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Abstract 

 

Higher order aberrations (HOAs), optical imperfections that persist 

despite traditional spherocylindrical refractive correction, contribute to 

approximately 10% of the total ocular aberrations and vary with numerous 

factors, including, but not limited to, age, refractive error, pupil size, and 

accommodation. Changes in the HOA profile can improve or deteriorate retinal 

image quality, and potentially affect the vision dependent emmetropisation 

process. 

While orthokeratology (ortho-k) is one of the most effective myopia control 

interventions, the mechanism by which it slows axial elongation remains 

unclear. Since HOAs are substantially elevated following ortho-k treatment, 

investigating the association between ocular HOAs and axial elongation in 

paediatric ortho-k may provide new insights into its mechanism of action. This 

study aimed to investigate this association in normal (untreated, spectacle-

wearing) children and ortho-k-treated children using retrospective and 

prospective data. Modifications to ortho-k lenses by adjusting the compression 

factor were performed in order to manipulate the levels of induced HOAs. The 

short-term (one month) and long-term (two years) effects were examined using 

the changes in choroidal thickness and axial length, respectively. The predictive 
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value of induced ocular HOAs after one month of treatment for axial elongation 

across all study visits in the two-year period was also investigated. 

In the retrospective analysis, the association between ocular HOAs and 

axial elongation measured annually over a two-year period in 137 children was 

analysed. Using a 6-mm pupil size and a sixth order Zernike polynomials 

expansion, it was shown that higher levels of ocular HOAs, particularly spherical 

aberration, were associated with longer axial length and slower axial elongation, 

after adjusting for other known confounding factors such as age, sex, and 

refractive error. 

In the analysis of another 103 ortho-k-treated subjects, as expected, there 

were approximately three- to nine-time increases in HOAs after treatment. 

Adjusting for the influence of baseline ocular HOAs on axial elongation, similar 

associations were observed between HOAs and axial elongation as reported for 

spectacle-wearing children. Higher levels of HOAs and spherical aberration were 

associated with slower elongation. Based on statistical modelling, every micron 

increase in spherical aberration was associated with 0.46 mm slower axial 

elongation per year. 

A contralateral eye, self-controlled study of 28 children was performed to 

investigate the effect of modifying the ortho-k lens compression factor on ocular 

HOAs. Ortho-k lenses of different compression factors (0.75 and 1.75 D) were 

randomly fitted on the fellow eyes of each subject and monitored weekly for one 

month. It was shown that increasing the compression factor by 1.00 D induced 

approximately 40% more ocular HOAs, without significantly altering the 
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refractive correction of the subjects. There was no significant difference between 

the changes in choroidal thickness between the two eyes. Considering paired-eye 

data, the subfoveal choroidal thickness transiently increased in early lens wear 

(mean change at week 1: +9.1 ± 12.6 µm), but gradually regressed to the baseline 

level at the end of the study. However, on average this change approached the 

coefficient of repeatability of the instrument and analysis procedure (8.0 – 9.0 

µm). Measuring the choroidal thickness in early ortho-k lens wear may not 

provide sufficient information to inform future axial elongation in eyes fitted 

with different compression factors. 

A two-year longitudinal, randomised (using different compression factors 

of ortho-k lenses) study was conducted to examine the influence of different 

compression factors (0.75 and 1.75 D) on axial elongation. A total of 75 subjects 

(control: 11; ortho-k [0.75 D]: 29; ortho-k [1.75 D]: 35) completed the study. 

However, the high dropout rate (63%) and potentially biased control group was 

not suitable to include in between-group comparisons. Increasing the 

compression factor improved the myopia control effectiveness by about 30%, 

compared with the conventional compression factor. In addition, increasing the 

compression factor of ortho-k lenses significantly increased the induced HOAs, 

particularly spherical aberration, which was associated with slower axial 

elongation. It was therefore speculated that the myopia control effect of ortho-k 

treatment in Chinese children may be improved by increasing the compression 

factor of ortho-k lenses by 1.00 D. 

In conclusion, higher levels of ocular HOAs were associated with slower 

axial elongation in both spectacle-wearing and ortho-k treated children. 
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Increasing the compression factor of ortho-k lenses by 1.00 D induced more 

ocular HOAs without adversely affecting visual performance and improved the 

myopia control effect of the ortho-k treatment. 
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Chapter 1 

Introduction 

 

The human eye like any optical system, is frequently disturbed by optical 

imperfections, termed ocular aberrations. Ocular aberrations can be described 

using Zernike polynomials and the individual terms within the polynomial can 

be classified as corresponding to lower or higher order aberrations (HOAs). In 

the field of ophthalmology and optometry, lower order aberrations, known as 

defocus and astigmatism, can be corrected by conventional spherocylindrical 

spectacles or contact lenses. However, residual uncorrected HOAs can still alter 

the retinal image quality and therefore can potentially play a role in the visually-

guided development of the eye. 

While orthokeratology (ortho-k) treatment, using a reverse geometry 

overnight rigid contact lens, has been shown to effectively retard myopia 

progression by slowing axial elongation in children, little is known about the 

underlying mechanism. The aim of this post-graduate research was to examine 

the relationship between the optical changes induced by ortho-k (including 

changes in ocular aberrations) and axial elongation. The effect of increasing the 

compression factor of ortho-k lenses on ocular HOAs was also examined as a 
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potential method of increasing myopia control effectiveness. In this chapter the 

synopsis of the thesis is presented. 

 

Chapter 2 provides an overview of the structure of the human eye and its 

basic optics. The definition of monochromatic ocular aberrations, their 

mathematical presentation using Zernike polynomials, and measurement of 

HOAs are also described. In addition, the effects of age, refractive error, and 

accommodation on ocular HOAs are described. Finally, the influence of ocular 

HOAs on visual development is discussed. Chapter 3 describes the need for 

myopia control, provides the definition of ortho-k, and discusses its effectiveness 

for myopia control, as well as refractive correction and the incorporation of 

compression factor for ortho-k lenses. Changes in HOAs associated with ortho-k 

treatment are described and compared with other myopia control interventions. 

Chapter 4 describes the niche area and research objectives of the studies 

performed. 

Chapter 5 details a retrospective analysis of a two-year longitudinal 

investigation of HOAs and axial elongation in young Hong Kong children, who 

previously participated in ortho-k clinical trials as spectacle-wearing control 

subjects. Chapter 6 focuses on a retrospective analysis of the association between 

induced HOAs from ortho-k treatment and axial elongation over a two-year 

period. Experimental modifications to ortho-k lenses with different compression 

factors and the short-term (one month, Chapter 7) and long-term (two years, 

Chapter 8) effects on eye growth, including choroidal and axial length responses. 



Chapter 1 3 

 

The effectiveness of using ortho-k lenses of different compression factors is 

examined and discussed. 

 Chapter 9 concludes the thesis with a precis of the work performed and 

the key results. Possible further investigations and improvements to study the 

influence of HOAs on eye growth in eyes treated with ortho-k are discussed. 
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Chapter 2 

Overview of ocular aberrations 

 

2.1 Basic optics of the eye 

When light passes through an optical medium, it is absorbed, reflected, or 

transmitted (refracted) by the object. Since absorbance and reflection are beyond 

the scope of this thesis, they are not considered here and only refraction is 

discussed. In a camera, visible light is captured onto a light sensitive film by 

means of a focusing system and an aperture. Likewise, three components, the 

cornea, the pupil, and the crystalline lens, form the optical refractive system of 

the human eye. The cornea and the crystalline lens are the two main optical 

elements that refract and focus light onto the retina, while the pupil controls and 

limits the amount of light entering the eye. The optical power 𝑃 of a refractive 

surface is proportional to the change in refractive index (𝑛′ − 𝑛) and inversely 

proportional to the radius of the curvature 𝑟, shown as  

    (2.1) 

where 𝑛 and 𝑛′ are the refractive indices of the first and the second optical 

media. 
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Figure 2.1 Schematic model of the human eye during relaxed accommodation. 

The model is calculated based on light of wavelength 555 nm. The red numbers 

represent the refractive indices of the optical media and the green numbers 

represent the radii of curvatures of the refractive surfaces (blue curves). The 

graph is not drawn to scale and the numbers (except those in red) presented are 

in mm. This illustration is re-constructed according to the optical model from 

Atchison and Thibos (2016).  

 

Figure 2.1 demonstrates the physiological optical components of the eye 

and their refractive indices and dimensions. When light first enters the eye, it 

passes through the tear film and the cornea. The tear film is a thin layer of about 

2 to 8 µm, consisting of lipid, water, mucins, and other substances, such as 

proteins and glycocalyx (King-Smith et al., 2000; Werkmeister et al., 2013; Bai 
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and Nichols, 2019). It protects, lubricates, and provides nutrients and oxygen to 

the cornea, and smoothens the cornea to optimise retinal image quality (Tutt et 

al., 2000). In an optical system, the most refractive surface is situated between 

the media of the most dissimilar refractive indices (i.e. the air and the cornea). 

Hence, despite the thinness of the tear film, its coupling effect, together with the 

cornea, provides two thirds of the overall ocular refractive power of 

approximately 42.00 D (Albarran et al., 1997). 

The cornea is a transparent avascular connective tissue, which is 

approximately 0.55 mm thick centrally (Scotto et al., 2017). It acts as the 

primary barrier to pathogens and provides the majority of refractive power for 

the eye (Ehlers and Hjortdal, 2004). In reality, the cornea is not perfectly 

spherical, but is rather aspheric and prolate in shape – steeper at the centre and 

flatter at the periphery (Davis et al., 2005). Its thickness also increases towards 

to the limbal region (Randleman et al., 2015). 

The light then enters the 3-mm deep anterior chamber (Lam et al., 2001), 

containing aqueous humour, which is mainly composed of water, trace ions, and 

proteins (Greivenkamp et al., 1995) and provides nutrients to and removes 

metabolic wastes from the cornea, iris, and crystalline lens. The light then 

passes through the pupil, the aperture of the eye. The pupil is an opening of the 

iris and controls the amount of light entering the eye by varying its diameter 

from 2 to 7 mm under different lighting environments (Franssen et al., 2007; 

Guillon et al., 2016). 
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The crystalline lens is the next optical component encountered. It has a 

non-uniform gradient refractive index (Uhlhorn et al., 2008), meaning that the 

refractive index gradually decreases from the nucleus towards the peripheral 

cortex, and contributes one third of the overall refractive power of the eye of 

approximately 15.00 D (Borja et al., 2008), although its power gradually 

decreases with age (Glasser and Campbell, 1998). Its main function is to allow 

steepening of its curvature and increase in thickness upon the contraction of the 

ciliary muscles, providing accommodation, which helps to focus the image of near 

objects onto the retina. 

The light eventually passes through the vitreous, the hydrated gel that 

supports the eye globe, and is focused on the retina. The photoreceptors of the 

retina are responsible for the detection of light and the image is converted and 

transmitted to the cortical cortex of the brain as electrical signals for further 

visual processing. 

 

2.1.1 Reference axes of the eye 

Two traditional axes of the eye centre at the fovea, the visual axis and the 

line of sight. The visual axis is the line passing through the fixation point and 

the nodal points of the optical system of the eye. However, it cannot be measured 

because the nodal points are not coincident. The line of sight is drawn from the 

fixation target, through the entrance pupil, to the fovea (Applegate et al., 2000). 

From the point of aberrometry, the line of sight is the path of the chief ray from 

the object of interest and, therefore, is appropriate as the reference line. 
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Misalignment of the line of sight may contribute to inaccurate estimation of the 

corneal and internal aberrations (Klein and Garcia, 2000; Salmon and Thibos, 

2002). Aberrometers usually account for the use of the line of sight with respect 

to the pupil centre. 

 

2.2 Monochromatic ocular aberrations 

Three main factors contribute to image degradation: 

1. Aberrations: variations in the geometrics of the optical components in 

the system, resulting in deviations of the incoming light rays, 

2. Diffraction: limitation of the aperture stop and edge of the optical 

elements resulting in a bending of the light wave, and  

3. Scattering: alterations in optical paths due to localised non-uniformities 

of the optical medium. 

Aberrations can be further classified according to the involvement of 

wavelengths of the light (single: monochromatic; various: chromatic). This study 

focuses on the influence of monochromatic aberrations. 

 

2.2.1 Definition 

In an ideal optical system, all light rays focus at a single point (Figure 

2.2A). However, with all the geometric deviations occurring in the human eye, 

including, but not limited to, rotational asymmetry, tilts, decentration, 
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misalignment, and variations of curvatures, and refractive indices, a perfect 

image focusing only at a single point is almost impossible. Any misalignment of 

the light rays due to possible defects, resulting in a difference in vergence (the 

reciprocal of the distance between the reference plane and the focal point), is 

regarded as a wavefront error (Figure 2.2B) (Voke, 2010). The integration of all 

the differences between the ideal and actual wavefronts over a fixed pupil size 

determines the aberrations (Thibos, 2013). 

 

Figure 2.2 Illustration of aberration using light rays and wavefronts. The 

images formed from the light rays of a distant object passing through (A) a 

perfect (aberration-free) lens and (B) an aberrated lens. The red lines represent 

the wavefronts perpendicular to the direction of the light rays (not drawn to 

scale). 



Chapter 2  10 

 

2.2.2 Polynomial representation 

Wavefront aberrations can be expressed using Zernike polynomials 

(Atchison, 2004), which is a set of azimuthal and radial dependent functions 

orthogonal to the pupil. They can be expressed as a pyramid and remain the 

most commonly used presentation for aberrations in ophthalmology and 

optometry studies and are recommended by the Optical Society of America (OSA) 

(Thibos et al., 2002a). They can be applied to describe any continuous wavefront 

aberration over a circular area as 

𝑊(𝜌, 𝜃) = ∑ 𝑍𝑛
𝑚𝑃𝑛

𝑚(𝜌, 𝜃)  (2.2) 

where 𝑊 is a summation function of Zernike polynomials 𝑃 of the product of 

Zernike coefficient 𝑍, radial variable 𝜌, and angular variable 𝜃; while 𝑚 and 𝑛 

are the angular and radial orders, respectively. Table 2.1 shows the polynomial 

terms and aberration names of the Zernike polynomials up to the sixth order. 

The zeroth and the first order aberrations in the pyramid, piston, and 

tilts, represent the mean value and the direction of the propagating wavefront. 

These are usually ignored as they describe the displacement, but not the quality 

of the image (Charman, 2005). 
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Table 2.1 Zernike coefficients and corresponding names, up to the sixth order. 

𝒋 𝒏 𝒎 Polynomial term Aberration name 

0 0 0 1 Piston 

1 1 -1 2𝜌 sin 𝜃 Vertical tilt 

2 1 1 2𝜌 cos 𝜃 Horizontal tilt 

3 2 -2 √6𝜌2 sin 2𝜃 Oblique astigmatism 

4 2 0 √3(2𝜌2 − 1) Defocus 

5 2 2 √6𝜌2 cos 2𝜃 Horizontal astigmatism 

6 3 -3 √8𝜌3 sin 3𝜃 Vertical trefoil 

7 3 -1 √8(3𝜌3 − 2𝜌) sin 𝜃 Vertical coma 

8 3 1 √8(3𝜌3 − 2𝜌) cos 𝜃 Horizontal coma 

9 3 3 √8𝜌3 cos 3𝜃 Horizontal trefoil 

10 4 -4 √10𝜌4 sin 4𝜃 Oblique quadrafoil 

11 4 -2 √10(4𝜌4 − 3𝜌2) sin 2𝜃 Secondary oblique astigmatism 

12 4 0 √5(6𝜌4 − 6𝜌2 + 1) Spherical aberration 

13 4 2 √10(4𝜌4 − 3𝜌2) cos 2𝜃 Secondary horizontal astigmatism 

14 4 4 √10𝜌4 cos 4𝜃 Horizontal quadrafoil 

15 5 -5 √12𝜌5 sin 5𝜃 Vertical pentafoil 

16 5 -3 √12(5𝜌5 − 4𝜌3) sin 3𝜃 Secondary vertical trefoil 

17 5 -1 √12(10𝜌5 − 12𝜌3 + 2𝜌) sin 𝜃 Secondary vertical coma 

18 5 1 √12(10𝜌5 − 12𝜌3 + 2𝜌) cos 𝜃 Secondary horizontal coma 

19 5 3 √12(5𝜌5 − 4𝜌3) cos 3𝜃 Secondary horizontal trefoil 

20 5 5 √12𝜌5 cos 5𝜃 Horizontal pentafoil 

21 6 -6 √14𝜌6 sin 6𝜃 Oblique hexafoil 

22 6 -4 √14(6𝜌6 − 5𝜌4) sin 4𝜃 Secondary oblique quadrafoil 

23 6 -2 √14(15𝜌6 − 20𝜌4 + 6𝜌2) sin 2𝜃 Tertiary oblique astigmatism 

24 6 0 √7(20𝜌6 − 30𝜌4 + 6𝜌2 − 1) Secondary spherical aberration 

25 6 2 √14(15𝜌6 − 20𝜌4 + 6𝜌2) cos 2𝜃 Tertiary horizontal astigmatism 

26 6 4 √14(6𝜌6 − 5𝜌4) cos 4𝜃 Secondary horizontal quadrafoil 

27 6 6 √14𝜌6 cos 6𝜃 Horizontal hexafoil 

 

There are several useful features of the Zernike polynomial 

representation. First, each term in the polynomial is independent of the other 

terms. Any truncation or expansion of the polynomials does not alter the values 
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of the remaining coefficients. Therefore, the polynomials can be expanded into 

infinite terms or up to any order of interest. 

Second, each term/order of the polynomials gives a specific pattern (Webb, 

1992). For example, 𝑍2
0 represents spherical defocus, 𝑍2

−2 and 𝑍2
2 represent 

astigmatism. The effects of second-order aberrations can be corrected in clinical 

practice using spherocylindrical lenses. Third order aberrations include comatic 

aberrations, whereas fourth order terms include spherical aberration. 

Third, Zernike terms at the upper and middle parts of the pyramid are 

usually dominant in magnitude (Howland and Howland, 1977; Walsh et al., 

1984; Porter et al., 2001). First and second order aberrations, the lower order 

aberrations, account for 90% of overall aberrations and the remaining 10% are 

HOAs (Porter et al., 2001; Castejon-Mochon et al., 2002). Comas (𝑍3
−1 and 𝑍3

1) and 

spherical aberration (𝑍4
0) are relatively more important, because of their higher 

magnitudes among other HOA terms (Wang and Koch, 2003). 

Another feature is the summation property of the terms in the 

polynomials. Mathematically, each coefficient in the polynomial represents a 

standard deviation. The sum of the squared coefficients gives the variance and it 

is commonly presented as root-mean-square (RMS) value (Thibos et al., 2002b). 

It provides an overall metric for aberration terms of similar nature. For example, 

the effect of HOAs up to the order of interest can be grouped and simplified as 

HO RMS (RMS values of total HOAs). Similarly, spherical and comatic 

aberrations RMS can be used to represent the influence of RMS values of 

spherical-like and comatic-like aberration terms, up to the order of interest. 
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However, one drawback is the loss of the direction (sign) of the aberrations. Only 

the magnitude of the term is described and the compensatory effect of some 

terms is masked. For orthogonal aberrations, the RMS of whole or certain terms 

in the Zernike polynomials is calculated as  

𝑅𝑀𝑆 = √∑(𝑍𝑛
𝑚)2    (2.3) 

where 𝑅𝑀𝑆 represents the wavefront error(s), 𝑍 is the Zernike coefficient of 

specific term, and 𝑚 and 𝑛 are the angular and radial orders, respectively. 

 In addition, for the ease of clinical understanding for practitioners, instead 

of wavefront presentation, Thibos (2001) also attempted to convert aberration 

measures (µm) into equivalent spherical defocus (D) using the equation  

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑒𝑓𝑜𝑐𝑢𝑠 =
−4√3𝑍2

0

𝑟2    (2.4) 

where 𝑟 is the radius of the pupil analysed and 𝑍2
0 is the Zernike coefficient of 

defocus, respectively. 

 

2.2.3 Measurements 

While there are many methods to measure aberrations of the eye 

(Carvalho et al., 2002; Atchison, 2005; Charman, 2005), the Shack-Hartmann 

wavefront aberrometer or equivalent remains the main one used to perform 

wavefront measurements, because of its robust, precise, and repeatable objective 

measurement properties (Liang et al., 1994; Cheng et al., 2003b; Salmon and van 

de Pol, 2005). It is able to measure the optical aberrations of the entire eye. 
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Figure 2.3 Basic design of a Shack-Hartmann aberrometer. Aberrated 

wavefront exits the eye and passes through a condensing lens and lenslets is 

captured. The displacement of each point on CCD sensors is calculated for the 

determination of wavefront aberration. The figure is adapted from Thibos (2000). 

 

Figure 2.3 shows the basic design of the instrument, which projects a 

narrow, low energy infra-red light beam onto the retina. By the property of light 

reflection, the light bounces back and experiences local phase shifts along the 

pathway. With a microlens array placed on the pupil conjugate plane, the light 

coming from each small part of the pupil can be separated. Any misalignment of 

each point compared with a perfect wavefront can be captured using a CCD 

sensor in the focal plane of the microlenses. The relative displacement of each 

focused spot is linearly proportional to the slope of the wavefront error. After 

computational analysis for all the deviations, a Zernike polynomial can be 

generated to represent the optics of the eye.  
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2.3 Characteristics of ocular higher order aberrations 

 

2.3.1 Compensation 

Ocular aberrations in human eyes, based on the origins of the aberrations, 

can be further described as corneal (from the anterior cornea) or internal (mainly 

from the crystalline lens (Dubbelman et al., 2007)) aberrations (Equation 2.5). 

These aberrations have compensating properties, as they are usually opposite in 

signs (corneal: positive; internal: negative) (Artal and Guirao, 1998; He et al., 

2003). 

𝑂𝑐𝑢𝑙𝑎𝑟 𝑎𝑏𝑒𝑟𝑟𝑎𝑡𝑖𝑜𝑛𝑠 = 𝐶𝑜𝑟𝑛𝑒𝑎𝑙 𝑎𝑏𝑒𝑟𝑟𝑎𝑡𝑖𝑜𝑛𝑠 + 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑎𝑏𝑒𝑟𝑟𝑎𝑡𝑖𝑜𝑛𝑠 (2.5) 

Artal et al. (2001) investigated aberrations measured from the cornea, the 

internal ocular optics, and the complete eye. They found that the corneal HO 

RMS was greater than that for the whole eye, which meant that the internal 

optics partially compensated for the anterior corneal optics, resulting in an 

improved retinal image. This compensatory effect is particularly pronounced for 

vertical coma (Z3
−1), horizontal coma (Z3

1), and spherical aberration (Z4
0) (He et al., 

2003; Kelly et al., 2004; Wang et al., 2005; Wei et al., 2006; Tabernero et al., 

2007; Atchison and Markwell, 2008; Atchison et al., 2016). However, the internal 

compensatory effect is disturbed in older subjects, in whom the internal HOAs 

increased threefold, while corneal HOAs remain stable from age 20 to 70 years 

(Artal et al., 2002), potentially due to growth and age-related changes within the 

crystalline lens (Wang et al., 2005; Lyall et al., 2013; Namba et al., 2015).  
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2.3.2  Mirror symmetry  

It is well documented that defocus and astigmatism are strongly 

correlated between the two eyes of an individual (Touzeau et al., 2003; 

Guggenheim et al., 2008; Li and Bao, 2014). Similarly, some HOA terms are 

highly, negatively correlated between the two eyes, known as mirror symmetry 

or optical enantiomorphism (Liang and Williams, 1997; Porter et al., 2001; 

Castejon-Mochon et al., 2002; Smolek et al., 2002; Thibos et al., 2002b; Wang et 

al., 2003b; Wang and Koch, 2003; Kelly et al., 2004; Gatinel et al., 2005; Wang et 

al., 2005; Lombardo et al., 2006; Plainis and Pallikaris, 2008; Bao et al., 2009; 

Hartwig and Atchison, 2012; Lyall et al., 2013; Oberholzer et al., 2014; 

Papamastorakis et al., 2015). Mirror symmetry along the vertical axis is 

suggested to be due to both anatomical and genetic factors (Porter et al., 2001). 

Mathematically, the signs of Zernike terms with positive odd (𝑍3
1, 𝑍3

3, 𝑍5
1, 𝑍5

3, and 

𝑍5
5; Table 2.1) and negative even 𝑚 indices (𝑍4

−4, 𝑍4
−2, 𝑍6

−6, 𝑍6
−4, and 𝑍6

−2; Table 2.1) 

for the left eye can be reversed and “flipped” over the y-axis for between-eye 

comparison (Porter et al., 2001; Atchison, 2004). 

 

2.4 Factors affecting ocular higher order aberrations  

Ocular HOAs vary from individual to individual and the sign of individual 

Zernike terms may vary between subjects (Porter et al., 2001; Castejon-Mochon 

et al., 2002; Wang and Koch, 2003; Amano et al., 2004; Wei et al., 2006). A 

number of ocular HOAs, especially for spherical and comatic aberrations, deviate 

significantly from zero (Porter et al., 2001; Thibos et al., 2002b; Atchison and 
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Markwell, 2008; Papamastorakis et al., 2015; Atchison et al., 2016). For example, 

Porter et al. (2001) examined 109 subjects (age range: 21 – 65 years) across a 5.7-

mm pupil and found that the mean values of most HOA terms were close to zero, 

but spherical aberration (Z4
0) was positive, in line with the findings of Carkeet et 

al. (2002) and Bao et al. (2009). Salmon and van de Pol (2006) analysed HOA 

measurements from 1433 subjects (mean age: 33.8 ± 7.8 years) over a 6-mm 

pupil and, in additional to spherical aberration (Z4
0), all the third order 

aberrations (Z3
−3, Z3

−1, Z3
1, and Z3

3) were also found to be significantly different 

from zero. However, Hashemi et al. (2015) determined the distribution of Zernike 

coefficients in 577 subjects (mean age: 49.5 ± 5.7 years) over a 5-mm pupil and 

reported no significant difference from zero for spherical aberration (Z4
0). A 

number of factors, including age and pupil size, may affect ocular on-axis HOAs, 

which are discussed in the following sections. 

 

2.4.1 Ageing 

A number of observational studies have demonstrated a linear 

relationship of total ocular HOAs increase with age (Guirao et al., 2000; 

McLellan et al., 2001; Artal et al., 2002; Kuroda et al., 2002b; Wang and Koch, 

2003; Amano et al., 2004; Fujikado et al., 2004; Wei et al., 2006; Applegate et al., 

2007; Atchison and Markwell, 2008; Berrio et al., 2010; Lyall et al., 2013; Wan et 

al., 2014; Namba et al., 2015; Zhang et al., 2018). Similar trends have also been 

observed for spherical (Smith et al., 2001) and comatic (Plainis and Pallikaris, 

2008; Hashemi et al., 2015) aberration RMS. 
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Although some studies failed to show significant changes in corneal HOAs 

throughout adulthood (Artal et al., 2002; Amano et al., 2004; Fujikado et al., 

2004), others reported a small increase with age in corneal HOAs (Oshika et al., 

1999; Guirao et al., 2000; Wang et al., 2003b), particularly for comatic aberration 

RMS. Other studies have reported that internal HOAs, especially spherical 

aberration RMS, increase with age (Artal et al., 2002; Wang et al., 2005). 

The increase in ocular HOAs with age is, therefore, primarily attributed to 

the loss of a compensatory effect between corneal and internal HOAs arising 

from age-related changes in the eyes, including, but not limited to, changes in 

anterior corneal asphericity (Brunette et al., 2003), lens refractive index gradient 

(Radhakrishnan and Charman, 2007), lens dimension (Glasser and Campbell, 

1998), lens geometry (Berrio et al., 2010), and cataract formation (Kuroda et al., 

2002a; Sachdev et al., 2004; Rocha et al., 2007). 

Regarding the contribution of various HOAs over time, the majority of the 

above mentioned studies investigated changes in RMS error values. Salmon and 

van de Pol (2006) and Radhakrishnan and Charman (2007) examined individual 

Zernike terms and showed that spherical aberration (𝑍4
0) gradually increased 

with age, whereas Atchison and Markwell (2008) noted that only horizontal coma 

(𝑍3
1) decreased significantly with age.  

Brunette et al. (2003) determined ocular HOAs in 114 subjects over a wide 

age range from 5.7 to 82.3 years and suggested a quadratic relationship between 

ocular HOAs and age: ocular HOAs decreased slightly in childhood, reaching a 

minimal level in middle adulthood, and then increased progressively in the 



Chapter 2  19 

 

elderly. This also applied to the changes in spherical and comatic aberrations 

RMS. In addition, these researchers measured the anterior corneal curvature 

and its asphericity and found that the corneal shape also varied with age, 

slightly flattening from childhood to adulthood before steepening in old age. 

Namba et al. (2017) confirmed this second-order relationship by adjusting for 

other possible confounding factors in their modelling analyses of 227 subjects 

(age range: 37 – 86 years), in line with the regression fit used by Salmon and van 

de Pol (2006) (n = 1433, mean age: 33.8 ± 7.8 years). Their findings were in 

agreement with the observation of a decreasing trend of ocular HOAs in children, 

compared with adults (He et al., 2002), and stable HOA levels in adults (Levy et 

al., 2005; Radhakrishnan and Charman, 2007). 

There are inconsistencies between studies when analysing the changes in 

ocular or corneal HOAs over time (Levy et al., 2005), which may be explained by 

the incorporation of linear or quadratic modelling and limited sample size over a 

narrow age range. 

 

2.4.2 Pupil size 

The effect of pupil size on ocular HOAs has been well documented (Wang 

et al., 2003c; Salmon and van de Pol, 2006; Applegate et al., 2007). Since 

aberrations represent the wavefront error over a fixed pupil size, aberrations 

increase with a larger pupil size following a quasi-linear function. Therefore, 

when analysing wavefront error, it is important to consider the same pupil size 

for controlled comparisons between studies. 
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Many researchers have considered rescaling the Zernike coefficients from 

a larger pupil to smaller sizes for the ease of comparison between studies 

(Schwiegerling, 2002; Campbell, 2003; Dai, 2006). However, it should be noted 

that, on the contrary, scaling HOAs up to a larger pupil size may result in 

considerable variations, which are significantly different from the clinically 

measured values and this should be avoided (Ommani et al., 2014). 

 

2.4.3 Refractive error 

Numerous studies have investigated the association between HOAs and 

refractive error (Carkeet et al., 2002; Little et al., 2014; Hashemi et al., 2015). 

However, there is still no clear conclusion and their relationship remains 

equivocal. The inconsistencies reported between studies may be attributed to 

variations, in age, sample size, instruments used, ethnicity, control for 

accommodation, and pupil size. 

 

2.4.3.1 Adults 

In adults, some studies have demonstrated that hyperopic eyes display 

more HO RMS than myopic eyes (Llorente et al., 2004; Philip et al., 2012; Philip 

et al., 2018). Llorente et al. (2004) investigated a group of hyperopic and myopic 

young adults (n = 46, mean age: 30.4 ± 4.5 years) and showed higher levels of HO 

RMS, spherical and comatic aberrations RMS, and spherical aberration (𝑍4
0) in 

hyperopes, compared with age-matched myopes. Additionally, Philip et al. (2012; 
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2018), in their analyses of over 600 adolescents (age range: 11.1 –19.0 years), 

reported that hyperopes had a higher level of spherical aberration (𝑍4
0) than 

emmetropes and myopes, the latter two groups having aberrations of a similar 

magnitude, similar to the findings of Hashemi et al. (2015). 

In contrast, some studies demonstrated an opposite trend in the 

relationship between HOAs and refractive status (Paquin et al., 2002; Yazar et 

al., 2014). Paquin et al. (2002) reported that myopes exhibited more HOAs, 

spherical, and comatic aberrations RMS in young adults (n = 35, age range: 18 – 

32 years), compared with emmetropes. Yazar et al. (2014) examined 1034 

subjects aged 18.3 to 22.1 years and found comparable associations of refractive 

error with HO RMS and comatic aberration RMS as Paquin et al. (2002). 

However, most studies have demonstrated no association between HOAs 

and refractive errors (Collins et al., 1995; Porter et al., 2001; Cheng et al., 2003a; 

Zadok et al., 2005; Wei et al., 2006; Bao et al., 2009; Kwan et al., 2009; Karimian 

et al., 2010; Little et al., 2014; Wan et al., 2014). Nevertheless, the association 

between refractive error and spherical aberration (𝑍4
0) cannot be precluded, 

because some studies have indicated that spherical aberration (𝑍4
0) decreases 

with increasing myopia (Kwan et al., 2009; Hartwig and Atchison, 2012; Yazar et 

al., 2014; Papamastorakis et al., 2015). 

 

2.4.3.2 Children 

The association between refractive error and HOAs remains controversial 

in children. Some studies have reported that the magnitude of HOAs is higher in 
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hyperopes compared with emmetropes (Martinez et al., 2009; Thapa et al., 2011). 

Thapa et al. (2011) noted a small, but significant correlation between HO RMS 

and refractive error (r = 0.23) in 423 emmetropic and hyperopic pre-school 

children. Martinez et al. (2009) also indicated that eyes with more hyperopia 

exhibited a higher level of spherical aberration (𝑍4
0) (mean differences ranged 

between 0.02 ± 0.01 and 0.09 ± 0.02 µm for low, moderate, and high hyperopes, 

compared with emmetropes) in a large cohort of 634 children between six and 12 

years old. 

In contrast, other studies reported a higher level of ocular HOAs in myopes 

than hyperopes (He et al., 2002; Kirwan et al., 2006). He et al. (2002) determined 

a higher mean HO RMS in moderate myopes compared to age-matched 

emmetropes in their study (n = 170). A similar trend was also observed in the 

young adults in the same study (n = 146). These findings were supported by the 

work of Kirwan et al. (2006), who examined 82 children (age range: 4 – 14 years) 

and showed a higher level of vertical coma (𝑍3
−1) in myopes, compared with 

hyperopes (mean difference: 0.08 ± 0.03 µm). 

Other studies observed no significant difference in HOAs across different 

refractive groups (McLellan et al., 2001; Carkeet et al., 2002; Brabander et al., 

2004; Li et al., 2012; Little et al., 2014; Zhang et al., 2018). Overall, therefore, it 

remains impossible to draw a consensus. Little et al. (2014) demonstrated 

negative associations between axial length and HO RMS and spherical 

aberration RMS (n = 313, mean age: 10.1 ± 0.4 years), and highlighted the 

importance of axial length when analysing HOAs. Zhang et al. (2018) 

investigated ocular HOAs in 1634 subjects aged from three to 17 years with 
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refraction ranging from -10.00 to +8.25 D and did not observe any differences in 

Zernike coefficients or RMS error values among different refractive groups.  

 

2.4.3.3 Anisometropia 

Given that ocular HOAs vary with numerous factors making inter-subject 

variations substantial confounders, studying subjects with anisometropia (with 

significant refractive difference between their eyes in the absence of ocular 

pathology) may help towards the understanding of the relationship between 

refraction and HOAs. 

However, similar to the findings for different ametropias, ocular HOAs in 

anisometropes remain ambiguous (Kwan et al., 2009; Tian et al., 2011; Vincent 

et al., 2011; Hartwig and Atchison, 2012; Hartwig et al., 2013). In early studies, 

Tian et al. (2011) compared the ocular HOAs in 15 young anisometropic myopes 

and showed that more myopic eyes exhibited more positive spherical aberration, 

but Kwan et al. (2009) demonstrated that eyes with less myopia were more 

aberrated in terms of HO RMS, third order aberration RMS, and spherical 

aberration (𝑍4
0). Vincent et al. (2011) studied 34 myopic anisometropic young 

adults (mean age: 24 ± 4 years) with at least 1.00 D spherical equivalent 

difference between their eyes. They found no significant relationships between 

the interocular difference in corneal and ocular HOAs and the magnitude of 

anisometropia, which was confirmed by the findings of Hartwig et al. (2013) in 

20 anisometropes (mean age: 43 ± 17 years). 
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2.4.4 Accommodation 

HOAs change with accommodation, because of the geometric changes in 

shape and position of the crystalline lens (Brown, 1973; Koretz et al., 2002). 

Many studies have shown a consistent and significant increase of HO RMS 

during accommodation (Atchison et al., 1995; Collins et al., 1995; He et al., 2000; 

Ninomiya et al., 2002; Cheng et al., 2004). In order to investigate the origin of 

HOA changes, Li et al. (2011) evaluated the changes in RMS error values during 

accommodation in 42 subjects (n = 82 eyes) and found that internal spherical 

aberration RMS, but not corneal HOAs, increased significantly during 

accommodation. To examine the changes in HO RMS under different 

accommodative stimuli (0 to 6 D), He et al. (2000) measured the HOA responses 

during accommodation. They found that HO RMS decreased when the 

accommodative stimulus changed from 0 to approximately 3.00 D and then 

increased progressively with further stimuli, which was confirmed by later 

studies (Cheng et al., 2004; Buehren and Collins, 2006; Zhou et al., 2015). They 

noted that the changes were predominantly from Zernike coefficients of lower 

than or equal to the fourth order.  

With respect to individual Zernike coefficients, during accommodation, 

there is a progressive shift in spherical aberration (𝑍4
0) in the negative direction 

(less positive or more negative) (Atchison et al., 1995; He et al., 2000; Ninomiya 

et al., 2002; Cheng et al., 2004; Plainis et al., 2005; Collins et al., 2006b; 

Radhakrishnan and Charman, 2007; Lopez-Gil et al., 2008; Lopez-Gil and 

Fernandez-Sanchez, 2010; Ghosh et al., 2011; Li et al., 2011; Zhou et al., 2015), 
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in agreement with the classic trend proposed by Koomen et al. (1949) and also 

the accommodation-dependent eye model suggested by Navarro et al. (1985). 

However, the trend was not always followed, as in the Atchison et al. (1995) 

study where only half of the subjects’ measurements followed the trend. When 

considering the decrease in spherical aberration (𝑍4
0) across different refractive 

error groups, Collins et al. (1995) compared 37 young subjects (21 myopes, 16 

emmetropes; mean age: 21 ± 3 years) and showed that myopes presented a lower 

mean value of spherical aberration (𝑍4
0). Their results were confirmed by 

Buehren et al. (2005) and Tarrant et al. (2010). However, the magnitude of the 

decrease over different accommodative stimuli was similar among myopes and 

emmetropes (Collins et al., 1995; Tarrant et al., 2010).  

 Other Zernike coefficients may also change during accommodation. For 

example, secondary spherical aberration (𝑍6
0) changes slightly with 

accommodation (Ninomiya et al., 2002; Lopez-Gil and Fernandez-Sanchez, 2010; 

Ghosh et al., 2011; Li et al., 2011). In contrast, the effect of accommodation on 

coma remains inconclusive, with some studies reporting no change (He et al., 

2000), whilst Plainis et al. (2005) showed a positive correlation between both 

vertical (𝑍3
−1) and horizontal (𝑍3

1) coma and accommodative response. Buehren et 

al. (2005) analysed near work induced HOA changes in myopia over a 4-mm 

pupil. They found that both vertical coma (𝑍3
−1) and trefoil along 30o significantly 

changed after two hours of reading, with the eyes in downgaze position. Another 

study, examining the influence of downgaze on ocular HOAs over a shorter time 

(10 minutes), reported a shift to the negative direction for horizontal coma (𝑍3
1) 

(Ghosh et al., 2011). Changes in HOAs during accommodation between primary 
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and downward gaze suggest that the changes in coma are likely to be due to the 

changes in corneal optics resulting from the pressure of the eyelid in the 

downgaze position (Buehren et al., 2003; Collins et al., 2006a; Shaw et al., 2008).  

The changes in HOAs during accommodation may vary with age. Lopez-

Gil et al. (2008) investigated the relationship between HOAs and accommodation 

in 60 subjects covering a wide age range (mean age: 41.3 ± 13.1 years). They 

reported a higher rate of decrease (or negative shift) in spherical aberration (𝑍4
0) 

in the older subjects. However, for natural pupil sizes, there were no significant 

differences between different age groups for the changes of HO RMS. They also 

reported an increase in a 4-mm pupil, which was similar to those reported in 

previous studies (Atchison et al., 1995; Collins et al., 1995; He et al., 2000; 

Ninomiya et al., 2002; Cheng et al., 2004). Their results suggested that the 

accommodative miosis is a potential adaptive mechanism of the eye to maintain 

retinal image quality during accommodation. Buehren and Collins (2006) also 

emphasised the important interaction between pupil size and HOAs affecting 

retinal image quality. Collins et al. (2006b) examined retinal image quality, 

taking the accommodation lag into account for analysis. They reported higher 

accommodation lags in myopes compared to emmetropes and highlighted the 

potential interaction between lower order and HOAs in reducing retinal image 

quality. Further, accommodation lead (over-accommodation at a low demand) 

and lag (under-accommodation at a high demand) (Morgan, 1952) were 

suggested by Lopez-Gil and Fernandez-Sanchez (2010) to be another 

compensating mechanism of the visual system to counteract the change of 
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spherical aberration during the accommodation process in selecting the best 

image plane. 

 

2.5 Influence of ocular aberrations on visual development 

Emmetropisation refers to the regulatory mechanism for controlling eye 

growth and its refractive state towards emmetropia, which is the ideal, precise 

condition that results in the image of a distant object being focused on the retina 

without accommodation. 

 

 

Figure 2.4 Illustrations showing axial and choroidal responses to defocus. 

Under myopic defocus (induced by plus lens), the choroid is thickened and axial 

shortening (red box) is observed, where under hyperopic defocus (induced by 

minus lens), the choroid is thinned and axial elongation (green box) is observed. 
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2.5.1 Effect of lower order aberrations 

Evidence from a number of animal models, utilising chicks (Schaeffel et 

al., 1988), tree shrews (Norton et al., 2006), marmosets (Troilo et al., 2009), and 

rhesus monkeys (Smith and Hung, 1999), and other species (Wallman and 

Winawer, 2004), suggest that bidirectional changes in eye growth result from 

imposed defocus. Exposure to myopic defocus leads to axial shortening, while 

axial elongation occurs in response to hyperopic defocus (Figure 2.4). These 

studies demonstrated that emmetropisation is an active rather than passive 

process (Wallman and Winawer, 2004). The feedback mechanism from visual 

experience seems to provide some plausible clues to visual development as well 

as axial elongation, however, definite afferent and efferent pathways remain 

unclear (Troilo, 1992). 

In human studies, transient and bidirectional changes in axial length 

(Read et al., 2010; Chakraborty et al., 2012, 2013; Delshad et al., 2020) and 

choroidal thickness (Chiang et al., 2015; Wang et al., 2016; Chiang et al., 2018), 

which are in reverse directions, responding to the imposed defocus have also 

been reported (Figure 2.4). In brief, Read et al. (2010) examined the changes in 

axial length and choroidal thickness in young adults (n = 28) with imposed 

monocular defocus (± 3.00 D) and the fellow eye with best refractive correction as 

control for 60 minutes. Small, but significant, changes of approximately 10 µm in 

axial length were observed. The choroidal thickness showed slightly smaller 

changes, but in opposite direction to that of axial length. Eyes under myopic 

defocus also exhibited more changes compared with those exposed to hyperopic 
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defocus. Similar findings were reported in other studies on adults with different 

levels of defocus (within ±3.00 D) (Chakraborty et al., 2012, 2013; Chiang et al., 

2015; Chiang et al., 2018; Delshad et al., 2020). Diurnal variations of axial 

length and choroidal thickness are also disrupted by imposed defocus 

(Chakraborty et al., 2012, 2013). Wang et al. (2016) also examined short-term 

choroidal thickness changes in 51 children (mean age: 12.2 ± 0.5 years) and 

showed consistent findings to those in adults. However, it would be of interest to 

investigate if there is a dose dependent relationship between the degree of 

defocus and choroidal response. 

The regional changes in choroidal thickness in response to defocus were 

examined by Hoseini-Yazdi et al. (2019). When imposing myopic defocus (+3 D) 

in either the superior or inferior hemifield, the choroid exposed to the defocus 

thickened, more so than in the opposite hemifield. This implied the choroid was 

able to provide localised response to regional defocus consistent with animal 

models (Smith et al., 2010, 2013). 

Researchers have attempted to study the influence of myopic defocus on 

slowing myopia progression and axial elongation. Li et al. (2015b) observed the 

effect of under-correction in 253 Chinese children (mean age: 12.7 ± 0.4 years) for 

one year. While, a smaller change in spherical equivalent refraction (SER) was 

weakly associated with the magnitude of under-correction (r = 0.14, p = 0.02), no 

association was observed for axial elongation (r = 0.06, p = 0.38). In addition, no 

significant differences in myopia progression or axial elongation were observed 

between children who were under-corrected, or those with full myopic correction. 

Another study followed 121 myopic children (mean age: 12.7 ± 0.5 years) with 
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either full or no correction for two years (Sun et al., 2017b). They found that 

imposing myopic defocus, without refractive correction slowed myopia 

progression. However, the subjects were not randomised and the results could be 

affected by the variation in the time spent engaged in near work and outdoor 

activities. A retrospective analysis, on the contrary, showed a positive correlation 

between under-correction and myopia progression (Vasudevan et al., 2014). Some 

randomised clinical trials further attempted to arrest myopia progression by 

imposing myopic retinal defocus via incorporating under-correction of 0.50 – 0.75 

D over one to two years (Chung et al., 2002; Adler and Millodot, 2006; Koomson 

et al., 2016). However, the results indicated that this accelerates or shows no 

effect on myopia progression in young myopes.  

Phillips et al. (2005) evaluated the feasibility of arresting myopia 

progression by under-correcting the non-dominant eye of up to +2.00 D, while 

keeping the dominant eye fully corrected, in 13 children. After monitoring the 

subjects for up to 30 months, the inter-eye difference in myopia progression and 

vitreous chamber depth were 0.36 D/year and 0.13 mm/year, respectively. 

However, the study contained limited sample size, uncontrolled amount of 

myopic defocus, in terms of under-correction, and non-uniform follow-up 

schedule, and further randomised clinical trials are required to warrant the 

effect of monovision on slowing myopia progression. 

Logan and Wolffsohn (2020) recently conducted a meta-analysis of nine 

studies and demonstrated no evidence of clinical benefits from using no 

correction, monovision, under- or over-correction. More frequent follow-ups and 
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updates on refractive correction should be implemented in further studies to 

reduce the influence of potential under-correction presented between visits. 

 

2.5.2 Effect of higher order aberrations 

Despite no or low refractive error, Zadnik et al. (2004) found that in their 

194 emmetropic subjects, aged between 6 and 14 years, axial elongation and 

changes in other ocular parameters, such as anterior chamber depth and 

vitreous chamber depth, were associated with age (in a logarithmic relationship). 

Zadnik et al. (2003) examined the refractive errors and ocular components 

(anterior chamber depth, lens thickness, vitreous chamber depth, and axial 

length) of 2583 schoolchildren and found that these parameters were also 

associated with sex. They also showed a trend of becoming less hyperopic or more 

myopic over time. 

In their review on myopia control interventions, Saw et al. (2002) observed 

that in all the young myopic subjects optimally corrected with single-vision 

spectacles or contact lenses in the control groups, myopia progression still 

occurred (mean annual progression ranged from 0.30 to 0.93 D per year). 

Since emmetropisation is a visually dependent process, one possible cue to 

myopia development is the visual signal in the form of a poor retinal image 

quality produced by the ocular HOAs (Collins et al., 1995; Liang and Williams, 

1997; Campbell et al., 2002; He et al., 2002; Collins et al., 2006b). Wilson et al. 

(2002) demonstrated the ability of discriminating the point spread function, 

composed of different magnitudes of HOAs, in individuals. Buehren et al. (2007) 
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computed various simulations of different levels of spherical aberration (𝑍4
0), 

vertical coma (𝑍3
−1), and trefoil along 30o, and found that spherical aberration 

(𝑍4
0) of 0.2 – 0.3 µm or more (over a 5-mm pupil size) is sufficient to result in a 

clinically significant correction (0.25 D) for optimisation of retinal image quality. 

Thibos et al. (2013a) also stressed the importance of the interaction between 

defocus and spherical aberration during accommodation had the potential role in 

guiding emmetropisation. They proposed that positive spherical aberration 

together with hyperopic defocus would result in a better contrast of retinal 

image. An alteration of this interaction to retinal image quality was also noted in 

another study investigating the predictive values of different optical quality 

metrics during accommodation (Tarrant et al., 2010). This combination may 

therefore provide a protective effect against myopia progression in young 

children. 

A retrospective study (Zhang et al., 2013) examined the correlation 

between ocular HOAs and myopia progression in 148 Chinese children aged 6-16 

years old, over a 6-mm pupil. The subjects were classified into fast and slow 

progressors, based on a split of annual progression 0.50 D/y. Fast progressors 

demonstrated higher levels of ocular HO RMS, third order aberration RMS, and 

more negative vertical coma (𝑍3
−1). However, this study contains some 

methodological flaws. For instance, aberration data from both eyes was 

considered without proper statistical adjustment and follow-up visits were at 

arbitrary intervals between subjects. In addition, the aberrometer used may not 

provide highly repeatable measurements for HOAs (Dobos et al., 2009). 
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A few longitudinal studies have also investigated the association between 

HOAs and axial elongation or refractive development. Philip et al. (2014) 

monitored a total of 166 emmetropic adolescents (mean age: 17.1 ± 0.7 years) of 

mixed ethnicity for five years. They analysed ocular HOAs across a 5-mm pupil 

and showed that subjects with a myopic shift had lower levels of baseline third 

order and comatic aberrations RMS. Myopia progression was also associated 

with lower levels of spherical aberration (𝑍4
0), fourth order aberration RMS, and 

a higher level of comatic aberration RMS. However, since the baseline HOAs 

were not statistically significant in the modelling analysis (p = 0.053), after 

adjustment for age, ethnicity, and follow-up time, they concluded that there was 

no significant association between HOAs and retinal image quality and myopia 

development and progression. 

Hiraoka et al. (2017) investigated the relationship between HOAs and 

myopia progression in a younger myopic cohort of children (n = 64, mean age: 9.2 

± 1.6 years). They showed that faster myopia progression was associated with 

lower levels of corneal HO RMS, vertical coma (𝑍3
−1), higher levels of horizontal 

coma (𝑍3
1), and corneal spherical aberration (𝑍4

0), when controlling for age in a 

multiple regression analysis. In the analysis using axial length, more positive 

ocular spherical aberration (𝑍4
0) was also associated with less axial elongation, 

consistent with the suggestion by Little et al. (2014) on the importance of axial 

length when analysing spherical aberration. 

However, it should be noted that eyes with a higher level of HO RMS tend 

to have poor retinal image contrast (Williams et al., 2000; Oshika et al., 2006; 

Zhao et al., 2017) and visual acuity (Applegate et al., 2003; Marcos et al., 2008). 



Chapter 2  34 

 

The same RMS error value does not necessarily result in the same extent of 

reduction in visual quality, and the variation of acuity depends how the HOAs 

are mixed and combined (Applegate et al., 2003). Neural processing of the visual 

system, together with optical information, may also affect overall visual 

performance (Applegate et al., 2003; Thibos et al., 2004; Watson and Ahumada, 

2008). 

In conclusion, ocular HOAs vary with different factors and these may 

potentially be associated with refractive development in young children. By 

understanding the relationship between HOAs and axial eye growth and 

refractive development, specific modifications to optical interventions such as 

ortho-k to customise the HOA profile may be a future treatment option to 

enhance myopia control.
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Chapter 3 

Orthokeratology and 

higher order aberrations 

 

3.1 The need for myopia control 

Uncorrected refractive error is the leading cause of moderate-to-severe 

vision impairment and the second most common cause of blindness worldwide 

(Flaxman et al., 2017). The prevalence of myopia (SER ≤ -0.50 D) has also been 

reported to be alarming high in the population, especially in East Asian 

countries (Grzybowski et al., 2020). Yam et al. (2020) recently reported that at 

least one tenth of Hong Kong children aged six in their study were myopic, which 

was confirmed by Choy et al. (2020). Rudnicka et al. (2016) estimated that more 

than 80% of Hong Kong citizens would be myopic by the age of 18. It is also 

projected that almost half of the world population will become myopic by 2050 if 

no interventions are applied (Holden et al., 2016), of whom, one tenth will be 

highly myopic (SER ≤ -5.00 D). The risk of ocular complications, such as 

glaucoma, cataract, macular and other chorioretinal abnormalities, increases 

with the severity of myopia, which is associated with longer axial length (Zadnik, 

1997; Gaurisankar et al., 2019; Leveziel et al., 2020). Bullimore and Brennan 

(2019) recently analysed 21000 patients from five population-based studies and 
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showed that slowing myopia by 1.00 D reduces the risk of developing myopic 

maculopathy by 40%. The potential economic burden arising from myopia should 

not be underestimated (Naidoo et al., 2019). Therefore, a multifaceted system to 

slow myopia progression in early childhood is imperative (Ang et al., 2020). 

A meta-analysis of the rate of myopia progression in 2194 spectacle-

wearing children from 14 myopia intervention studies and six longitudinal 

clinical trials has shown that the estimated annual progression in Asians 

decreases from 1.32 D/y at the age of six to 0.50 D/y at the age of 12 (Donovan et 

al., 2012). However, the data was extracted mainly from the control subjects in 

previous studies and may not be representative, as children with higher 

progression rate may selectively opted to drop out to seek myopia control 

treatment. In addition, the progression rate may vary with different timings of 

the clinical studies. These discrepancies may explain the differences in myopia 

progression reported when compared with other studies (French et al., 2013; 

Chua et al., 2016; Zhou et al., 2016; Hsu et al., 2017; Kim et al., 2017; Wu et al., 

2018). 

Population growth curves based on cross-sectional data have also been 

used to predict the risk and progression of myopia. Chen et al. (2016a) 

constructed a population centile curve with 4572 Chinese children and showed 

that the progression rate was approximately -0.58 D/y on average over 5 – 15 

years old. Sanz Diez et al. (2019) recently conducted a clinical growth curve for 

the axial length in 12554 Chinese children. The axial elongation (50th percentile) 

was about 1.22 mm for children aged between six and nine years and 0.67 mm 

for those between nine and 12 years. On the contrary, Tideman et al. (2018) 
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examined 12386 European children and demonstrated an axial elongation of 0.72 

mm aged between six and nine years and 0.35 mm between nine and 12 years. 

Variation in ethnicity remains an important issue in affecting the predictive 

value of these tools. 

In short, the major contributing factor to myopia progression is the age of 

onset (Jensen, 1995; Iribarren et al., 2009; Price et al., 2013; Sankaridurg and 

Holden, 2014; Chua et al., 2016). The earlier a child becomes myopic, the faster 

the rate of progression.  

Whilst the nature and nurture debate continues, various genetic and 

environmental risk factors of myopia progression have been identified. Sanfilippo 

et al. (2010) conducted a meta-analysis and estimated the heritability 

(proportion of variation transmitted from the parents to the offspring) of both 

refractive error and axial length at 0.71. However, genome-wide association 

studies identifying more than 140 loci for refractive error only explain a small 

variance in refractive error (Verhoeven et al., 2013). A simple and direct way to 

access the risk of developing myopia or progression with respect to genetics is 

parental myopia. The odds ratio (OR) of having a myopic child if both parents are 

myopic can be up to 2.96 (95% CI: 1.53 – 2.39) (Zhang et al., 2015). The rate of 

axial elongation is also associated with the number of myopic parents (Lam et 

al., 2008). A pedigree analysis also demonstrated the importance of the degree of 

myopia of the parents in predicting myopia development and progression in their 

children (Wenbo et al., 2017). However, the interaction of genetics and 

environmental factors cannot be completely isolated (Fan et al., 2016). 
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In some genetics studies, the importance of a light-dependent signalling 

cascade as a driver to refractive development is highlighted (Tedja et al., 2018). 

An epidemiology study, investigating the prevalence of myopia in Caucasian and 

Asian children showed comparable results, suggested that not only genetics but 

environmental factors may also have some impact on myopia development and 

progression (French et al., 2013; Coviltir et al., 2019), in line with the suggestion 

arising from the analysis conducted by Wenbo et al. (2017). The two major 

potential environmental components are the time spent on outdoor activities and 

near work (Ramamurthy et al., 2015). Xiong et al. (2017) conducted a systemic 

review and demonstrated the dose-dependent protective effect of outdoor time on 

the onset of myopia. However, paradoxically, it did not slow the myopia 

progression. The mixed results may be affected by the seasonal variation in 

myopia progression (Gwiazda et al., 2014). Following positive findings in a 

randomised clinical trial, longer time spent on outdoor activities (≥ 200 minutes 

per week) with relatively lower light intensity (≥ 1000 lux) is recommended to 

reduce the myopic change (Wu et al., 2018), and this may reduce the number of 

children with reduced uncorrected visual acuity (Wu et al., 2020). 

Near work is also associated with myopia (Huang et al., 2015). More near 

work is associated with a higher risk of myopia development (OR: 1.85, 95% CI: 

1.31 – 1.62). Every dioptre-hour of near work per week is associated with 2% 

higher chance of having myopia. Some more studies also confirmed the 

association between near work and myopia development and progression 

(Pärssinen et al., 1989; Hepsen et al., 2001; Zhang et al., 2010; Lee et al., 2015; 

Li et al., 2015a; Wu et al., 2015; You et al., 2016; Hsu et al., 2017; Sun et al., 
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2018), yet a few studies yield no association (Saw et al., 2000; Low et al., 2010). 

Living conditions are also considered to be associated with myopia progression. 

In the review by Rudnicka et al. (2016), children living in urban areas 

demonstrated a higher risk of developing myopia (OR: 2.61, 95% CI: 1.79 – 3.86). 

This was later confirmed by other studies investigating the risk factors of myopia 

in terms of population density, housing environment, and home size (Wu et al., 

2016; Choi et al., 2017). 

Binocular vision may also be important in the onset and progression of 

myopia. Accommodation lag is believed to impose a hyperopic blur to the retina 

and stimulate the emmetropisation process, resulting in axial elongation and 

myopia progression (Gwiazda et al., 2004). Higher accommodation lag is found in 

myopes compared to emmetropes (Gwiazda et al., 1993; Mutti et al., 2006). 

However, this difference is only observed at the time of onset and cannot predict 

the rate of myopia progression (Mutti et al., 2006; Weizhong et al., 2008). Other 

studies did not show any association between accommodation lag and myopia 

progression (Berntsen et al., 2011; Berntsen et al., 2012). In addition, simply 

measuring accommodation error may not completely represent the retinal image 

quality due to the interaction between defocus and spherical aberration, as well 

as pupil size, involved during the process, which may increase the depth of focus 

(Buehren and Collins, 2006; Tarrant et al., 2010; Thibos et al., 2013b). 

The accommodative convergence-to-accommodation ratio may also have 

some effects on myopia development because it tends to be higher before the 

onset of myopia (Gwiazda et al., 2005; Mutti et al., 2017), in spite of its clinically 

insignificant association with myopia progression (Correction of Myopia 
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Evaluation Trial 2 Study Group for the Pediatric Eye Disease Investigator, 

2011). 

Both genetic and environmental factors contribute to myopia development. 

Low et al. (2010) suggested that the development of early-onset myopia may be 

primarily driven by genetics and later associated more with environmental 

factors, while Morgan and Rose (2019) believed that environmental exposure, 

with observed variations among different societies, appears to be more relevant 

to myopia development. However, the relative influence of genetic and 

environmental factors in myopia development remains unknown. Practitioners 

should, therefore, comprehensively scrutinise the risk factors to rapid myopia 

progression and discuss with the parents what measures should be taken in 

order to best suit the situation of their children (McCrann et al., 2018). 

 

3.2 Peripheral refraction and myopia  

Relative peripheral refraction is defined as the refractive error difference 

between the central and peripheral retina (Hoogerheide et al., 1971; Rempt et 

al., 1971). In some animal studies, monkeys treated with foveal ablation showed 

central emmetropisation in response to induced defocus or form-deprivation 

(Smith et al., 2005; Smith et al., 2007; Smith et al., 2009). This indicates that 

central vision alone is not necessary for accurate refractive development. 

Peripheral refraction also influences the regulation of axial elongation in various 

animal models (Smith et al., 2009; Smith, 2011). In comparisons between human 

subjects of different refractive status, myopic eyes show relative peripheral 
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hyperopia, whereas hyperopic eyes show relative peripheral myopia (Millodot, 

1981; Mutti et al., 2000; Seidemann et al., 2002; Atchison et al., 2005; Chen et 

al., 2010b; Lee and Cho, 2013b). The variation in peripheral refraction in myopia 

is predominantly along the horizontal meridian rather than the vertical visual 

field (Atchison et al., 2006). 

In order to study the influence of peripheral refraction on myopia 

development, Mutti et al. (2007) monitored almost a thousand children aged six 

to 14 years for 11 years. They found that emmetropes who became myopic 

showed more relative peripheral hyperopia at least two years before the onset of 

myopia. However, their follow-up study did not show any relationship between 

the relative peripheral hyperopia and myopia progression (Mutti et al., 2011). 

Some longitudinal studies further suggest that relative peripheral hyperopia is 

the result, rather than the cause, of myopia (Sng et al., 2011; Lee and Cho, 

2013b; Atchison et al., 2015). 

Rosén et al. (2012b) raised a concern about the misinterpretation of the 

findings of Hoogerheide et al. (1971), in which refraction data did not appear to 

be taken before myopia onset and the results did not indicate any pattern of 

myopia development. Atchison et al. (2015) further reviewed the five 

longitudinal studies mentioned above and suggested that relative peripheral 

hyperopia does not help to predict myopia development or progression in 

children. However, children involved in the analysis were cyclopleged and the 

effect of near work was not considered. The interaction between accommodation, 

changes in optics, and peripheral refraction may still be an important factor in 

myopia development to be established (Brennan and Cheng, 2019), particularly 
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given the reported association between near work activities and the prevalence 

of myopia. Relative peripheral hyperopia may exert a mild protective effect 

against myopia development and progression (Atchison and Rosen, 2016), but 

the interaction with other confounding factors remains unclear. 

The sensitivity to defocus, particular peripheral refraction, also remains 

questionable (Neil Charman and Radhakrishnan, 2010). Papadogiannis et al. 

(2020) recently examined the peripheral sensitivity to defocus with and without 

chromatic and HOAs in nine subjects. They found that, with HOA correction, the 

peripheral sensitivity was improved. However, it should also be noted that, 

despite less sensitivity to peripheral hyperopic defocus in myopes (Rosén et al., 

2012a), low-contrast resolution acuity is better under hyperopic defocus 

(Radhakrishnan et al., 2004). The less reduction in spatial visual performance 

under hyperopic defocus observed in myopes (Radhakrishnan et al., 2004) could 

be explained by the incorporation of HOAs similarly observed under central 

defocus (Guo et al., 2008). 

 

3.3 Introduction of orthokeratology 

Orthokeratology (Ortho-k) was first introduced by Jessen (1962) as 

orthofocus treatment, where a flat fitting conventional polymethylmethacrylate 

contact lens was used for refractive correction. However, poor centration, 

instability, and unpredictability resulted in its unpopularity. In the late 1980s to 

early 1990s, the lens manufacturing process was ameliorated and the orthofocus 

lens was revolutionised into a three-zone, reverse geometry lens, including a flat 
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central base curve, a steep intermediate curve, and a peripheral curve (Wlodyga 

and Harris, 1993). In recent decades, four or five curves lens designs 

significantly improved the fitting performance and outcomes. The introduction of 

high oxygen permeability lens materials has also significantly reduced the risk of 

hypoxic complications during overnight wear (O'Neal et al., 1984; Harvitt and 

Bonanno, 1999; Lin et al., 2002). 

Due to the increasing prevalence of myopia globally, researchers have 

investigated different pharmacological and optical interventions to slow myopia 

progression (Saw et al., 2002; Maduka Okafor et al., 2009; Walline, 2015; Huang 

et al., 2016; Leo et al., 2017; Kang, 2018; Sankaridurg et al., 2018). Retrospective 

and prospective cohort studies (Cho et al., 2005; Walline et al., 2009; Kakita et 

al., 2011; Hiraoka et al., 2012; Santodomingo-Rubido et al., 2012; Chen et al., 

2013; Downie and Lowe, 2013; Zhu et al., 2014b; Paune et al., 2015; He et al., 

2016; Santodomingo-Rubido et al., 2017), randomised clinical trials (Cho and 

Cheung, 2012; Charm and Cho, 2013), and meta-analyses (Si et al., 2015; Sun et 

al., 2015; Wen et al., 2015; Huang et al., 2016; Li et al., 2016b; Li et al., 2017b; 

Prousali et al., 2019; Guan et al., 2020) have shown the effectiveness of ortho-k 

for myopia control to be approximately 50% (VanderVeen et al., 2019), compared 

with single-vision spectacles or soft contact lenses, over a two-year period. On 

average, axial elongation is slowed by 0.27 mm over a two-year period with 

ortho-k treatment (95% confidence interval [CI]: 0.23-0.32 mm) (Li et al., 2016b). 

Cho and Cheung (2017b) also reported a similar result based on two of their 

ortho-k clinical trials. Their analysis revealed that 50% of young children (aged 6 

– 8) treated with ortho-k would be prevented from developing rapid axial 
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elongation (> 0.36 mm/year). In addition, other ortho-k studies using twins 

(Chan et al., 2014), monocular correction (Na and Yoo, 2018; Tsai et al., 2019; Fu 

et al., 2020), and contralateral cross-over study design (Swarbrick et al., 2015) 

also confirmed the effectiveness of ortho-k for myopia control. Cho and Cheung 

(2017a) investigated the effect of discontinuation of ortho-k on myopia 

progression. Despite a potential rebound effect that was observed in subjects who 

stopped lens wear, compared with the control group or subjects continuing lens 

wear, resumption of lens wear slowed the axial elongation again. 

Despite the variation in effectiveness (in terms of percentage) for myopia 

control, it should be noted that it is more important to consider the actual 

magnitude of reduction in axial elongation. For instance, in young children, who 

are faster progressors, a smaller reduction in effectiveness (%) but a larger 

reduction in axial elongation (mm) could still have a great impact (Cheung et al., 

2019). Brennan and Cheng (2019) added that, in general, treatment effectiveness 

diminishes over time, and they suggested that both absolute (in mm) and 

relative (as percentage) treatment effectiveness should be presented. Conceiving 

an effective treatment simply based on percentage reduction may overestimate 

the actual progression and anticipated prevalence of high myopia. 

Spectacle-free convenience and good unaided vision during the daytime 

provided by ortho-k treatment make it the most preferred option among parents 

(Cheung et al., 2014) and practitioners (Wolffsohn et al., 2016; Wolffsohn et al., 

2020) in Asian countries. Patients can also benefit from good unaided visual 

outcomes (Cheung and Cho, 2004; Hiraoka et al., 2009b; Santolaria et al., 2013) 

and quality of life (Santodomingo-Rubido et al., 2013b). Daytime visual 
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correction independence in subjects undergoing ortho-k is comparable with those 

treated with refractive surgery (Queirós et al., 2012). In addition, it does not 

come with dose-dependent adverse effects, such as photophobia and decreased 

near vision, associated with atropine eye drops (Gong et al., 2017; Yam et al., 

2018). Although cases of keratitis are occasionally reported, the risk of infectious 

keratitis is similar to overnight soft contact lenses (about 14 per 10000) (Van 

Meter et al., 2008; Bullimore et al., 2013). The incidence of adverse events in 

ortho-k are also comparable with children using soft contact lenses for myopia 

control over a ten-year treatment period (Hiraoka et al., 2018). 

 

3.4 Refractive correction and compression factor 

The Food and Drug Administration (FDA) of the United States first 

approved the use of reverse geometry designed contact lenses from Contex Inc. 

(Sherman Oask, CA) for refractive correction. However, they were only approved 

for daily wear, and overnight use was not approved until 2002, for CRTTM lenses 

(Paragon Vision Sciences, Mesa, AZ). CRT rigid gas permeable contact lenses can 

reduce myopia and astigmatism up to 6.00 and 1.75 D, respectively, in young 

adults aged more than 18 years (Van Meter et al., 2008). In 2004, Euclid Systems 

Corp. (Herndon, VA) also received FDA approval for vision shaping treatment, 

with refractive correction up to 5.00 D myopia and 1.50 D astigmatism, with no 

age restriction (Van Meter et al., 2008). However, to date, no ortho-k lenses have 

been approved for myopia control and its current application for such purpose is 

off label. 
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Currently, ortho-k is generally accepted for temporary refractive 

correction for low to moderate myopia, although some studies have shown its 

capability of reducing myopia up to 6.00 D (Cho and Tan, 2019) or slightly more 

(Yu et al., 2020), astigmatism up to 3.50 D using toric lens designs (Paune et al., 

2012; Chen et al., 2013; Luo et al., 2014), a certain amount of hyperopia (Gifford 

and Swarbrick, 2008; Gifford et al., 2009), or presbyopia using monovision 

(Gifford and Swarbrick, 2013). Most myopic correction occurs during the first 

week and becomes stabilised in the first month of lens wear (Swarbrick et al., 

1998; Nichols et al., 2000; Alharbi and Swarbrick, 2003; Soni et al., 2003; 

Tahhan et al., 2003; Owens et al., 2004; Sorbara et al., 2005; Mika et al., 2007). 

In general, refractive error returns to approximately baseline levels around two 

weeks after cessation of lens wear (Soni et al., 2004; Kang et al., 2007; Wu et al., 

2009). 

For myopic ortho-k fitting, it is suggested that the base curve of the lens 

should be determined by the amount of targeted myopia reduction (Jessen, 

1962). For example, in order to correct 3.00 D myopia, would require a lens 3.00 

D flatter than the flattest corneal curvature. However, daily regression of the 

corneal flattening throughout the day should also be considered for clear daytime 

vision. Mountford (1998) first investigated the daytime regression in ortho-k 

treated subjects. He noted that the effect of refractive correction was temporary 

and there was a daily regression in the apical corneal power of 0.37 to 0.75 D. 

Other studies (Nichols et al., 2000; Soni et al., 2003; Barr et al., 2004; Johnson et 

al., 2007) also showed a similar refractive regression during the day. However, in 

a study investigating the performance of fenestrated and non-fenestrated ortho-k 
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lenses (Cho et al., 2012), the authors did not find any significant changes in 

residual refraction throughout the day (< 0.25 D) using either lens design. Chen 

et al. (2010a) also found no significant changes in SER (mean changes: -0.06 ± 

0.11 D) in 28 young adults (mean age: 23.1 ± 3.0 years) eight hours after lens 

removal. 

The regression appeared to be larger in individuals with higher myopia 

(Barr et al., 2004), but was rather consistent regardless of the length of lens 

wear (Nichols et al., 2000). As a result, most manufacturers add an extra 

compression factor to the base curve of the lens so as to counteract the corneal 

rebound and corresponding refractive correction (Equation 3.1) 

𝐵𝑂𝑍𝑅 = 𝐾𝑓 − 𝑇 − 𝐶𝐹,   (3.1) 

where 𝐵𝑂𝑍𝑅 is the back optic zone radius of the lens, 𝐾𝑓 is the flattest corneal 

curvature, 𝑇 is the desired myopia reduction, and 𝐶𝐹 is the compression factor 

(all in dioptres). 

Despite the use of a conventional compression factor of 0.50 to 0.75 D, 

researchers have shown a discrepancy between the attempted and achieved 

correction, and subjects tended to be under-corrected (Rah et al., 2002; Sorbara 

et al., 2005). Rah et al. (2002) found almost 10% of the subjects were under-

corrected (SER < -1.00 D) after one month of lens wear, similar to the findings by 

Sorbara et al. (2005). Tahhan et al. (2003) investigated the corrective 

performance among four ortho-k brands and showed an under-correction of 

around 0.50 D (with no significant differences between brands) after one-month 

lens wear. Chan et al. (2008b) conducted a retrospective analysis of 63 ortho-k 
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patients and investigated the validity of the compression factor. They showed 

that, based on a regression modelling analysis, the conventional amount is 

insufficient to obtain the desired end-of-day refraction and suggested increasing 

the compression factor to approximately 1.50 D. However, no other studies have 

verified this suggestion or the corresponding structural and optical changes to 

the eye associated with the increased compression factor. 

 

3.5 Major ocular changes from orthokeratology 

 

Figure 3.1 Structure of an orthokeratology lens on the cornea. Different curves 

of a lens and the directions of forces, from differences in hydraulic pressures, on 

the cornea are shown (green arrows: negative; red arrow: positive). 

 

The base curve, reverse curve, alignment curve, and peripheral curve 

together form the basic geometry of an ortho-k lens (Figure 3.1). The base curve 

is flatter than the cornea and is determined by the targeted myopic correction 

and compression factor. The reverse curve assists corneal moulding and the 

alignment curve is designed for fitting and lens centration. The peripheral curve 

is associated with edge lift which allows tear change during open eye condition 

and facilitates lens removal. Due to the presence of different curves and uneven 
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tear lens thickness amongst different regions underneath the lens, the difference 

in hydraulic pressure results in a positive compression force at the central cornea 

and a negative suction force against the mid-peripheral region. The central 

corneal tissue is pushed inwards, whereas the tissue near the mid-peripheral 

cornea is pulled outwards (Figure 3.1). Therefore, the corneal shape and 

structure is temporarily altered, and these changes are summarised below. 

 

3.5.1 Corneal thickness 

During ortho-k lens wear, the epithelial cells are first compressed at the 

central cornea and later redistributed to the mid-peripheral region (Abbott et al., 

1998; Swarbrick et al., 1998; Alharbi and Swarbrick, 2003; Wang et al., 2003a; 

Choo et al., 2004; Haque et al., 2004, 2007; Reinstein et al., 2009; Nieto-Bona et 

al., 2011a, b; Lian et al., 2013; Lian et al., 2014; Kim et al., 2018; Swarbrick et 

al., 2020; Zhang et al., 2020), although Sridharan and Swarbrick (2003) found no 

significant thickening of the epithelium at the mid-periphery. The differences 

may be due to variations in study designs and measurement methods. Li et al. 

(2016a) conducted a meta-analysis involving 239 patients wearing ortho-k lenses 

and found a significant mean reduction in central corneal thickness of 

approximately 6 µm after one month of lens wear which persisted for one month. 

Most reduction was observed during the first week of lens wear. The amount of 

central corneal thinning is also proportional to the degree of myopia reduction 

(Swarbrick et al., 1998; Alharbi and Swarbrick, 2003; Kim et al., 2018). 

Interestingly, Lian et al. (2013) found mid-peripheral epithelial thickening at the 
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temporal and nasal cornea while the superior mid-peripheral corneal epithelium 

thinned. Individualised investigation on the location of the cornea examined may 

be required since ortho-k lenses tend to decentre to the inferior and temporal 

cornea (mean decentration: 0.85 ± 0.51 mm) (Hiraoka et al., 2005; Hiraoka et al., 

2009a). 

In contrast, using optical coherence tomography (OCT), Kim et al. (2018) 

found almost 1% stromal thickening at the mid-peripheral cornea, which was 

consistent with other studies (Sridharan and Swarbrick, 2003; Alharbi et al., 

2005). The absence of stromal thickening in the central cornea is probably due to 

the clamping effect between the lens-induced pressure and intraocular pressure 

(Alharbi et al., 2005). The normally observed lens-induced hypoxic corneal 

oedema may have therefore been prevented, or directed towards the mid-

peripheral stroma. 

 

3.5.2 Corneal curvature 

Flattening of the central area and steepening of the mid-peripheral region 

of the anterior cornea are reported during ortho-k treatment (Swarbrick et al., 

1998; Nichols et al., 2000; Sridharan and Swarbrick, 2003; Chan et al., 2008a; 

Tsukiyama et al., 2008; Villa-Collar et al., 2009; Zhong et al., 2009; Chen et al., 

2010a; Queirós et al., 2010; Maseedupally et al., 2013). The cornea gradually 

changes from a prolate (steeper at the centre and flatter at the periphery) to an 

oblate shape (flatter at the centre and steeper at the periphery). The rate of 

corneal change is proportional to the amount of myopic correction (Villa-Collar et 
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al., 2009; Kim et al., 2018). A greater flattening in the temporal central cornea, 

compared with the nasal region (Maseedupally et al., 2013; Zhong et al., 2014; 

Santodomingo-Rubido et al., 2018) is probably due to a tendency of ortho-k lenses 

to decentre (Hiraoka et al., 2005; Hiraoka et al., 2009a) on an asymmetric cornea 

(Dingeldein and Klyce, 1989; Modis et al., 2004; Li et al., 2017a; Gu et al., 2019). 

The changes in corneal curvature are likely due to the redistribution of 

corneal epithelial cells. Corneal bending, however, does not seem to be the main 

factor causing refractive correction in ortho-k treatment. Most studies did not 

find significant changes in corneal sagittal height (Swarbrick et al., 1998), 

flattening in posterior corneal curvature (Tsukiyama et al., 2008; Chen et al., 

2010a; Yoon and Swarbrick, 2013), or shortening in anterior chamber depth 

(Tsukiyama et al., 2008; Walline et al., 2009; Cheung and Cho, 2013, 2016), 

although a few studies found positive results regarding posterior corneal changes 

(Owens et al., 2004) and anterior chamber depth reduction (Gonzalez-Mesa et al., 

2013). However, Owen et al. (2004) did not use cycloplegia, therefore failure to 

control for accommodation during the measurement may have resulted in 

shortening of the anterior chamber depth (Gonzalez-Mesa et al., 2013). 

In addition, changes in refractive correction, corneal curvature, and 

corneal thickness fully recover after two weeks of lens discontinuation in subjects 

with short-term ortho-k (Soni et al., 2004; Kang et al., 2007; Villa-Collar et al., 

2009; Wu et al., 2009), although some changes may be retained after long-term 

lens wear (Wu et al., 2009; Lee and Cho, 2013a; Santodomingo-Rubido et al., 

2014), which further regress over time (Kobayashi et al., 2008; Lee and Cho, 
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2010). The time required for the cornea to return to its original shape is 

therefore likely to be dependent on the duration of the treatment. 

3.5.3 Higher order aberrations 

Since ortho-k treatment significantly changes the shape (geometry) of the 

anterior cornea, both corneal and ocular HOAs are also altered. Joslin et al. 

(2003) first studied the changes in ocular HOAs in 18 eyes of nine subjects (mean 

age: 34.4 ± 10.5 years) using 3- and 6-mm pupil sizes. After one-month ortho-k 

lens wear, HO RMS increased significantly (around 2.5 times) and was more 

prominent across the larger pupil. Further studies with larger sample sizes 

showed that the increase in HO RMS ranged between 0.03 and 1.04 µm (1.5 to 

3.6 times) for 3- to 6.5-mm pupil sizes (Berntsen et al., 2005; El Hage et al., 2007; 

Hiraoka et al., 2007; Stillitano et al., 2007b; Hiraoka et al., 2008a; Hiraoka et al., 

2008b; Stillitano et al., 2008; Anera et al., 2009; Gifford et al., 2013; Kang et al., 

2013; Hiraoka et al., 2015; Chen et al., 2017; Santodomingo-Rubido et al., 2017; 

Sun et al., 2017a; Kim et al., 2019). The changes in corneal and ocular HOAs are 

similar in early lens wear, but there is a trend of dissociation over time (corneal 

> ocular), indicating a potential compensation mechanism from the internal 

optics (Gifford et al., 2013; Lian et al., 2014), which is discussed in the next 

section. 

The most affected Zernike coefficient, spherical aberration (𝑍4
0), increased 

(shifted positively) by two to seven times (Joslin et al., 2003; Berntsen et al., 

2005; El Hage et al., 2007; Stillitano et al., 2007b; Stillitano et al., 2008; Gifford 

et al., 2013; Kang et al., 2013; Faria-Ribeiro et al., 2016a; Chen et al., 2017; 
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Santodomingo-Rubido et al., 2017; Kim et al., 2019). The amount increases as 

larger myopic correction is attempted, due to more corneal flattening and 

reduction in corneal asphericity (Joslin et al., 2003; Hiraoka et al., 2007; Gifford 

et al., 2013; Chen et al., 2017). Significant changes in horizontal coma (Lian et 

al., 2014; Faria-Ribeiro et al., 2016a; Chen et al., 2017; Kim et al., 2019) and 

vertical coma (Hiraoka et al., 2005; Faria-Ribeiro et al., 2016a; Chen et al., 2017; 

Santodomingo-Rubido et al., 2017; Kim et al., 2019) are likely due to lens 

decentration (Joslin et al., 2003; Hiraoka et al., 2005; Hiraoka et al., 2009a; Lian 

et al., 2014; Chen et al., 2018). 

The increase in ocular HOAs, being positively correlated with the amount 

of myopic correction (Hiraoka et al., 2005; Hiraoka et al., 2007; Hiraoka et al., 

2009a), probably results from the increase in corneal thickness at the mid-

peripheral cornea (Lian et al., 2014). Therefore, changes in HOAs should be 

stabilised after one month of lens wear when most myopic correction has already 

taken place (Hiraoka et al., 2008a), and the majority of changes occurs in the 

first week of lens wear (Stillitano et al., 2007b; Stillitano et al., 2008). There is 

also a small variation in HOAs throughout the day, except for spherical 

aberration (𝑍4
0) which decreases over time (Berntsen et al., 2005; Stillitano et al., 

2007a). 

On the other hand, the increase in HOAs does not significantly affect high-

contrast visual acuity, but compromises low-contrast vision (Berntsen et al., 

2005; Cheung et al., 2007; Hiraoka et al., 2007; Hiraoka et al., 2008a; Hiraoka et 

al., 2008b; Stillitano et al., 2008; Hiraoka et al., 2009a; Santolaria Sanz et al., 

2015; Santolaria-Sanz et al., 2016; Chang and Cheng, 2019). The quality of 



Chapter 3  54 

 

vision also decreases with increasing lens decentration (Hiraoka et al., 2009a). 

Reversible recovery of contrast sensitivity is also observed after cessation of lens 

wear (Hiraoka et al., 2009c; Santolaria-Sanz et al., 2016). It should also be noted 

that the same extent of HO RMS does not necessarily generate an equivalent 

deterioration in visual acuity as interactions (or compensation) may be present 

between the various aberration terms (Applegate et al., 2002). 

 

3.5.4 Accommodation 

One potential reason for the larger corneal than ocular spherical 

aberration during the treatment, is the change in ocular accommodation, as the 

posterior cornea showed minimal changes in ortho-k (Tsukiyama et al., 2008; 

Chen et al., 2010a; Yoon and Swarbrick, 2013; Batres et al., 2020). 

It is known that spherical aberration decreases (shifts negatively) with 

accommodation (Atchison et al., 1995; He et al., 2000; Ninomiya et al., 2002; 

Cheng et al., 2004; Plainis et al., 2005; Collins et al., 2006b; Radhakrishnan and 

Charman, 2007; Lopez-Gil et al., 2008; Lopez-Gil and Fernandez-Sanchez, 2010; 

Ghosh et al., 2011; Li et al., 2011; Zhou et al., 2015). Ortho-k wearers may 

slightly accommodate to compensate for the small degree of over-correction 

(hyperopia), which counteracts daytime regression, and results in less ocular 

compared to corneal spherical aberration. Tarrant et al. (2009) found increased 

accommodative responses and decreased accommodative lags in 28 myopic 

subjects after wearing ortho-k lenses for one month. Some small improvements 

in various measures of accommodation were also found in other studies (Ren et 
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al., 2016; Gifford et al., 2017; Kang et al., 2018; Yang et al., 2018; Gifford et al., 

2019).  

A randomised clinical trial of 240 children attempted to investigate the 

changes in the accommodative response in children wearing single-vision 

spectacles, specially-designed spectacles, and ortho-k treatment (Han et al., 

2018). The accommodation lag was significantly reduced and the accommodative 

facility was improved in children undergoing ortho-k for one year. A Chinese 

study (Zhu et al., 2014a) showed improved myopia control in children treated 

with ortho-k with a lower initial amplitude of accommodation, suggesting a 

relationship between accommodation and ortho-k, although this was disputed by 

others (Felipe-Marquez et al., 2015). Further investigations are warranted to 

better understand the effect of ortho-k on accommodation and binocular visual 

function. 

 

3.5.5 Choroidal thickness 

Axial shortening has been reported in some subjects undergoing ortho-k 

treatment. In a randomised clinical trial, Cho and Cheung (2012) found that 14% 

of older subjects (age range: 9 – 12 years) showed an axial shortening after two 

years of lens wear and a similar phenomenon was also reported in adolescents 

(mean age: 13.4 ± 1.9 years) wearing ortho-k lenses for six months (Swarbrick et 

al., 2015). The axial shortening may possibly be due to central corneal thinning 

and choroidal thickening (Swarbrick et al., 2015; Cho and Cheung, 2017b). 

However, changes in choroidal thickness after the treatment remain disputed. 
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Gardner et al. (2015) first analysed the choroidal changes in nine children (mean 

age: 13.6 ± 1.3 years) after nine months of ortho-k lens wear with an optical low-

coherence reflectometry. However, the instrument appeared to come with high 

frequency of missing data, especially in children with a relatively thicker 

choroid. They also applied OCT in detecting the potential choroidal thickening 

but the changes were smaller than the 95% limits of agreement of around ±45 

µm. 

Chen et al. (2016b) investigated the changes in choroidal thickness in 77 

(control: n = 38; ortho-k: n = 39) children (mean age; 10.3 ± 2.6 years) and 

showed an increase in choroidal thickness of approximately 20 µm after three 

weeks of lens wear, along with a weak association between choroidal thickening 

and axial shortening (correlation coefficient: -0.35). Another study (Jin et al., 

2018) found a thickening of about 8 – 14 µm across the horizontal meridian in 30 

children (mean age: 11.3 ± 1.7 years; correlation coefficients with axial length 

changes: -0.4 – -0.3) wearing ortho-k lenses for three months. Similarly, Li et al. 

(2017c) observed a choroidal thickening of about 15 – 20 µm in 30 children (mean 

age: 12.0 ± 1.7 years) wearing ortho-k lenses after one and six months. They also 

found stronger correlations between axial elongation and choroidal thickening 

(correlation coefficients: -0.64 and -0.67 at one- and six-month visits, 

respectively). In their later study (Li et al., 2018), they showed that the 

thickening was sustained after one year of ortho-k treatment. The amount of 

subfoveal choroidal thickening at the one-month visit was associated with the 

axial elongation at 13-month. However, this potential predictor of using 
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choroidal thickness for myopia control effectiveness of ortho-k treatment requires 

further confirmation. 

 

3.6 Mechanism of orthokeratology for myopia control 

The mechanism by which ortho-k slows myopia progression is still 

debated. Different hypotheses for refractive development and axial elongation 

have been proposed.  

 

3.6.1 Peripheral refraction  

Peripheral defocus remains the most popular explanation as the 

mechanism of ortho-k treatment for myopia control. Relative peripheral myopia 

is induced when central myopic refractive error is corrected due to central 

corneal flattening and the annulus of mid-peripheral steepening. 

Charman et al. (2006) first reported on the changes in horizontal 

peripheral refraction using an autorefractor in four adults who had worn ortho-k 

lenses for one to two weeks. Myopic correction decreased at a reduced rate 

towards the periphery within the central 20o. Queiros et al. (2010) further 

confirmed this change of peripheral refraction in 16 myopic children. They added 

that the amount of myopia induced is proportional to the amount of baseline 

refraction, in line with the findings later reported by Gonzalez-Meijome et al. 

(2016) and Gifford et al. (2020a). The relative peripheral myopia is also induced 
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in both horizontal and vertical directions (Kang and Swarbrick, 2016) and 

becomes stable after one month of lens wear (Gifford et al., 2020a). 

Kang et al. (2013) endeavoured to change the lens parameters, by 

reducing the optic zone diameter and steepening the peripheral tangent of the 

lens, in order to alter the peripheral refraction. Gifford et al. (2020b) reduced the 

optic zone diameter and altered the back optic zone asphericity and intermediate 

lens curves, but the modifications did not result in any difference in peripheral 

refraction or corneal topography, in spite of a reduced treatment zone diameter 

(Gifford et al., 2020b). It seems to be a difficult task to manipulate the peripheral 

refraction induced by ortho-k treatment. 

The alteration of relative peripheral refraction has also been observed in 

other studies investigating ortho-k (Kang and Swarbrick, 2011, 2013; Gonzalez-

Meijome et al., 2016; Queirós et al., 2018; Gifford et al., 2020a) and soft 

multifocal contact lenses of +3.00 D add (Queiros et al., 2016). Interestingly, 

Ticak and Walline (2013) showed an increase in relative peripheral myopia in 

subjects undergoing ortho-k, but not in subjects wearing soft bifocal lenses of 

+2.00 D addition power. 

Gifford et al. (2020a) examined the association of relative peripheral 

refraction and myopia progression in ortho-k treated children. They monitored 

12 children (mean age: 13.2 ± 2.1 years) and eight adults (mean age: 23.4 ± 3.5 

years) with low-to-moderate myopia for one year. However, they did not observe 

any relationship between changes in relative peripheral refraction and axial 

elongation. This negative result may be due to stable axial length throughout the 
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study period, after commencement of ortho-k lens wear. Lee (2015) also found no 

association between peripheral refraction (at the post-treatment stabilised visit), 

retinal contour and central refractive changes nor any relationship with axial 

elongation in both spectacle-wearing and ortho-k treated children. 

While open-field auto-refraction is a commonly used method for measuring 

peripheral refraction (Fedtke et al., 2009), its low repeatability (coefficient of 

repeatability at 30o temporal: ± 0.71 D in untreated eyes, ± 3.00 D in ortho-k 

treated eyes (Lee and Cho, 2012)) does not provide a reliable method to assess 

the association between peripheral refraction and axial elongation in ortho-k 

treatment, given the changes in peripheral refraction found at 30o are below 3.00 

D (Queiros et al., 2010; Kang and Swarbrick, 2011; Kang et al., 2013; Gonzalez-

Meijome et al., 2016; Queirós et al., 2018; Gifford et al., 2020a). 

Kang and Swarbrick (2013) utilised a corneal topographer and measured 

peripheral corneal refractive power to indirectly investigate the effect of induced 

peripheral refraction on axial elongation. Both peripheral refraction and corneal 

refractive profile displayed a similar trend of changes. 

Zhong et al. (2014) analysed the refractive power across the cornea in 27 

children (mean age: 10.4 ± 1.2 years), and examined its association with the two-

year axial elongation. A negative correlation between axial elongation and 

corneal relative peripheral power changes was identified. Their later study, of 64 

ortho-k fitted myopic children (mean age: 9.6 ± 1.7 years), also demonstrated a 

similar relationship, after adjusting for age (Zhong et al., 2015). Lee et al. (2018) 

also found that the post-treatment relative peripheral corneal power was 
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significantly correlated with slower axial elongation. They suggested peripheral 

refraction changes may be a possible mechanism of slowing myopia progression 

in ortho-k. Wang et al. (2018) developed a novel method to examine the effect of 

relative corneal refractive power in 55 children wearing ortho-k lenses. The 

modulation, determined by refractive power and corneal profile in terms of 

asymmetry and astigmatism, was found to be associated with better myopia 

control. Hu et al. (2019) also attempted to evaluate the total corneal power shift 

over the central 4-mm area. They showed that larger corneal power changes 

after one month of lens wear were associated with slower axial elongation at the 

one-year visit. 

In contrast, Santodomingo-Rubido et al. (2018) did not demonstrate any 

association between relative changes in corneal power and axial elongation in 31 

subjects (mean age: 9.6 ± 1.6 years). They attributed the discrepancies between 

studies to possible variations in pupil size, as the pupil controls and limits the 

amount of incoming light from the central and peripheral cornea. A larger pupil 

may also affect the changes in corneal and ocular HOAs. In other studies or 

modelling, subjects or eyes with larger pupil diameters tended to have better 

myopic control with ortho-k (Chen et al., 2012; Santodomingo-Rubido et al., 

2013a; Faria-Ribeiro et al., 2016b), although this relationship was not found 

elsewhere (Wang et al., 2017; Kim et al., 2019). Further careful evaluation of the 

impact of pupil size may be warranted. 
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3.6.2 Higher order aberrations 

A few longitudinal studies have investigated the effect of ocular HOAs on 

axial elongation in children undergoing ortho-k treatment. Santodomingo-Rubido 

et al. (2017) followed 29 children (mean age: 9.6 ± 1.6 years) who wore ortho-k 

lenses for two years. They measured corneal HOAs over a 5-mm entrance pupil, 

but did not find any association of the changes in the optical metrics with axial 

elongation. However, since the internal optics partially compensates for the 

increase in HOAs from the anterior cornea (Gifford et al., 2013; Lian et al., 

2014), using corneal HOAs only may not reflect the actual retinal image quality 

which likely influences axial elongation. 

 Conversely, Hiraoka et al. (2015) determined the ocular HOAs across a 4-

mm pupil in 55 children (mean age: 10.3 ± 1.4 years) treated with ortho-k for one 

year. They found that more changes in comatic aberration RMS were 

significantly correlated with slower axial elongation. They proposed that 

asymmetric corneal changes (coma), instead of a concentric and radial corneal 

profile (spherical aberration), was the most relevant factor in slowing axial 

elongation. Likewise, Kim et al. (2019) attempted to investigate the predictive 

factors associated with axial elongation in ortho-k wearers (mean age: 8.6 ± 0.8 

years). They found that apart from baseline axial length and baseline refraction, 

asymmetric optical changes (presented as comatic aberration RMS) was also 

significantly associated with slower myopia progression. However, it should be 

noted that the ocular HOA data analysed in these two studies did not consider 

the interaction of HOAs and accommodation, which may be especially important 
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in Asian countries where children commonly undertake extensive near work 

(Huang et al., 2015). 

In short, there is no consensus on the mechanism underlying the myopia 

control effect of ortho-k treatment. Different proposed strategies may contribute 

together in various proportions, or interact with other factors in slowing down 

axial elongation. Among all the potential factors, studying the changes in ocular 

HOAs may be beneficial, because it may help understanding how optical changes 

induced by ortho-k affect the retinal image quality, and therefore axial 

elongation. The interaction of peripheral refraction and its interaction with 

accommodation lag and pupil size can be indirectly evaluated. However, a 

balance between visual quality and myopia control effect should be maintained, 

or there may be a trade-off between the pros and cons when using ortho-k lenses. 
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Chapter 4 

Objectives and hypotheses 

 

Despite their small magnitude relative to lower order aberrations, ocular 

HOAs can affect retinal image quality, although their influence on altering axial 

elongation in young children remains inconclusive (Section 2.5.2). Also, the 

mechanism underlying the myopia control effect of ortho-k remains unclear and 

there is no single persuasive explanation as yet (Section 3.6). Therefore, this 

thesis serves to investigate the relationship between ocular HOAs in axial 

elongation during childhood in primarily myopic spectacle-wearing and ortho-k 

treated children. If a positive association exists, after accounting for known 

confounding variables, modifications to lens designs, for example, increasing the 

compression factor of ortho-k lens, may be used to alter the induced ocular 

HOAs, and thereby improve the effectiveness of ortho-k for myopia control. The 

objectives and hypotheses of the corresponding experiments are outlined below. 
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Experiment 1 (Chapter 5): 

Objective: To investigate the association between ocular HOAs and 

axial elongation and their predictive values of HOAs for axial elongation in a 

cohort of young children (irrespective of refractive error) monitored for two years. 

Hypothesis: Higher levels of ocular HOAs will be associated with slower 

axial elongation in young children, after adjusting for other confounders such as 

age, sex, and SER. 

 

Experiment 2 (Chapter 6): 

 Objective: To investigate the association between ocular HOAs and 

axial elongation in a cohort of young myopic children after receiving two-year 

ortho-k treatment. 

Hypothesis: Ortho-k will significantly increase ocular HOAs and these 

changes will be significantly associated with axial elongation, after adjusting for 

other confounders such as age, sex, and baseline HOAs. 
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Experiment 3 (Chapter 7): 

 Objective: To investigate the short-term effect of modifying the 

compression factor of an ortho-k lens on ocular HOAs and choroidal thickness 

changes after one month of lens wear. 

Hypothesis: Increasing the compression factor of ortho-k lenses by 1.00 D 

will increase the magnitude of myopia correction and increase ocular HOAs. A 

greater increase in choroidal thickness will also be observed with an increased 

compression factor. 

 

Experiment 4 (Chapter 7): 

 Objective: To investigate the long-term effect of wearing ortho-k lenses 

with modified compression factor on myopia control, and the predictive values of 

HOAs at one month for axial elongation. 

Hypothesis: Increasing the compression factor of ortho-k lenses by 1.00 D 

will alter the amount of myopia correction and ocular HOAs and result in greater 

slowing of axial elongation in ortho-k over two years. Changes in HOAs after one 

month of lens wear will be associated with axial elongation after two years of 

treatment.
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Chapter 5 

Ocular higher order aberrations and 

axial elongation in young children 

 

5.1 Introduction 

Ocular HOAs can potentially affect axial elongation by altering retinal 

image quality. 

To date, only three studies have investigated the influence of ocular HOAs 

on axial elongation/myopia progression in children. However, they showed 

contradictory results. Philip et al. (2014) did not show any predictive value of 

baseline HOAs in estimating the development of myopia from emmetropia over a 

five-year period. Zhang et al. (2013) found a weak correlation between HO RMS, 

comatic aberration RMS, and myopia progression in a cohort of children 

monitored for one to three years. In contrast, Hiraoka et al. (2017) followed a 

group of schoolchildren for two years and found that higher level of HO RMS, 

spherical aberration RMS, and comatic aberration RMS were associated with 

slower axial elongation. Importantly, none of these previous studies accounted 

for multiple potential confounding variables in their analyses. 
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In this study, the association between ocular HOAs and axial elongation 

and the predictive values of HOAs for axial elongation in a cohort of children 

(irrespective of refractive error) monitored for two years were determined. 

 

5.2 Methods 

 

5.2.1 Study design 

This is a retrospective anaylsis of the ocular HOAs and axial length 

measured annually over a two-year period. Subjects previously enrolled as the 

control group (irrespective of refractive error) in four two-year longitudinal 

clinical trials (Cho and Cheung (2012): 41; Chen et al. (2013): 23; Charm and Cho 

(2013): 16; Lee and Cho (2013b): 58) were included for analysis. 

All studies were conducted according to the tenets of the declaration of 

Helsinki and were approved by the Departmental Research Committee, the 

School of Optometry of the Hong Kong Polytechnic University. Written informed 

consents were also obtained from both the parents and children. The studies 

were registered at ClinicalTrials.gov (Cho and Cheung (2012): NCT00962208; 

Chen et al. (2013): NCT00978692; Charm and Cho (2013): NCT00977236; Lee 

and Cho (2013b): NCT00978679). 
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5.2.2 Subjects and procedures 

Subjects with myopia (≥ 0.50 D) were fully corrected with single-vision 

spectacles and emmetropes or mild hyperopes were left uncorrected. 

All subjects underwent annual cycloplegic data collection – measurements 

were performed at least 30 minutes after instillation of 0.5% proparacaine, 1% 

tropicamide, and 1% cyclopentolate, one drop each separated by five minutes. 

Axial length was measured using the IOL Master (model 500; Carl Zeiss 

Meditec AG, Jena, Germany). The average of five measurements, with an inter-

reading difference of less than 0.02 mm and a signal-to-noise ratio of more than 

3.5, was used for analysis (Cho and Cheung, 2012). 

Monochromatic ocular HOAs for a wavelength of 555 µm were captured by 

a Shack-Hartmann aberrometer (Complete Ophthalmic Analysis System 

[COAS]; Wavefront Sciences Ltd., New Mexico, USA). The HOA data obtained 

from the COAS were fitted with a sixth order Zernike polynomial and rescaled to 

a fixed 6-mm pupil diameter. At least five measurements at each time point were 

averaged for each subject. HO RMS was computed as the total RMS values from 

the third to the sixth order terms. Spherical aberration RMS included terms Z4
0 

and Z6
0, whereas comatic aberration RMS included the terms Z3

−1, Z3
1, Z5

−1, and Z5
1. 

 

5.2.3 Statistical analyses 

Data analysis was performed using right eyes only (SPSS version 23; IBM 

Corp., Armonk, NY. USA). Since the four different studies, which the subjects 
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participated in, covered a relatively wide range of ages, a logarithmic 

transformation of age was performed for a better fit for modelling purposes 

(Zadnik et al., 2004). The association between ocular HOAs and axial length and 

axial elongation were assessed using a linear mixed model, which accounted for 

sporadic missing data. In the modelling, sex and SER were also included as 

confounders. Individual subject’s slope and intercept were included as random 

factors to control for inter-subject variations. A backward stepwise approach was 

applied with the least significant factor(s) removed from the model. The Akaike 

information criterion was used as a metric to determine the relative fitness and 

quality of each model considered. The model was repeated using other RMS 

metrics and individual Zernike coefficients, respectively, to investigate the 

potential effect of specific terms or metrics. Since myopes and hyperopes may 

exhibit different HOAs and patterns of eye growth, the above stated linear mixed 

models were also repeated excluding hyperopes and emmetropes (myopia < 0.50 

D). 

In order to better evaluate the cause-and-effect relationship and predictive 

value of ocular HOAs in axial elongation, baseline demographics and data (age, 

sex, and SER) and baseline HOAs were included as fixed factors in further linear 

mixed models. The models were repeated for (Model 1) HO RMS, (Model 2) 

spherical and comatic aberrations RMS, and (Model 3) individual Zernike 

coefficients. The above modelling was performed in all subjects and in myopes 

only. A p value of less than 0.05 indicated statistical significance. 
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5.3 Results 

Data of all subjects with axial length, ocular HOAs, and cycloplegic 

refraction over two years were retrieved. One subject was excluded due to poor 

COAS image quality, resulting in data from a total number of 137 subjects for 

analysis. Table 5.1 summarises the baseline demographics and data of the 

subjects from the retrospective analysis of longitudinal clinical trials. The 

subjects included in this analysis covered a relatively wide range of refractive 

errors, including low to high myopia, high astigmatism, and low hyperopia. Table 

5.2 shows the baseline demographics, data, and HOA terms of the pooled 

subjects, respectively. 

 

Table 5.1 Baseline demographics and data (mean ± SD) of control subjects 

(irrespective of refractive error) from four completed myopia control studies. 

Studies 
Cho and 

Cheung (2012) 

Chen et al. 

(2013) 

Charm and 

Cho (2013) 

Lee and Cho 

(2013b) 

Description 

Low to 

moderate 

myopia 

High 

astigmatism 

High 

myopia 

Low 

hyperopia 

and myopia 

Sample size 40 23 16 58 

Age, y 9.2 ± 1.1 9.4 ± 1.6 10.5 ± 1.1 7.8 ± 0.8 

Myopia, D 2.23 ± 0.85 1.97 ± 1.26 6.34 ± 0.76 0.01 ± 1.41 

Astigmatism, D 0.27 ± 0.34 1.76 ± 0.61 0.98 ± 0.35 0.34 ± 0.38 

SER, D -2.36 ± 0.87 -2.85 ± 1.27 -6.84 ± 0.85 -0.18 ± 1.37 

Axial length, mm 24.40 ± 0.85 24.19 ± 1.02 25.97 ± 0.53 23.32 ± 1.02 

SER: spherical equivalent refraction. 
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Table 5.2 Pooled baseline demographics, data, and higher order aberration 

control subjects (irrespective of refractive error) from four completed myopia 

control studies. Note: only subjects with available data at baseline are presented. 
 

Mean  SD Median Range 

Demographics and data (n = 137) 

Age, y 8.8 ± 1.4 8.6 6.1 – 12.6 

SER, D -2.04 ± 2.38 -2.00 -8.63-+2.50 

Axial length (mm) 24.09 ± 1.24 24.10 21.35 – 27.06 

Higher order aberrations (n = 128)    

Zernike coefficient, µm    

Z3
−3 0.057 ± 0.120 0.054 -0.229 – 0.372 

Z3
−1 0.083 ± 0.175 0.064 -0.380 – 0.580 

Z3
1 0.004 ± 0.091 0.008 -0.226 – 0.225 

Z3
3 -0.019 ± 0.098 -0.029 -0.324 – 0.261 

Z4
−4 0.027 ± 0.033 0.027 -0.099 – 0.117 

Z4
−2 -0.023 ± 0.031 -0.021 -0.181 – 0.072 

Z4
0 0.076 ± 0.108 0.069 -0.174 – 0.349 

Z4
2 0.014 ± 0.061 0.020 -0.148 – 0.338 

Z4
4 0.026 ± 0.051 0.021 -0.093 – 0.268 

Z5
−5 -0.012 ± 0.021 -0.011 -0.091 – 0.046 

Z5
−3 0.001 ± 0.025 0.002 -0.153 – 0.080 

Z5
−1 0.015 ± 0.030 0.013 -0.091 – 0.098 

Z5
1 0.002 ± 0.016 0.002 -0.047 – 0.049 

Z5
3 0.005 ± 0.014 0.005 -0.037 – 0.043 

Z5
5 0.008 ± 0.020 0.008 -0.085 – 0.060 

Z6
−6 0.000 ± 0.013 0.000 -0.042 – 0.047 

Z6
−4 -0.005 ± 0.010 -0.003 -0.060 – 0.017 

Z6
−2 0.000 ± 0.008 0.001 -0.021 – 0.028 

Z6
0 -0.023 ± 0.018 -0.024 -0.076 – 0.042 

Z6
2 0.004 ± 0.014 0.002 -0.046 – 0.088 

Z6
4 -0.006 ± 0.014 -0.006 -0.042 – 0.069 

Z6
6 0.002 ± 0.018 0.000 -0.046 – 0.127 

RMS, µm    

SA RMS 0.112 ± 0.076 0.091 0.015 – 0.352 

Coma RMS 0.185 ± 0.112 0.159 0.023 – 0.583 

HO RMS 0.320 ± 0.105 0.292 0.133 – 0.674 

SER: spherical equivalent refraction, RMS: root-mean-square value, HO: higher 

order aberrations, SA: spherical aberration 
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5.3.1 Association between changes in ocular higher order 

aberrations and axial length/elongation 

Table 5.3 shows the significant fixed effects and parameter estimates on 

the changes in axial length. The axial elongation (presented as the interaction 

with time) was also determined. The three models show the associations of axial 

length and axial elongation with (Model 1) HO RMS, (Model 2) spherical and 

comatic aberrations RMS, and (Model 3) individual Zernike coefficients. 

Among all subjects (n = 137), in general, axial length increased with age (p 

< 0.001). Girls exhibited 0.27 – 0.28 mm shorter axial length, compared with 

boys (p < 0.001). Every dioptre increase (more myopic) in SER was associated 

with 0.31 – 0.32 mm increase in axial length (p < 0.001). Higher levels of HO 

RMS, vertical trefoil (Z3
−3), and primary spherical aberration (Z4

0), and a lower 

level of oblique trefoil (Z3
3), were associated with a longer axial length (0.20-0.28 

mm longer per 0.1 µm increase in these HOAs, all p < 0.05). 

Regarding the association of HOAs with axial elongation, higher levels of 

HO RMS, spherical aberration RMS, vertical trefoil (Z3
−3), and primary spherical 

aberration (Z4
0), and a lower level of oblique trefoil (Z3

3), were associated with 

slower axial elongation (all p < 0.05). Axial elongation was slowed by 0.10 – 0.13 

mm/y per 0.1 µm increase in these HOAs. 
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Table 5.3 Significant fixed effects and parameter estimates of higher order 

aberrations on axial length and its elongation (interaction with time) in control 

subjects (irrespective of refractive error). 

Parameters 
All subjects (n = 137) Myopes only (n = 113) 

β p value β p value 

Model 1 – HO RMS 

Intercept 20.23 < 0.001 19.96 < 0.001 

ln(age) 1.68 < 0.001 1.80 < 0.001 

Sex† -0.67 < 0.001 -0.60 < 0.001 

SER -0.32 < 0.001 -0.31 < 0.001 

HO RMS‡ 0.20 0.046 0.22 0.071 

Time by HO RMS‡ -0.10 0.030 -0.11 0.048 

Model 2 – SA and coma RMS 

Intercept 20.51 < 0.001 20.21 < 0.001 

ln(age) 1.55 < 0.001 1.68 < 0.001 

Sex† -0.67 < 0.001 -0.60 < 0.001 

SER -0.31 < 0.001 -0.31 < 0.001 

Time by SA RMS‡ -0.13 0.037 -0.16 0.037 

Model 3 – individual Zernike terms 

Intercept 20.29 < 0.001 20.09 < 0.001 

ln(age) 1.64 < 0.001 1.75 < 0.001 

Sex† -0.68 < 0.001 -0.60 < 0.001 

SER -0.31 < 0.001 -0.30 < 0.001 

Individual Zernike terms‡ 

Z3
−3 0.25 0.011 0.22 0.085 

Z3
3 -0.28 0.041 -0.23 0.170 

Z4
0 0.26 0.032 0.33 0.031 

Time by individual Zernike terms‡ 

Time by Z3
−3 -0.11 0.012 -0.10 0.064 

Time by Z3
3 0.13 0.033 0.11 0.122 

Time by Z4
0 -0.11 0.032 -0.14 0.042 

SER: spherical equivalent refraction, RMS: root-mean-square value, HO: higher 

order aberrations, SA: spherical aberration. 

Parameter estimates †for girls and ‡per 0.1 µm. 

 

In myopic subjects (n = 113), similar results were obtained (Table 5.3). 

Axial length increased with age and SER, and was shorter in girls (all p < 0.001). 

A higher level of primary spherical aberration (Z4
0) was associated with a longer 
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axial length (0.33 mm longer per 0.1 µm increase, p = 0.03). Higher levels of HO 

RMS, spherical aberration RMS, and primary spherical aberration (Z4
0) were 

associated with slower axial elongation by 0.11 – 0.16 mm/y per 0.1 µm increase 

in these HOA metrics or Zernike terms (all p < 0.05). 

 

5.3.2 Predictive values of baseline higher order aberrations for 

axial elongation 

Table 5.4 shows the association between baseline demographics and 

baseline HOAs with axial elongation. As expected, considering either model 

using all subjects with baseline HOAs (n = 128) or myopes only (n = 104), older 

children with less SER exhibited slower axial elongation (all p < 0.001). Girls 

tended to have 0.27 – 0.33 mm/y slower axial elongation than boys (p < 0.001). 

Regarding the influence of HO RMS, no significant association of its 

baseline level with axial elongation was found (both p > 0.05). In both models 

using spherical aberration RMS and corresponding Zernike terms, higher 

baseline levels of spherical aberration RMS and spherical aberration (Z4
0) were 

associated with slower axial elongation (Figure 5.1, all p < 0.001). Every 0.1 µm 

increase in baseline spherical aberration RMS or baseline spherical aberration 

(Z4
0) was associated with 0.14 – 0.15 mm/y slower axial elongation. 

In addition, among all subjects, higher baseline levels of vertical trefoil 

(Z3
−3) and oblique astigmatism (Z4

2) were associated with 0.03 and 0.15 mm/y 
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slower axial elongation per 0.1 µm increase in these HOAs, respectively (both p < 

0.05). 

Table 5.4 Significant fixed effects and parameter estimates of baseline higher 

order aberrations on axial length and its elongation (interaction with time) in 

control subjects (irrespective of refractive error). 

Baseline parameters 
All subjects (n = 128) Myopes (n = 104) 

β p value β p value 

Model 1 – HO RMS 

Intercept 23.08 < 0.001 23.45 < 0.001 

Baseline ln(age) -2.75 < 0.001 -3.05 < 0.001 

Time by sex† -0.30 < 0.001 -0.28 < 0.001 

Time by baseline SER -0.19 < 0.001 -0.16 < 0.001 

Time by baseline HO RMS‡ -0.03 0.191 -0.03 0.213 

Model 2 – SA RMS and coma RMS 

Intercept 21.89 < 0.001 22.21 < 0.001 

Baseline ln(age) -2.18 < 0.001 -2.48 < 0.001 

Time by sex† -0.29 < 0.001 -0.27 < 0.001 

Time by baseline SER -0.18 < 0.001 -0.16 < 0.001 

Time by baseline SA RMS‡ -0.15 < 0.001 -0.14 < 0.001 

Model 3 – individual Zernike terms 

Intercept 21.60 < 0.001 21.42 < 0.001 

Baseline ln(age) -2.04 < 0.001 -2.11 < 0.001 

Time by sex† -0.33 < 0.001 -0.32 < 0.001 

Time by baseline SER -0.19 < 0.001 -0.17 < 0.001 

Individual Zernike terms‡ 

Time by baseline Z3
−3 -0.03 0.031 -0.04 0.360 

Time by baseline Z4
0 -0.15 < 0.001 -0.14 < 0.001 

Time by baseline Z4
2 -0.15 0.006 -0.12 0.093 

SER: spherical equivalent refraction, RMS: root-mean-square value, HO: higher 

order aberrations, SA: spherical aberration. 

Parameter estimates †for girls and ‡per 0.1 µm. 
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Figure 5.1 Changes in (A) spherical aberration RMS and (B) primary spherical 

aberration (Z4
0) in subjects exhibited relatively faster (n = 64, mean: 0.45 ± 0.12 

mm/y) and slower (n = 64, mean: 0.20 ± 0.07 mm/y) axial elongation, based on a 

median split of the axial elongation over the two-year period. Each error bar 

represents one standard deviation. RMS: root-mean-square value. 
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Figure 5.1 shows that unadjusted changes in spherical aberration RMS 

and primary spherical aberration (Z4
0) in subjects with relatively faster (n = 64, 

mean: 0.45 ± 0.12 mm/y) and slower (n = 64, mean: 0.20 ± 0.07 mm/y) axial 

elongation. The subjects were separated into two groups based on the median 

rate of axial elongation. Subjects with relatively slower axial elongation 

exhibited significant greater levels of spherical aberration RMS and primary 

spherical aberration (Z4
0) at baseline and throughout the study period (all p < 

0.05). 

 

5.4 Discussion 

The current retrospective analysis of control subjects (irrespective of 

refractive error) of previous longitudinal clinical trials shows the association 

between ocular HOAs and axial elongation in Hong Kong children, after 

adjusting for other known potential confounding factors. Higher levels of HO 

RMS, spherical aberration RMS, and primary spherical aberration (Z4
0) were 

associated with slower axial elongation. 

The mean baseline HO RMS for a 6-mm pupil was 0.320 ± 0.105 µm, 

consistent with other studies (Kirwan et al., 2006; Zhang et al., 2018). The 

current study supported the hypothesis that HOAs could provide a directional 

cue to the visually driven mechanism for axial elongation (Wilson et al., 2002; 

Buehren et al., 2007). Compared to three previous studies on associations 

between ocular HOAs and axial elongation, the current study is only in 

agreement with the findings of Hiraoka et al. (2017). A higher level of HO RMS 



Chapter 5 78 

 

was associated with slower axial elongation. Hiraoka et al. (2017) showed that 

corneal HO RMS was the only significant factor associated with myopia 

progression and axial elongation, after adjusting for age. However, the HOA data 

they analysed was the average of five visits over two years and therefore the true 

temporal relationship between HOAs and axial elongation may not be reflected 

in their analysis. Conversely, Zhang et al. (2013) demonstrated a weak 

correlation between HO RMS and axial elongation in 148 eyes of 74 

schoolchildren (r = 0.19). The ocular HOAs of the subjects with fast myopia 

progression (myopia progression ≥ 0.50 D/y) were 0.05 µm greater than those 

with slower progression. However, the ocular HOAs measured in Zhang et al.’s 

study were obtained using an aberrometer with a low level of repeatability 

(Dobos et al., 2009). In addition, they measured ocular HOAs only at the last 

study visit and used the data for the analysis which does not provide information 

on the causal nature of the relationship. Including data from both eyes may also 

inflate statistical associations (Armstrong, 2013) and may lead to any potential 

errors due to mirror symmetry between the eyes (Porter et al., 2001), if the sign 

of the individual Zernike coefficients is unaccounted for. Philip et al. (2014) 

monitored 166 emmetropic children over a five-year period and found no 

significant relationship between baseline HOAs and myopia development (p = 

0.053). However, the axial elongation of those subjects was small (0.05 mm/y), 

compared with that of the subjects in the current study (0.33 mm/y). The 

borderline statistical insignificance and limited axial elongation presented in 

their subjects may mask the association between ocular HOAs and axial 

elongation. 
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Our findings showed that axial elongation decreased by approximately 0.1 

mm/y per 0.1 µm increase in spherical aberration, in line with the study of 

Hiraoka et al. (2017), who showed that a higher level of spherical aberration was 

correlated with slower myopia progression and axial elongation. Our results 

were also in agreement with Philip et al.’s (2014) observation in a group of young 

emmetropes that, more positive spherical aberration was associated with less 

myopic shift. Positive spherical aberration may interact with hyperopic defocus 

(accommodation lag) which is commonly observed in progressing myopes (Abbott 

et al., 1998), and provide a protective effect against axial elongation (Thibos et 

al., 2013a). Although Little et al. (2014) showed that longer eyes exhibited less 

spherical aberration and HO RMS, Carkeet et al. (2002) demonstrated more 

positive spherical aberration in myopes, compared with hyperopes. These results 

were derived from using a cross-sectional study design where inter-subject 

variations might contribute to substantial variations (Porter et al., 2001). 

On the other hand, trefoil terms (Z3
−3 and Z3

3) were associated with axial 

length and its elongation. Carkeet et al. (2002) investigated ocular HOAs in more 

than 500 children of different refractive groups, and reported that myopes 

exhibited less vertical trefoil (Z3
−3) than emmetropes and hyperopes, whereas in a 

study of more than 300 children, Little et al. (2014) observed that myopes 

displayed more vertical trefoil (Z3
−3) and less oblique trefoil (Z3

3) than hyperopes, 

which is consistent with the present study. Similarly, Hiraoka et al. (2017) 

demonstrated that comatic aberration RMS, which was characterised by 

asymmetrical corneal shape, tended to be the most relevant HOA terms among 

different significantly correlated aberrations associated with axial elongation. 
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Philip et al. (2014) also showed that emmetropic subjects without a myopic shift 

after five years possessed more comatic aberration RMS, although no significant 

association was observed between coma and axial elongation in the current 

study. 

In view of the predictive values of ocular HOAs for axial elongation, a 

higher level of baseline spherical aberration (both RMS and individual Zernike 

coefficient) displayed a negative association with axial elongation (0.15 mm/y 

slower axial elongation per every 0.1 µm increase in baseline spherical 

aberration). This further supports the potential role of spherical aberration in 

providing a directional cue to the retina and hence the emmetropisation process 

from the visual input. Interestingly, no similar significant association was 

observed in HO RMS. This could be interpreted that, simply considering the 

magnitude of the overall HOAs (RMS values) may mask the impact of certain 

features of HOAs (i.e. the sign of the coefficients). This also highlights the 

importance of analysing individual Zernike terms in analyses related to axial 

elongation and myopia progression. 

There were some limitations to the current study. The relatively limited 

sample size prevented further statistical analyses on the relationship between 

HOAs and axial elongation in different refractive groups. For example, subjects 

with astigmatism may behave differently as their cornea is intrinsically more 

toric and potentially the magnitude of comatic aberration (Hu et al., 2004). The 

current study serves as a general understanding of the influence of ocular HOAs 

on axial length and its elongation. In addition, the short two-year follow-up 

period may impede drawing any conclusion on how ocular HOAs are associated 
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with myopia development, or when the critical period of ocular HOAs affecting 

axial elongation the most/least is. The HOA data used in the study was obtained 

after cycloplegia. Since the pupil constricts during accommodation and different 

levels of accommodation lag may be present in normal viewing conditions, 

further studies examining the association between ocular HOAs and axial 

elongation, without the use of cycloplegia and under different accommodation 

stimuli may help to provide a better insight on the vision-dependent mechanisms 

involved in axial eye growth. 

 

5.5 Conclusion 

This study provides insights into the potential visual feedback mechanism 

of ocular HOAs and axial elongation, when controlling for known confounding 

factors. Higher levels of HOAs, particularly spherical aberration, was associated 

with longer axial length and slower axial elongation. The findings support the 

potential role of HOAs as a vision-dependent mechanism of driving or slowing 

axial elongation. 

 

 

 

Paper published from work reported in this chapter: 

Lau JK, Vincent SJ, Collins MJ, Cheung SW, Cho P. (2018). Ocular higher-order 

aberrations and axial eye growth in young Hong Kong children. Sci Rep 8:6726.
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Chapter 6 

Higher order aberrations and axial 

elongation in myopic children treated 

with orthokeratology 

 

6.1 Introduction 

In the experiment described in the previous section (Chapter 5), ocular 

HOAs were associated with axial elongation in children wearing single-vision 

spectacles. Children’s eyes with higher levels of HO RMS displayed slower axial 

elongation. The finding supports the potential role of a vision-dependent 

mechanism in regulating the emmetropisation process and myopia development 

(Section 2.5.2 and Chapter 5). 

 Ortho-k treatment, which uses specially designed overnight wear contact 

lenses, retards axial elongation by approximately 50%. It is well known that 

ortho-k alters the corneal profile, that is, the central cornea is flattened while the 

mid-peripheral cornea is steepened. However, its mechanism for myopia control 

is not understood (Section 3.6). 

 Two longitudinal two-year studies have investigated the influence of 

induced HOAs of ortho-k on axial elongation, however, the results are 
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inconsistent. Santodomingo-Rubido et al. (2017) showed no association between 

changes in corneal HOAs and axial elongation, whereas Hiraoka et al. (2015) 

found a significant relationship between changes in ocular HOAs and axial 

elongation in their regression analyses. 

 Therefore, this retrospective longitudinal study aimed to investigate the 

relationship between changes in ocular HOAs and axial elongation in children 

receiving ortho-k treatment for myopia control. 

 

6.2 Methods 

 

6.2.1 Study design 

This is a retrospective analysis of ocular HOAs and axial elongation 

measured annually over a two-year period. Myopic subjects who previously 

completed longitudinal clinical trials and had been wearing ortho-k lenses for 

two years were included for analysis. The data from 112 subjects was retrieved 

(Cho and Cheung (2012): 37; Chen et al. (2013): 35; Charm and Cho (2013): 12; 

Lee and Cho (2013b): 28) and were included for analysis. 

All studies were conducted according to the tenets of the declaration of 

Helsinki and were approved by the Departmental Research Committee, the 

School of Optometry of the Hong Kong Polytechnic University. Written informed 

consent was obtained from both the parents and children. The studies were also 

registered at ClinicalTrials.gov (Cho and Cheung (2012): NCT00962208; Chen et 
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al. (2013): NCT00978692; Charm and Cho (2013): NCT00977236; Lee and Cho 

(2013b): NCT00978679). 

 

6.2.2 Subjects and procedures 

All subjects, except for high myopes from Charm and Cho (2013), with 

different levels of myopia and astigmatism were fully corrected with ortho-k 

lenses. The subjects from Charm and Cho (2013), were partially corrected by 4.00 

D using ortho-k lenses and residual refractive error was corrected with single-

vision spectacles. Annual cycloplegic data of axial length and ocular HOAs were 

collected as described in Section 5.2.2. 

In brief, the average of five axial length measurements, with an inter-

reading difference of less than 0.02 mm and a signal-to-noise ratio of more than 

3.5, measured by IOL Master (model 500; Carl Zeiss Meditec AG, Jena, 

Germany) were analysed. At least five HOA measurements, measured by the 

COAS aberrometer (Wavefront Sciences Ltd., New Mexico, USA), were fitted 

with a Zernike polynomial up to the sixth order and rescaled to a 6-mm pupil. 

The Zernike coefficients were later averaged. The RMS values for total HOAs 

(from third to sixth orders, inclusively), spherical aberration (Z4
0 and Z6

0 

combined), comatic aberration (Z3
−1, Z3

1, Z5
−1, and Z5

1), and corresponding Zernike 

terms were used for analysis. 
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6.2.3 Statistical analyses 

To prevent the potential errors associated with mirror symmetry of HOAs 

(Porter et al., 2001) and the inflation of p values by using both eyes (Armstrong, 

2013), analysis (SPSS version 23; IBM Corp., Armonk, NY. USA) was performed 

on data from the right eyes only. Repeated measures ANOVAs were used to 

compare the changes in axial length, SER, and ocular HOAs over time. Post hoc 

tests with Bonferroni corrections were presented for any identified significant 

variables. 

Since ocular HOAs were shown to be associated with axial elongation in 

young spectacle-wearing children, linear mixed models were used to examine the 

effects of age, sex, and axial length (other models using SER separately were 

repeated to avoid multicollinearity) on baseline ocular HOAs. Individual 

subject’s slope and intercept were included as random factors to control for inter-

subject variations. 

Similar to the linear mixed models described in Section 5.2.3, the 

association between ocular HOAs and axial elongation was examined. Baseline 

SER and baseline HOAs, in addition to sex and age, were added to the model to 

control for their influence on axial elongation. The above models were repeated 

for spherical aberration RMS, comatic aberration RMS, and corresponding 

Zernike coefficients. A p value of less than 0.05 was regarded as statistical 

significant. 
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6.3 Results 

Data from 103 subjects, excluding those with missing baseline HOA data 

or poor COAS images, were retrieved. Table 6.1 shows the description and 

baseline demographics and data of subjects from studies included in the current 

study. 

 

Table 6.1 Baseline demographics and data (mean ± SD or median [range]) of 

orthokeratology subjects from four completed myopia control studies.  

Studies 
Cho and Cheung 

(2012) 

Chen et al. 

(2013) 

Charm and 

Cho (2013) 

Lee and Cho 

(2013b) 

Description 

Low to 

moderate 

myopia 

High 

astigmatism 

High 

myopia 

Low 

hyperopia 

and myopia 

Sample size 34 34 7 28 

Age, y 9.3 ± 1.0 9.4 ± 1.4 10.6 ± 0.9 8.2 ± 0.9 

Myopia, D 2.05 ± 0.75 2.49 ± 1.34 6.82 ± 0.95 3.11 ± 0.65 

Astigmatism, D 
0.00 

[0.00, 1.00] 
1.63 ± 0.60 0.61 ± 0.40 

0.38 

[0.00, 1.00] 

SER, D -2.17 ± 0.80 -3.30 ± 1.44 -7.13 ± 0.94 -3.33 ± 0.70 

Axial length, mm 24.54 ± 0.68 24.35 ± 0.89 25.61 ± 0.71 24.42 ± 0.65 

SER: spherical equivalent refraction 

 

In the pooled population, there were 51 girls and 52 boys. The median 

(range) baseline age and baseline SER were 9.1 (6.3 – 13.0) years and -2.88 (-8.63 

– -0.38) D, respectively. The mean baseline axial length was 24.52 ± 0.80 mm. 

Table 6.2 shows the demographics, data, and HOAs of the subjects with data 
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available at all visits. Most parameters changed significantly in the first year 

and were stable thereafter. After two years of ortho-k treatment, the SER 

decreased by 2.63 ± 1.30 D (F(1.28, 93.39) = 273.84, p < 0.001) and the axial 

length increased by 0.41 ± 0.32 mm (F(1.13, 100.52) = 137.02, p < 0.001). The HO 

RMS, spherical aberration RMS, and comatic aberration RMS increased by 0.74 

± 0.56, 0.78 ± 0.51, and 0.17 ± 0.29 µm, respectively (HO RMS: F(1.55, 124.17) = 

103.32, p < 0.001; spherical aberration RMS: F(1.56, 124.40) = 140.72, p < 0.001; 

comatic aberration RMS: F(1.75, 139.57) = 19.52, p < 0.001). 

 

Table 6.2 Pooled demographics, data, and ocular higher order aberrations 

(mean ± SD) of orthokeratology subjects from four completed myopia control 

studies. Note: only subjects with available data at all visits are presented. 

 Baseline First year Second year 

Demographics and data 

Age, y (n = 91) 9.3 ± 1.3 10.4 ± 1.2 11.4 ± 1.2 

SER, D (n = 74) -3.11 ± 1.78 -0.61 ± 1.03 -0.48 ± 0.87 

Axial length, mm (n = 90) 24.52 ± 0.82 24.75 ± 0.80 24.93 ± 0.82 

Ocular higher order aberrations, µm (n = 81) 

HO RMS 0.306 ± 0.094 1.054 ± 0.637 1.045 ± 0.559 

Spherical aberration RMS 0.093 ± 0.066 0.851 ± 0.554 0.876 ± 0.526 

Z4
0 0.061 ± 0.090 0.836 ± 0.544 0.862 ± 0.519 

Z6
0 -0.019 ± 0.016 0.082 ± 0.161 0.067 ± 0.161 

Comatic aberration RMS 0.188 ± 0.114 0.414 ± 0.385 0.356 ± 0.264 

Z3
−1 0.111 ± 0.167 -0.044 ± 0.346 -0.077 ± 0.255 

Z3
1 -0.017 ± 0.080 0.156 ± 0.374 0.094 ± 0.291 

Z5
−1 0.021 ± 0.030 0.037 ± 0.106 0.050 ± 0.123 

Z5
1 0.003 ± 0.015 0.011 ± 0.150 -0.017 ± 0.126 

SER: spherical equivalent refraction, RMS: root-mean-square value, HO: higher 

order aberration. 
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6.3.1 Influence of demographics and data on ocular higher order 

aberrations at baseline 

In view of the influence of subject demographics and data on ocular HOAs 

at the baseline visit, using SER in the modelling, girls displayed a higher level of 

primary vertical coma (Z3
−1: β = 0.07 µm, p = 0.04), and more SER (more myopic) 

was associated with less horizontal coma (Z3
1: β = 0.01 µm/D, Z5

1: β = 0.003 µm/D, 

both p < 0.05). In both the modelling using baseline axial length and SER, older 

children showed less secondary vertical coma (Z5
−1: β = -0.01 µm/y, p = 0.02). No 

associations were found for other HOAs terms or metrics (all p > 0.05). 

 

6.3.2 Association between changes in higher order aberrations 

and axial length 

 Table 6.3 shows the linear mixed model analyses for the association of 

axial length with (Model 1) HO RMS, (Model 2) spherical and comatic 

aberrations RMS, and (Model 3) spherical Zernike terms (Z4
0 and Z6

0). In general, 

axial length increased with age (p < 0.001). Girls exhibited 0.45 – 0.49 mm 

shorter axial length than boys (p < 0.005). Every dioptre increase (more myopic) 

in baseline SER was associated with 0.22 – 0.24 mm longer axial length (p < 

0.001). 

Regarding the influence of ocular HOAs during ortho-k treatment, after 

adjusting for baseline HOAs, HO RMS and spherical aberration were associated 

with an increase in axial length (HO RMS: β = 0.96 mm/µm, spherical aberration 
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RMS: β = 0.91 mm/µm, Z4
0: β = 0.99 mm/µm, all p < 0.01). Higher levels of HO 

RMS and spherical aberration were also significantly associated with slower 

axial elongation. Axial elongation was slowed down by 0.43, 0.39, and 0.46 mm/y 

per every micron increase in HO RMS, spherical aberration RMS, and Z4
0, 

respectively (all p < 0.01). No association of axial length or its elongation were 

found with comatic aberration (neither RMS values nor individual Zernike 

coefficients). 

 

Table 6.3 Significant fixed effects and parameter estimates of higher order 

aberrations on axial length and its elongation (interaction with time) in 

orthokeratology subjects (n = 103). 

Parameters β p value 

Model 1 – HO RMS   

Intercept 19.00 < 0.001 

Sex† -0.46 < 0.001 

ln(age) 2.33 < 0.001 

Baseline SER -0.24 < 0.001 

HO RMS 0.96 < 0.001 

Time by HO RMS -0.43 < 0.001 

Model 2 – spherical and comatic aberrations RMS  

Intercept 19.23 < 0.001 

Sex† -0.45 0.002 

ln(age) 2.23 < 0.001 

Baseline SER -0.24 < 0.001 

Spherical aberration RMS 0.91 0.008 

Time by spherical aberration RMS -0.39 0.007 

Model 3 – spherical Zernike terms (Z4
0 and Z6

0)   

Intercept 19.30 < 0.001 

Sex† -0.46 < 0.001 

ln(age)  2.28 < 0.001 

Baseline SER -0.22 < 0.001 

Baseline Z4
0 -1.42 0.012 

Baseline Z6
0 9.28 0.012 

Z4
0 0.99 0.007 

Time by Z4
0 -0.46 0.004 

SER: spherical equivalent refraction, RMS: root-mean-square value, HO: higher 

order aberration. 

†Parameter estimate for girls. 



Chapter 6 90 

 

 

Figure 6.1 Refractive power difference maps (two-year visit minus baseline 

visit, left and middle columns) generated from the ocular higher-order aberration 

(HOAs) for subjects (with complete axial length and HOA data at the baseline 

and two-year visit) who exhibited relatively slower (n = 43, mean axial 

elongation: 0.19 ± 0.16 mm) and faster (n = 40, mean axial elongation: 0.67 ± 0.28 

mm) axial elongation, based on a median split of the axial elongation. The 

difference maps (right column, slow minus fast progressors) highlight differences 

in the change in the HOA profile between the two groups. Note: the scales are 

adjusted for the HOA metric and term. 

 

Figure 6.1 shows the refractive power difference maps (two-year visit 

minus baseline visit) generated from the HOA data (Iskander et al., 2007), for 

subjects with axial length and HOA data at the baseline and two-year visit who 

exhibited relatively slow (n = 43, mean elongation: 0.19 ± 0.16 mm) and fast (n = 

40, mean elongation: 0.67 ± 0.28 mm) axial elongation over the two-year study 

period, based on a median split. This figure highlights that subjects who 

exhibited slower elongation exhibited a significantly greater increase in spherical 

aberration (Z4
0) (consistent with Model 3 of Table 6.3, spherical aberration (Z4

0) by 
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time interaction). However, it should be noted that the data in this figure does 

not control for variations in age, sex, baseline SER, and baseline HOAs (or RMS) 

between the two cohorts (which was accounted for in the modelling). 

 

6.4 Discussion 

This retrospective analysis demonstrates the association between ocular 

HOA changes and axial elongation in children wearing ortho-k lenses. The 

current study supports that axial elongation may respond to subtle changes in 

visual input such as HOAs, which are known to affect retinal image quality and 

visual function (Yang et al., 2019). Subjects with greater changes in HOAs, 

particularly spherical aberration (Z4
0), were associated with slower axial 

elongation. 

The increase in HOAs after ortho-k treatment is well documented (Joslin 

et al., 2003; Berntsen et al., 2005; Stillitano et al., 2008; Gifford et al., 2013; Lian 

et al., 2014; Hiraoka et al., 2015). In the current study, HO RMS, spherical 

aberration RMS, and comatic aberration RMS increased by three, nine, and two 

times, respectively, after ortho-k treatment, whereas Gifford et al. (2013) 

observed a double in these RMS values (over a 4-mm pupil size) in 18 subjects 

(mean age: 21.1 ± 1.8 years) wearing ortho-k lenses for one week, and Hiraoka et 

al. (2015) reported a triple increase in the above mentioned RMS values (over a 

6-mm pupil) in 59 subjects (mean age: 10.3 ± 1.4 years) wearing the lenses for a 

year. The increases may vary between studies because of various pupil sizes 
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(Carkeet et al., 2003; Applegate et al., 2007), subject age (Brunette et al., 2003), 

and follow-up time (Gifford et al., 2013; Lian et al., 2014). 

In agreement with previous studies (Joslin et al., 2003; Chen et al., 2017), 

spherical aberration (Z4
0) and horizontal coma (Z3

1) changed the most after ortho-k 

treatment. The increase in spherical aberration is primarily due to the alteration 

of corneal asphericity from prolate to oblate shape which is proportional to the 

myopia correction (Gifford et al., 2013), and the increase in comatic aberration is 

related to the decentration of the treatment zone (Hiraoka et al., 2009a; Chen et 

al., 2018). 

In the current study, the changes in ocular HOAs due to ortho-k were 

significantly associated with slower axial elongation. Conversely, Santodomingo-

Rubido et al. (2017) did not find a relationship between corneal HOAs and axial 

elongation in 31 children (mean age: 9.6 ± 1.6 years) undergoing ortho-k 

treatment for two years, however, they did not adjust for other confounding 

factors such as age and sex. More importantly, corneal HOAs may not reflect the 

true retinal image quality, because of the compensatory characteristics of 

internal HOAs against corneal HOAs (Artal et al., 2001; Kelly et al., 2004). In 

contrast, Hiraoka et al. (2015) showed that the increase in ocular HO RMS was 

negatively correlated with axial elongation (r = -0.46), which is similar to our 

findings that, ocular HO RMS was associated with slower axial elongation, after 

adjusting for potential confounding factors such as age, sex, baseline SER, and 

baseline HOAs. 
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Spherical aberration was significantly associated with axial elongation in 

the current study. However, in both the studies of Hiraoka et al. (2015) and Kim 

et al. (2019), a higher level of comatic aberration, rather than spherical 

aberration, was associated with slower axial elongation. The authors concluded 

that an asymmetric optical effect induced by the treatment was responsible for 

its myopia control effect. However, simply selecting significant factors from 

correlation analyses without consideration of other confounding variables in a 

multivariate regression model may lead to incorrect conclusions (Armstrong, 

2019). Multicollinearity might also present if both defocus (second order 

aberration) and SER were considered in the same regression model, due to their 

high correlation. The magnitudes of spherical aberration from these two previous 

studies were also extracted (using WebPlotDigitizer, 

https://automeris.io/WebPlotDigitizer/) and rescaled to a 6-mm pupil for 

comparison (Schwiegerling, 2002). The mean changes in primary spherical 

aberration (Z4
0) in the studies of Hiraoka et al. (2015) and Kim et al. (2019) were 

+0.51 and +0.34 µm, respectively, which are considerably smaller than that of 

+0.80 µm found in the current study. The difference may be due to different 

myopia corrections between the studies (current study: 3.11 D, Hiraoka et al. 

(2015): 1.78 D, Kim et al. (2019): 2.59 D). However, in our study, even after 

controlling for the baseline SER, more spherical aberration was significantly 

associated with slower axial elongation, indicating a potential link to the 

underlying visual mechanism of ortho-k. 

According to a computational algorithm using different Zernike 

coefficients that vary significantly following reading (Buehren et al., 2005), 

https://automeris.io/WebPlotDigitizer/
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Buehren et al. (2007) showed that the influence imposed by 0.2 – 0.3 µm 

spherical aberration requires a clinically significant change in defocus to 

optimise retinal image quality (0.25 D for a 5-mm pupil), equivalent to 0.4 – 0.6 

µm over a 6-mm pupil diameter. The interaction between spherical aberration 

and defocus may also change the retinal image quality (Tarrant et al., 2010). 

Positive spherical aberration, in combination with hyperopic defocus, which is 

commonly seen in ortho-k treated children or young myopes with a lag of 

accommodation during near work (Gwiazda et al., 1993; Gwiazda et al., 1995), 

would provide a protective effect against axial elongation, whereas those with 

negative spherical aberration and hyperopic defocus may be a risk factor (Thibos 

et al., 2013a). 

In comparison to the association between ocular HOAs and axial 

elongation in spectacle-wearing children (Chapter 5) and those undergoing ortho-

k treatment, the beta coefficients of ocular HOAs in both modelling were smaller 

than the coefficients for age, sex, and SER. However, it should be noted that, 

after receiving ortho-k treatment, ocular HOAs increased substantially by a 

factor of three to nine (even 14 times for primary spherical aberration). This 

would therefore increase the impact of ocular HOAs on slowing axial elongation, 

comparing with those wearing single-vision spectacles. 

Other researchers have endeavoured to slow axial elongation by 

manipulating the HOA profile. Allen et al. (2013) examined the myopia control 

effect using a contact lens which changes the spherical aberration of subject to -

0.1 µm, because of its previously reported improvement in reducing 

accommodation lag (Allen et al., 2009; Gambra et al., 2009; Theagarayan et al., 
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2009). However, the authors were unable to confirm the role of negative 

spherical aberration or reduced accommodation lag in retarding axial elongation. 

A possible reason for such negative findings could be that the interaction 

between the induced negative spherical aberration and the reduced 

accommodation lag produces an unfavourable retinal image or directional cue of 

slowing down the progression. Sankaridurg et al. (2019) recently examined the 

myopia control effect of an extended depth-of-focus contact lens (+1.25 and +1.75 

D) with specific HOA profiles (details not provided) in over 500 children (mean 

age: 10.4 ± 1.3 years). They showed a modest effect (25 – 28%) of 0.15 – 0.17 mm 

slower axial elongation, compared with children using single-vision contact 

lenses, over a two-year period. On the other hand, Cheng et al. (2016) examined 

the use of a contact lens with positive spherical aberration of about 0.175 µm (for 

a 5-mm pupil) for myopia control in 127 children (mean age: 9.2 ± 1.1 years). A 

moderate effect (39%) of 0.14 mm shorter axial elongation, compared with the 

single-vision contact lens group, was observed at the one-year visit. 

Summarising the findings of previous research and the current study, positive 

spherical aberration is associated with slower axial elongation. It should be 

noted that the amount of spherical aberration induced by ortho-k treatment is 

much larger (+0.39 µm over a 5-mm pupil in the current study, compared with 

approximately +0.20 µm or less in previous studies). The effect of using spherical 

aberration for myopia control may be dose dependent as observed for atropine 

eye drops (Yam et al., 2018). The dose-and-effect relationship and the “minimum 

effective dose” for myopia control are yet to be investigated and further studies 

in this aspect are warranted. 
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Since baseline HOAs are associated with axial elongation (Chapter 5), the 

relationship between ocular HOAs and other demographics at baseline was 

evaluated. Most HOA metrics and Zernike terms (except for horizontal coma [Z3
1 

and Z5
1]) were not associated with axial elongation in this cohort of subjects. 

These parameters were controlled in the linear mixed models of the current 

study to avoid any potential confounding effects. However, one limitation of the 

current study was the relatively small sample size. This study serves as a 

general understanding to the ocular HOAs on axial elongation in myopic subjects 

undergoing ortho-k treatment. 

 

6.5 Conclusion 

This study examined the relationship between ocular HOAs and axial 

elongation in subjects undergoing ortho-k treatment. Subjects with greater 

changes in ocular HOAs, especially a positive shift in primary spherical 

aberration, were associated with slower axial elongation, after adjusting for 

known confounding factors and baseline HOAs. Optical alteration of specific 

ocular HOAs may be a possible mechanism of ortho-k treatment for myopia 

control. 

 

 

 

 



Chapter 6 97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Paper published from work reported in this chapter: 

Lau JK, Vincent SJ, Cheung SW, Cho P. (2020). Higher-order aberrations and 

axial elongation in myopic children treated with orthokeratology. Invest 

Ophthalmol Vis Sci 61:22.



 98 

Chapter 7 

The short-term influence of 

orthokeratology lenses with different 

compression factors 

 

7.1 Introduction 

Given the association between ocular HOAs and axial elongation in 

spectacle-wearing (Chapter 5) and ortho-k treated (Chapter 6) children, 

modifications to ortho-k lenses to alter the magnitude of ocular HOAs may result 

in a greater myopia control effect. 

As previously mentioned (Section 3.4), the commonly used compression 

factor of 0.50 – 0.75 D may not be sufficient to ensure full correction at the end of 

the day, and ortho-k subjects are usually under corrected. Chan et al. (2008b) 

therefore suggested adding an extra compression factor of approximately 1.00 D 

to the lens to counteract the daytime refractive regression. However, no studies 

have investigated its feasibility and the influence of an increased compression 

factor on ocular HOAs. 

Axial length is the gold standard for monitoring myopia progression in 

clinical myopia control trials (Wolffsohn et al., 2019). However, its changes 
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usually require months to demonstrate any difference. The choroid, as a thin, 

vascular tissue located posterior to the retina, which has been shown to be a 

short-term biomarker which responds to imposed defocus (Read et al., 2010; 

Chakraborty et al., 2012, 2013; Chiang et al., 2015; Wang et al., 2016; Chiang et 

al., 2018), and negatively associated with the changes in axial length (Read et 

al., 2015), may provide a quantitative method to predict the potential changes, 

prior to longer-term changes in axial length. However, the repeatability of OCT 

measurements need to be determined to confirm any significant changes in 

choroidal thickness. 

This study therefore aimed to investigate the weekly changes in ocular 

HOAs and corresponding changes in choroidal thickness in eyes wearing ortho-k 

lenses of different compression factors for one month. 

 

7.2 Methods 

 

7.2.1 Study design 

This was a prospective, double-blinded, randomised, self-controlled 

(contralateral comparison) clinical trial investigating the influence of ortho-k 

lenses with different compression factors on ocular HOAs in young myopic 

children. The fellow eyes of the subjects were randomly fitted with ortho-k lenses 

of different compression factors (one eye with 0.75 D and the other eye with 1.75 

D) and were monitored weekly for one month. All the study protocols followed 
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the tenets of the Declaration of Helsinki and the study was approved by the 

Departmental Research Committee of the School of Optometry of The Hong Kong 

Polytechnic University. The nature and possible consequences of the treatment 

were explained, and written informed consent was obtained from the parents 

before the commencement of the study. The study was also registered at 

ClinicalTrial.gov (NCT02643875). 

 

7.2.2 Subjects 

Subjects were recruited via an advertisement in a local newspaper posted 

from February to June 2016. Telephone interviews and screening examinations 

were performed to examine if the subject fulfilled the inclusion or exclusion 

criteria. Chinese children aged between six and less than 11 years, with low 

myopia (0.50 – 4.00 D, inclusive), low astigmatism (≤ 1.25 D), low anisometropia 

(≤ 1.00 D), and low corneal toricity (< 2.00 D), were recruited. Subjects with any 

prior history of myopia control treatment, ocular or systemic conditions that 

affect refractive development, contact lens wear, or non-compliance to ortho-k 

lens wear and follow-up schedules were excluded. Both the parents and the 

children received training on lens handling and cleaning procedures. 

Randomisation of the lenses assigned on each eye were performed only when 

both the parents and the children were competent in demonstrating proper 

handling procedures. 
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7.2.3 Lens parameters and solutions 

Eligible subjects were fitted with four-zone ortho-k lenses, of either 

spherical or toric lens design (Menicon Z Night lenses; NKL Contactlenzen B.V., 

Emmen, The Netherlands), on both eyes. The lenses were made of hyper-oxygen 

permeability (Menicon Z, Dk 163 [ISO unit]), and the parameters were 

determined, with the aid of a computerised software (Easyfit, version 2013; NKL 

Contactlenzen B.V., Emmen, The Netherlands) based on the subjective 

refraction, horizontal visible iris diameter, and corneal topography, to minimise 

any subjective bias in lens selection or adjustment. Full correction was ordered 

for the eye with conventional compression factor (0.75 D), and an additional 1.00 

D correction was ordered for the fellow eye assigned to the increased compression 

factor (1.75 D). The subjects wore the lenses on a daily overnight basis and a lens 

wear diary was given for recording the time and duration of lens wear. 

The subjects were required to clean and rub the lenses every day and 

perform weekly protein removal procedures (cleaner: Menicon Spray and Clean; 

disinfecting solution: MeniCare Plus; protein removal solution: Menicon Progent 

A & B; Menicon Co., Ltd., Nagoya, Japan). Saline (Ophtecs cleadew; Ophtecs 

Corp., Tokyo, Japan) and artificial tears (Precilens Aquadrop+; Precilens, 

Creteil, France) were provided for lens rinsing and cushioning the lenses before 

insertion to avoid any formation of air bubbles. 

 

 

 



Chapter 7 102 

 

7.2.4 Visits and examination procedures 

 Ortho-k lenses were dispensed at the baseline visit and weekly data 

collection visits were conducted for one month. The subjects also had to attend 

any other unscheduled aftercares necessary to have their vision and ocular 

health monitored. Except for the first overnight visit which was scheduled within 

two hours after waking, the data collection visits were performed at a similar 

time to the baseline (within 2 hours) to minimise the potential influence of 

diurnal variation. 

At each data collection visit, unaided and best-corrected visual acuities 

(ETDRS charts, 90% contrast; Precision Vision, Woodstock, IL, USA), non-

cycloplegic subjective refraction, and external ocular health condition were 

assessed by an unmasked examiner. Maximum plus for maximum visual acuity 

approach was used for the determination of refractive errors, and ocular health 

was evaluated using the Efron grading scale (Efron, 1998). 

Corneal topography was measured by a masked examiner. The average 

apical corneal power from four good images (score ≥ 98) was obtained from a 

corneal topographer (E300 videokeratoscope; Medmont Pty. Ltd., Vermont, 

Victoria, Australia). 

Ocular HOAs were collected by the same masked examiner at each visit. 

One hundred and twenty-five images of ocular HOAs through natural pupils 

were captured using the COAS aberrometer (Wavefront Sciences Ltd., New 

Mexico, USA). A Badal optometer, aligned via a beam splitter but external to the 

measurement beam of the instrument, with a Maltese cross as the target was set 
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at the SER of the subject to control for accommodation, and the fellow eye was 

occluded to maintain good central fixation during the measurement. Each 

captured HOA image was then fitted with a sixth order Zernike polynomial over 

a 5-mm pupil size, and each Zernike coefficient was later averaged. The signs of 

some Zernike coefficients (𝑍3
1, 𝑍3

3,𝑍4
−4, 𝑍4

−2, 𝑍5
1, 𝑍5

3, 𝑍5
5, 𝑍6

−6, 𝑍6
−4, and 𝑍6

−2) for the 

left eyes were reversed to account for mirror symmetry between the eyes (Porter 

et al., 2001; Gatinel et al., 2005) to ensure all eyes were analysed as right eyes. 

The HO RMS (from third to sixth orders, inclusively), spherical aberration RMS 

(Z4
0 and Z6

0 combined), comatic aberration RMS (Z3
−1, Z3

1, Z5
−1, and Z5

1 combined), 

and individual Zernike coefficients were also used for analysis. 

 

 

Figure 7.1 Segmented retinal and choroidal layers from the optical coherent 

tomography image, indicating the inner limiting membrane (red), the inner 

segment/outer segment junction (yellow), the outer retinal pigment 

epithelium/Bruch’s membrane complex (green), and the inner chorioscleral 

interface (blue). The centre of the foveal pit at the thinnest retina is manually 

marked (white arrow). Subfoveal thickness was determined as the thickness 

between the outer retinal pigment epithelium/Bruch’s membrane complex and 

the inner chorioscleral interface (orange). 
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 The Spectralis SD-OCT (Heidelberg Engineering Inc., Heidelberg, 

Germany), which provides cross-sectional chorioretinal images with axial 

resolution of 3.9 µm, was used to determine the subfoveal choroidal thickness. At 

each visit, six radial line scans (30o long, each consisted of 30 frames and 

separated by 30o) centred at the fovea were acquired with the enhanced depth 

imaging mode using the high-speed scanning protocol. Automatic real-time 

tracking was used throughout the scanning procedure. The baseline scan was set 

as the reference image for subsequent scans at other visits. The images were 

then exported to a customised software for segmentation (Alonso-Caneiro et al., 

2013). Only the horizontal scans were used for analysis. Figure 7.1 shows the 

segmented retinal and choroidal layers. The centre of the foveal pit was 

manually marked and segmentation correction was conducted when necessary. 

Subfoveal choroidal thickness was determined as the thickness between the 

outer retinal pigment epithelium/Bruch’s membrane complex and the inner 

chorioscleral interface (Figure 7.1). 

Repeatability of choroidal thickness measurements was also assessed 

using two images obtained at the baseline and week 4 visits. Choroidal thickness 

measurements of either eye (randomly selected) were analysed (McAlinden et al., 

2011). 

 

7.2.5 Sample size calculation 

The required sample size for this study was calculated based on the 

changes in apical corneal power induced by ortho-k lenses of different 
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compression factors. A minimum between-eye difference of 0.50 D, using a 

within-group SD of 0.70 D (Li et al., 2018), was expected. In order to achieve 80% 

power at a significance level of 0.05, allowing for a 20% dropout rate (poor lens 

fitting, missing follow-up, etc.), at least 23 subjects were required. 

 

7.2.6 Statistical analyses 

All statistical analyses were performed using SPSS software (version 23; 

IBM Corp., Armonk, NY. USA). The normality of the data was assessed using 

Shapiro-Wilk tests. Paired t-tests or Wilcoxon tests, where appropriate, were 

used to compare the demographics and data, at the baseline and one-month visit 

between fellow eyes. Linear mixed models were used to assess the influence of 

different compression factors on ocular HOAs over time, with restricted 

maximum likelihood estimation and a first-order autoregressive covariance 

model. The compression factor was added as a within-subject factor to avoid 

inflation to the degrees of freedom. Each subject’s slope and intercept were 

included as random factors under unstructured covariance. Pairwise 

comparisons of the estimated marginal means, with Bonferroni correction, were 

used to compare the between-eye changes. For any significant difference, the 

estimated marginal means are presented; otherwise, the paired-eye data are 

presented with adjustment. 

Further to the analysis of changes in ocular HOAs, linear mixed models 

were used to examine the changes in choroidal thickness (and apical corneal 
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power) between the eyes and its association with changes in ocular HOAs (which 

found significant in the previous modelling). 

The repeatability of choroidal thickness measurements was calculated 

using the measurements obtained from two images at the same visit. The 

relationship between the mean and the difference of the two measurements was 

assessed with Pearson’s correlation test. The mean differences and 95% limits of 

agreement (mean ± 1.96 SD) against the differences were determined using 

Bland and Altman plots (Bland and Altman, 1986). The coefficient of 

repeatability was calculated as 1.96 times the SD of the differences between 

measurements. For all analyses, a p value of less than 0.05 indicates a statistical 

significance. 
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7.3 Results 

 

Figure 7.2 Flowchart of the one-month study. 

 

A total of 91 subjects were screened and assessed. Of the 58 eligible 

subjects, 22 subjects were excluded during lens training for various reasons 

(Figure 7.2). Therefore, a total of 36 subjects were randomised and commenced 

the study. However, five subjects dropped out: one subject failed to adapt to lens 

wear, one refused to continue after breaking the lens during cleaning, and three 

subjects were lost to follow-up. Three more subjects were excluded from data 
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analysis because of poor lens fitting (significant decentration with induced 

astigmatism). As a result, the data of 28 subjects who completed one-month 

ortho-k treatment were analysed. There were 12 boys and 16 girls, with a 

median (range) age of 9.3 (7.8 – 11.0) years. Eighteen and ten subjects wore 

spherical and toric lenses, respectively, in both eyes. 

Tables 7.1 and 7.2 show the baseline demographics, data, and ocular 

HOAs. There were no significant differences in most baseline parameters (all p > 

0.05), except for 𝑍6
−6 and 𝑍6

−4 (both p < 0.05). 

 

Table 7.1 Baseline demographics and data (mean ± SD or median [range]) of 

the eyes assigned to orthokeratology lenses of different compression factors (n = 

28 eyes in each group). 

 Compression factor 
p value 

1.75 D 0.75 D 

Visual acuities, logMAR 

Unaided 0.63 ± 0.29 0.65 ± 0.31 0.387 

Best-corrected 0.00 ± 0.04 0.00 ± 0.05 0.678 

Refraction, D 

Myopia 2.09 ± 0.97 2.12 ± 0.94 0.714 

Astigmatism 0.50 [0.00, 1.25] 0.00 [0.00, 1.25] 0.080† 

SER -2.30 ± 1.03 -2.27 ± 0.99 0.646 

Ocular parameters 

Apical corneal 

power, D 
43.83 ± 1.21 43.81 ± 1.16 0.801 

Subfoveal 

choroidal 

thickness, µm 

240 [153, 551] 250 [193, 504] 0.339† 

SER: spherical equivalent refraction. 

p value: probability values of paired t-tests, except for †Wilcoxon tests, for 

differences between the two eyes.
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Table 7.2 Baseline ocular higher order aberrations (mean ± SD or median 

[range]) of the eyes assigned to orthokeratology lenses of different compression 

factors (n = 28 eyes in each group). 

 Compression factor 
p value 

1.75 D 0.75 D 

Individual Zernike terms, µm 

𝑍3
−3 0.025 ± 0.080 0.012 ± 0.071 0.327† 

𝑍3
−1 -0.019 ± 0.114 0.000 ± 0.113 0.185† 

𝑍3
1 0.002 [-0.094, 0.110] -0.013 [-0.104, 0.083] 0.425 

𝑍3
3 -0.008 ± 0.066 -0.009 ± 0.059 0.938† 

𝑍4
−4 0.022 ± 0.022 0.020 ± 0.025 0.604† 

𝑍4
−2 -0.014 [-0.030, 0.026] -0.006 [-0.039, 0.027] 0.053 

𝑍4
0 0.057 [-0.019, 0.212] 0.067 [-0.020, 0.376] 0.633 

𝑍4
2 -0.003 ± 0.028 -0.006 ± 0.031 0.468† 

𝑍4
4 0.007 ± 0.022 0.013 ± 0.024 0.146† 

𝑍5
−5 0.002 [-0.017, 0.038] 0.001 [-0.020, 0.031] 0.964 

𝑍5
−3 -0.003 [-0.043, 0.020] -0.004 [-0.070, 0.012] 0.585 

𝑍5
−1 0.009 [-0.015, 0.069] 0.007 [-0.018, 0.035] 0.076 

𝑍5
1 0.001 [-0.014, 0.013] 0.001 [-0.046, 0.011] 0.633 

𝑍5
3 0.001 ± 0.005 0.002 ± 0.005 0.449† 

𝑍5
5 0.002 [-0.015, 0.031] 0.004 [-0.013, 0.047] 0.982 

𝑍6
−6 0.002 [-0.005, 0.009] -0.001 [-0.012, 0.020] 0.031 

𝑍6
−4 -0.003 ± 0.002 -0.001 ± 0.003 < 0.001† 

𝑍6
−2 0.000 [-0.008, 0.007] 0.000 [-0.006, 0.018] 0.274 

𝑍6
0 -0.005 [-0.016, 0.026] -0.005 [-0.016, 0.100] 0.633 

𝑍6
2 -0.001 [-0.026, 0.0100] 0.000 [-0.021, 0.024] 0.274 

𝑍6
4 0.001 [-0.006, 0.015] -0.001 [-0.067, 0.023] 0.106 

𝑍6
6 -0.002 ± 0.004 -0.001 ± 0.006 0.330† 

RMS, µm 

SA RMS 0.057 [0.004, 0.213] 0.068 [0.006, 0.389] 0.187 

Coma RMS 0.116 ± 0.064 0.107 ± 0.059 0.411† 

HO RMS  0.194 [0.102, 0.316] 0.175 [0.098, 0.536] 0.439 

RMS: root-mean-square value, HO: higher order aberration, SA: spherical 

aberration, p value: probability values of Wilcoxon tests, except for †paired t-

tests, for differences between the two eyes
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 Over the one-month period, there was no significant difference in 

refractive changes between eyes fitted with the increased and conventional 

compression factors (p = 0.07). During the study period, eyes with increased 

compression factor showed slightly less myopia by 0.41 ±  0.64, 0.36 ± 0.67, and 

0.27 ± 0.64 D at weeks 1, 2, and 3, respectively (all p ≤ 0.05). However, there was 

no significant difference at the end of the study (mean difference: 0.19 ± 0.64 D, p 

= 0.12). There were neither clinically (unaided visual acuity: increased 

compression factor: 0.02 [-0.08 to 0.34] logMAR, conventional compression factor: 

-0.01 [-0.10 to 0.32] logMAR, p = 0.04) nor statistically (best-corrected visual 

acuity: increased compression factor: -0.04 [-0.14 to 0.18] logMAR, conventional 

compression factor: -0.02 [-0.14 to 0.08] logMAR, p = 0.87) significant differences 

between the visual acuities of the eyes at the one-month visit. 

 

7.3.1 Changes in ocular higher order aberrations 

Figure 7.3 illustrates the changes in HOA terms or metrics of significant 

differences between the eyes. Among all the HOA terms and metrics, only HO 

RMS, spherical aberration RMS, and primary spherical aberration (Z4
0), 

demonstrated significant differences in changes between the eyes (all p < 0.05). 

After one week of lens wear, the increased compression factor group had greater 

increases in these terms, compared with the conventional compression factor 

group (mean difference: HO RMS: 0.147 ± 0.176 µm, spherical aberration RMS: 

0.094 ± 0.120 µm, Z4
0: 0.089 ± 0.139 µm, all p < 0.01). These increases stablised 

thereafter. At the one-month visit, eyes fitted with the increased compression 
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factor showed greater increases in these HOAs than the fellow eyes by 0.096 ± 

0.141, 0.083 ± 0.124, and 0.076 ± 0.142 µm, respectively (all p < 0.01). 

Despite no significant differences in changes between the eyes, some other 

HOAs significantly changed after short-term ortho-k treatment. Using data from 

both eyes, after one week of lens wear, primary horizontal coma (Z3
1) and 

secondary spherical aberration (Z6
0) increased by 0.117 ± 0.116 and 0.024 ± 0.032 

µm, respectively (both p < 0.001). These HOAs did not show further significant 

changes for the rest of the study. At the end of the study, tertiary horizontal 

astigmatism (Z6
2) decreased minimally (mean change: -0.012 ± 0.016 µm, p = 

0.006). 
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Figure 7.3 Change in (A) HO RMS, (B) SA RMS, and (C) primary SA (Z4
0) in 

eyes fitted with orthokeratology lenses of different compression factors (1.75 and 

0.75 D, n= 28 eyes in each group) over one month. Each error bar represents one 

standard deviation and the asterisks represent significant differences between 

the eyes (*p < 0.05, **p < 0.01, ***p < 0.001). RMS: root-mean-square value, HO: 

higher order aberrations, SA: spherical aberration.
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7.3.1 Repeatability of choroidal thickness measurements 

 

 

Figure 7.4 Bland and Altman plots illustrating the repeatability of choroidal 

thickness measurements collected from two images (randomly selected eye from 

each subject, n = 28 eyes) at (A) baseline and (B) week 4. The solid line 

represents the mean difference of choroidal measurements and the dashed lines 

represent the lower and upper 95% limits of agreement (mean difference ± 1.96 x 

SD of the differences). 

 

Table 7.4 shows the repeatability of choroidal thickness measurements 

before (baseline) and after (week 4) receiving ortho-k treatment. The mean 
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differences were -1.4 ± 4.4 and -1.1 ± 4.0 µm, respectively. There were no 

significant correlations between the means and the differences of the 

measurements (both p > 0.05). The limits of agreements were -10.1 to +7.3 and -

8.9 to +6.7 µm, and the coefficients of repeatability were 9.0 and 8.0 µm, 

respectively. 

 

7.3.2 Changes in ocular parameters 

No significant between-eye differences in apical corneal power and 

choroidal thickness were observed (both p > 0.05, Table 7.2). Therefore, the 

paired-eye changes of these parameters are presented (Table 7.3). 

At week 1, the apical corneal power was reduced significantly by 1.95 ± 

0.52 D (p < 0.001). It was stabilised and no further significant changes were 

found (all p > 0.05). At the one-month period, the apical corneal power was 

reduced by 2.02 ± 0.54 D, compared with the baseline (p < 0.001). 

The subfoveal choroidal thickness displayed a quadratic change over time 

(p < 0.001): it first decreased by 9.1 ± 12.6 µm after one week of lens wear (p = 

0.002), and then gradually increased by 4.5 ± 22.8 µm, compared with the 

baseline, at week 4, but it was not significantly different from the baseline 

thickness (p = 1.00). 
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Table 7.3 Changes in the apical corneal power and choroidal thickness from baseline (mean ± SD) in eyes fitted with 

orthokeratology lenses of different compression factors (n = 28 eyes in each group). 

 Week 1 Week 2 Week 3 Week 4 

1.75 0.75 1.75 0.75 1.75 0.75 1.75 0.75 

Apical corneal 

power, D 
-2.10 ±0.73 -1.80 ± 0.73 -2.28 ± 0.80 -1.91 ± 0.80 -1.95 ± 0.81 -1.73 ± 0.81 -2.12 ± 0.80 -1.93 ± 0.80 

Choroidal 

thickness, µm 
7.0 ± 18.0 11.2 ± 17.8 4.0 ± 25.2 4.2 ± 25.1 3.2 ± 29.8 2.4 ± 30.1 -6.9 ± 33.8 -2.0 ± 34.1 

 

Table 7.4 Changes in the apical corneal power and choroidal thickness from baseline (mean ± SD) using paired-eye data (n 

= 28 subjects). 

 Week 1 Week 2 Week 3 Week 4 

Apical corneal power, D -1.95 ± 0.52*** -2.09 ± 0.57*** -1.84 ± 0.57*** -2.02 ± 0.54*** 

Choroidal thickness, µm 9.1 ± 12.6** 4.1 ± 17.4 2.8 ± 20.4 -4.5 ± 22.8 

Asterisks show the significance levels (**p < 0.01, ***p < 0.001).
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7.3.3 Associations between choroidal thickening and higher 

order aberrations 

Since a significant choroidal thickening was only observed after one week 

of lens wear, the associations between changes in choroidal thickness and HOAs 

were investigated. However, after adjusted for using paired-eye data, no 

significant associations of choroidal thickening with HO RMS, spherical 

aberration RMS, nor primary spherical aberration (Z4
0) were found (all p > 0.05). 

 

7.4 Discussion 

This is the first prospective study investigating the influence of ortho-k 

lenses with different compression factors on weekly changes in ocular HOAs, and 

corresponding changes in choroidal thickness over a one-month period. 

Referring to the retrospective analysis by Chan et al. (2008b), in order to 

produce a slight over-correction of 0.75 D and to counteract refractive regression 

during the day, an additional compression factor of 1.00 D may be indicated. The 

current study used a contralateral, randomised, self-controlled study design to 

control for the intrinsic corneal properties, such as corneal biomechanics (Lam et 

al., 2018), in affecting the results. However, according to the findings of the 

current study, no significant between-eye changes in subjective (SER) nor 

objective (apical corneal power) refractive reduction were observed at the one-

month visit. Comparing with the study of Chan et al. (2008b), the eyes fitted 

with the increased compression factors showed a relatively less myopia (more 
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hyperopia) after wearing the lenses for two weeks. The findings of this study 

suggest that increasing the compression factor by 1.00 D initially reduces the 

time taken to achieve the desired refractive correction, but a similar level of SER 

correction was achieved at the end of one-month lens wear. Other biological 

limitations, such as corneal epithelial thickness (Kim et al., 2018), may be 

associated with the capability of maximum refractive changes. 

Regarding the changes in ocular HOAs, in the current study, the eyes 

wearing ortho-k lenses of increased compression factor showed more changes in 

HO RMS, spherical aberration RMS, and primary spherical aberration (Z4
0). 

Given that SER (or apical corneal power) mainly reflects the subjectively 

perceived images through the central vision (likely the foveal region), while 

changes in ocular HOAs represent the optics over a fixed pupil diameter, the 

optical influence of an increased compression factor may be related to changes 

induced in the mid-peripheral cornea. This is most likely the reason for the 

discrepancy between the non-significant changes in SER and significant changes 

in ocular aberrations found. 

Since a number of observational (Hiraoka et al., 2017) and interventional 

(Cheng et al., 2016; Sankaridurg et al., 2019) studies have shown that more 

positive spherical aberration is associated with slower axial elongation, Kang et 

al. (2013) tried to modify the induced spherical aberration and peripheral 

refraction by reducing the optical zone diameter and steepening the alignment 

curve of the lens. However, neither modifications resulted in significant changes 

in spherical aberration when compared with the control lenses. The current 

study, on the other hand, shows that increasing the compression factor of ortho-k 
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lenses by 1.00 D significantly increases the positive shift in spherical aberration 

by approximately 40%. This may improve the effectiveness of ortho-k in slowing 

myopia progression and axial elongation. However, a longitudinal study is 

required to confirm the influence of increased compression factor on myopia 

control effectiveness. 

The choroid has been used as a short-term biomarker responding to 

defocus in some human studies (Read et al., 2010; Chakraborty et al., 2012, 

2013; Chiang et al., 2015; Wang et al., 2016). However, the changes in choroidal 

thickness during ortho-k treatment remain equivocal. Gardner et al. (2015) 

reported no significant changes during nine months of lens wear, while an 

approximately 20 µm of choroidal thickening was found in subjects wearing 

ortho-k lenses for three weeks (Chen et al., 2016b), and up to one year (Li et al., 

2018). However, some of the studies did not control for the potential confounding 

effects of diurnal variation and the use of cycloplegia, which may affect choroidal 

thickness and its response to defocus (Chakraborty et al., 2011; Tan et al., 2012; 

Osmanbasoglu et al., 2013; Sander et al., 2014; Sander et al., 2018). 

In the current study, despite the statistically significant choroidal 

thickening found after one week of lens wear (mean change: 9.1 ± 12.6 µm), this 

magnitude of change approached the intra-session repeatability of choroidal 

thickness measurement (coefficient of repeatability: 8 – 9 µm). It is uncertain 

whether the increase was genuine or related to measurement variability (Vaz et 

al., 2013). In comparison with manual segmentation of repeatability of 

approximately 35 µm (Rahman et al., 2011; Hanumunthadu et al., 2017) and 

automated software with limits of agreement of 14 µm (Twa et al., 2016), the 
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semi-automated software applied in the study has improved the repeatability of 

choroidal thickness measurement, which was also comparable with the inter-

observer repeatability of Li et al. (2018). However, the changes in choroidal 

thickness in this study were subtle and could not be differentiated from 

measurement noise. Therefore, the predictive value of using the changes in 

choroidal thickness in comparing the potential effectiveness for myopia control 

remains unclear. A longitudinal study investigating the influence of different 

compression factors may confirm its feasibility of improving myopia control using 

ortho-k lenses. 

 One limitation of the current study was that, the study design enhanced 

its power to control for inter-subject variations, but cannot avoid any potential 

inter-ocular interactions in response to the intervention (cross-over effect). The 

actual effectiveness of altering the compression factor of ortho-k lenses for 

myopia control is yet to be confirmed with further randomised controlled 

longitudinal clinical trial. 

 

7.5 Conclusion 

Increasing the compression factor of ortho-k lenses by 1.00 D amplified the 

induced HOAs, particularly spherical aberration, after one week of lens wear. 

However, the short-term changes observed in choroidal thickness may not be 

real changes as they were similar to the measurement repeatability of the 

instrument. If more positive spherical aberration is associated with slower axial 

elongation, altering ortho-k lens designs to increase the magnitude of induced 
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positive spherical aberration may result in an improved better myopia control 

effect. 

 

 

 

 

 

 

 

 

Papers published from work reported in this chapter: 

Lau JK, Vincent SJ, Cheung SW, Cho P. (2020). The influence of orthokeratology 

compression factor on ocular higher-order aberrations. Clin Exp Optom 103:123-

8. 

Lau JK, Wan K, Cheung S-W, Vincent SJ, Cho P. (2019). Weekly changes in 

axial length and choroidal thickness in children during and following 

orthokeratology treatment with different compression factors. Transl Vis Sci 

Technol 8:9. 

Lau JK, Cheung SW, Collins MJ, Cho P. (2019). Repeatability of choroidal 

thickness measurements with Spectralis OCT images. BMJ Open Ophthalmol 

4:e000237.



 121 

Chapter 8 

Long-term effects of orthokeratology 

lenses of different compression factors 

 

8.1 Introduction 

Higher levels of HO RMS and spherical aberration have been shown to be 

associated with slower axial elongation in spectacle-wearing (Chapter 5) and 

ortho-k treated (Chapter 6) children. Increasing the compression factor of ortho-k 

lenses by 1.00 D showed significant increases in the induced HOAs by 

approximately 40%, without altering the subjective refractive correction of the 

children (Chapter 7). 

 Therefore, this longitudinal study primarily aimed at investigating the 

myopia control effectiveness of ortho-k lenses with different compression factors 

(0.75 and 1.75 D) on axial elongation in children, and examining the possible 

predictive values of induced ocular HOAs after one month of treatment in 

relation to longer-term (two year) axial elongation in ortho-k treatment. 
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8.2 Methods 

 

8.2.1 Study design 

This was a prospective, double-blinded, randomised, controlled clinical 

trial investigating the influence of ortho-k lenses with different compression 

factors on axial elongation in young myopic children over a two-year period. The 

subjects chose to wear either single-vision spectacles or ortho-k lenses (with the 

compression factor of either 0.75 or 1.75 D randomised for subjects who chose 

ortho-k treatment). The study protocol followed the tenets of the Declaration of 

Helsinki and ethics clearance was approved by the Departmental Research 

Committee of the School of Optometry of The Hong Kong Polytechnic University. 

The nature and possible consequences of the treatment were explained, and 

written informed consent was obtained from the parents before the 

commencement of the study. The study was also registered at ClinicalTrial.gov 

(NCT02643342). 

 

8.2.2 Subjects 

Subjects were recruited via advertisements on posters and mass mails 

posted on the campus from June 2016 to November 2017. Telephone interviews 

and screening examinations were performed to examine if the subject fulfilled 

the inclusion and exclusion criteria (Table 8.1). Chinese children aged between 

six and less than 12 years, with low myopia (0.50 – 4.00 D, inclusive), low 
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astigmatism (≤ 1.25 D), low anisometropia (≤ 1.00 D), and low corneal toricity (< 

2.00 D), were recruited. Subjects with any prior history of myopia control 

treatment (for more than one month of treatment), ocular or systemic conditions 

that affect refractive development or contact lens wear, or non-compliance to 

spectacle or ortho-k lens wear or follow-up schedules, were excluded. For subjects 

who participated in the ortho-k group, both the parents and the children received 

training on lens handling and cleaning procedures. Randomisation of the 

compression factor of the lenses assigned to the subjects were performed only 

when both the parents and the children were competent in demonstrating proper 

handling procedures. Subjects who had previously completed the one-month 

ortho-k study (Chapter 7) were also invited to participate in the current study, 

after an appropriate washout period (for approximately three weeks), when 

refraction and apical corneal power were not more than 0.25 D different from 

their baseline measurements, taken before the previous study. 

 

Table 8.1 Inclusion and exclusion criteria. 

Inclusion Exclusion 

• Age: 6 – <12 y • Strabismus 

• Myopia: 0.50 – 4.00 D, inclusive • Amblyopia 

• Astigmatism:  

with-the-rule (180 ± 30o): ≤ 1.25 D 

other axes: ≤ 0.50 D  

• Ocular or systemic conditions that 

affect refractive development or 

contact lens wear 

• Anisometropia: ≤ 1.00 D • Prior myopia control treatment 

(for > one month treatment) • Corneal toricity: < 2.00 D 

• Agree to randomisation to 

different compression factors 
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8.2.3 Interventions 

The study was originally planned to randomise all subjects into three 

different groups receiving different treatments (spectacles and ortho-k lenses of 

different compression factors [0.75 and 1.75 D]). However, with a number of 

pharmacological and optical interventions available in Hong Kong at the time of 

the study, most subjects were seeking a myopia control intervention and were 

not willing to be randomised into the spectacle-wearing control group. As a 

result, the subjects were allowed to choose to wear either spectacles or ortho-k 

lenses. 

 

8.2.3.1 Spectacles 

Subjects in the control group were prescribed single-vision spectacles (1.60 

plastic; Hoya Lens Corp., Japan) and instructed to wear the spectacles during 

the daytime. The prescription was updated when the SER change was at least 

0.50 D, or monocular aided visual acuity was worse than 0.18 logMAR. 

 

8.2.3.2 Orthokeratology lenses 

The ortho-k subjects were fitted with four-zone ortho-k lenses, of either 

spherical or toric lens design (Menicon Z Night lenses; NKL Contactlenzen B.V., 

Emmen, The Netherlands) in both eyes, using the manufacturer’s software 

(Easyfit, version 2013; NKL Contactlenzen B.V., Emmen, The Netherlands). The 

lenses were made of material of hyper-oxygen permeability (Menicon Z, Dk 163 
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[ISO unit]). Full correction was ordered for the subjects in the conventional 

compression factor (0.75 D) group, and an additional 1.00 D correction was 

ordered for the subjects in the increased compression factor (1.75 D) group. The 

subjects were required to wear the lenses every night for at least eight hours, 

and to regularly record the lens wearing schedule on their diary for monitoring 

their compliance. 

The subjects were required to clean and rub the lenses every day and 

perform weekly protein removal procedures (cleaner: Menicon Spray and Clean; 

disinfecting solution: MeniCare Plus; protein removal solution: Menicon Progent 

A & B; Menicon Co., Ltd., Nagoya, Japan). Saline and artificial tears (Ophtecs 

cleadew and TearW; Ophtecs Corp., Tokyo, Japan) were provided for lens rinsing 

and cushioning of lens before insertion to avoid any formation of air bubbles, 

respectively. 

 Any eyes with poor lens fitting, characterised by significant lens 

decentration with induced astigmatism, were re-fitted by adjusting the fitting 

(alignment) curve without altering the targeted correction, i.e. base curve. 

 Since the study aimed to investigate the influence of ortho-k lenses with 

different compression factors, which was correlated to the desired myopia 

correction, the lenses would not be adjusted for any under-correction. For any 

under-correction or myopia progression with residual SER of 0.50 D or more, or 

unaided visual acuity worse than 0.18 logMAR, a pair of spectacles was 

prescribed for daytime use to correct the residual refractive error. 
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8.2.4 Visits and examination procedures 

Regular eye examination and data collection visits were conducted every 

six months over two years. The spectacles or ortho-k lenses were dispensed at 

the baseline visit. Ortho-k subjects had to return to the clinic for aftercare 

consultations after the first overnight, one, two, four weeks, and every three 

months of lens wear. Except for the first overnight visit which was scheduled 

within two hours after wakening, other data collection visits were performed at a 

similar time to the baseline (within 2 hours) to minimise any potential influence 

of diurnal variation. Subjects were also reminded to report any adverse effects 

and additional follow-up visits would be scheduled as necessary. 

At each data collection visit, unaided and best-corrected visual acuities 

(ETDRS charts, 90% contrast; Precision Vision, Woodstock, IL, USA), non-

cycloplegic subjective refraction, and external ocular health were assessed by an 

unmasked examiner. Maximum plus for maximum visual acuity approach was 

used for the determination of refractive errors, and ocular health was evaluated 

using the Efron grading scale (Efron, 1998). Corneal topography was measured 

by the same examiner using a corneal topographer (E300 videokeratoscope; 

Medmont Pty. Ltd., Vermont, Victoria, Australia) to assess the lens centration 

(for ortho-k subjects only) and the changes in corneal profile. 

Non-cycloplegic ocular HOAs of the subjects were also collected using 

COAS aberrometer (Wavefront Sciences Ltd., New Mexico, USA). A Badal 

optometer, with a Maltese cross as the target, was used, to ensure relaxed 

accommodation. The fellow eye was occluded to maintain good central fixation 
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during the measurement. In total, 125 repeated measures of ocular HOAs 

through natural pupils were captured. 

Each captured HOA measurement was then fitted with a sixth order 

Zernike polynomial and rescaled to a 5-mm pupil, and each Zernike coefficient 

was later averaged for analysis. The HO RMS (from third to sixth orders, 

inclusively), spherical aberration RMS (Z4
0 and Z6

0 combined), comatic aberration 

RMS (Z3
−1, Z3

1, Z5
−1, and Z5

1 combined), and corresponding Zernike coefficients were 

also used for analysis. In addition to the regular data collection visits, data was 

also obtained at the one-month aftercare visit to examine the predictive value of 

induced HOAs for axial elongation after two years of lens wear. 

 Axial length (IOL Master, model 500; Carl Zeiss Meditec AG, Jena, 

Germany) was obtained by a masked examiner after cycloplegia, with two drops 

of 1% cyclopentolate, administered five minutes apart. Five measurements, with 

a minimum signal-to-noise ratio of 5.0 and a maximum inter-reading difference 

of 0.02 mm, were obtained and the axial length reported by the instrument 

software was used for data analysis. Cycloplegic subjective refraction and best-

corrected visual acuities were also measured by the same masked examiner. 

 

8.2.5 Sample size calculation 

The sample size of this study was determined based on the reported two-

year axial elongation in previous studies (Cho and Cheung, 2012; Charm and 

Cho, 2013). A minimum difference of 0.27 mm and a SD of 0.06 mm between the 

ortho-k and the control groups were expected at the end of the study. In order to 
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achieve a 80% power at a significance level of 0.05, allowing for a 30% dropout 

rate (poor lens fitting, missing follow-up, etc.), at least 20 subjects in each group 

were required. 

 

8.2.6 Statistical analyses 

All statistical analyses were performed using SPSS software (version 23; 

IBM Corp., Armonk, NY. USA). To avoid the possible inflation of statistical 

results when including data from fellow eyes, only data from the right eyes were 

used. The normality of the data was assessed using Shapiro-Wilk tests. One-way 

ANOVA (or unpaired t-tests) or Kruskal-Wallis tests (or Mann-Whitney U tests), 

where appropriate, were used to compare the baseline demographics and data 

between all groups (or between the two ortho-k groups only). Only subjects who 

completed the two-year study were analysed. 

Linear mixed models were used to assess the influence of different 

compression factors on axial elongation over time, with restricted maximum 

likelihood estimation and a first-order autoregressive covariance model. Inter-

subject slopes and intercepts were included as random effects under an 

unstructured covariance matrix. The between-group differences were compared 

using estimated marginal means with Bonferroni correction. The models were 

repeated to compare the changes in SER, visual acuities, and ocular HOAs (HO 

RMS, spherical aberration RMS, comatic aberration RMS, and corresponding 

Zernike coefficients from the one month, one year, and two year study visits only, 
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because HOAs basically were stable from the one month visit onwards) over time 

relative to baseline measurements. 

The association between ocular HOAs and axial elongation was examined 

using similar linear mixed models in ortho-k subjects. Since a difference in 

residual SER was noted between the ortho-k groups, which may potentially 

influence the axial elongation of the subjects, it was included in the analyses as a 

confounding factor, in addition to sex, baseline age, and baseline HOAs. The 

modelling was repeated using (Model 1) HO RMS, (Model 2) spherical aberration 

RMS and comatic aberration RMS, and (Model 3) Zernike coefficients of primary 

and secondary spherical and comatic aberrations. 

To examine the predictive values of induced HOAs for axial elongation at 

each visit across the two-year period among the two groups of ortho-k subjects, 

the changes in ocular HOAs at the one-month visit were incorporated into linear 

mixed model analyses, adjusting for other confounding factors, such as sex, 

residual SER, and baseline age. A p value of less than 0.05 was regarded as 

statistically significant for all analyses. 

 

8.3 Results 

Figure 8.1 shows the number of subjects at different stages of the study. A 

total of 132 children were screened and 81 eligible subjects were enrolled. Fifteen 

subjects withdrew from the study because of failure to insert and remove lenses 

safely even after the training, lost to contact, or uncooperative during test 

procedures. The remaining 66 subjects proceeded with the study, with 30 and 36 
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subjects allocated to the control and ortho-k groups, respectively. In addition, 33 

subjects who completed the one-month study (Chapter 7) also participated in this 

study after a washout period of about three weeks. Subjects in the ortho-k group 

were further randomly assigned to ortho-k lenses with compression factor of 0.75 

(n = 34) and 1.75 D (n = 35), respectively. During the study, 19 control subjects 

dropped out and the majority of them (n = 12) decided to seek myopia control 

interventions elsewhere due to myopia progression, and seven of them were lost 

to follow-up. Five ortho-k subjects from the conventional compression factor 

group also dropped out: one subject experienced seasonal allergic conjunctivitis, 

two were not compliant with lens wear (no lens wear for more than one month) 

because of low refractive error, one sought ortho-k treatment elsewhere, and one 

was lost to follow-up, and were therefore excluded from analysis. Two subjects 

(one from each ortho-k group) needed to wear spectacles to correct the residual 

refractive error. 

Figure 8.1 Flowchart of the two-year study (ortho-k: orthokeratology). 
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Since a significant proportion (63%) of the control subjects dropped out of 

the study, mainly those with significant myopia progression or concerns (40%), 

the data of the control subjects was not reported in the following sections to 

avoid any potential bias, from the virtually non-progressing control group. 

Therefore, the remaining analysis focuses on the comparison between 

conventional (0.75 D) and increased (1.75 D) compression factor groups. 

Table 8.2 shows the baseline demographics, data, and ocular HOAs of the 

ortho-k subjects. In total, 29 (17 girls, 12 boys) and 35 (21 girls, 14 boys) subjects 

in the conventional and increased compression factor groups, respectively, 

completed the study. No significant differences in the age, visual acuities, pre- 

and post-cycloplegic refraction, and axial length were found between the two 

ortho-k groups at baseline (all p > 0.05). Regarding the baseline ocular HOAs, 

one ortho-k subject with 0.75 D compression factor was excluded because of 

missing baseline data. The conventional compression factor group only showed 

slightly smaller secondary horizontal coma (𝑍5
1) (mean differences: 0.003 ± 0.002 

µm, p = 0.03). 

Considering all visits, the pre- and post-cycloplegic refraction and visual 

acuities were also compared. The differences in myopia, astigmatism, and SER 

before and after cycloplegia were not clinically significant (all differences ≤ 0.25 

D), despite highly statistically significant differences (paired t-tests or Wilcoxon 

test, where appropriate, all p < 0.001). On average, the pre-cycloplegic best-

corrected visual acuity was approximately one letter better than that after 

cycloplegia (mean difference: 0.02 ± 0.07 logMAR; paired t-test, p < 0.001). The 
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pre-cycloplegic subjective refraction and visual acuities, from natural pupil size 

and accommodation status, are presented in the following sections. 

 

Table 8.2 Baseline demographics, data, and ocular higher order aberrations 

(mean ± SD or median [range]) of the orthokeratology subjects. 

 Compression factor 
p value 

 0.75 D (n = 29)a 1.75 D (n = 35) 

Demographics and data  

Age, y 9.1 ± 1.1 9.4 ± 1.1 0.221 

Visual acuities, logMAR  

Unaided 0.63 ± 0.27 0.69 ± 0.29 0.417 

Best-corrected -0.03 ± 0.06 -0.01 ± 0.06 0.330 

Pre-cycloplegic refraction, D  

Myopia 2.16 ± 0.74 2.20 ± 0.84 0.857 

Astigmatism 0.25 [0.00, 1.25] 0.25 [0.00, 1.50] 0.674† 

SER -2.34 ± 0.76 -2.40 ± 0.91 0.766 

Post-cycloplegic refraction, D  

Myopia 2.11 ± 0.77 2.15 ± 0.85 0.854 

Astigmatism 0.25 [0.00, 1.50] 0.25 [0.00, 1.50] 0.906† 

SER -2.31 ± 0.80 -2.35 ± 0.92 0.828 

Axial length, mm 24.34 ± 0.66 24.52 ± 0.84 0.340 

Higher order aberrations, µm  

HO RMS 0.162 [0.106, 0.328] 0.180 [0.057, 0.342] 0.463† 

SA RMS 0.055 [0.007, 0.223] 0.045 [-0.010, 0.186] 0.638† 

Z4
0 0.053 [-0.007, 0.223] 0.044 [-0.037, 0.186] 0.447† 

Z6
0 -0.006 [-0.020, 0.020] -0.006 [-0.017, 0.026] 0.901† 

Coma RMS 0.099 [0.034, 0.295] 0.078 [0.021, 0.249] 0.472† 

Z3
−1 -0.028 [-0.183, 0.282] -0.002 [-0.158, 0.241] 0.275† 

Z3
1 0.011 ± 0.055 0.005 ± 0.056 0.660 

Z5
−1 0.007 [-0.016, 0.064] 0.010 [-0.020, 0.022] 1.000† 

Z5
1 0.000 ± 0.007 0.004 ± 0.005 0.034 

SER: spherical equivalent refraction, RMS: root-mean-square value, HO: higher 

order aberration, SA: spherical aberration. 

p values: probability values of unpaired t-tests, except for †Mann-Whitney U 

tests, for the differences between the two orthokeratology groups. 
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8.3.1 Changes in refraction and visual acuities 

 

 

Figure 8.2 Mean (A) spherical equivalent refraction (SER) and (B) myopia of 

the orthokeratology subjects during the study period. Each error bar represents 

one standard deviation. Asterisks represent significant differences between the 

two orthokeratology groups (**p < 0.01, ***p < 0.001). SER: spherical equivalent 

refraction, BL: baseline, M: month(s). 
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Figure 8.2 shows the mean changes in SER of ortho-k subjects during the 

study period. After receiving the treatment for one month, the SER decreased 

significantly to emmetropia or low hyperopia on average (Figure 8.2A, both p < 

0.001). No significant differences in SER between two ortho-k groups were 

observed at the one-month and six-month visits (mean difference at 1-month: 

0.25 ± 0.17 D, 6-month: 0.29 ± 0.17 D, both p > 0.05), but the differences were 

significant at subsequent visits (mean difference at 12-month: 0.49 ± 0.17 D, 18-

month: 0.65 ± 0.17 D, 24-month: 0.48 ±.0.17 D, all p < 0.01). 

On average, subjects fitted with increased compression factor (1.75 D) 

were slightly over-corrected throughout the whole study period (SER at 1-month: 

0.32 ± 0.69 D, 6-month: 0.27 ± 0.69 D, 12-month: 0.32 ± 0.69 D, 18-month: 0.18 ± 

0.69 D, 24-month: 0.03 ± 0.69 D) while those with conventional compression 

factor (0.75 D) were slightly under-corrected at all study visits after one month of 

lens wear (SER at 1-month: 0.07 ± 0.68 D, 6-month: -0.03 ± 0.68 D, 12-month: -

0.17 ± 0.68 D, 18-month: -0.48 ± 0.68 D, 24-month: -0.45 ± 0.68 D). 

A similar trend of myopia changes was found. In the ortho-k groups, the 

subjects with increased compression factor (1.75 D) were slightly more hyperopic 

than those with conventional compression factor (0.75 D), after one year of ortho-

k treatment (Figure 8.2B; mean difference at 1-month: 0.22 ± 0.17 D, 6-month: 

0.30 ± 0.17 D, both p > 0.05; 12-month: 0.51 ± 0.17 D, 18-month: 0.59 ± 0.17 D, 

24-month: 0.48 ± 0.17 D, all p < 0.01;). On the other hand, there were no 
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significant changes in astigmatism in both ortho-k groups throughout the study 

period (p = 0.55). 

 

Figure 8.3 Mean unaided visual acuity of the orthokeratology subjects during 

the study period. Each error bar represents one standard deviation. Asterisk 

represents significant differences between the two orthokeratology groups (*p < 

0.05). BL: baseline, M: month(s). 

 

Figure 8.3 shows the unaided visual acuity of the ortho-k subjects. After 

ortho-k treatment, as expected, the unaided visual acuity significantly improved 

to approximately zero logMAR at the one-month visit (conventional compression 

factor: 0.01 ± 0.18 logMAR, increased compression factor: 0.00 ± 0.18 logMAR, 

both p < 0.001). However, there were no significant differences between the two 

ortho-k groups at all visits (all p > 0.05), except for the 24-month visit 

(conventional compression factor: 0.12 ± 0.18 logMAR, increased compression 

factor: 0.02 ± 0.18 logMAR, p = 0.03). There were no significant differences in 
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best-corrected visual acuities between all groups throughout the study (all p > 

0.05). 

 

8.3.2 Changes in axial length 

 

Figure 8.4 Mean axial elongation of the orthokeratology subjects during the 

study period. Each error bar represents one standard deviation. Asterisks 

represent significant differences between the two orthokeratology groups (*p < 

0.05, **p < 0.01, ***p < 0.001). BL: baseline, M: month(s). 

 

Table 8.3 Mean axial elongation (mm, mean ± SD) of the orthokeratology 

subjects, compared with the baseline. 

Visit 

Compression factor 

p value† 0.75 D  

(n = 29) 

1.75 D  

(n = 35) 

6 month 0.15 ± 0.09 0.07 ± 0.13 0.121 

12 months 0.29 ± 0.16 0.18 ± 0.19 0.035 

18 months 0.41 ± 0.22 0.26 ± 0.24 0.002 

24 months 0.53 ± 0.29 0.35 ± 0.29 < 0.001 

†Bonferroni corrected p values. 
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Figure 8.4 and Table 8.3 show the mean axial elongation of ortho-k groups 

throughout the study period. Subjects in both ortho-k groups showed significant 

axial elongations over time (both p < 0.001). Subjects with increased compression 

factor showed 53%, 38%, , 38%, and 34% slower axial elongation than those with 

conventional compression factor at the 6-, 12-, 18-, and 24-month visits, 

respectively. 

 

8.3.3 Changes in ocular higher order aberrations 

In the ortho-k groups, HO RMS, spherical and comatic aberrations RMS 

increased significantly by approximately three, five, and two times, respectively, 

after one month of lens wear (Figure 8.5, all p < 0.05). Subjects with increased 

compression factor (1.75 D) demonstrated marginally more HO RMS than those 

with conventional compression factor (0.75 D) at the 24-month visit only (Figure 

8.5A, mean difference: 0.126 ± 0.046 µm, p = 0.046). Spherical aberration RMS 

was also significantly higher in subjects with increased compression factor 

(Figure 8.5B, mean difference at 12-month: 0.089 ± 0.035 µm, 24-month: 0.086 ± 

0.035 µm, both p < 0.05). However, no significant differences in comatic 

aberration RMS were found between the two ortho-k groups at any visit (Figure 

8.5C, all p > 0.05). 
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Figure 8.5 Mean (A) HO RMS, (B) spherical aberration RMS, and (C) comatic 

aberration RMS of the orthokeratology subjects during the study period. Each 

error bar represents one standard deviation. Asterisks represent significant 

differences between the two orthokeratology groups (*p < 0.05, **p < 0.01). RMS: 

root-mean-square, HO: higher order aberrations, BL: baseline, M: month(s). 
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Figure 8.6 Mean (A) primary spherical aberration (Z4
0), (B) secondary spherical 

aberration (Z6
0), (C) primary vertical coma (Z3

−1), (D) primary horizontal coma (Z3
1) 

and (E) secondary vertical coma (Z5
−1) of the orthokeratology subjects during the 

study period. Each error bar represents one standard deviation. Asterisks 

represent significant differences between the two orthokeratology groups (*p < 

0.05, **p < 0.01, ***p < 0.001). Note: the scales are adjusted for corresponding 

Zernike terms. BL: baseline, M: month(s). 

 

 Figure 8.6 illustrates the spherical and comatic Zernike terms which 

displayed significant changes over time. After ortho-k treatment, the primary 

spherical aberration (Z4
0) increased significantly (Figure 8.6A, p < 0.001). 

Subjects with increased compression factor (1.75 D) also demonstrated a greater 
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increase in spherical aberration than those with conventional compression factor 

(0.75 D), after one month of lens wear and thereafter (all p < 0.05). The 

secondary spherical aberration (Z6
0) also increased significantly after ortho-k 

treatment (Figure 8.6B, p < 0.001), but no between-group differences were found 

(all p > 0.05). 

Considering the comatic aberration terms, the primary vertical coma (Z3
−1) 

of the ortho-k subjects decreased over time (Figure 8.6C, p < 0.001) and was 

significantly different to the baseline at the 24-month visit (p = 0.002). The 

secondary vertical coma (Z5
−1) slightly increased at the one-month visit and 

decreased over time (Figure 8.6E, p = 0.007). Subjects in the increased 

compression factor group (1.75 D) had significantly less secondary vertical coma 

than those in the conventional compression factor group (0.75 D) after the first 

year visit (both p < 0.05). The primary horizontal coma (Z3
1) increased over time 

(Figure 8.6D, p < 0.001). However, subjects with increased compression factor 

were significantly less than those with conventional compression factor at the 

first year visit only (p = 0.03). The secondary horizontal coma (Z5
1), after 

adjusting for the baseline values, did not change significantly over time and no 

significant difference between groups were found (p > 0.05). 
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8.3.4 Association between ocular higher order aberrations and 

axial elongation 

Regarding the baseline ocular HOAs, one subject wearing ortho-k lenses 

with 0.75 D compression factor was excluded because of missing baseline data. 

Table 8.4 shows the significant ocular HOAs associated with axial length and 

axial elongation (presented as the interaction between the HOA metric with 

time) in all the ortho-k treated subjects. In all the models, the axial length 

increased by approximately 0.31 – 0.36 mm per year (p < 0.001). Girls exhibited 

about 0.50 mm shorter axial length than boys (p < 0.001). Every dioptre decrease 

(more myopic) in residual SER was associated with 0.04 – 0.06 mm longer axial 

length (p < 0.05). 

Higher levels of baseline spherical aberration RMS and baseline primary 

spherical aberration (Z4
0) were associated with shorter axial length (baseline 

spherical aberration RMS: β = -0.49 mm per 0.1 µm, baseline Z4
0: β = -0.48 mm 

per 0.1 µm, both p ≤ 0.01). Every micron increase in primary spherical aberration 

(Z4
0) (across all study visits) was associated with 0.40 mm longer axial length (p = 

0.048). 

Regarding the association between ocular HOAs and axial length, higher 

levels of HO RMS, comatic aberration RMS, and primary spherical aberration 

(Z4
0) were associated with approximately 0.29, 0.43 and 0.28 mm slower axial 

elongation per year (for each micron increase in the RMS of coefficient value), 

respectively (all p < 0.05). However, there were no associations between other 

HOA terms or metrics and axial elongation in the ortho-k subjects (all p > 0.05). 
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Table 8.4 Significant fixed effects and parameter estimates of higher order 

aberrations on axial length and its elongation (interaction with time) in 

orthokeratology subjects (n = 63). 

Parameters Β p value 

Model 1 – HO RMS 

Intercept 24.45 < 0.001 

Visit 0.36 < 0.001 

Sex† -0.62 0.001 

Residual SER -0.04 0.015 

Time by HO RMS -0.29 < 0.001 

Model 2 – SA RMS and coma RMS 

Intercept 24.64 < 0.001 

Visit 0.35 < 0.001 

Sex† -0.51 0.005 

Residual SER -0.05 0.006 

Baseline SA RMS -4.87 0.010 

Time by coma RMS -0.43 0.001 

Model 3 – spherical aberration (Z4
0 and Z6

0) 

Intercept 24.63 < 0.001 

Visit 0.31 < 0.001 

Sex† -0.54 0.002 

Residual SER -0.06 0.012 

Baseline Z4
0 -4.75 0.006 

Z4
0 (all visits) 0.40 0.048 

Time by Z4
0 -0.28 0.041 

SER: spherical equivalent refraction, RMS: root-mean-square, HO: higher order 

aberrations, SA: spherical aberration. 

†Parameter estimate for girls. 
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8.3.5 Predictive values of induced higher order aberrations for 

axial elongation 

The associations between induced HOAs at the one-month visit and axial 

length or its elongation across all study visits were also investigated (Table 8.5). 

Since the ocular HOA data of one and four subjects at the baseline and one-

month visit were missing, respectively, a total of 59 subjects were analysed in 

this predictive model. Axial length increased by 0.19-0.26 mm each year (p < 

0.001). Boys exhibited a longer axial length (boys: β = 0.57 – 0.58 mm, p = 0.002). 

Every additional 1.00 D of residual SER (more hyperopia/less myopia) was 

associated with 0.03 mm less axial elongation per year (p ≤ 0.001). 

Higher levels of induced spherical aberration RMS, induced primary 

spherical aberration (Z4
0), and induced negative primary vertical coma (Z3

−1) at 

the one-month visit were associated with slower axial elongation. Every micron 

increase of induced spherical aberration RMS and induced primary spherical 

aberration (Z4
0) were associated with 0.27 and 0.23 mm/y slower axial elongation, 

respectively, and axial elongation was 0.13 mm/y slower per micron decrease in 

induced primary vertical coma (Z3
−1) (all p < 0.05). No associations between other 

spherical or comatic aberration terms and axial elongation were found (all p > 

0.05). 
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Table 8.5 Significant fixed effects and parameter estimates of the induced 

higher order aberrations at the one-month visit on axial length and its 

elongation (interaction with time) in the orthokeratology subjects (n = 59). 

SER: spherical equivalent refraction, RMS: root-mean-square, HO: higher order 

aberrations, SA: spherical aberration. 

†Parameter estimates for girls, Δchanges relative to one-month visit. 

 

Parameters β p value 

 Model 1 – HO RMS   

Intercept 24.87 < 0.001 

Visit 0.23 < 0.001 

Sex† -0.57 0.002 

Time by residual SER -0.03 0.001 

Time by ΔHO RMS -0.08 0.239 

 Model 2 – SA and coma RMS   

Intercept 24.87 < 0.001 

Visit 0.26 < 0.001 

Sex† -0.57 0.002 

Time by residual SER -0.03 < 0.001 

Time by ΔSA RMS -0.27 0.006 

 Model 3 – spherical aberration (Z4
0 and Z6

0) 

Intercept 24.91 < 0.001 

Visit 0.26 < 0.001 

Sex† -0.58 0.002 

Time by residual SER -0.03 0.001 

Time by ΔZ4
0 -0.23 0.011 

 Model 4 – comatic aberration (Z3
−1, Z3

1, Z5
−1, and Z5

1)  

Intercept 24.83 < 0.001 

Visit 0.19 < 0.001 

Sex† -0.57 0.002 

Time by residual SER -0.03 < 0.001 

Time by ΔZ3
−1 0.13 0.021 
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8.4 Discussion 

This randomised (among ortho-k groups only) longitudinal study 

investigated the effect of different compression factors in ortho-k lenses on axial 

elongation over a two-year period. Increasing the compression factor by 1.00 D 

significantly increased the induced HOAs, some of which were associated with 

slower axial elongation and therefore, improved myopia control effectiveness. A 

higher level of induced HOAs after one month of lens wear, particular spherical 

aberration, was associated with slower axial elongation over the two-year period. 

Ortho-k treatment is proven to be an effective intervention to arrest 

myopia progression (Si et al., 2015; Sun et al., 2015; Wen et al., 2015; Huang et 

al., 2016; Li et al., 2016b; Cho and Cheung, 2017b; Li et al., 2017b; Prousali et 

al., 2019; Guan et al., 2020). Due to the high dropout rate (63%) in the non-

randomised control group of the current study, the axial elongation from a 

randomised clinical trial in Hong Kong (Yam et al., 2018) using atropine eye 

drops for myopia control was extracted for comparing the effectiveness for ortho-

k lenses with conventional (0.75 D) and increased (1.75 D) compression factors. 

The mean axial elongation of the placebo group was 0.41 ± 0.22 mm at the one-

year visit. Comparing with the axial elongations of the ortho-k subjects at the 

first year visit, the effectiveness of conventional and increased compression 

factors were 29% and 56%, respectively. Considering the ortho-k subjects in the 

current study, after two years of treatment, ortho-k lenses with increased 

compression factor (1.75 D) improved myopia control effectiveness by 34%, 

compared with the conventional compression factor (0.75 D) group. 
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It is well known that ocular HOAs increase after ortho-k treatment (Joslin 

et al., 2003; Berntsen et al., 2005; Stillitano et al., 2008; Gifford et al., 2013; Lian 

et al., 2014; Hiraoka et al., 2015). In the current study, the HO RMS, spherical, 

and comatic aberrations RMS increased by approximately five, seven, and three 

times, respectively, over a 5-mm pupil size. Spherical aberration (Z4
0 and Z6

0) and 

vertical coma (Z3
−1 and Z5

−1) exhibited the largest changes, in line with previous 

results (Joslin et al., 2003; Berntsen et al., 2005; Hiraoka et al., 2005; Stillitano 

et al., 2007b; Stillitano et al., 2008; Gifford et al., 2013; Kang et al., 2013; Faria-

Ribeiro et al., 2016a; Chen et al., 2017; Santodomingo-Rubido et al., 2017; Kim et 

al., 2019). 

Regarding the association between ocular HOAs and axial elongation, 

higher levels of HO RMS and comatic aberration RMS were associated with 

slower axial elongation, after adjusting for other potential confounders, 

throughout the study period. A similar observation was also noted in spectacle-

wearing and ortho-k treated children that, higher levels of HO RMS was 

associated with slower axial elongation (Chapter 5 and Hiraoka et al. (2017)), 

whereas the effect of comatic aberration RMS was similarly presented by 

Hiraoka et al. (2015) and Kim et al. (2019) over a 4-mm pupil. Asymmetric 

corneal shape across the treatment zone (usually less than 5 mm) may be one of 

the key HOA terms affecting the ortho-k performance for myopia control. 

However, further analyses on individual comatic aberration terms did not reveal 

any relationship with axial elongation in the current study. Since RMS values do 

not provide any directional cue due to the loss of sign, applying this metric may 
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mask or exaggerate its influence, and this may be the reason for the discrepancy 

between the findings of the current study and Hiraoka et al. (2015). 

When examining the predictive values of induced HOAs at one-month for 

axial elongation across all study visits, it was noted that spherical aberration 

RMS, primary spherical aberration (Z4
0), and negative primary vertical coma 

(Z3
−1) were significantly associated with slower axial elongation, as similarly 

found in retrospective analyses of spectacle-wearing and ortho-k children 

(Chapters 5 and 6). Guo et al. (2008) previously studied contrast sensitivity with 

and without HOA correction using adaptive optics under certain defocus 

conditions. They found that ocular HOAs may interact with defocus and result in 

less deterioration in visual acuity. Further simulations have shown that positive 

spherical aberration, in combination with hyperopic defocus, which is commonly 

seen in ortho-k subjects, may have a protective effect against myopia progression 

(Thibos et al., 2013a). The induced positive spherical aberration, in this case, 

may produce a better protective effect against axial elongation in providing a 

better retinal image contrast in the increased compression factor group, 

compared with the combination of positive spherical aberration. 

The significant difference in refractive correction over time was 

unexpected because no significant difference was observed in the previous one-

month study using contralaterally self-controlled study design (Chapter 7). In 

the current study, there was no significant difference between the two ortho-k 

group until the first year visit. The most likely reason for this significant 

difference between the two ortho-k groups arising after one year of treatment is 

different rates of myopia progression, since the targeted myopia correction of the 
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ortho-k lenses was not changed in order to maintain the same compression factor 

exerting on the eyes throughout the study period. Careful and routine ortho-k 

aftercares are therefore necessary for practitioners to monitor the refractive 

status and axial elongation in children wearing ortho-k lenses. 

 One limitation of the current study was that the control group was not 

enrolled through randomisation. A corresponding high dropout rate (40%) due to 

the concern of myopia progression was similarly observed in another non-

randomised ortho-k study (38%) (Chen et al., 2013). This could result in a heavily 

biased control group for comparisons, and result in a virtually non-progressing 

control group. As there are numerous myopia control interventions available on 

the market, a true randomised control group may not feasible in the future. 

Instead, conventional treatment which is proven to be effective, for example, 

ortho-k lenses with conventional compression factor, may be regarded as the 

alternative control group in the future. Cross-over study designs may be another 

method to “balance” the axial elongation from using control and treatment 

interventions. 

Another limitation was that the residual refraction obtained was not as 

hyperopic as expected. Since adjusting the targeted refractive correction of the 

lens would indirectly affect other lens parameters such as alignment curves, 

changing the lenses with adjusted correction was not performed in this study. 

The results, however, comparing with the axial elongation of the control group of 

Yam et al. (2018), revealed that the myopia control effectiveness of ortho-k 

treatment was feasible in ortho-k subjects wearing lenses of conventional 
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compression factor (0.75 D) and the performance was superior in subjects using 

lenses of increased compression factor (1.75 D). 

 

8.5 Conclusion 

This two-year longitudinal study examined the influence of different 

compression factors in ortho-k lenses on axial elongation. Increasing the 

compression factor by 1.00 D significantly increased the induced HOAs, 

particularly spherical aberration. Given the association between induced HOAs 

and axial elongation, altering the compression factor of ortho-k lenses may be a 

feasible method to improve the effectiveness of ortho-k treatment for myopia 

control. 
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Chapter 9 

Conclusions 

 

9.1 Summary 

This thesis aims to investigate the relationship between ocular HOAs and 

axial elongation in spectacle-wearing (Chapter 5) and ortho-k treated (Chapter 6) 

children. Considering the association analyses performed with adjustment for 

other confounding factors such as sex, baseline age, baseline SER, a higher level 

of HOAs (and baseline HOAs) was associated with slower axial elongation. 

Among all HOA terms, positive spherical aberration appeared to be main factor 

associated with slower axial elongation. 

Despite the significant increases in primary spherical aberration (Z4
0) and 

primary comatic aberrations (Z3
−1 and Z3

1) after ortho-k treatment, spherical 

aberration remains a significant associator with axial elongation (Chapter 6). 

Due to these significant associations, the compression factor of ortho-k 

lenses was increased by 1.00 D in order to alter the induced HOAs and therefore 

improve the myopia control effectiveness. The short-term study investigated the 

effect of different compression factors (0.75 and 1.75 D) on the fellow eyes of the 

subjects over one month (Chapter 7). Increasing the compression factor could 
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result in higher levels of HO RMS, spherical aberration RMS, and primary 

spherical aberration (Z4
0), without significant altering the refractive correction of 

the subjects. However, using choroidal thickness as a biomarker, no significant 

changes between the eyes were noted. After one week of lens wear, the choroidal 

thickness increased but the changes approached the repeatability values of the 

OCT instrument. 

The long-term study investigated the influence of different compression 

factors (0.75 and 1.75 D) on axial elongation over a two-year period (Chapter 8). 

The high dropout rate and potentially biased control group make it difficult for 

comparisons. Using the axial elongation in the placebo group from another 

randomised clinical trial, among the two ortho-k groups with randomised 

compression factors in the current study, increasing the compression factor by 

1.00 D further slowed axial elongation by an additional 34%, when comparing 

with the conventional compression factor group. 

Subjects in the ortho-k group with increased compression factor only 

demonstrated significant differences in SER, compared with the conventional 

compression factor group, after six months of lens wear. 

Increasing the compression of ortho-k lenses significantly increased the 

induced HOAs, particularly primary spherical aberration. Given the association 

of ocular HOAs throughout the study period and induced HOAs at one-month 

visit with axial elongation, increasing the compression factor by 1.00 D may 

improve ortho-k effectiveness in slowing axial elongation. 
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9.2 Limitations 

As in most research studies, there were some limitations in the 

retrospective and prospective experiments. The associations between HOAs and 

axial elongation in the retrospective and prospective studies were studied over a 

two-year period. The influence of baseline (in control subjects) or induced HOAs 

(in ortho-k treated subjects) on axial elongation over a longer period of time is 

unknown. The effect of baseline or induced HOAs on axial elongation may also 

diminish over time, and this requires further monitoring of the subjects and 

investigation until the stabilisation of axial elongation, which is beyond the scope 

of this study. 

Pupil sizes vary between individuals due to differences in age, race, and 

refractive errors. In the analyses of ocular HOAs, fixed pupil sizes of 6 mm 

(cycloplegic, Chapters 5 and 6) or 5 mm (non-cycloplegic, Chapters 7 and 8) were 

used. For the retrospective analyses, a 6-mm pupil size was used consistent with 

other studies of HOA in children (Hiraoka et al., 2017). For the prospective 

analyses, a 5-mm pupil size was used to approximate the photopic pupil 

diameter in children (mean pupil size under photopic [80 cd/m2]: 5.07 ± 0.80 mm; 

Lam et al. (2013)). Since pupil size varies with luminance, analysing the 

association between HOAs and axial elongation for a range of different pupil 

sizes may provide a more comprehensive understanding the visually dependent 

process of axial elongation. This requires further monitoring and investigation, 

which is beyond the scope of the current study. 

 



Chapter 9 153 

 

9.3 Future work and potential insights 

Increasing the compression factor of ortho-k lenses by 1.00 D appears to be 

improve the effectiveness of myopia control. Alternative modifications of lens 

parameters, such as reducing the treatment zone size or steepening the reverse 

curve, may also alter the levels of induced HOAs, , and potentially improve 

ortho-k effectiveness for myopia control. 

Given the association between HOAs and axial elongation, combining low 

dose atropine (0.01%) together with ortho-k treatment may be beneficial in 

magnifying this effect. Vincent et al. (2020) recently investigated the association 

between HOAs and axial elongation in 53 subjects receiving combined (0.01% 

atropine with ortho-k, n = 25) and ortho-k (n = 28) treatment. The combined 

treatment group showed increases in photopic pupil size by around 0.5 mm and 

induced HO RMS by 70%, whereas some HOA metrics were associated with axial 

elongation. Therefore, given the association between HOAs and axial elongation 

in ortho-k treated children, adding treatment with 0.01% atropine to children 

undergoing ortho-k treatment (possibly with an increased compression factor) 

may be a useful combination treatment. However, the side effects (potential 

photophobia, decreased visual acuity, and systemic absorption) need to be taken 

into account. 

The experiments and analyses in the thesis indicated a strong association 

between spherical aberration and less axial elongation in ortho-k treatment, 

however, as spherical aberration becomes more negative during accommodation, 

investigations on the relationship between changes in HOAs and accommodation 
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over natural pupil diameters in subjects undergoing ortho-k treatment may 

further the current understanding of the optical mechanism involved in slowing 

axial elongation. 
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