
Abstract  

Purpose: To characterize and compare the corneal shapes and 

monochromatic aberrations in Chinese myopic adults with and without 

astigmatism.  

Methods: Forty-six Hong Kong Chinese aged 50-70 years with compound 

against-the-rule myopic astigmatism (MA, n=18) or simple myopia (SM, n=28) 

were recruited. Corneal shapes were measured by a Scheimpflug-based 

corneal topographer: the semi-meridian corneal shape factors at the nasal, 

temporal, inferior, and superior corneal quadrants measured from the corneal 

apex to 3mm mid-periphery were analyzed. The ocular aberrations were 

measured by the COAS Shack-Hartmann wavefront aberrometer; the corneal 

aberrations were computed using the corneal topographic map data 

measured by the Medmont E300 corneal topographer; and the internal 

aberrations were calculated from the ocular and corneal aberrations.  

Results: Compared to SM, MA had more oblate nasal and temporal corneal 

shapes and showed significantly more negative Y trefoil and more positive 

vertical coma. The asymmetry in corneal shape along the vertical principal 

meridian (inferior – superior) was significantly associated with the Y trefoil and 

vertical coma of the cornea, suggesting that this regional asymmetry in 

corneal shape may contribute to the ocular aberrations.  

Conclusions: The significant relationships found between astigmatism, 

corneal shapes and monochromatic aberrations underscore the importance of 

taking corneal shape into account when correcting the optical defects in 

myopic Chinese adults with astigmatism. 
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Introduction  

The number of aging population (age ≥ 65years) in the world is estimated to 

be dramatically increasing from about 524 million in the year 2010 to about 

1.5 billion in the year 2050 (World Health Organization1). Of particular concern 

is the financial burden associated with the increased prevalence of 

astigmatism after age of forty2-8 and the shift in astigmatic subtypes from with-

the-rule (WTR) in younger age to against-the-rule (ATR) in older age.2, 9-11 In 

Hong Kong Chinese, a population in which myopia (or short-sightedness) has 

become epidemic like many other Asian Chinese populations,12-14 astigmatism 

is frequently associated with myopia and shows the characteristic changes 

with age.2, 15, 16 Because visual performance is adversely affected by the 

presence of astigmatism as low as 1.00DC,17, 18 and because visual quality is 

significantly degraded by the increasing higher-order aberrations (HOAs) in 

the aging eyes,19-24 it is important to determine the structural correlates of 

astigmatism with age and its relation with the eye’s overall optical quality.  

 

Cornea contributes to more than two-third of the eye’s refractive power. More 

importantly, not only is the corneal shape significantly correlates with age and 

refractive errors,25-30 the asphericity of corneal shape has been demonstrated 

to alter the eye’s HOAs.31, 32 Previous studies usually measured the corneal 

shape as a whole or along a particular meridian. However, a recent study has 

shown that the corneal shape is not rotational symmetric and there are 

significant regional variations.33 To investigate the effect of age and refractive 

errors on regional corneal shapes, we compared the semi-meridian corneal 

shape factors (nasal, temporal, superior and inferior quadrants) between the 



myopic astigmats and emmetropes collected from three age cohorts (10-15 

yrs, 20-25 yrs, and 40-45 yrs).27 Our results indicated that the myopic 

astigmats exhibited a more prolate temporal corneal shape than the 

emmetopes in all the three age cohorts studied, and the higher degree of 

WTR astigmatism was found to be associated with more prolate in temporal 

and nasal corneal shape. However, because nearly all of the myopic 

astigmats had WTR astigmatism (44 out of 47) ‒ an astigmatic subtype 

typically found in younger populations2, 34, 35 ‒ whether myopic astigmats with 

ATR astigmatism also exhibit similar changes in the corneal shape remains 

unclear. 

 

An understanding of the biometry characteristics of the key ocular refractive 

components may facilitate the development of effective ophthalmic aids for 

common refractive errors. For example, the corneal shape and ocular 

aberrations have been taken into account in the development of advanced 

ophthalmic optical aids (e.g., the customized contact lenses36, 37; aspheric 

intraocular lenses38, 39) and corneal-ablation refractive surgery.40-42 However, 

despite the fact that myopia is highly prevalent in the Asian Chinese 

populations2, 12-14 and the global population is aging, very little is known on 

how astigmatism is related to the corneal shape and ocular aberrations in the 

aging myopes. The primary aim of this study was to characterize the corneal 

shape in the Chinese myopic adults (aged 50 to 70 years) with and without 

ATR astigmatism. Since we found significant effects of astigmatism on 

regional corneal shape, we further investigated whether the changes in 



corneal shape were associated with the inter-subject variation in 

monochromatic aberrations. 

 

Methods 

Forty six Hong Kong Chinese adults aged between 50 to 70 years old were 

recruited through advertisements posted in the campus or on the university’s 

website. The participants were stratified into two groups according to their 

refractive errors – simple myopic group (SM, n=28) with spherical-equivalent 

refractive error (M) ≤−0.50D and astigmatism (Cyl) ≤0.75D; and compound 

myopic ATR astigmatic group (MA, n=18) with M≤−0.50D, Cyl≥1.00D and 

minus cylinder correcting axis=90°±20°. Spectacle prescriptions were 

determined using the non-cycloplegic subjective refractions with the 

maximum-plus-maximum-acuity43 as the endpoint. The exclusion criteria were: 

1) rigid contact lens wearers; 2) history of ocular surgeries; 3) diabetes 

mellitus; 4) any type of lens opacities worse than grade 2 (LOCSIII system44); 

and 5) best corrected visual acuity worse than logMAR 0.10 in any eye. All 

experimental procedures were approved by the ethics committee of The Hong 

Kong Polytechnic University, and the research was conducted according to 

the principles expressed in the Declaration of Helsinki. 

 

Ocular monochromatic aberrations 

The ocular aberration (i.e., aberration of the whole eye) was measured using 

a Complete Ophthalmic Analysis System (COAS) Shack-Hartmann wavefront 

aberrometer (software version 1.44.12, Wavefront sciences, Inc., USA). One 

drop of 0.4% proparacaine and one drop of 1% tropicamide was instilled to 



dilate the pupil. The ocular aberrations were measured after 30 minutes of 

drug instillation. Five repeated measurements were taken and averaged. The 

analyses of ocular aberrations, and also the corneal and internal aberrations, 

were restricted to 5mm pupil diameter because a larger pupil diameter cannot 

be achieved in 2 of our subjects.  

 

Corneal monochromatic aberrations 

Medmont E300 corneal topographer (Medmont Pty Ltd. Australia) was used to 

measure the corneal topography. Three repea ted measurements were taken 

for each eye and the measurement was repeated until all the accuracy 

indexes were >95. The Vol-Pro (Sarver and Associates, Inc., USA), a 

commercially available computer software adopted the standards for reporting 

ocular aberrations,45 was used to calculate the corneal aberrations from the 

corneal topographic map data. Following the standards for reporting the 

optical aberrations of the eyes, the line of sight (an imaginary line connecting 

the fixation point to the center of the entrance pupil) was selected as the 

reference axis for the determination of the corneal and ocular aberrations.45 

Specifically, when calculating the corneal aberrations from the corneal 

topographic maps, the pupil center was used as the origin of the Cartesian 

reference frame.45, 46 The averaged values generated from the three corneal 

topographic map data were used for data analysis. To minimize the potential 

variation of aberrations caused by the changes of tear-air interface during the 

inter-blink intervals,47 the corneal topography and ocular aberrations were 

measured immediately after blinks. 

 



Semi-meridian corneal shape factors 

The details of protocol in measuring the semi-meridian corneal shape factors 

have been described elsewhere.27 In brief, the corneal topography for each 

eye was constructed based on the 25 images captured by the Pentacam 

Scheimpflug camera system (Oculus, Germany). The “Topometric Display” of 

the manufacturer’s software generated four semi-meridian corneal shape 

factors calculated from the central 6mm-diameter chord, i.e., at the nasal, 

temporal, superior and inferior corneal quadrants. The semi-meridian corneal 

shape factors along the horizontal (close to 180°) and vertical (close to 90°) 

principal meridians were derived from the sagittal curvatures with the apex of 

the conic section set at the corneal apex. Three consecutive measurements, 

which passed all the ‘quality specifications’ as provided by the manufacturer’s 

software, were taken and averaged.  

 

Statistical analysis 

Data from the right eyes (Total: n= 36; SM: n= 24; MA: n= 12) were used for 

analyses unless only the fellow eye (Total: n= 10; SM: n= 4; MA: n= 6) fulfilled 

the refractive-error inclusion criteria. The spectacle prescriptions from 

subjective refraction were decomposed into M, J0 and J45 using the power 

vector analysis.48 

 

The internal aberration was calculated by subtracting the corneal aberration 

from the ocular aberration.46 To compare the aberrations between the left and 

right eyes, the signs of the bilaterally asymmetrical Zernike terms (e.g., Z3, Z8, 

Z9, Z10, Z11) in the left eye were reversed.49, 50 The aberration data were 



presented as Zernike terms up to 6th radial order using the single indexing 

scheme.45 The root mean square (RMS) of the total HOAs was calculated 

from the 3rd to the 6th order Zernike terms. Unpaired t-test was used to 

compare the difference between MA and SM. Pearson’s correlation analyses 

were conducted to determine the correlation between two variables. Statistical 

analyses were done by using Minitab 15.1.30.0 (Minitab Inc., USA) with 

significance level set at α<0.05. 

 

Results 

As expected, except the astigmatic components (Table 1), the demographic 

information and refractive status of MA and SM were comparable: MA had 

significantly higher magnitude of refractive Cyl and more negative refractive 

J0 (i.e., the minus cylindrical axis was oriented near 90°, ATR astigmatism) 

than SM (unpaired t-tests, t=9.04 & −9.18, DF=22 & 25, both p<0.001).  

 

Regional corneal shape factors 

Our study provided further evidence that the presence of astigmatism could 

influence the regional corneal shape factors.27 On average, the corneal 

shapes at the nasal and temporal quadrants were oblate in MA and prolate in 

SM with statistically significant differences (Fig. 1, unpaired t-tests, t=2.90 & 

2.73, DF=38 & 37, both p=0.01), whereas the inferior and superior corneal 

shape factors were not significantly different between groups (unpaired t-tests, 

t=−1.68 & 0.80, DF=41 & 35, both p≥0.10). We also compared the asymmetry 

in corneal shape between MA and SM along the vertical (inferior – superior) 

and horizontal principal meridians (nasal – temporal). These two refractive-



error groups appeared to demonstrate an opposite pattern in corneal shape 

asymmetry along the vertical principal meridian (Fig. 1): on average, the 

corneal shape of MA was oblate at the superior quadrant and spherical at the 

inferior quadrant, whereas the corneal shape of SM was oblate at the inferior 

quadrant and spherical at the superior quadrant; however, the differences 

between groups were not statistically significant along both the vertical 

(unpaired t-test, t=−1.87, DF=38, p=0.07) and horizontal principal meridians 

(unpaired t-test, t=0.33, DF=30, p=0.75). 

 

Horizontal/ vertical (H/V) and oblique astigmatism 

When comparing the H/V astigmatism (Z5), the ocular and corneal H/V 

astigmatism of MA were more positive (i.e., more ATR astigmatism) than that 

of SM (Fig. 2a, unpaired t-tests, t=6.70 & 5.21, DF=27 & 37, p<0.001), but the 

internal H/V astigmatism of MA and SM were both in positive values with no 

statistical difference (Fig. 2a, unpaired t-test, t=0.80, DF=32, p=0.43). 

Probably because all participants in MA had ATR refractive astigmatism, there 

were no significant difference between SM and MA in the oblique astigmatism 

(Z3) of the ocular, corneal and internal components (Fig. 2b, unpaired t-tests, 

t=0.55~1.97, DF=33~37, p>0.05).  

 

The astigmatism of the whole eye showed stronger correlations with the 

corneal optics than the internal optics: the ocular H/V astigmatism (Z5) was 

strongly correlated with that of the corneal (Fig. 3a, Pearson’s correlation, 

r=0.84, p<0.001) but not the internal optics (Fig. 3b, Pearson’s correlation, 

r=0.15, p=0.33); the ocular oblique astigmatism (Z3) was moderately 



correlated with that of the corneal (Fig. 4a, Pearson’s correlation, r=0.50, 

p<0.001) and internal optics (Fig. 4b, Pearson’s correlation, r=0.35, p=0.02). 

Our results suggested that the corneal astigmatism accounted for the 

variations of the ocular astigmatism (H/V astigmatism: 70.0%; oblique 

astigmatism: 23%) – this supports the previously published data that the age-

related changes of the refractive astigmatism is mainly corneal in nature.2, 9-11  

 

Higher-order aberrations  

We compared the individual ocular Zernike terms, from Z6 to Z14, between 

MA and SM (Fig. 5): in MA, the Y trefoil was more negative (Z6, unpaired t-

test, t=−3.26, DF=35, p=0.003) and the vertical coma was in opposite sign (Z7, 

unpaired t-test, t=2.70, DF=43, p=0.01) when compared to SM; other Zernike 

terms and the total RMS of HOAs of the whole eye were not significantly 

different between groups (unpaired t-tests, t=−1.08~1.70, DF=29~41, all 

p>0.10). The RMS of the Y trefoil, but not the RMS of vertical coma (unpaired 

t-test, t=−1.21, DF=43, p=0.23), was significantly higher in MA than that of SM 

(1.78 folds, unpaired t-test, t=2.72, DF=28, p=0.01). The J0 astigmatic 

component was significantly correlated with both the Y trefoil (Pearson’s 

correlation, r=0.37, p=0.01) and vertical coma (Pearson’s correlation, r=−0.39, 

p=0.007).  

 

Y Trefoil and vertical coma 

The Y trefoils of the whole eye and of the cornea were more negative in MA 

than those of SM (Fig. 6a, unpaired t-tests, t=−3.26 & −3.06, DF=35 & 29, 

p≤0.005); the internal Y trefoils were not significantly different between groups 



(unpaired t-test, t=−1, DF=40, p=0.33). On the other hand, although the 

vertical coma of the whole eye was significantly different between SM and MA 

(Fig. 6b, unpaired t-test, t=2.70, DF=43, p=0.01), those of the corneal and 

internal optics were not significantly different between groups (unpaired t-test, 

t=1.67 & 0.94, DF=42 & 33, p≥0.10).  

 

The cornea appeared to account for the variations of the Y trefoil (58%) and 

vertical coma (67%) of the whole eye: the ocular Y trefoil was correlated 

stronger with the corneal Y trefoil (Fig. 7a, Pearson’s correlation, r=0.77, 

p<0.001) than that of the internal optics (Fig. 7b, Pearson’s correlation, r=0.60, 

p<0.001); the ocular vertical coma was only significantly correlated with the 

vertical coma of the cornea (Fig. 8a, Pearson’s correlation, r=0.82, p<0.001) 

but not that of the internal optics (Fig. 8b, Pearson’s correlation, r=0.13, 

p=0.40).  

 

 

Correlation between the regional corneal shape factors, Y trefoil and vertical 

coma   

The asymmetry in corneal shape along the vertical principal meridian partially 

accounted for the variations of the Y trefoil (21%) and vertical coma of the 

cornea (47%): a more negative corneal shape asymmetry along the vertical 

principal meridian (i.e., more oblate corneal shape at the superior than the 

inferior quadrant), was associated with a more negative Y trefoil (Fig. 9a, 

Pearson’s correlation, r=0.48, p=0.001) and a more positive vertical coma (Fig. 

9b, Pearson’s correlation, r=−0.69, p<0.001). 



 

Discussion 

The current study confirms and extends the results of our previous study on 

the regional variations of corneal shape in younger myopic astigmats (10-45 

years).27 These two studies shared similar methodology with key differences 

in the recruitment of non-astigmatic group (current: simple myopes; previous: 

emmetropes), and the criteria for visual acuity (current: logMAR 0.10; 

previous: logMAR 0.00) and myopia (current: M≤−0.50D; previous: 

M≤−1.00D). Figure 10 plots the data from these two studies to illustrate the 

significant impacts of age on regional corneal shape in myopic astigmats and 

non-astigmats (simple myopes and emmetropes were represented using 

different symbols). In general, the corneal shapes appeared to become less 

prolate/more oblate with age at virtually all regions in subjects with or without 

astigmatism, despite the fact that the eldest non-astigmatic age group (50-70 

years) was also having a simple myopic error. Of particular interest is the 

trend observed at the inferior cornea of the myopic astigmats (blue symbols in 

Figure 10, left panel): instead of becoming more oblate over time like the 

other three regions, the inferior corneal shape of the two eldest age groups 

actually became less oblate. It is worth noting that the proportions of 

astigmatic subtypes (i.e., WTR:ATR) vary across the four age groups in these 

two studies: while the two youngest age groups were having either WTR or 

oblique astigmatism, the two eldest age groups had higher proportions of ATR 

astigmatism (3 of 14 subjects in 40-45 age group, 18 of 18 subjects in 50-70 

age group). Thus, it is possible that the changes in the proportion of 

astigmatic subtypes across the different age groups might have contributed to 



the regional variations in corneal shape. To test this hypothesis, we analyze 

the correlations between J0 astigmatic component (a vector component which 

is sensitive to the changes in magnitude of WTR/ ATR astigmatism) and 

regional corneal shape by pooling all data from previous and current studies. 

Our results showed that the J0 astigmatic component was significantly 

correlated with all (p≤0.001) except the superior corneal shape factor (r=−0.04, 

p=0.61). Interestingly, whereas J0 astigmatic component was negatively 

correlated with the horizontal corneal shape factors (r for nasal = −0.66, r for 

temporal = −0.77; both p<0.001), it was positively correlated with inferior 

corneal shape factors (r=+0.22, p=0.001). These results indicate that the 

differential changes in the corneal shape at different regions could potentially 

contribute to the changes in astigmatic subtypes with age.    

 

An important finding in this study is that the asymmetry in superior-inferior 

corneal shape partially accounted for the corneal variations in the Y trefoil and 

vertical coma (Fig. 9), which could explain why MA showed more negative 

and higher RMS of Y trefoil and more positive vertical coma than SM. In this 

respect, two previous studies have investigated the associations between the 

refractive/corneal astigmatism and corneal51 or ocular aberrations.52 Similar to 

our finding, Zhao and coworkers51 have found no significant association 

between the refractive astigmatism and spherical aberration. On the other 

hand, Wei, Chan and Tan52 have reported that the refractive astigmatism was 

directly correlated with both the horizontal coma (Z8) and X trefoil (Z9), 

whereas our result showed significant correlations between J0 astigmatic 

component and the vertical coma and Y trefoil. However, it should be noted 



that these two previous studies only analyzed the impacts of astigmatic 

magnitude (i.e., correcting cylindrical power) on the ocular aberrations and did 

not consider the axis of astigmatism. Although Wei, Chan and Tan52 did not 

specify the astigmatic axis of their adult subjects, it is possible that subjects 

with WTR and ATR astigmatisms were both included according to their 

subjects’ age range (21.5-52.8 years). Moreover, the difference in instruments 

employed (COAS vs. Zywave) and the pupil diameter analyzed (5mm vs. 

6mm) are other possible explanations for the discrepancy between studies. 

As suggested by previous published data,53, 54 the trend for the Y trefoil to shift 

in the negative direction and vertical coma to shift in the positive direction 

might be associated with the eyelid pressure acting on the corneal surface; 

however, because we did not measure the mechanical properties and 

morphology of the eyelid, this biomechanical factor needs further investigation. 

 

It has been documented that the corneal astigmatism is partially compensated 

by the internal astigmatism to maintain a certain level of refractive 

astigmatism in the younger eyes with a variety of refractive errors.35, 55 In our 

elder SM, the internal H/V astigmatism (in positive value, ATR), derived from 

mathematical calculation, also counterbalanced the corneal astigmatism (in 

negative value, WTR) and resulted in ocular H/V astigmatism of a lower value, 

although the compensation was, on average (reduced 5.4% of the RMS of 

corneal H/V astigmatism), lower than that of the younger eyes (reduced 41% 

of the RMS of corneal H/V astigmatism).55 In contrast, our elder MA exhibited 

a much higher ocular H/V astigmatism than SM because both the corneal and 

internal H/V astigmatisms (increased 202.5% of the RMS of corneal H/V 



astigmatism) in MA had the same sign (ATR), suggesting that the balance 

between the corneal and internal astigmatism were somehow broken. 

 

Unlike the younger eyes (age: 24 to 38 years), in which the corneal HOAs are 

partially compensated by the internal optics to maintain certain levels of ocular 

HOAs,20, 46 the aging eyes (age: >45 years) usually show an imbalance 

between the corneal and internal optics, leading to an increase of the ocular 

HOAs.20, 22, 30 When compared with the previous studies,56, 57 which measured 

the ocular aberrations (5mm pupil diameter) in younger populations (8-30 

years) with mixed spherical refractive errors (i.e., from hyperopia, M≥+1.00D, 

to moderate myopia, M≤−5.00D), our myopic aging subjects (SM: 

0.24±0.01μm, MA: 0.27±0.02μm) showed a higher RMS of the total HOAs 

(0.157±0.071 to 0.183±0.065μm).56, 57 While factors including the magnitude of 

refractive error and the experimental protocol employed in these studies might 

have contributed to the differences between these studies, these results 

indicate that the optical quality is deteriorating in the aging eyes.20, 58-60 

 

To our knowledge, this is the first study aimed to investigate the relationship 

between the regional corneal shape factors and HOAs in the aging Chinese 

myopic adults with and without ATR astigmatism; however, there are several 

limitations that worth noting. First, this study did not measure the visual 

performance related to the changes in in corneal shapes and HOAs. Although 

previous studies have documented that a more oblate corneal shape in the 

aging subjects increases both the on-31, 32 and off-axis ocular aberrations,61 it 

is possible that smaller pupil size in elderly, which was not measured in this 



study, might have alleviated the consequences on visual performance. 

Second, even though we had applied the same reference axis when 

determining the corneal and ocular aberrations, because the corneal and 

ocular aberrations were measured separately using different instruments, the 

subtle differences in eye position or pupil alignment during measurements 

may influence the calculated results of internal aberration. Third, although we 

had attempted to minimize the effects of tear film by performing the corneal 

topography and ocular aberrations measurements immediately after blinks, 

we cannot rule out the potential contribution of the reduced tear film stability to 

the increased HOAs62 in the aging eyes.  

 

In conclusion, the presence of astigmatism in aging Chinese myopes is 

associated with changes in regional corneal shape and higher order ocular 

aberrations. To achieve the best optical quality, it is important to take this 

parametric changes into account when designing conventional/advanced 

ophthalmic aids or formulating refractive surgery strategy for this rapidly 

increasing population. 
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Figure legends 

 

Figure 1. Comparisons of regional corneal shape factors (mean±SE) between 

MA (filled circles) and SM (open circles) at the nasal (N), temporal (T), inferior 

(I) and superior (S) quadrants. The horizontal dashed line indicates where the 

cornea is spherical in shape (corneal shape factor = 1); the data above and 

below this line represent oblate (corneal shape factor >1) and prolate ellipses 

(corneal shape factor <1), respectively. The dashed arrow represents a 

significant difference between MA and SM, with the asterisk showing the 

significant level: * p<0.05.  

 



 

Figure 2. Comparisons of the ocular (circles), corneal (triangles) and internal 

(squares) astigmatism (mean±SE) between MA and SM in 5mm pupil 

diameter: (a) H/V astigmatism; and (b) oblique astigmatism. The dashed 

arrow represents a significant difference between MA and SM, with the 

asterisk showing the significant level: *** p<0.001. Note that some error bars 

were too small and were masked by the symbols. 



 

Figure 3. Correlations between the ocular H/V astigmatism with (a) the 

corneal H/V astigmatism, and (b) the internal H/V astigmatism in 5mm pupil 

diameter of MA (filled circles) and SM (open circles). The solid lines represent 

the regression line with the best linear fit, the equation and statistics for these 

lines are inserted. 



 

Figure 4. Correlations between the ocular oblique astigmatism with (a) the 

corneal oblique astigmatism, and (b) the internal oblique astigmatism in 5mm 

pupil diameter of MA (filled circles) and SM (open circles). The solid lines 

represent the regression line with the best linear fit, the equation and statistics 

for these lines are inserted. 

 



 

Figure 5. Comparisons of the ocular higher order Zernike terms, from Z6 to 

Z14 (mean±SE), between MA (filled bars) and SM (open bars) in 5mm pupil 

diameter. The dashed arrow represents a significant difference between MA 

and SM, with the asterisk showing the significant levels: * p<0.05; ** p<0.01. 



 

Figure 6. Comparisons of (a) Y trefoil and (b) vertical coma (mean±SE) 

between MA and SM for the whole eye (circles), the corneal (triangles) and 

internal (squares) optics in 5mm pupil diameter. The dashed arrow represents 

a significant difference between MA and SM, with the asterisk showing the 

significant levels: * p<0.05; ** p<0.01. 



 

Figure 7. Correlations between the ocular Y trefoil with (a) the corneal Y trefoil, 

and (b) the internal Y trefoil in 5mm pupil diameter of MA (filled circles) and 

SM (open circles). The solid lines represent the regression line with the best 

linear fit, the equation and statistics for these lines are inserted. 



 

Figure 8. Correlations between the ocular vertical coma with (a) the corneal 

vertical coma, and (b) the internal vertical coma in 5mm pupil diameter of MA 

(filled circles) and SM (open circles). The solid lines represent the regression 

line with best linear fit, the equation and statistics for these lines are inserted. 

 



 

Figure 9. Correlations between (a) the corneal Y trefoil and (b) the corneal 

vertical coma in 5mm pupil diameter with the asymmetry in corneal shape 

along the vertical meridian (inferior – superior) in MA (filled circles) and SM 

(open circles). The solid lines represent the regression line with the best linear 

fit, the equation and statistics for these lines are inserted. 

	



 

Figure 10. Changes in regional corneal shape factors (mean±SE) as a 

function of age at the nasal (orange symbols), temporal (green symbols), 

inferior (blue symbols) and superior (red symbols) quadrants for the myopic 

astigmats (left) and controls (right). Note that the control groups were, 

respectively, emmetropes and simple myopes in our previous and current 

studies. The data from our previous 25 and current studies are represented in 

circles (connected with solid line) and squares (connected with dashed line), 

respectively. The horizontal dashed line represents a spherical cornea 

(corneal shape factor = 1); the data above and below this line represent 

oblate (corneal shape factor >1) and prolate corneas (corneal shape factor 

<1), respectively. 

 

	

	

	



Table 
Table 1. Comparisons of demographic information and refractive status 

(mean±SE) between MA and SM. 

 
Variables !  MA !  SM !  p value 

Age (Years)  57.56±1.20  55.71±0.94  0.23 

M (D)  –2.03±0.40  –2.65±0.38  0.27 

Refractive astigmatism       

 Cyl (D)  1.51±0.11  0.41±0.05  <0.001 

 J0 (D)  –0.73±0.06  –0.12±0.03  <0.001 

 J45 (D)  –0.02±0.05  –0.01±0.03  0.77 

 




