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Abstract
BACKGROUND
Myopia and high myopia are global public health concerns. Patients with high myopia account for 0.5%-5.0% of the global population. 

AIM
To examine diopters, axial length (AL), higher-order aberrations, and other ocular parameters in Chinese children with myopia, to analyze the influence of structural parameters associated with myopia on visual quality, and to provide a theoretical basis for the prevention and treatment of childhood myopia and high myopia.

METHODS
This study included 195 children aged 6–17 years with myopia. The AL was measured with an ultrasonic ophthalmic diagnostic instrument, and the aberrations, corneal curvature (minimum K1, maximum K2, and average Km), central corneal thickness, anterior chamber depth, and anterior chamber angle were measured using a Sirius three-dimensional anterior segment analyzer. Using a standard formula, the corneal radius of curvature R (337.3/Km) and AL/R values were obtained.

RESULTS
The diopter of high myopia compared with low-middle myopia was correlated with age and AL (r = -0.336, -0.405, P < 0.001), and AL of high myopia was negatively correlated with K1, K2, and Km (r = -0.673, -0.661, and -0.680, respectively; P < 0.001), and positively correlated with age and the anterior chamber depth (r = 0.214 and 0.275, respectively; P < 0.05). AL/R was more closely related to diopter than AL in children with myopia, and 94.4% of children with myopia had an AL/R of > 3.00.

CONCLUSION
The ocular structural parameters of children change because of different diopters. AL/R is more specific and sensitive than AL in evaluating the refractive status of myopia in children. An AL/R of > 3.00 may be used as a specific index of myopia in children. There are differences in AL/R between high myopia and low-middle myopia, which can be used for the classification of ametropia. The degree of myopia has a certain influence on higher-order aberrations.
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Core Tip: We explored the relationship between changes in ocular structural parameters and the development of myopia to provide foundational evidence for the study of myopia in children.

INTRODUCTION
Myopia and high myopia are global public health concerns. Patients with high myopia account for 0.5%-5.0% of the global population. Relevant studies predicted that by 2050, the number of global myopia and high-myopia patients will have reached 5 billion and 900 million, respectively[1]. China has a high incidence of myopia. The prevalence of high myopia in children is 6.5%–38.4%, with a trend toward onset at a relatively young age[2]. 
High myopia is often accompanied by axial length (AL) prolongation and fundus changes, such as a temporal arc spot, pigmented epithelium thinning, leopard pattern fundus, Fuch spot, and retinal choroid atrophy, among others, alongside progressive vision loss, which can be complicated by amblyopia, glaucoma, cataract, vitreous opacity, retinal detachment, and other ophthalmic diseases[3], affecting patients’ quality of life.
It remains unclear whether there is a correlation between the changes in ocular structural parameters and the development of myopia, and whether these changes play an important role in the occurrence and development of myopia. The present study aimed to observe the changes in the ocular structural parameters of myopia and to explore the progression of high myopia. These results may contribute to discussions on the ongoing myopic shift in childhood.

MATERIALS AND METHODS
[bookmark: _GoBack][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk76218698]A total of 195 participants (100 men and 95 women) were recruited from the optometry center of the First Affiliated Hospital of Harbin Medical University, Harbin, Heilongjiang Province, China from July to September 2019. Children aged between 6 and 17 years (average age, 11.93 ± 2.52 years) with myopia, single eye or double eye equivalent spherical of ≥ -0.50 diopters and cylinder of 0 to -1.50 diopters, and corrected vision of ≥ 5.0 (LogMAR = 0) were included. According to the diopter, the participants were divided into three groups: 139 eyes in low-myopia group: (0 to –3.00 diopters), 59 in middle-myopia group (within -3.00 and -6.00 diopters), and 157 in high-myopia group (≥ -6.00 diopters). Moreover, children with glaucoma, cataract, fundus hemorrhage, keratoconus, and systemic immune diseases were excluded, and no rigid contact lens wearing history was found in recent months and no soft contact lens wearing history in 2 wk. This clinical study was approved by the ethics committee of the First Affiliated Hospital of Harbin Medical University, and informed consent was obtained from all participants.
Each participant underwent an eye examination conducted by an ophthalmologist that included a cycloplegic objective refraction assessment performed with an autorefractor (Topcon, Japan) 30 min after cycloplegia (tropicamide phenylephrine eye drops; one drop, 10 min apart), and a subjective refraction assessment performed with a comprehensive refractometer (Topcon, Japan) to obtain sphericity and cylinder values. Subsequently, the spherical equivalent value was calculated (spherical equivalent = sphericity +1/2 cylinder). The AL was measured using an ultrasonic ophthalmic diagnostic instrument (Quantel Medical, France). Measurements were taken three times in each eye and the mean value of the AL was used for statistical analysis.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6]A Sirius three-dimensional anterior segment analyzer (CSO, Italy) was used to take pictures in a dark environment. The participants were asked to place their mandible on the jaw support, and the forehead was placed on the frontal support. The patient was instructed to open his or her eyes after blinking and focus immediately; measurements were taken automatically to obtain effective images and to avoid the cornea being blocked by eyelashes or eyelids, and tear film rupture. The measurements with imaging quality greater than 95% were selected; corneal curvature (K1, K2, and Km), central corneal thickness (CCT), anterior chamber depth (ACD), and anterior chamber angle (ACA) were recorded. The radius of corneal curvature R (337.3/km) was obtained according to a standard formula. The ratio of AL to R (AL/R) was calculated for all participants. The aberrations of the 5 mm pupils were recorded, and the root mean square (RMS) value was used to obtain the total higher-order aberration (RMS), Z33 trefoil, Z31 (horizontal coma), and Z40 (spherical aberration).

Statistical analysis
SPSS 22.0 was used to process the data, and descriptive statistics are expressed as the mean ± SD. One-way ANOVA and LSD were used to examine the differences among the three groups. The Pearson correlation coefficient was used to quantify the association between the ocular parameters of interest. Multiple linear stepwise regression analysis was used to evaluate the associations among AL factors of high myopia, and the receiver operating characteristic (ROC) curve was used to analyze the reliability of AL and AL/R values in evaluating myopia. P-values of < 0.05 were considered statistically significant.

RESULTS
One-way ANOVA was used to compare ocular structural parameters among the low-, middle-, and high-myopia groups. There were significant differences in the spherical equivalent, AL, AL/R, and K2 values (P < 0.001); however, there was no significant difference in R, K1, Km, CCT, ACD, or ACA values. The LSD was used to analyze multiple intergroup comparisons, revealing no significant difference in the spherical equivalent, AL, or AL/R values among the groups (P < 0.001). The values of K2 and ACD differed between the low- and high-myopia groups; however, middle myopia showed no significant association with low and high myopia in K2 and ACD (Table 1).

Higher-order aberrations in low, middle, and high myopia
One-way ANOVA was used to compare the higher-order aberrations among the low-, middle-, and high-myopia groups. There was a significant difference in the spherical aberration values (P < 0.05), but not in the total higher-order aberration, coma, and trefoil aberration values (P > 0.05). The LSD was used for multiple intergroup comparisons of spherical aberration values, revealing that middle myopia was significantly associated with low and high myopia (P < 0.001), but there was no difference between low and high myopia (P > 0.05) (Table 2).

Factors associated with diopter and ocular structural parameters in low, middle, and high myopia
Pearson correlation analysis was used to examine the relationship between diopter and the ocular structural parameters (Al, K1, K2, km, CCT, ACA, and ACD) in the three groups. Spherical equivalent values were not associated with either CCT or ACA values in low, middle, or high myopia (P > 0.05) (Table 3).
In the low-myopia group, the absolute value of the spherical equivalent was positively correlated with K1 and km, negatively correlated with ACD, and not correlated with age or AL; thus, with the increase in the spherical equivalent absolute value, corneal curvature became steeper and ACD became shallower. In the middle-myopia group, the absolute value of the spherical equivalent was positively correlated with AL, but not with age, K1, K2, Km, or ACD. In the high-myopia group, the absolute value of the spherical equivalent was positively correlated with age and AL (P < 0.001), but not with K1, K2, Km, or ACD.

Correlation analysis between diopter and AL/R in children with myopia
There was a significant correlation between the spherical equivalent value and AL/R (r =- 0.898, P < 0.001), showing that with an increase in myopia, the AL/R also increased (Figure 1). In addition, an AL/R of > 3.00 was observed in 94.4% of children with myopia, and the correlation coefficients (r) of AL/R with AL and R were 0.771 and 0.312 (P < 0.001), respectively.
The low-myopia and middle-myopia groups were combined (low-middle myopia) to examine the difference of AL/R between the high-myopia and low-middle-myopia groups. The ROC curve analysis revealed an area under the AL/R curve that was larger than that under the AL curve, suggesting that AL/R may be more reliable than AL in evaluating the degree of myopia. In addition, the cutoff value of AL/R was 3.22 and that of AL was 24.91 mm for high myopia and low-middle myopia, respectively (Figure 2).

Factors affecting ocular AL in high myopia children
The average AL of 87 high-myopia children was 26.04 ± 0.95 mm (Figure 3). There was a significant correlation between diopter and AL in the high-myopia group. Therefore, we examined factors influencing AL in the high-myopia group using Pearson correlation analysis. The results showed that AL correlated with age, the spherical equivalent, K1, K2, km, and ACD values (P < 0.05), but not with CCT or ACA values (P > 0.05). Factors with P-values of < 0.05, including age, spherical equivalent, K1, K2, km, and ACD, were included in multiple stepwise linear regression analysis. The following regression equation was obtained AL = -0.395 × Km - 0.342 × spherical equivalent + 1.132 × ACD + 0.077 × Age + 35.925 (F = 106.193, R2 = 0.730, P < 0.001). The results showed that with an increase in age, the AL gradually increased, corneal curvature flattened, and ACD increased.

DISCUSSION
The progression of middle and high myopia is mainly related to axial growth, which may determine the degree to which myopia increases. Rozema et al[4] conducted a large sample survey of 1302 Singaporean children aged 6-9 years, showing that rapid growth in AL preceded the occurrence of myopia. At the early stage of axial growth, the lens changes to compensate for the decrease in the total eye diopter. However, myopia appears when the lens diopter decreases to a level at which it can no longer compensate for axial growth; meanwhile, rapid axial growth is compensated by the decrease in the lens diopter at the early stage of myopia; the lens diopter tends to stabilize at 12 years of age. Thus, axial growth after 12 years of age is associated with the worsening of myopia, as the lens can no longer compensate for axial growth. Muthu Krishnan et al[5] found that corneas with higher curvature tend to be thinner, but our study did not find a correlation between corneal curvature and CCT, which is of great significance for adult refractive surgery.
Second, in children with high myopia, eye diopters were related to age. Specifically, with increasing age, the degree of myopia increased. This result may be related to an increase in eye use and AL. Kearney et al[6] conducted a study on individuals aged 5-20 years and found that in patients with emmetropia, body growth and axial growth may be related. Body growth seemed to be stable among the participants with myopia, while eye axial growth proceeded at a faster rate, which indicated that normal eye growth was out of balance. Although axial compression plays an important role in the development of high myopia, the mechanism of axial growth remains unclear. Studies have shown that environmental factors such as a large amount of close work may activate the expression of the AL gene, which leads to an increase in AL and in myopia[7].
Studies have shown that AL/R has a closer relationship with diopter than with AL or corneal curvature radius and that it may predict the degree of myopia more effectively. An objective tool for risk assessment of high myopia is required; AL plays a major role in AL/R[8]. The correlation coefficients of AL/R with AL and R in our study were 0.771 and -0.312, respectively (P < 0.001), which confirmed this observation. We found that there were significant differences in AL/R among low-, middle-, and high-myopia groups, and that there was a significant correlation between AL/R and SE in myopia in children (r = -0.898, P < 0.001); thus, AL/R increases with increasing myopia. A comparison between the high-myopia and low-middle-myopia groups using the ROC curve analysis showed that the AL/R values were larger than the area under the AL curve (0.972 > 0.953), indicating that AL/R was more reliable and effective than AL for evaluating myopia. The cutoff value of AL/R for high myopia and low-middle myopia was 3.22, and the cutoff value for AL was 24.91 mm.
This study employed a Sirius Scheimpflug-Placido three-dimensional anterior segment analyzer combined with a rotating Scheimpflug camera and Placido disc technology. Anterior and posterior corneal topography, wavefront aberration, and corneal thickness measurements were obtained in one scan[9]. This technique is simple and fast and helps prevent subjective errors associated with younger patients’ age. To date, no consistent conclusion has been reached regarding the correlation between higher-order aberrations and refractive error. Previous studies have shown no significant correlation between higher-order aberrations and ametropia[10,11]. However, Cheng et al[12] evaluated higher-order aberrations in patients with pathological myopia and found that high myopia was associated with a greater rate of higher-order aberrations than emmetropia due to the increase in intraocular aberrations. There was no correlation between diopter and higher-order aberrations (P > 0.05) in our study, and higher-order aberrations were negatively correlated with AL (P < 0.05). These results show that higher-order aberrations change with changes in the ocular structural parameters. We speculate that axial growth plays an important role in the reduction of higher-order aberrations. Axial growth may be a compensatory mechanism to reduce higher-order aberrations and thus promote the development of myopia.
The spherical aberration of middle myopia was highest in our study and was different from that of low myopia and high myopia, but there was no difference between low myopia and high myopia on this parameter. Little et al[13] found that when the pupil diameter was 5 mm, the spherical aberration was significantly correlated with AL, and spherical aberration decreased with increasing ocular AL. Anbar et al[14] found that the spherical aberration of hyperopia was lowest among other diopters, showing that there was no linear relationship between spherical aberration and diopter. There was no correlation between spherical aberration and AL in our study (P > 0.05). The difference in these results may be due to the differences in age, pupil diameter, and diopter distribution in the study samples, and aberration measuring instruments used. Coma and trefoil aberrations are higher-order aberrations that affect visual quality. Zhao et al[15] suggested that the third-order aberration was the main factor affecting visual quality at low-middle frequencies, and that Z33 (trefoil), Z31 (horizontal coma), and Z5-1 were the main factors affecting visual sensitivity. There was no difference in coma and trefoil aberration values among the three groups[16,17]. Peripheral lens flattening during the regulation process may lead to a decrease in spherical aberrations[16,17]. Parallel light from an infinite distance is refracted into a spherical wavefront in emmetropia, which appropriately converges to a precise focus on the retina. However, ciliary muscle regulation may be destroyed by coma and spherical aberrations in patients with myopia[18], thus affecting visual quality.
AL is the main determinant of eyeball size and one of the basic anatomical parameters of eyeball optics. At present, AL remains the main index used to evaluate diopters. In our research, the average AL of 87 children with high myopia was 26.04 ± 0.95 mm, which was much higher than that of 6364 children aged 4-18 years in Shandong Province (with an average AL of 23.45 ± 1.20 mm)[19].
We used multiple linear regression analysis to identify factors affecting the AL, and obtained the following equation: AL = -0.395 × km - 0.342 × SE + 1.132 × ACD + 0.077 × Age + 35.925 (F = 106.193, R2 = 0.730, P < 0.001). There was a negative correlation between AL and km, indicating that the corneal curvature became flat with increasing ocular axial compression. Olsen et al[20] found a significant negative correlation between AL and corneal refractive power. Lee et al[21] also found that the corneal curvature in the high myopia group decreased significantly. Thus, the decrease in corneal refractive power may partially compensate for the increase in refractive power in high myopia caused by AL prolongation, which is consistent with our results.
Moreover, there was a positive correlation between AL and ACD. The average size of the ACD in the low-, middle-, and high-myopia groups was 3.30, 3.33, and 3.34 mm, respectively. Statistical analysis showed that ACD differed only between the low-myopia and high-myopia groups (P < 0.05). There was no difference between the low- and middle-myopia groups, which may be due to the small size of the middle-myopia group. Therefore, we speculate that an increase in ACD may be caused by excessive AL prolongation. Correlation analysis has shown that axial activity was positively associated with age, which was related to increases in participant height, weight, and degree of eye use, and a decrease in outdoor activities. Pärssinen et al[22] has shown that the longer the baseline AL, the greater the AL increase with age.

CONCLUSION
Ocular structural parameters in children change because of different diopters. AL/R is more specific and sensitive than AL in evaluating the refractive status of myopia in children. The AL/R of > 3.00 may be used as a specific index of myopia in children. There are differences in AL/R between high myopia and low-middle myopia, which can be used for the classification of ametropia. The degree of myopia has some influence on higher-order aberrations.

ARTICLE HIGHLIGHTS
Research background
Patients with high myopia account for 0.5%-5.0% of the global population. Relevant studies predicted that by 2050, the global number of myopia and high-myopia patients will have reached 5 billion and 900 million, respectively.

Research motivation
An association between changes in ocular structural parameters and the development of myopia and their role in the development of myopia require elucidation.

Research objectives
To explore the progression of high myopia.

Research methods
This study included 195 children aged 6–17 years with myopia who underwent eye examination conducted by an ophthalmologist.

Research results
The diopter of high myopia was correlated with age and axial length (AL), and AL of high myopia was negatively correlated with K1, K2, and Km, and positively correlated with age and anterior chamber depth.

Research conclusions
There are differences in AL/R values between high myopia and low-middle myopia, which can be used for the classification of ametropia. The degree of myopia has some influence on higher-order aberrations.

Research perspectives
Changes in ocular structure parameters are closely related to the progression of myopia.
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Figure Legends
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Figure 1 Scatter diagram showing correlation between axial length and spherical equivalent in children myopia. AL: Axial length.
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Figure 2 Receiver operating characteristic curves of axial length and axial length/R in high myopia and low-middle myopia in children. AL: Axial length; ROC: Receiver operating characteristic.
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Figure 3 Histogram of axial length in high myopia children. AL: Axial length.


Table 1 Comparison of ocular structure parameters among children with low, middle, and high myopia
	
	Low myopia (mean ± SD)
	Middle myopia (mean ± SD) 
	High myopia (mean ± SD)
	F
	P value

	Spherical equivalent (D)
	-1.69 ± 0.70
	-3.86 ± 0.69
	-7.55 ± 1.12
	1572.765
	< 0.001

	AL (mm)
	23.83 ± 0.75
	24.63 ± 0.69
	26.00 ± 0.94
	259.188
	< 0.001

	R (mm)
	7.77 ± 0.25
	7.73 ± 0.24
	7.74 ± 0.27
	1.809
	0.165

	AL/R
	3.07 ± 0.07
	3.19 ± 0.08
	3.37 ± 0.10
	468.348
	< 0.001

	K1 (D)
	42.95 ± 1.36
	43.17 ± 1.27
	43.07 ± 1.61
	0.503
	0.605

	K2 (D)
	43.89 ± 1.49
	44.21 ± 1.37
	44.46 ± 1.74
	4.925
	< 0.001

	Km (D)
	43.43 ± 1.42
	43.69 ± 1.31
	43.77 ± 1.67
	1.933
	0.146

	CCT (μm)
	561.52 ± 32.11
	559.15 ± 23.58
	552.85 ± 36.26
	2.684
	0.070

	ACD (mm)
	3.30 ± 0.17
	3.33 ± 0.15
	3.34 ± 0.17
	2.450
	0.088

	ACA (°)
	60.73 ± 5.84
	59.19 ± 6.69
	59.89 ± 7.27
	1.253
	0.287


AL: Axial length; CCT: Central corneal thickness; ACD: Anterior chamber depth; ACA: Anterior chamber angle.


Table 2 Comparison of higher-order aberrations among children with low, middle, and high myopia
	
	Total higher-order aberration (μm)
	Spherical aberration (μm)
	Coma aberration (μm)
	Trefoil aberration (μm)

	Low myopia
	0.24 ± 0.12
	0.06 ± 0.04
	0.14 ± 0.07
	0.13 ± 0.11

	Middle myopia
	0.24 ± 0.09
	0.09 ± 0.04
	0.13 ± 0.07
	0.12 ± 0.07

	High myopia
	0.25 ± 0.13
	0.07 ± 0.04
	0.13 ± 0.06
	0.14 ± 0.10

	F
	0.115
	6.735
	0.536
	0.650

	P value
	0.891
	< 0.001
	0.585
	0.523




Table 3 Analysis of correlation factors between diopter and structural parameters in low, middle, and high myopia
	
	Age
	AL (mm)
	K1 (D)
	K2 (D)
	Km (D)
	ACD (mm)
	CCT (mm)
	ACA (°)

	Low myopia

	r
	-0.153
	-0.123
	-0.251
	-0.163
	-0.204
	0.193
	0.075
	-0.008

	P value
	0.073
	0.148
	0.003a
	0.055
	0.016a
	0.023a
	0.378
	0.923

	Middle myopia

	r
	-0.199
	-0.388
	-0.040
	-0.137
	-0.093
	-0.242
	0.017
	-0.065

	P value
	0.131
	0.002a
	0.764
	0.302
	0.484
	0.065
	0.899
	0.625

	High myopia

	r
	-0.336
	-0.405
	-0.035
	-0.094
	-0.069
	0.046
	0.062
	0.001

	P value
	< 0.001
	< 0.001
	0.662
	0.240
	0.387
	0.565
	0.438
	0.986


aP < 0.05. AL: Axial length; CCT: Central corneal thickness; ACD: Anterior chamber depth; ACA: Anterior chamber angle.
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