.81 49.16 <0.001
Grade 4 =113£1.30 —0.41+0.88 =0.3410.79 =0.3740.75 203.53 <0.001
Male =1.06+1.27 -0.38+0.84 =0.31%0.77 =0.37+0.74 137.55 <0.001
Female =1.20£1.33 =0.4610.92 =0.37+0.82 =0.3740.77 180.45 <0.001
Grade 5 =L15£1.22 —0.42+0.83 =0.36+0.76 =0.3740.72 164.48 <0.001
Male =L12£1.22 =0.39+0.82 =0.35+0.76 -0.38+0.71 38.46 <0.001
Female =118+1.22 ~0.46+0.83 =0.36+0.77 =0.36+0.72 228.34 <0.001
Grade 6 ~1.08+1.14 =0.42+0.81 =0.35+0.76 =0.31+0.69 458.62 <0.001
Male =108+ 1.14 =0.40+0.81 =0.36+0.76 =0.3240.68 130.06 <0.001
Female =1.07£1.13 =0.43+0.81 =0.33£0.76 =0.31+0.69 273.30 <0.001
Grade 7 =0.99+1.11 =0.45+0.78 =0.30£0.71 =0.25+0.72 1249.72 <0.001
Male =1.03£1.09 =0.45+0.78 =0.3140.69 =0.26+0.67 641.84 <0.001
Female =0.95+1.13 =0.44%0.77 -0.2840.73 =0.23+0.77 606.85 <0.001
Grade 8 =0.76+1.05 =0.38+0.76 =0.20£0.72 =0.18+0.71 938.06 <0.001
Male =0.80+1.02 =0.39+0.75 =0.2140.68 =0.1940.66 554.64 <0.001
Female =0.72+1.09 =0.36+0.76 =0.19£0.76 =0.1740.75 361.36 <0.001
Grade 9 =0.60+1.05 =0.30+0.81 =0.10£0.70 =0.21+£0.71 423.25 <0.001
Male =0.64+1.01 =0.32+0.81 =0.11+0.65 =0.22+0.64 277.60 <0.001
Female =0.56+1.09 -0.28+0.81 =0.0840.76 =0.20+0.79 175.47 <0.001
Total =1.00£1.27 =0.36+0.89 =0.30£0.81 =0.35+0.77 1288.99 <0.001
Male —0.96+1.25 —0.34+0.87 =0.29£0.79 —0.34£0.74 539.06 <0.001
Female =1.05£131 -0.38+091 —0.3140.84 =0.36+0.80 695.63 <0.001

The p-values refer to overall comparisons.
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Grade at Change of Prevalence (%)

baseline ng}g‘f;gggj",’“ 2019 2020 2021 2022
Grade 1 324 13.6 225 318 46.0 43,901.76 <0.001
Male 298 13.1 218 302 29 20,626.44 <0.001
Female 356 14.1 234 338 9.7 23,623.25 <0.001
Grade 2 376 19.0 322 44.6 56.6 50,153.44 <0.001
Male 339 18.2 30.1 412 52.1 22,642.81 <0.001
Female 22 19.8 347 48.5 62.0 28,276.03 <0.001
Grade 3 366 287 444 55.6 653 38,301.51 <0.001
Male 336 27.0 409 513 60.6 17,657.91 <0.001
Female 40.0 30.8 48.5 60.8 708 21,070.14 <0.001
Grade 4 307 410 55.7 642 717 23,064.20 <0.001
Male 294 37.8 510 59.1 67.2 11,201.33 <0.001
Female 323 4.9 614 704 772 12,331.63 <0.001
Grade 5 249 525 64.3 714 774 14,586.11 <0.001
Male 255 47.8 589 66.5 733 7,870.26 <0.001
Female 24.1 58.2 709 772 823 6,916.91 <0.001
Grade 6 188 62.5 712 768 81.3 8,342.17 <0.001
Male 204 57.2 66.1 727 776 4,972.49 <0.001
Female 16.7 69.0 774 819 85.7 3,457.71 <0.001
Grade 7 136 70.9 785 823 845 4,051.49 <0.001
Male 160 65.9 74.4 78.8 819 2,632.59 <0.001
Female 110 76.7 833 86.3 87.7 1,504.84 <0.001
Grade 8 79 775 823 842 854 1,028.43 <0.001
Male 9.8 731 78.6 812 829 736.62 <0.001
Female 58 826 86.7 87.7 884 32547 <0.001
Grade 9 5.1 817 85.1 85.3 86.8 24971 <0.001
Male 6.6 783 823 83.1 849 198.40 <0.001
Female 35 85.6 883 88.0 89.1 67.93 <0.001
“Total 282 38.7 50.0 584 66.9 148352.68 <0.001
Male 270 36.1 467 54.8 63.1 73505.10 <0.001
Female 298 417 539 62.7 ns 77024.24 <0.001

The p-values refer to overall comparisons.
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Grade at 2019 (%) 2020 (%) 2021 (%) 2022 (%)
baseline

No Mild  Moderate Severe  No Mild  Moderate Severe  No Mild  Moderate Severe  No Mild  Moderate Severe
myopia myopia myopia myopia myopia myopia myopia myopia myopia myopia myopia myopia myopia myopia myopia myopia

Grade 1 864 127 07 01 775 209 15 01 68.2 280 36 02 540 379 7.6 05
Grade 2 810 176 12 o1 67.8 26 34 02 554 374 67 04 434 436 121 10
Grade 3 713 257 29 01 556 374 66 04 444 432 16 09 347 456 178 18
Grade 4 590 348 60 03 443 435 13 09 358 45.4 17.1 17 283 453 233 31

Grade 5 475 a2 107 06 357 456 17.1 16 286 451 22 30 26 436 288 49
Grade 6 375 445 166 14 288 448 23 31 232 433 286 49 187 414 328 7.1

Grade 7 2.1 450 2.1 29 215 439 295 50 177 415 337 7.1 155 384 368 93
Grade 25 32 296 47 17.7 05 344 74 158 379 369 94 146 358 38.1 16
Grade 9 183 07 340 70 149 381 374 97 147 364 378 n2 132 344 390 135
2 220,546.22 198,161.70 165.680.18 123,252.56

P <0.001 <0.001 <0.001 <0.001

The p-values refer to overall comparisons.
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Baseline SE 1-year 2-year 3-year

(D) follow-up ~ follow-up  follow-up.
(VA] (%) (%)

—0.5 <Baseline 246 343 48.1

SE <0 (n=34,327)

0<Baseline SE<0.5 129 29 390
(n=51926)
0.5 <Baseline SE<1 45 116 248
(n=28391)
Baseline SE> 1 16 24 68

I 656552 6586.15 683607

P <0.001 <0.001 <0.001
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Grade at baseline Visual acu Prevalence of myopia (%)
Grade 1 155,462 493014 ~0.122095 136
Male 84,119 493£0.14 ~0.10£093 131
Female 71343 4924014 ~0.13£096 141
Grade 2 150,846 4924016 ~0322102 190
Male 81,357 4924016 ~0.29£1.01 182
Female 69489 4922016 ~0361.02 198
Grade 3 129,019 4895021 ~058+1.14 287
Male 70,040 489021 ~0542 114 270
Female 58979 4884022 ~064£113 308
Grade 4 107,871 483027 ~090£1.29 410
Male 59,055 484026 ~0.83130 378
Female 48816 4812028 ~0.991.28 449
Grade 5 94,704 476£031 ~1.264147 525
Male 51,898 4782030 ~L152147 478
Female 42,806 4722032 ~1392145 582
Grade 6 83,642 468035 ~1651.64 625
Male 45958 4724033 ~1525 164 572
Female 37,684 4642035 ~180£1.62 69.0
Grade 7 62713 460£038 ~20521.80 709
Male 33821 4642037 -192:181 659
Female 28,892 4542038 -219:1.77 767
Grade 41,236 4524039 ~247£191 775
Male 22254 4572038 2355193 731
Female 18,982 4472039 ~262+188 826
Grade 9 2204 4472038 ~280£201 817
Male 12481 4524037 ~270£203 783

Female 10,723 4424038 293198 856
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Grade at Change from Annual change

bassline 20192022 5019 2020 | 2020-2021 | 2021-2022
Grade 1 =0.1240.28 =0.01£0.16 =0.0410.17 =0.07+0.19 4,632.97 <0.001
Male =0.1140.27 =0.01£0.16 =0.03£0.16 =0.06%0.18 1,911.80 <0.001
Female =0.1410.29 =0.01£0.16 =0.0410.17 =0.08+0.20 2,793.32 <0.001
Grade 2 =0.19£0.29 =0.05+0.17 =0.0610.19 =0.08+0.20 1,036.41 <0.001
Male =0.1610.28 =0.04+0.16 =0.05+0.18 =0.07+0.19 259.37 <0.001
Female =0.22£0.31 =0.05+0.17 =0.07+0.20 =0.09+0.22 729.85 <0.001
Grade 3 =0.22£0.31 =0.06+0.19 =0.07+0.20 =0.08+0.21 32201 <0.001
Male =0.19£0.29 =0.05+0.18 =0.06+0.19 =0.07+0.20 193.66 <0.001
Female =0.2540.32 =0.08+0.20 =0.09£0.21 =0.09+0.23 46.01 <0.001
Grade 4 =0.23£0.31 =0.07£0.20 =0.07£0.21 =0.08+0.22 84.01 <0.001
Male =0.20£0.29 =0.06+0.19 =0.0610.19 =0.08+0.21 203.11 <0.001
Female =0.2610.33 =0.09+0.22 =0.09+0.22 =0.08+0.23 3261 <0.001
Grade 5 =0.22£0.31 =0.07+0.21 =0.08+0.22 =0.08+0.22 67.21 <0.001
Male =0.20£0.29 =0.06£0.20 =0.07+0.20 =0.08+0.21 125.46 <0.001
Female =0.2540.33 =0.09+0.22 =0.084+0.23 =0.08+0.23 27.76 <0.001
Grade 6 =0.21+£0.30 =0.07£0.22 =0.0740.22 =0.07+0.22 0.00 >0.05
Male =0.204£0.29 =0.06+0.21 =0.07£0.21 =0.07+0.21 28.96 <0.001
Female =0.2240.32 —0.08+0.23 =0.074£0.23 =0.07+0.23 2375 <0.001
Grade 7 =0.17£0.31 =0.06+0.23 =0.0740.22 =0.05+0.23 12201 <0.001
Male =0.174£0.29 =0.05+0.22 =0.07£0.21 =0.05+0.22 96.01 <0.001
Female =0.174£0.32 =0.06+0.24 =0.074£0.23 =0.0410.25 116.90 <0.001
Grade 8 =0.124£0.29 =0.05+0.23 =0.05+0.23 =0.02+0.23 233.85 <0.001
Male =0.13£0.28 =0.05+0.22 =0.05+£0.21 =0.03+0.22 61.31 <0.001
Female =0.11£0.30 =0.05+0.24 =0.05+0.24 =0.02+0.24 98.86 <0.001
Grade 9 =0.10£0.27 =0.05+0.23 =0.03£0.22 =0.03£0.23 62.00 <0.001
Male =0.11£0.26 =0.05+0.21 =0.03£0.21 =0.03£0.22 37.74 <0.001
Female =0.09+0.28 =0.04+0.24 =0.0240.23 =0.03+0.24 19.14 <0.001
Total =0.184+0.30 =0.05+0.19 =0.06+0.20 =0.07+0.21 2,118.21 <0.001
Male =0.17£0.29 —0.05£0.18 =0.06£0.19 =0.07£0.20 1,274.61 <0.001
Female =0.21£0.32 —0.06£0.21 =0.07£0.21 —0.08+0.23 82434 <0.001

The p-values refer to overall comparisons.





OPS/images/cover.jpg
& frontiers | Research Topics.

Differences between
emmetropic and myopic
eyes: implications for myopia
development, its progression,
and ocular health






OPS/images/fmed-11-1462024/fmed-11-1462024-g004.jpg
e e

==u






OPS/images/fmed-11-1462024/crossmark.jpg
©

2

i

|





OPS/images/fmed-11-1462024/fmed-11-1462024-g001.jpg





OPS/images/fmed-11-1462024/fmed-11-1462024-g002.jpg





OPS/images/fmed-11-1462024/fmed-11-1462024-g003.jpg
SHG Intensity (a.u.)

200

50+

(b)

§

20 40 60 80
Pixel location (px)

100





OPS/images/fmed-11-1469422/fmed-11-1469422-g003.jpg
P for non-linear trend <0.001

OR (95% CI) for myopia

05

00

12000

9000

6000

3000

3 o E) E) )
Outdoor ALAN (nanoWatts/cm?/sr)

Kouanbarg





OPS/images/fmed-11-1469422/fmed-11-1469422-t001.jpg
Variables? Non-myopia [N (%)/ Myopia [N (%)/ t1Z1¢

mean + SD/median  mean + SD/median

[([e1)] (IGR)]

Age (years) 12574231 14104251 ~57.08 <0.001

Male 7.270 (44.34) 9,127 (55.66) 44650 <0.001
Sex

Female 5538 (33.04) 11,225 (66.96)

Rural areas 4,546 (52.39) 4,131 (47.61) 93953 <0.001
Residence”

Urban areas 8,262 (33.75) 16,221 (6.25)

Han nationality 5907 (3274) 12,134 (67.26) 577.64 <0.001
Nationality*

Other nationalities 6,901 (45.64) 8,218 (54.36)

Primary 6656 (54.14) 5,637 (45.86) 271318 <0.001
School level’ Junior 4,500 (37.24) 7,585 (62.76)

Senior 1,652 (1881) 7,130 (81.19)

Iyear 2,490 (35.80) 4,466 (64.20) 146996 <0.001
Exposure time* 2years 1,999 (28.85) 4,930 (71.15)

>3years, 8319 (43.16) 10,956 (56.84)
Body mass index (kg/m?)" 19.99+3.70 19742364 585 <0.001

No 10,349 (43.15) 13,635 (56.85) 748.54 <0.001
Parental myopia®

Yes 2459 (26.80) 6717 (73.20)
Nighttime sleep (h) 851137 7.85%147 4129 <0.001

<th 2,610 (38.02) 4,255 (61.98) an 0095
Outdoor exercise time per

1-2h 5,007 (38.23) 8,090 (61.77)
day

>2h 5,191 (39.33) 8,007 (60.67)
Frequency of sugar per 12,117 (38.63) 19,253 (6137) 0.00 0985
week Everyday 691 (38.60) 1,099 (61.40)

Never or sometimes 12,317 (38.56) 19,627 (61.44) 164 0201
Frequency of oil per week

Everyday 491 (4038) 725 (59.62)

Never or som: 4214 (37.46) 7,036 (62.54) 9.78 0.002
Frequency of fruit per week

Everyday 8594 (3922) 13,316 (60.78)
Frequency of vegetable per | Never or sometimes 1,960 (42.57) 2644 (57.43) 3513 <0.001
week Everyday 10,848 (37.99) 17,708 (62.01)

<th 6,247 (40.36) 9,232(59.64) 6275 <0.001
Computers and TV spend

1-2h 3,826 (38.77) 6,043 (61.23)
time per day

>2h 2,735 (35.01) 5077 (64.99)

<ih 6,234 (49.56) 6,345 (50.44) 122658 <0.001
Afier-school homework

1-2h 4347 (36.02) 7722.(63.98)
time per day

>2h 2,227 (26.16) 6,285 (73.84)

<th 10,608 (39.19) 16457 (60.81) 5491 <0.001
Afier-school tutoring time

1-2h 1,372(39.27) 2,122(60.73)
per day

>2h 828 (31.83) 1,773 (68.17)

No 418 (33.07) 846 (66.93) 2956 <0.001
Eye exercises per day 1-2times 11,164 (38.54) 17,804 (61.46)

>2 times 1,226 (41.87) 1,702 (58.13)

No 1,652 (43.23) 2169 (56.77) 15370 <0.001
Annual frequency of visual

1-2times 8,293 (36.39) 14,496 (63.61)
inspections

>2 times 2,863 (43.71) 3,687 (56.29)
GDP per capita (Yuan) 43,675 (32,145, 54,575) 43,675 (31,649, 65,407) ~149 0.135
Population density

| 10085 (68.73, 195.30) 113,80 (67.49, 212.61) ~0.89 0371
(population/km’)
Health technical personnel —424 <0.001
6.64(5.20,8.19) 6.64(5.23,8.19)

(per 1,000 population)
NDVI 046£0.12 0452012 834 <0.001
PM.; (ug/m’) 3282382 3249405 735 <0.001
Outdoor ALAN 695(1.21,21.74) 1444 (3.88, 26.56) -2370 <0.001

(nanoWatts/cm?/sr)

5D, standard deviation; IQR, interquartile range: GDP, gross domestic product; NDVI, normalized difference vegetation index; PM. . particulate matter <2.5mm; ALAN, artficial light at
night. Data on demographic and behaviorallifestyle factors were collected usinga structured questionnaire. Data o regional macro-indicators were obtained from Ningxia Statistical
Yearbook of 2020.

‘Data were complete and there was no missing data.

"Defined by whether the school was in a rural or urban area.

‘Other nationalities were mainly Hui nationality (n=14,884, 98.4%).

‘School level included primary (grades 4 through 6),junior (grades 7 through 9), and senior (grades 10 through 12).

Exposure time to the school environment: grade 4 to 6, indicating >3 year of exposure time; grade 7 and grade 10, indicating 1 year of exposure time; grade 8 and grade 11, indicating 2 year of
exposure time; grade 9 and grade 12, indicating 3 year of exposure time, respectively.

BMI was calculated by dividing the weight (kg) of each participant by the square of height (m)

‘Defined as one or both parents sufering from myopia.
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Models OR (95% ClI) p-value
Model 1

Continuous variable (per

i) 118 (1.16,1.20) <0.001

Quartile variable

Ql Reference

Q 162 (152, 1.72) <0.001

Q3 1,97 (1.85,2.09) <0.001

Q4 2.08(1.95,2.22) <0.001
Model 2

Continuous variable (per

Suiy 1.04 (101, 1.07) 0.002

Quartile variable

Q Reference

Q 1.07(0.98,1.18) 0.147

25} 1.06(0.95, 1.18) 0309

Q 1.21 (108, 1.35) 0.001
Model 3

Continuous variable (per

i 1.04 (102, 1.07) 0.001

Quartile variable

Q Reference

Q 1.06(0.97, 1.16) 0.190

[} 1.04(0.94,1.16) 0409

Qi 1.20 (108, 1.34) 0.001

ALAN, artficiallight at night; OR, odds ratio; 95% CI, 95% confidence interval. Model 1
crude model. Model 2 (based on univariate analysis: p<0.1):adjusted for age, s, residence,
nationality, school level, exposure time, body mass index, parental myopia, nighttime sleep,
outdoor exercise time, fut, vegetable, computers and TV spend time, after-school homework
time, after-school tutoring time, eye exercises, annual frequency of visual inspections, health
technical personnel, NDVI, and PM,.. Model 3 (based on stepwise selection approaches):
adjusted for age, sex, residence, nationality, school level, exposure time, body mass index,
parental myopia, frui, vegetable, afer-school homework time, eye exercises, annua frequency
of visual inspections, and PM; . Statistical significance was indicated by bold font.
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School level®
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Reference
1.08(0.98,1.19)
1.01(0.90, 1.12)
1.20(1.07,135)

Reference Reference

108 (0:88,1.32) | 1.12(0.99,1.26)
121(096,1.52) | 1.02(0:89, 118)

114(090,1.44) | 140 (1.20, 1.64)

School level®

Primary Senior

0918
0.690
0.801

Pinteraction

variable <l
Q Reference
@ 1.06(0.76,1.47)
Q3 1.38(0.95,2.02)
Q4 137 (0.93, 2.00)

Quartile

variable
Ql Reference
@ 1.03 (091, 1.16)
Q3 1.03(0.90, 1.18)
Q4 123 (107, 1.42)

Reference
110 (0.96,1.26)
106 (091, 1.23)
118 (1.01,1.38)

Residence

Urban
areas

Reference
0.91(0.79, 1.06)
091 (0.78, 1.05)
1.05(091,122)

Parental myopia

Yes

Quartile
\ZUELIEE
Pinteraction
Q1
0907 Q
0273 Q
0529 Q4
Quartile
Protersction variable
Q1
0.451 Q
0799 Q3
0700 Qi

Reference Reference

108(0.88,132) 089 (0.63,1.26)
121(096,152)  081(058,1.13)

114(090,144)  1.12(0.79,1.58)

0.694
0.336

0.934

Outdoor exercise time per day®

<lh 1-2h

Reference Reference

092(075,1.15)  1.11(0.97,1.28)
0.86(0.68,1.10) | 1.16(0.99, 1.36)

1.08(084,139)  1.28(L08,151)

0557

0282

0426

Outdoor exercise time per day*

<lh >2h

Quartile

variable Rural areas
Q Reference
Q 113 (100, 1.30)
Q3 1.04(0.81,1.35)
Q4 -

Quartile

variable
Q Reference
@ 111 (100, 1.23)
@ 1.04(0.92,1.16)
Qi 126 (112, 142)

Reference
0.90(0.74, 1.10)
1.01(081,1.26)
1.03(0.82,1.29)

Quartile

Pinteraction walllis
Q
0.029 @
0945 @
= Q4

Quartile

Pinteraction VR
Q
0.065 @
0824 @
0483 Q

Reference Reference

092(0.75,1.15) 1.07 (0.92,1.23)
0.86(0.68,1.10)  1.02(0.87, 1.19)

1.08(084,139)  1.20(LO1, 141)

0426
0426

0557

ALAN, artifcial light at night; —, not analysis. Adjusted for age, sx, rsidence, nationality, school level, exposure time, body mass index, parental myopia, ruit, vegetable, afier-school

homework time, eye exercis

 annual frequency of visual inspections, and PMys. Stat

“The Benjamini-Hochberg FDR method was calculated to correct for multiple comparisons.

al significance between groups was indicated by bold font.
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