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Purpose: Currently there are attempts to slow myopia progression by
manipulating peripheral refractive error. This study proposed to establish the
distribution of peripheral refractive errors in hyperopic, emmetropic and myopic
children and to test the hypothesis that relative peripheral hyperopia is a risk
factor in the onset and progression of myopia.

Methods: Refraction was measured under non-cycloplegic conditions, at 0°, 10°
(superior, inferior, temporal and nasal retina) and 30° (temporal and nasal retina),
at distance and near. Central spherical equivalent refractive error (SER) was
used

to

classify

the

eyes

as

myopic

(≤ −0.75 D),

emmetropic

(−0.75 < SER < +0.75 D) or hyperopic (≥ +0.75 D). Relative peripheral refraction
was calculated as the difference between the central (i.e. foveal) and peripheral
refractive measurements. At baseline, measurements were taken from 554
children and in a subset of 300 of these same children at the follow-up visit. The
time interval between initial and follow-up measurement was 9.71  0.87 months.
Results: Results were analysed on 528 participants (10.21 0.94 years old) at
baseline and 286 longitudinally. At baseline, myopic children (n=61) had relative
peripheral hyperopia at all eccentricities at distance and near, except at 10°superior retina where relative peripheral myopia was observed at near. Hyperopic
eyes displayed relative peripheral myopia at all eccentricities, at distance and
near. The emmetropes showed a shift from relative peripheral myopia at distance
to relative peripheral hyperopia at near at all eccentricities, except at 10°-superior
retina, where the relative peripheral myopia was maintained at near. In the
longitudinal data analysis, myopes who became more myopic did not show

i

greater relative peripheral hyperopia at baseline compared with myopic subgroups whose central refraction remained stable.
Conclusions: The peripheral refractive profile differences between different
refractive groups that are reported in other studies have been confirmed in this
study. Relative peripheral hyperopia is not found to be a significant risk factor in
the onset or progression of myopia in children.
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Glossary
Onset of myopia – the point at which the refractive error of the eye becomes
myopic.
Progression of myopia – the increase in the amount of myopia in dioptres.
Early onset – the onset of refractive error in childhood (usually ≤15 or 16 years)
(Woung et al. 1993; Saw et al. 2002; Rahi et al. 2011).
Late or adult onset – the onset of refractive error in adulthood (approximately
>15 or 16 years) (Woung et al. 1993; Dirani et al. 2008; Rahi et al. 2011).
Control myopia – slow or stopping the progression of myopia (Walline 2016).
Correct or treat myopia – temporary correction of myopia (e.g. with a spectacle
lens or conventional contact lens) or permanent removal of the refractive error
(e.g. laser eye surgery) (Zhang et al. 2016).
Myopia – when the SER of the central distant refraction is  -0.75 D.
Hyperopia – when the SER of the central distant refraction is ≥ +0.75 D.
Emmetropia – when the SER of the central distant refraction is between >-0.75
and <+0.75 D (in right eye when analysing the right eye data, and in the left eye
when analysing the left eye data).
Absolute peripheral refraction at a particular eccentricity was the SER, J180
or J45 at that particular eccentricity.
Relative peripheral refraction (RelPRx) at a particular eccentricity was
calculated by the SER, J180 or J45 at that eccentricity with the central SER, J180
or J45 subtracted, respectively.
Data were collected during two visits; visit one was the baseline data collection
and visit two refers to when the data collection was repeated.
Refractive groups – emmetropes, myopes or hyperopes.
Negative-shift groups - the children whose distance, central SER became more
myopic or less hyperopic by ≥ 0.50 D.
Positive-shift groups – the children whose central SER, at distance, became
less myopic or more hyperopic by ≥ 0.50 D.
Stable group – the participants whose distance, central SER remained
unchanged or altered by < 0.50 D.
Myopic at baseline – distance, central refractive error is myopic at visit one.
Became myopic – not myopic at visit one but became myopic at visit two (SER
of the central distant refraction is  -0.75 D).
xxi

Remained-emmetropic – emmetropic at visit one and two.
Horizontal meridian – across the retinal surface, horizontally (temporal and/or
nasal to the fovea at the retina).
Vertical meridian – across the retinal surface, vertically (superior and/or inferior
to the fovea at the retina).
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Abbreviations
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SER

Spherical equivalent refraction

VA

Visual acuity

m

metre

mm

millimetre

D

Dioptre

RelPRx

Relative peripheral refraction (peripheral – central
refraction)

PRx

Peripheral refraction

RelPM

Relative peripheral myopia

RelPH

Relative peripheral hyperopia

SD

Standard deviation

CI

Confidence intervals

LoA

95% limits of agreement: the mean difference 1.96 x
standard deviation of the differences

SCL

Soft contact lenses

PAL

Progressive addition lenses
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Single vision spectacle lenses
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Chapter 1
Literature Review: Introduction to Myopia

The bulk of myopia cases in the young eye are due to excessive axial growth of
the vitreous chamber, resulting in lengthening of the globe beyond the focal
length of the optical components that contribute to the overall refractive error of
the eye (McBrien and Millodot 1987; Grosvenor and Scott 1991). The definition
of myopia can vary between studies (usually when SER exceeds  −0.12 D to ≤
−1.00 D) (Pan et al. 2012b; Parssinen 2012; Sun et al. 2012; Lee et al. 2013;
Wen et al. 2013; Guo et al. 2016). In order to understand the onset and
progression of myopia in more detail, it is important that a review of the current
literature on general refractive development from infancy and the process of
emmetropisation is conducted.
1.1 Origin of refractive error
Average, healthy infants tend to be hyperopic (Watanabe et al. 1999; Mutti et al.
2005). Mutti and colleagues (2005) show evidence of emmetropisation taking
place as early as between 3 and 9 months of age (+2.16 ±1.30 D at 3 months
and +1.36 ±1.06 D at 9 months) with the spread of refractive error being narrower
and shifting towards emmetropia at 9 months compared to 3 months (Table 1).
The proportion of infants with hyperopia ≥+3.00 D reduced from 24.8% to 5.4%
between the ages of 3 and 9 months (Mutti et al. 2005). Longitudinal studies show
that the majority of these rapid changes continue until the age of around 12
months (Mayer et al. 2001; Pennie et al. 2001). This can be seen in Figure 1,
which illustrates changes in ocular dimensions (Figure 1a) and SER (Figure 1b)
within the first year of life (Pennie et al. 2001). Table 1 also lists other ocular
measurements that alter significantly in 3 months to result in an overall reduction
in the hyperopic refractive error of the eye.
Emmetropisation is a complex process and does not just involve a reduction or
an elimination of the initial hyperopia. It aims to achieve optimum focus. This
process of change, by which the eye attempts to match the axial length to the
optical power of the eye, is called emmetropisation (Morgan and Rose 2005).
Evidence from previous literature shows that as a result of emmetropisation, the
axial length increases (Gordon and Donzis 1985), the cornea (Inagaki 1986) and
crystalline lens flatten and reduce their refractive power (Gordon and Donzis
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1985). Also the crystalline lens thins and the anterior chamber deepens (Mutti et
al. 2005) (Table 1). It can be seen from Figure 1a that different components of
the eye develop at different rates. The changes in anterior chamber depth and
lens thickness are smaller relative to axial length change. Pennie and colleagues
(2011) report that anterior chamber depth changed linearly and inversely with
lens thickness.
Table 1. Ocular changes in infants
Component

3 Months

9 Months

Refractive error (D)

+2.16 (±1.30)
*+2.74 (±1.46)
43.90 ± 1.46
41.01 ± 2.20
7.21 ± 0.60

Corneal power (D)
Lenticular power (D)
Anterior lens radius
(mm)
Posterior lens radius
(mm)
Equivalent refractive
index
Anterior chamber
depth (mm)
Lens thickness (mm)
Vitreous chamber
depth (mm)
Axial length (mm)

P

+1.36 (±1.06)
*+1.76 (±1.50)
42.83 ± 1.42
37.40 ± 2.09
8.97 ± 0.75

6-Month Change
(9 – 3 months)
−0.80 ± 0.90
*0.98
−1.07 ± 1.09
−3.62 ± 2.13
1.79 ± 0.61

4.68 ± 0.31

5.21 ± 0.36

0.53 ± 0.33

<0.0001

1.4526 ±
0.0076
2.76 ± 0.27
*2.24 (±0.31)
3.92 ± 0.17
*3.65 (±0.25)
12.35 ± 0.51

1.4591 ± 0.0093

0.0066 ± 0.0106

<0.0001

3.03 ± 0.35
*2.63 (±0.30)
3.86 ± 0.18
*3.58 (±0.24)
13.34 ± 0.56

0.26 ± 0.32
*0.39
−0.05 ± 0.19
*-0.07
0.99 ± 0.40

<0.0001

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001

19.03 ± 0.58
20.23 ± 0.64
1.20 ± 0.51
<0.0001
*17.99 (±0.67) *19.46 (±0.90)
*1.47
Table 1. Ocular component values in infancy, reported by Mutti et al. (2005) and Pennie et al.
(2001). Corneal power is the average of two meridians. P indicates the significance of change
between 3 and 9 months as conducted by paired t-test (Mutti et al. 2005). Asterisks show ocular
component values (at 141.9 and 401.9 weeks) from another study for comparison purposes
(Pennie et al. 2001).

Figure 1a. Ocular changes in infants
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Figure 1b. SER changes in infants
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Figure 1. Average biometric parameter values (a) and spherical equivalent refractions (b) of the
right eyes of a group of 20 full-term infants (10 male, 10 female) between the ages of 4 to 53
weeks. The data was taken from Pennie et al. (2001). There were no statistically significant
differences between male and female (with regards to SER), which is why the graphs show the
combined data for both sexes. Pennie et al. (2001) also report that most of their infants had low
amounts of astigmatism (≤2.00 DC). This is the reason for representing SER data only.

There is evidence to suggest that the refractive error found in childhood is
determined by the refractive error at birth (Atkinson et al. 2000) and the
effectiveness of the emmetropisation process (Flitcroft 2013; Flitcroft 2014). For
example, if a child is born with a high level of hyperopia that is outside the
correcting ability of the emmetropisation process, it is likely that the child will
remain hyperopic. Mutti and colleagues (2005) reported that hyperopia around
the age of 6 years is likely to have occurred if the child had significant hyperopia
at birth (> +5.00 D) (Mutti et al. 2005), leading to a failure of the emmetropisation
process (Pennie et al. 2001; Mutti et al. 2005). A longitudinal study with 8-9
month-old

participants

showed

that

the

hyperopia

reduced

during

emmetropisation, in a linear pattern as a function of the initial degree of hyperopia
(Atkinson et al. 2000). This has been discussed in detail by Flitcroft in two
reviews ( Flitcroft 2013; Flitcroft 2014). It is important to note here that evidence
suggests hyperopia and myopia develop as part of separate mechanisms
(Flitcroft 2014). It is for this reason that this literature review will not further
discuss hyperopia in detail.
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1.2 Origin of astigmatism and the association between myopia and astigmatism
Due to its possible association with myopia development (Grosvenor and Goss
1998), a literature review of the origin of astigmatism and its progression is of
great value to the current study. It is well understood that astigmatism results
from asymmetries in the optical structures of the anterior segment of the eye,
which may include corneal curvature asymmetry, corneal decentration, lens
curvature asymmetry, lens decentration, lens tilt, and/or pupillary position
(Gwiazda et al. 2000).
Astigmatism has been shown to be present in infancy, but it reduces or is
eliminated by the age of two years (Ehrlich et al. 1995). A number of studies have
linked

SER

and

astigmatism,

specifically

against-the-rule

astigmatism

(Grosvenor et al. 1987; Grosvenor and Goss 1998; Gwiazda et al. 2000). SER
results from the overall optical power in the anterior segment and axial length
(Gwiazda et al. 2000), with the main contributor being the axial length (Wildsoet
1997). It is reported that the presence of infantile astigmatism is associated with
increased astigmatism and myopia during school years (Gwiazda et al. 2000).
This longitudinal study, where data was collected in the first and then again in the
6-23rd year of life of the subjects, suggests that infants with against-the-rule
astigmatism and myopia in infancy, are most likely to have myopia in their school
years (Gwiazda et al. 2000).
A number of explanations are offered to explain the association between the
optical asymmetries in the anterior structures of the eye and the length of the eye.
Gwiazda and colleagues (2000) explanation is based on evidence that suggests
blur or the eye’s inability to use blur cues appropriately, combined with extensive
near work tasks, can cause myopia (Gwiazda et al. 1993; Flitcroft 1998). It is
believed that the against-the-rule astigmatism found in infancy disrupts the
emmetropisation process by reducing the sensitivity of the eye’s control
mechanisms to focusing cues (Gwiazda et al. 2000), which may lead to the
accommodation lag that is associated with myopia onset and progression
(Gwiazda et al. 1995).

Mutti et al. also explains that equatorial expansions of the vitreous chamber with
growth pulls the ciliary body away from the lens resulting in tightening of the
zonules (Mutti et al. 1998; Mutti et al. 2000a). This process flattens the lens. In a
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later study, Mutti et al. (1999) further added that this process creates tension on
the lens because the lens is stretching to its limits, which results in pseudocycloplegia in myopes. It is this that results in the under-accommodation and high
AC/A ratios reported in young myopic eyes (Gwiazda et al. 1993; Mutti et al.
2000a). Gwiazda and colleagues (Gwiazda et al. 1993) conclude that tightening
of the ciliary muscles or zonules by asymmetric forces could explain the
association between astigmatism and myopia. These two theories offered may
work together and contribute to the association between SER and astigmatism.
As with hyperopia, this literature review will focus on myopia and will not discuss
astigmatism beyond its association with myopia.

1.3 Origin of myopia
Myopia has huge public health implications and economic consequences
because of its correction, associated ocular conditions and management of these
conditions (Lin et al. 1999; Lin et al. 2001; Vitale et al. 2006; Smith et al. 2009c;
Vitale et al. 2009; Zheng et al. 2013; Foster and Jiang 2014). Therefore, there is
growing interest in understanding myopia around the world. Early onset myopia
has not been linked to a disruption of the emmetropisation process (Matsumura
and Hirai 1999); rather the onset of myopia arises after normal emmetropisation
has taken place (Mantyjarvi 1985). The development of early onset myopia is
usually reported to begin between the ages of 6 to 8 years and progresses at a
rate of about 0.50 D (Saw et al. 2000; McCullough et al. 2016; Zhou et al. 2016)
or about 1.00 D per year until the age of 15 to 16 years (Shih et al. 1999; Fulk et
al. 2002b; Tan et al. 2005). The rate of progression is faster in younger versus
older children (Braun et al. 1996; McCullough et al. 2016).

It is reported that after the initial onset, myopia progression follows a linear course
and results in a final stable prescription (Goss and Winkler 1983; Thorn et al.
2005). The rate of myopia progression tended to be faster in younger children
(Braun et al. 1996; Saw et al. 2000). The stimulus for the initial onset and the
subsequent progression remains unclear. However, it is well documented that
myopia is largely the result of increased axial length growth (McBrien and Adams
1997).
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1.4 The prevalence of myopia in children
There are a large number of studies on the prevalence of myopia with varied
results (Pokharel et al. 2000; Zhao et al. 2002; Wu et al. 2013; Zhou et al. 2016)
but comparisons between different studies are limited by differences in the study
designs such as selection of the study population, ethnic groups of the sample,
age of the population, refractive error measurement techniques (e.g. whether or
not cycloplegia was used) and inconsistencies in the definition of myopia
(Wolffsohn et al. 2019). Table 2 summarises the results of a number of studies
documenting the prevalence of myopia in children. Figure 2a illustrates these
comparisons. All of the studies listed in Table 2 and Figure 2a used cycloplegia
before measuring refraction, except the study by Rudnicka and colleagues
(Rudnicka et al. 2010).

A few trends can be identified in the geographical variations of the prevalence of
myopia. For example, the prevalence is lower (4.44% versus 34.4%, Table 2) in
children living in South Asia (Dandona et al. 1999) compared to children living in
East Asia (Goh et al. 2005). The prevalence of myopia in children living in urban
Asian locations such as Singapore (Rose et al. 2008b) or Taiwan (Lin et al. 1999;
Lin et al. 2001) tend to be higher compared with rural Asian (Dandona et al. 1999;
Pokharel et al. 2000) and non-Asian locations (Rose et al. 2008b; Rudnicka et al.
2010; O'Donoghue et al. 2015). This pattern has previously been noted (Saw
2003) (Table 2 and Figure 2a).

The Refractive Error Study in Children (RESC) examined how myopia prevalence
varies in different populations (Negrel et al. 2000). The study used the same
definition of myopia, sampling techniques and methods of refraction to examine
the prevalence of refractive error and vision impairment in children aged between
5 and 15 years in China, Nepal, rural and urban India. They concluded that the
prevalence of myopia is higher in urban areas in comparison with rural areas in
India, and that in Asia, the prevalence is generally highest in China (Pokharel et
al. 2000; Zhao et al. 2000).

There is also strong evidence that European Caucasian children (Ip et al. 2008a)
have a lower prevalence of myopia than do South Asian, Black African Caribbean
children (Rudnicka et al. 2010) and East Asian children (Ip et al. 2008a). Other
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studies have also reported the prevalence of myopia is low amongst Caucasian
children (4.4%) and higher in African Americans (6.6%), Hispanics (13.2%) and
Asian (18.5%) children (Kleinstein et al. 2003). Similarly, the prevalence of
myopia is reported to be lower in children from Western countries, compared with
East Asian, South-East Asian, Middle Eastern/ North African, Native Hawaiian,
American Indian and black children not in Africa (Rudnicka et al. 2016). In the
United Kingdom, late onset (≥16 years old) myopia is found to be the most
common form of myopia (Rahi et al. 2011). Perhaps late onset myopia explains
the low prevalence of myopia reported in Western societies. However, myopia
prevalence amongst European Caucasian, including United Kingdom, children
are on the rise (McCullough et al. 2016). Almost one in five United Kingdom
teenagers are identified as myopic, which is more than double the prevalence
figure from the 1960s (16.4% compared with 7.2%) (Breslin et al. 2013;
O'Donoghue et al. 2015).

It is apparent from Table 2 and Figure 2a that the prevalence increases with
increasing age (Guo et al. 2015). For example, amongst 6-7-year olds, the
prevalence of myopia has been reported to be around 12% and under (Lin et al.
1999; Logan et al. 2004; Li et al. 2014). This increases to around 50-60%
amongst 12 to 15 year olds (Lin et al. 1999; Zhao et al. 2000; Li et al. 2014), and
over 80% of 16 year olds and older have been reported to be myopic in Taiwan
(Lin et al. 1999; Lin et al. 2001). Perhaps this is because of higher educational
expectations as children get older and consequently more time spent on close
work activities and less time spent outdoors (Guo et al. 2015).
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Table 2. Prevalence of myopia in children
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Author (year/country)

Sample Size

Age (years)

(Zhao et al. 2000) –
China

6134

5 to 15

Definition of myopia
(SER)
SER ≤ -0.50D

(Dandona et al. 1999) –
India
(Lin et al. 2001) –
Taiwan

599

≤15

SER ≤ -0.50 D

10889

7 to 18

SER ≤ -0.25 D

(Lin et al. 1999) –
Taiwan

11178

6 to 18

SER ≤ -0.25 D

(Li et al. 2014) – China

2134 7-year
olds, 1780 14year olds
661

7 to 14

SER ≤ -0.50 D

12 to 13

5303

(Rose et al. 2008b) –
Singapore and Sydney
(Rudnicka et al. 2010) –
England
(Ip et al. 2008a) –
Australia
(Goh et al. 2005) –
Gombak Goh District,
Malaysia

(O'Donoghue et al. 2015)
– Northern Ireland
(Maul et al. 2000) – Chile

Prevalence

Method of refraction

0 % in 5 year olds, 36.7 % in
15 year old males and 55.0
% in 15 year old females
4.44 %

AR and Ret

20 % at 7 years, 61 % at 12
years, 81 % at 15 years and
84 % amongst 16 to 18 years
old
12 % at 6 years, 56 % at 12
years, 76 % at 15 years and
84 % amongst 16 to 18-year
olds
12.14 % in 7 year olds, 46.69
% in 14 year olds

AR and Ret

SER ≤ -0.50 D

17.70 %

AR

5 to 15

SER ≤ -0.50 D

Ret and AR

752

6 to 7

SER ≤ -0.50 D

1179

10 to 11

2353

11 to 15

SER ≤ -0.50 D with
unaided vision of
20/30 or worse
SER ≤ -0.50 D

3.4 % in 5 year old children,
increasing to 19.4 % in males
and 14.7 % in females by
age 15
3.3 % in Sydney and 29.1 %
in Singapore
11.90 %

11.90 %

AR

4634

7 to 15

SER ≤ -0.50 D

Ret: 9.8 % in 7 year olds and
34.4 % in 15 year olds
AR: 10.0 % in 7 year olds
and 32.5 % in 15 year olds

Ret and AR

Ret

AR and Ret

AR

AR
AR

(Pokharel et al. 2000) –
5526
5 to 15
SER ≤ -0.50
1.20 %
AR and Ret
Nepal
(Logan et al. 2011) –
655
6 to 7 and 12SER ≤ -0.50
9.4 % in 6 to 7 year olds,
AR
England
13
29.4 % in 12 to 13 year olds
Table 2. Studies using similar methods of refraction and definitions of myopia with a wide range of participant ethnicities are presented. Studies shown in this table
and Table 3 were this is not a systematic review of studies; there is no significance in the order the studies are presented. Apart from the study by Rudnicka et al.
2010, all other studies present measures under cycloplegia. D: dioptre; AR: auto-refraction; Ret: retinoscopy

9

1.5 Prevalence of myopia in adults
Many epidemiological studies now report myopia as the majority refractive state
(Wu et al. 2001; Rahi et al. 2011), but the prevalence of myopia in adults still
varies greatly in different studies (Table 3 and Figure 2b). Overall, the prevalence
of myopia appear to be highest in urban Asian areas such as Singapore (79.3%
in 16 to 25 year olds) (Wu et al. 2001) and lower in the United States (22.7% in
40 year olds) (Katz et al. 1997), Norway (30.3% in 40-45 year olds) (Midelfart et
al. 2002) and Australia (15% in 49 to 97 year olds) (Attebo et al. 1999). A study
by Wong and colleagues reported the prevalence of myopia to be 1.5 to 2.5 times
higher in adult Chinese, aged between 40 to 79 years, living in Singapore than in
European-derived populations of similar age living in the United States and
Australia (Wong et al. 2000).
A vast number of studies have reported lower myopia prevalence amongst older
adult groups compared with younger adult groups (Wang et al. 1994; Attebo et
al. 1999; Dandona et al. 1999; Wensor et al. 1999; Mutti and Zadnik 2000; Wong
et al. 2000; Lee et al. 2002; Wolfram et al. 2014). This reduction in the prevalence
of myopia with age can be seen in Figure 2b. In Norway, the prevalence of myopia
was 35.0% in their young adult group (20–25years) and 30.3% in the middleaged group (40–45years) (Midelfart et al. 2002). A report from the Blue Mountains
Eye Study also documented that myopia prevalence decreases with increase in
age (21% in 60 years to 10% in 80 years) (Guzowski et al. 2003). Similarly, Wang
and colleagues documented a decline in the prevalence of myopia from 42.9% to
14.4% amongst 43 to 54 year olds and 75 year olds and older, respectively (Wang
et al. 1994). The Framingham Offspring Eye Study Group reported a reduction in
the prevalence of myopia from approximately 60% to 20% among 23-34 and 
65 year-olds (Framingham et al. 1996). This trend is similar in males and females
(Framingham et al. 1996).

From the studies mentioned in this report, listed in Tables 3, and shown in Figure
2b, it appears that the decline in myopia prevalence occurs around the age of 30
years. A few possible explanations have been offered to explain the lower myopic
prevalence figures in older adults compared with younger adults, such as
progressive increase in myopia prevalence in recent years (Attebo et al. 1999).
The older participants may have had less exposure to modern devices such as
10

smart phones and laptops, therefore, have spent less time doing near work tasks.
As near work has been linked to myopia (Huang et al. 2015), it is more likely that
the older participants will have a lower prevalence compared with younger
participants. Greater time spent in education has also been associated with the
higher prevalence of myopia (Fledelius 2000; Loman et al. 2002). The role of
education and near work is discussed later in this report (sections 1.9.2 and
1.9.3).

An intrinsic age-related physiological reduction in the degree of an individual’s
myopia has also been offered as an explanation for the observed decline of
myopia prevalence (Mutti and Zadnik 2000). It is important to note that although
hyperopic shift with old age has been reported in longitudinal studies (Guzowski
et al. 2003; Fotedar et al. 2008), some of the studies were not longitudinal (Wang
et al. 1994; Mutti and Zadnik 2000; Wolfram et al. 2014); they are not examining
the same individuals over a time frame, rather they are assessing different
individuals of different ages. Therefore, it is more convincing to explain this trend
of declining prevalence by year of birth: a cohort effect of rising prevalence rates
over time.

It is important to note another trend in the prevalence of myopia with age, which
is its increase from around the age of 60 years. This has been reported to be as
a result of nuclear cataract (Wensor et al. 1999; Guzowski et al. 2003; Vitale et
al. 2008). The current research focuses on the onset, progression and treatment
of myopia in healthy eyes. Therefore, cataract induced myopia will not be
discussed further in the current research.
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Table 3. Prevalence of myopia in adults.
Author (year/country)

Sample size

Age (years)

12

Prevalence

Method of refraction

40

Definition of myopia
(SER)
≤ -0.50 D

(Katz et al. 1997) –
United Stated
(Dandona et al. 1999)
– India
(Wensor et al. 1999) –
Australia
(Attebo et al. 1999) –
Australia
(Wu et al. 1999) –
Barbados

5028

22.70 %

AR

1722

>15

≤ -0.50 D

19.39 %

SR

4744

40 to 98

≤ -0.50 D

17 %

SR

3654

49 to 97

≤ -0.50 D

15 %

AR and SR

4709

40 to 84

≤ -0.50 D

Ret and SR

(Wong et al. 2000) –
Singapore
(Wu et al. 2001) –
Singapore

1232

40 to 79

≤ -0.50 D

17.0 %, 11.1 %, 20.7 %,
41.8 % and 55.1 % in
40-49, 50-59, 60-69, 7079 and 80 year olds,
respectively
38.70%

15095

16 to 25

≤ -0.50 D

AR

(Woo et al. 2004) –
Singapore
(Saw et al. 2008) –
Singapore
(Pan et al. 2011) –
Singapore
(Williams et al. 2015a)
– Europe
(Williams et al. 2013) –
United Kingdom
(Matamoros et al.
2015) – France
(Rahi et al. 2011) –
United Kingdom

157

19 to 23

≤ -0.50 D

82 % in Chinese, 68 %
in Indians, 65 % in
Malays
89.8 %

2974

40 to 80

≤ -0.50 D

30.7 %

AR and SR

2805

40

≤ -0.50 D

26.1 %

AR and SR

61946

44 to 78

≤-0.75 D

24.3 %

6097

53

≤-1.00 D

28 %

SR, AR, or focimetry
and SR
AR

100429

38.5 (± 16.9)

≤ -0.50 D

39.1 %

AR

2487

44

≤-0.75 D

49 %

AR

AR and SR

AR

(Jorge et al. 2016) –
75
18 to 24
≤ -0.50 D
41.3 %
SR
Portugal
(Wolfram et al. 2014) – 15010
35 to 74
≤ -0.50 D
35.1 %
AR
Germany
(Guggenheim and
89120
40 to 69
≤-0.75 D
26.5 %
AR
Williams 2015) –
United Kingdom
(Mirshahi et al. 2014) – 4658
35 to 74
≤-0.50 D
38.2%
AR
Europe
Table 3. Cycloplegia was not used during the refraction of any adults in the above studies. D: dioptre; Ret: retinoscopy; AR: auto-refraction; SR: subjective refraction;
F: focimetry.
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Figure 2. Prevalence of myopia in children and adults
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Figure 2. Distribution of myopic prevalence (%) in children (top) and adults (bottom) in varied
continents. Each continent is represented by a different symbol (square: Asia; diamond: Europe;
tringle: Australia; circle: North America; cross: South America). Mean age was used where
possible, but the studies that provided the range of age not the mean, the median was used, e.g.
for a range of 12-13, 12.5 was used as the age. The studies whose data are represented in the
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top figure (Maul et al. 2000; Zhao et al. 2000; Goh et al. 2005; Ip et al. 2008a; Rose et al. 2008b;
Rudnicka et al. 2010; Logan et al. 2011; French et al. 2013a; Li et al. 2014; You et al. 2014;
O'Donoghue et al. 2015; Saxena et al. 2015) and bottom figure (Katz et al. 1997; Wensor et al.
1999; Wu et al. 1999; Wu et al. 2001; Woo et al. 2004; Pan et al. 2011; Matamoros et al. 2015;
Jorge et al. 2016) defined myopia as  -0.50 D.

1.6 Rise in the prevalence of myopia
Over the past few decades, myopia has become increasingly more prevalent
globally in children and adults (Wong et al. 2000; Saw 2003; Lin et al. 2004; Woo
et al. 2004; Bar Dayan et al. 2005; Saw et al. 2008; Pan et al. 2011; Pan et al.
2012a). It is this rise that provides one of the main rationales for the current
research. For example, a study in United States compared the prevalence of
myopia in persons aged 12 to 54 years between 1971-1972 and 1999-2004, and
found a substantial increase over the 30 years (25.0% in 1971-1972 compared
with 41.6% in 1999-2004) (Vitale et al. 2009).

The onset of myopia now appears at a younger age than it did a few decades
ago, leading to higher prevalence of myopia (Xiang et al. 2012) and increasing
numbers of high myopes (Lin et al. 2004). This was clearly demonstrated
amongst Taiwanese schoolchildren, where the age of onset of myopia appears
to have reduced from the age of 11 in 1983 to 8 in 2000 (Lin et al. 2004). In a
review of 5 nationwide myopia surveys, Lin et al. (2014) reported that the
prevalence of myopia among 7 year olds increased from 5.8% in 1983 to 21% in
2000 amongst Taiwanese children (Lin et al. 2004). Within a slightly younger age
group (4.6 ± 0.9 years), the prevalence of myopia is shown to increase from 2.3%
to 6.3% over 10 years, in Hong Kong (Fan et al. 2011).

These trends are likely to be as a result of changes in environment and lifestyle;
it is unlikely for the genetic pool to change so drastically over one or two decades.
Environmental factors such as more demanding education system (Au Eong et
al. 1993; Rose et al. 2001), growing urbanization, reduced time spent outdoors
(Tsai et al. 2016), higher income, professional or office based jobs and better
housing have all been associated with higher rates of myopia (Wong et al. 2000).
By comparison, in countries with less demanding education systems, the
prevalence rates of myopia tend to be less than 5–10% and the countries have
not had the same increase in prevalence (Pokharel et al. 2000; Dandona et al.
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2002a; Casson et al. 2012).
When myopia develops at a younger age, the progression rate is also likely to be
faster. A longitudinal study by Fan and colleagues found a greater myopic shift
amongst the Chinese children who were myopic (-0.63 D annually) compared
with the children who were not myopic (-0.29 D annually) at the start of the study
(Fan et al. 2004). This explains why the rate of progression of myopia is also
reported to be on the rise (Lin et al. 2004; Fan et al. 2011; Wu et al. 2013).
1.7 Prevalence of high myopia
The definition of high myopia typically ranged from SER ≤−5.00 D to ≤−6.00 D in
most studies (Katz et al. 1997; Lin et al. 1999; Wensor et al. 1999; Wong et al.
2000; Lin et al. 2001; Woo et al. 2004; Saw et al. 2008; Pan et al. 2011;
Guggenheim and Williams 2015). Alongside the increase in the prevalence of
myopia, the rate of high myopia and pathological myopia is also reported to be
on the rise, and it is predicted to continue to rise (Verkicharla et al. 2015). This is
of no surprise as prevalence of high myopia mirrors the prevalence of pathologic
myopia (Table 4 and 5). Age of onset of myopia is reported to be the best
predictor of high myopia in Singaporean (Chua et al. 2016), Argentinian (Iribarren
et al. 2009) and British children (Williams et al. 2013).
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Table 4. Prevalence of high myopia
Author (year/country)

Sample size

Age (years)
6 to 18

Definition of high myopia
(SER)
≤ -6.00 D

Cycloplegia
used?
Yes

(Lin et al. 1999) –
Taiwan
(Lin et al. 2001) –
Taiwan
(Li et al. 2015b) –
China

11178
10889

7 to 18

≤ -6.00 D

Yes

2134, 7 year
olds and
1780, 14
year olds
4744

7 to 14

≤ -3.00 D

Yes
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(Wensor et al. 1999) –
40 to 98
≤ -5.00 D
Australia
(Woo et al. 2004) –
157
19 to 23
≤ -6.00 D
Singapore
(Pan et al. 2011) –
2805
40
≤ -5.00 D
Singapore
(Matamoros et al.
100429
38.5 (± 16.9)
≤ -6.00 D
2015) – France
Table 4. D: dioptre, Ret: retinoscopy, AR: auto-refraction; SR: subjective refraction.

Prevalence
20% in girls and 12% in
boys
8.2% in girls and 6% in
boys
0.42% in 7 year olds and
33.37% in 14 year olds

Method of
refraction
AR and Ret
AR and Ret
AR and Ret

No

11%

SR

No

28.70%

AR

No

3.90%

AR and SR

Yes, in children,
No in adults

3.40%

AR

1.8 Consequences of myopia and reasons to limit myopia onset and progression
Highly myopic eyes are at a greater risk of developing ocular diseases than nonmyopic eyes, such as glaucoma (Mitchell et al. 1999; Kuzin et al. 2010; Marcus
et al. 2011). The odds ratio of the association between myopia and glaucoma
was reported to be 1.88 in a systematic review of studies published between 1994
and 2010 (Marcus et al. 2011). Cataract (Holekamp et al. 2008; Pan et al. 2013)
and titled optic discs are also reported to be more common in myopic eyes
(Samarawickrama et al. 2011). Degenerative retinal changes such as retinal
detachment (Li 2003), macular degeneration (Hsiang et al. 2008) and choroidal
neovascularization (Chan et al. 2005; Saw 2005) are also strongly associated
with high myopia. The odds ratio of the association between myopia and retinal
detachment is reported to be 3.1 for low myopia (less than -3.00 D) and 9.0 for
moderate myopia (-3.00 to -6.00 D) (Ogawa and Tanaka 1988; Flitcroft 2012).

The highly myopic eye undergoes pathological changes involving excessive
elongation, resulting in stretching of the outer layers of the eyeball. This leads to
retinopathies such as staphyloma, lacquer cracks and chorio-retinal atrophy. It is
the identification of these signs on the fundus of myopic eyes that many studies
use to define pathologic myopia (listed in Table 5) (Liu et al. 2010; Asakuma et
al. 2012; Chen et al. 2012).

Table 5. Prevalence of myopic retinopathy
Author
(year/country)
(Gao et al. 2011) –
China

Sample
size
6603

Age
(years)
30 and
older

Prevalence

Myopic retinopathy was
defined to include signs of
0.9% staphyloma, lacquer cracks,
Fuchs spot, and myopic
chorio-retinal atrophy
(Liu et al. 2010) –
4319 40 and
3.1% posterior staphylomata,
China
older
lacquer cracks, Fuchs’ spot of
the macula, and myopic
chorio-retinal atrophy at the
posterior pole
(Vongphanit et al.
3654 49 and
1.2% staphyloma, lacquer cracks,
2002) – Australia
older
Fuchs’ spot and myopic
chorio-retinal atrophy
(Asakuma et al.
1892 40 and
1.7% diffuse chorio-retinal atrophy,
2012) – Japan
older
patchy chorio-retinal atrophy,
lacquer cracks, or macular
atrophy
Table 5. Studies that used participants with healthy eyes and with similar definitions of myopia
were selected.
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Myopia does not need to become pathologic to cause visual impairment and
become a social and personal burden. Uncorrected myopia can cause visual
impairment. An estimated 153 million people (range of uncertainty: 123 million to
184 million) was reported to be visually impaired in 2004, of whom 8 million had
severe visual impairment, as a result of uncorrected refractive error (Resnikoff et
al. 2008). This may be as a result of poor screening programmes or the cost
associated with the correction of myopia (Lafuma et al. 2009).
However, even when spectacles are prescribed, compliance can be very low in
children (Khandekar et al. 2002), perhaps due to consciousness of physical
appearance (Khandekar et al. 2002), fit of spectacles or peer pressure to not
wear spectacles (Horwood 1998). Although a study in the UK reported a high
compliance rate (79.5%), it recognised that poor compliance of spectacle use can
lead to wasted hospital appointments and spectacle use can become the centre
of family and school disputes (Horwood 1998). Uncorrected refractive error in
children can have damaging consequences on their education (Sewunet et al.
2014). Uncorrected refractive error in older adults has been associated with a
number of difficulties such as slower stair climbing and walking speed (Zebardast
et al. 2015). Therefore, better understanding of myopia onset, in the hope of
preventing the onset of myopia, may improve the quality of life in children and
adults and reduce the economic burden on the state and the individual.
1.9 Factors associated with the onset and progression of myopia
This section will discuss the relative contributions the diverse risk factors
associated with myopia (Loman et al. 2002; Flitcroft 2012; Ramamurthy et al.
2015). Further understanding of myopia aetiology, will help better guide attempts
at controlling its onset and progression.

1.9.1 Genetics
Many studies, including twin (Hammond et al. 2001; Lopes et al. 2009; Young
2009; Parssinen et al. 2010) and familial studies (Ashton 1985; Goss et al. 1988;
Teikari et al. 1991), support the view that genetic factors are highly likely to be
involved in myopia onset (Kiefer et al. 2013; Verhoeven et al. 2013). One line of
evidence for genetic involvement in myopia onset is that the incidence of myopia
is reported to increase when both parents have myopia (Pan et al. 2012a). The
current research focuses on myopia onset and development in healthy
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individuals. Therefore, genetic loci associated with non-syndromic myopia will be
discussed in this section.

It was not too long ago when the first genetic locus for high myopia (MYP2) was
mapped to 18p11.31 (Young et al. 1998). Soon after, a segregation analysis
study on 320 subjects from 32 French families with at least one high myopic
person in their genealogy, concluded that the mode of myopia inheritance is
autosomal dominant (Naiglin et al. 1999). Since then, at least 7 loci for refractive
phenotypes (MYP1, MYP3, MYP6, MYP11, MYP12, MYP14 and MYP17) have
been replicated in independent linkage data sets (Farbrother et al. 2004b;
Hammond et al. 2004; Zhang et al. 2005; Klein et al. 2007; Paget et al. 2008; Li
et al. 2009; Wojciechowski et al. 2009a; Wojciechowski et al. 2009b).
The involvement of multiple genes rather than a single gene in myopia
development is reported (Klein et al. 2005). A number of familial studies of myopia
development have estimated the sibling recurrence risk ratio (λ s) for myopia,
which is the rise in risk to siblings of a person with a particular disease in
comparison with the population prevalence (Guggenheim et al. 2000; Farbrother
et al. 2004a). The ratio has been estimated to be approximately 4.9 to 19.8 for
siblings with high myopia (−6.00 DS) and approximately 1.5 to 3 for lesser
amounts of myopia (approximately −1.00 to −3.00 DS) (Guggenheim et al. 2000;
Farbrother et al. 2004a). This shows that high myopia is more likely to be
genetically determined than milder myopia.
Twin studies have long been used to determine the relative importance of genetic
factors in myopia onset and progression (Miller 1995; Hammond et al. 2001;
Lyhne et al. 2001). The study of 4602 individuals from the TwinsUK Adult Twin
Registry (1152 monozygotic and 1149 dizygotic twin pairs) reported that
contribution of genetic factors is responsible for 77% (95% confidence interval
[CI], 68%-84%) of variance in SER (Lopes et al. 2009). The study showed
environmental effects to play a much smaller role in determining SER; shared
environmental effects of the twins accounted for 7% (95% CI, 0%-15%) and
individual environmental effects accounted for 16% (95% CI, 15%-18%) of
variance in SER (Lopes et al. 2009). Shared environmental effects refers to the
culture of myopic risk factors shared within a family, such as more reading and
less outdoor activities (Lopes et al. 2009). The study of 114 twin pairs, of 53
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monozygotic and 61 dizygotic, reported the influence of environment on refractive
error is not significant, but they did suggest that some individuals may be more
susceptible to developing myopia when exposed to certain factors associated
with myopia, such as near work (Lyhne et al. 2001). Further studies on twins that
have been separated in early life and exposed to different environments would
be of great use in separating the effects on environment and genetics.
1.9.2 Environmental factors: education
The rapid increase in myopic prevalence around the world (Tables 2 and 3,
section 1.6) cannot be explained exclusively by genetic factors. Many studies
have noted the environmental factors involved in myopic onset and progression
(Rose et al. 2008a), namely the significant association with intense close reading
distance (Schaeffel and Howland 1988; Ip et al. 2008b) and time spent outdoors
(Dirani et al. 2009; Guggenheim et al. 2012). This section will detail the possible
effects of these environmental factors on myopia onset and progression.
Many studies report that the prevalence of myopia in populations with similar
genetic backgrounds living in urban environments are higher than amongst those
growing up in rural areas (Dandona et al. 1999; Garner et al. 1999; Zhan et al.
2000; Dandona et al. 2002a; Dandona et al. 2002b). These differences may be
as a result of higher education levels in urban compared to rural areas. Urban
areas are associated with greater number of professionals, university students,
greater use of computers and overall higher intelligence levels (Saw et al. 2004;
Cortinez et al. 2008). Education is often related to myopia, with a higher
prevalence of myopia reported amongst highly educated people (Fledelius 2000;
Loman et al. 2002) in a wide range of populations (Wedner et al. 2002; Wong et
al. 2002; Shimizu et al. 2003) (Wong et al. 1993) (Wong et al. 1993). Depending
on the study, the level of education is usually defined by number of years in
school (Wang et al. 1994) or by assessing test results of exams in schools
(Teasdale et al. 1988).
Populations with improved education systems have reported higher prevalence
of myopia amongst their school attending teenagers compared with populations
with poorer education systems (Quek et al. 2004). The higher prevalence of
myopia in Asia compared to Europe has been explained by the differences in
education systems (Chen 2001; Qin et al. 2012; Saw et al. 2013). For example,
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it has been highlighted that in Asia, because academic performance is highly
regarded, parents encourage more time on near work activities, such as writing,
reading and homework. High prevalence rates of myopia have been linked with
extra after-school tutorials and additional tutorial classes (Saw et al. 2001).
Education mainly involves close work, which is likely to be the reason education
and myopia are linked (section 1.9.3)This theory is strengthened by evidence
showing that myopia progression rates and vitreous chamber depth growth were
slower during the summer school holidays (Fulk et al. 2002a).

1.9.3 Environmental factors: near work
There is overwhelming evidence to link exposure to near work activities and
myopia (Saw et al. 2002; Ip et al. 2008b; French et al. 2013b; Li et al. 2015a).
Activities carried out at short working distance are considered near work such as
reading, writing, computer use, watching tv, etc (Zadnik et al. 1994; Saw et al.
2000; Mutti et al. 2002). Scheiman et al. showed that near work may be
associated with myopia by examining myopia stabilisation and number of hours
spent on near work activities (Scheiman et al. 2014). After following 469 children
aged between 6 to 11 years for 5 years, the study demonstrated that less near
work may be related to increased likelihood of myopia stabilisation. The likelihood
of having stable myopia by the age of 15 reduced by 2% for each additional hour
spent on near-vision tasks per week (Scheiman et al. 2014).

Interestingly, the time spent doing near work is not always reported to be
associated with myopia (Ip et al. 2008b; Li et al. 2015a). The intensity of reading,
rather than time spent reading, has been reported to be more significant (Ip et al.
2008b). This is supported by evidence that reports higher myopia levels amongst
Hong Kong Chinese microscopists than the Hong Kong general population (-4.45
D versus -3.00 D) (Ting et al. 2004). It is also suggested that perhaps certain
reading and writing behaviours whilst doing near work may be contributing to the
onset and progression of myopia (Li et al. 2015a). Head tilt during writing is linked
with myopia (Li et al. 2015a). Head tilt may stimulate abnormal contractions of
extraocular muscles and cause greater defocus in the peripheral retina (Charman
2011b), which may explain its association with myopia (Li et al. 2015a). A recent
study found an interaction between parental myopia and reading books for
pleasure, and between parental myopia and close reading distance (Li et al.
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2015a). The study could not confirm, however, whether children with myopic
parents inherit a susceptibility to certain reading and writing behaviours, or if
these behaviours are simply as a result of observing their parents (Li et al.
2015a).

However, there are still controversy over whether or not near work is a risk factor
for myopia. A correlation between near work activities and the incidence of
myopia is not always reported (Jones et al. 2007; Guggenheim et al. 2012; Wu
et al. 2013). Some studies have found either a weak correlation (Parssinen et al.
2014) or no significant correlation between time spent reading and myopia (Saw
et al. 2000; Mutti et al. 2002; Jones-Jordan et al. 2012; French et al. 2013b). A
23-year follow-up study examined the factors that influence myopia progression,
conclude that the amount of time spent on reading and close work is associated
with the rate of myopia progression in children but does not predict the amount
of myopia in adulthood (Parssinen et al. 2014). Similarly, another study
concluded that it is unlikely that near work plays a significant causative role in the
onset of myopia as near work activities of future myopic children (before
the onset of myopia) were not found to be significantly different from those of the
emmetropes (Jones-Jordan et al. 2011). These varied results with regards to the
role of near work and myopia, is suggested to be as a result of the diverse and
subjective measurement of the amount of near work , including questionnaires,
assessment of intelligence (Rosner and Belkin 1987) or occupation (Adams and
McBrien 1992).

Often studies quantify near work by calculating the number of dioptre-hours,
which is made up from: 1. Three times the number of hours spent reading, 2. Two
times the number of hours spent playing video-type games and 3. The number of
hours spent watching television (Zadnik et al. 1994; Mutti et al. 2002; Lam et al.
2008). However, it has been highlighted that this calculation does not take into
account viewing distance, duration of each near task session and breaks during
the near tasks (Williams et al. 2019). These are important factors to be
considered given that longer near viewing sessions and closer viewing distances
are reported to be associated with myopia (Li et al. 2015a; You et al. 2016). When
objective measures are used to determine the influence of environmental factors
on myopia, different results tend to be reported compared to subjective measures
23

with subjective measures overestimating time spent on near tasks (Williams et
al. 2019). This supports the use of objective methods such as wearable electronic
devices that monitor light and activity to measure reading distance and time
outdoors (Leung et al. 2011; Figueiro et al. 2013; Ostrin 2017). To specifically
quantify environmental factors. Subjective methods, namely questionnaires, are
also likely to supplement objective techniques to fully understand behavioural
characteristics (Williams et al. 2019).

1.9.4 Environmental factors: intelligence
Higher intelligence, determined by high intelligence quotient (IQ) scores, has
been associated with myopia (Rosner and Belkin 1987; Cohn et al. 1988). The
association between intelligence and myopia may be the result of highly
intelligent people spending more time reading/writing (section 1.9.3) and in higher
education (section 1.9.2). Saw and colleagues studied the association between

intelligence and myopia in 1204 Chinese children aged 10 to 12 years (Saw
et al. 2004). Children with higher IQ scores had significantly higher myopic
levels (-1.86 D for children with IQ in the highest quartile compared with -1.24
D for children with IQ in the lowest quartile) (Saw et al. 2004).
The cause-effect nature of the association between myopia and intelligence is
still unclear; both intelligence and myopia may be determined by the same gene
(or set of genes) or IQ may serve as an independent risk factor of myopia
development and progression (Karlsson 1975; Cohn et al. 1988). It is possible
that both environment and genetics play a part in explaining why myopia tends
to accompany intelligence. It is suggested that intelligence and myopia may be
linked by a single pleiotropic genotype (a single gene that is responsible for more
than one trait, Eye-Brain Gene), giving rise to two distinctive but related
phenotypes (neurocognitive development responsible for superior intelligence
and myopia) (Mak et al. 2006). The myopia trait would not be expressed until
activated by an environmental factor, whereas the intelligence trait may lead to
the strong selection for the Eye-Brain Gene because higher intelligence allowed
humans to refine their hunting and farming techniques (Mak et al. 2006). The
myopia component of the Eye-Brain Gene is unlikely to have placed humans at
a disadvantage in the past because it was not expressed. Whereas in recent
years, with exposure to environmental factors such as extensive reading and
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writing, the myopia train has been expressed much more frequently (Mak et al.
2006).
A recent study examined the role of genetics and environment on myopia onset
and progression, concluded that the genetics of an individual determines the
significance of environmental factors on myopia onset and progression in both
humans and animals (Tkatchenko et al. 2015). Their conclusion was based on
the finding that children with the myopic version of APLP2 gene who spent a
great amount of time reading were 5 times more likely to develop myopia
compared to children with the myopic version of APLP2 gene but who spent less
time reading (Tkatchenko et al. 2015). Children with a normal version of APLP2,
despite reading for a long time, did not develop myopia (Tkatchenko et al. 2015).
From the studies discussed here and recent reviews (Wojciechowski 2011;
Zhang 2015), it can be concluded that both genetic and environmental factors
contribute to myopia onset and development (Ip et al. 2008b; Charman 2011a;
Woodman et al. 2011). However, it is not clear if these factors act independently
or together, and to what extent each factor contributes to the myopia onset and
progression. Longitudinal population-based studies examining the prevalence,
progression and incidence of myopia among children living in the same area but
from different ethnic backgrounds and children of the same ethnicities living in
different environments would help us understand this complex interaction
between environment, genetic factors and myopia onset and progression.
1.10 Accommodation and myopia
As discussed (section 1.9.3), many studies have shown that myopia can develop
(Gwiazda et al. 1993) and increase in magnitude in response to extensive near
work (Gwiazda et al. 1995; McBrien and Adams 1997; Allen and O'Leary 2006;
Muhamedagic et al. 2014). Some have attempted to explain this by showing
evidence that myopes have a deficient accommodative response compared with
emmetropes, namely lower tonic of accommodation (Bullimore and Gilmartin
1987; Zadnik et al. 1999b), lower amplitude of accommodation (McBrien and
Millodot 1986), greater accommodative micro-fluctuations (Seidel et al. 2003;
Day et al. 2006) increased accommodative adaptation (Culhane and Winn 1999;
Chen et al. 2005) and higher lag of accommodation (Gwiazda et al. 1993).
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Accommodative lag refers to insufficient accommodative response during the
viewing of near objects, placing the plane of best focus behind the retina and
inducing hyperopic defocus during near viewing (Gwiazda et al. 1993;
Seidemann and Schaeffel 2003), which has been suggested to act as a stimulant
to eye growth (Gwiazda et al. 2004; Li et al. 2015a). Therefore, given that
hyperopic blur may stimulate eye growth and increases in accommodative lag
have been shown to occur before the onset of myopia, a lag in accommodation
has been considered as a risk factor for myopia onset and progression (Goss
1991; Drobe and de Saint-Andre 1995; Gwiazda et al. 2005).
The accommodative lag of myopes has been likened to the induced blur by
spectacle lenses (Goss 1991). It appears that, for myopes, blur caused by
negative lenses is an ineffective stimulus for accommodation, compared with
emmetropes (Gwiazda et al. 1993). In contrast, blur caused by positive lenses
(where relaxation of accommodation is needed), is equally effective as a stimulus
to relax accommodation in myopes and emmetropes (Gwiazda et al. 1993). The
reduced response to imposed negative blur in myopes may explain the larger
accommodative lag seen in myopes (Rosenfield and Abraham-Cohen 1999).
This in turn leads to hyperopic blur which may act as a significant risk factor in
myopia onset and progression (Rosenfield and Abraham-Cohen 1999).

During continuous reading sessions, variability in the accommodative response
is found to be greater in myopes compared to emmetropes (Harb et al. 2006).
These fluctuations in accommodation amongst myopes are reported to increase
with increase in the accommodative demand (Seidel et al. 2003; Day et al. 2006;
Harb et al. 2006). It is suggested that increased depth of focus in myopes as a
result of higher aberrations (He et al. 2002) may account for a reduction in
sensitivity to blur (Rosenfield and Abraham-Cohen 1999) and increased
fluctuations in accommodative response (Harb et al. 2006). These fluctuations in
accommodation may serve as a risk factor for the development of myopia (Plainis
et al. 2005). Accommodative variability that increases hyperopic retinal defocus
during near viewing could be the cause for the onset or progression of myopia
(Wallman and Winawer 2004). Also fluctuations in accommodation may indicate
reduced sensitivity to hyperopic blur, and low blur sensitivity may similarly be a
risk factor the onset or progression of myopia (Harb et al. 2006).
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1.11 AC/A ratio and myopia
The association between myopia and near work might also be explained by the
variation of AC/A ratio measurements in myopes compared to emmetropes. The
response AC/A ratio is a measure of the amount of accommodative convergence
(AC) per unit of accommodative (A) response. The AC/A ratio has been shown
to mature in infancy and remain stable into adulthood (Turner et al. 2002;
Bharadwaj and Candy 2008). However, amongst other factors such as
presbyopia (Mutti et al. 2017), refractive error has been shown to influence it, with
reports that myopes have a higher AC/A ratio compared to emmetropic children
(Jiang 1995; Gwiazda et al. 1999; Mutti et al. 2000a).

Mutti and colleagues (Mutti et al. 2000a) found that a higher response AC/A ratio
may serve as an important risk factor for the onset of myopia in children aged
between 6 to 14 years. The study found significantly different response AC/A
ratios in myopes (6.39 Δ/D), emmetropes (3.94 Δ/D) and hyperopes (3.40 Δ/D).
A response AC/A ratio of 5.84 Δ/D or higher in non-myopic participants was found
to serve as a risk factor for myopia onset within 1 year by 22.5 times (95% CI, 7.1
to 71.1) (Mutti et al. 2000a).

Gwiazda and colleagues reported higher response AC/A ratio two years before
and one year after the onset of myopia (Gwiazda et al. 2005). More recently, the
response AC/A ratio has been noted to be higher four years before and five years
after the onset of myopia, compared to children who remained emmetropic (Mutti
et al. 2017). The AC/A ratio was highest in the year of onset but did not rise
following the onset of myopia (Mutti et al. 2017). Interestingly, this pattern of rise
and stabilisation is seen also seen with RelPRx measures in association with
myopia onset (Mutti et al. 2007).

Changes in RelPRx and AC/A ratio associated with myopia onset may be linked
through the function of the ciliary muscle and crystalline lens (Mutti et al. 2000a;
Mutti et al. 2017). The ocular smooth ciliary muscle is reported to be larger in
myopes (Buckhurst et al. 2013) and smooth muscle is documented to become
rigid in response to mechanical stress (Roby et al. 2008). Therefore, the ciliary
muscle may become more rigid as a result of equatorial ocular expansion. The
stiff ciliary muscle may limit ocular growth equatorially. This can have a number
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of consequences leading to the development of myopia. For example, the
crystalline lens is found to be flatter in myopic eyes (Goss et al. 1997) due to
equatorial growth stretching it (Zadnik et al. 1995). In a growing eye, a flatter lens
is essential in maintaining emmetropia as it decreases the dioptric power of the
lens (Dunne 1993). When equatorial growth stops, axial growth can no longer be
compensated for by the crystalline lens flattening and reducing its dioptric power
(Mutti et al. 1998). A distorting effect on the growing eye also occurs when the
eye fails to grow equatorially, leading to a prolate retinal shape that is commonly
documented in myopes (Mutti et al. 2000b). The role accommodation plays in
myopia development in general may also be explained by this theory as a rigid
lens provides resistance to accommodation, increasing the level of effort needed
to accommodate and consequently leading to esophoria at near (Mutti et al.
2017). Higher AC/A ratios have been associated with increased accommodative
lag and near esophoria (Mutti et al. 2017).

However, high AC/A ratio is not always found to be a risk factor the onset of
myopia (Chen et al. 2003). This is based on results that show a wide range of
AC/A ratios in emmetropes who become myopic (Goss 1991; Goss and Jackson
1996), (Chen et al. 2003). Similarly, there are studies that have cast doubt on the
association between tonic accommodation (Woung et al. 1993; Zadnik et al.
1999b) or accommodative lag (Gwiazda et al. 2005; Mutti et al. 2006) and
increased risk of onset of myopia. Mutti et al. (2006) found that increased
accommodative lag did not occur before the onset of myopia, but instead it
occurred after the onset of myopia. It could be argued therefore, that lag of
accommodation is a consequence of myopia, rather than a risk factor for myopia.

In summary, the prevalence of myopia is high and is continuing to rise, with
devastating consequences. Myopia aetiology appears to be multifactorial,
although to what extend each risk factor plays in myopia onset and progression
remains unclear. There is, however, an urgent need to slow or stop myopia
progression. Longitudinal studies are essential in understanding the mechanisms
behind myopia onset and progression for appropriate management of myopia.
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Chapter 2
Literature Review Visual Signalling and Attempts to Control Myopia

2.1 Control of ocular growth by visual signalling
How the eye may detect blur to accelerate or inhibit axial growth are discussed
in the following sections. In order to understand if PRx is important in guiding
ocular growth, it is important to discuss the evidence for and against visuallyguided axial growth. The vast majority of the studies discussed in this section are
animal based because the studies tend to conduct invasive experiments that are
not appropriate to carry out in humans. However, whenever there are human
analyses, it has been included.

It is well understood that emmetropisation takes place postnatally (Wallman et al.
1981; Troilo and Judge 1993), where the eye growth brings the peripheral retinal
image into focus. However, it remains unclear if emmetropisation is regulated
using non-visual signals that convey size, or visually-guided ones (Wallman and
Winawer 2004; Atchison et al. 2006b). Animal studies have shown that initially
emmetropic eyes can be made ametropic by inducing blur using spectacles of
varied lens power (Whatham and Judge 2001; Howlett and McFadden 2009).
This is referred to as spectacle lens compensation (Figure 8) (Atchison et al.
2006b), and supports the theory that visual signals play a significant role in
guiding ocular growth (Atchison et al. 2006b).

In spectacle lens compensation experiments, negative lenses create hyperopic
defocus, putting the focal plane behind the retina (the middle diagram of Figure
8). The retina needs to move back to place the focal plane on the retina to regain
clear vision (the middle diagram of Figure 8). This is achieved by an increase in
the rate of axial elongation (Nickla et al. 1997; Gentle and McBrien 1999) and
thinning of the choroid (Wildsoet and Wallman 1995). A positive lens induces a
myopic defocus (the bottom diagram of Figure 8). As a result, the eye expands
the choroid, pushing the retina forward toward the image plane, and the rate of
axial growth is reduced (Hung et al. 2000).
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Figure 3. Spectacle lens compensation
Emmetropic Eye

Lens induced hyperopic defocus

Lens induced myopic defocus

Figure 3. Top diagram shows an emmetropic eye. Concave lens diverges light, producing
hyperopic defocus (middle diagram), which stimulates axial length growth (demonstrated by the
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arrows). Convex lens converge light (bottom diagram). Myopic defocus is produced. The inward
arrows of the bottom diagram represent reduction of the rate of axial length, halting of axial length
growth or possible reduction in axial length. Light refraction by the crystalline lens is not shown in
the diagrams for simplification purposes.

Form-deprivation myopia occurs when the retinal image is obscured by diffusing
lenses or by lid suture. The poor retinal image quality results in axial elongation
of the eye (Wallman et al. 1978; Troilo and Judge 1993; Schaeffel et al. 2004).
As long as the image on the retina is obscured, the eye is shown to increase in
axial length, showing the importance of image quality to eye growth (Wallman
and Adams 1987). When the image quality is restored following the removal of
the diffuser lenses and the eye is allowed to experience the myopic defocus,
causing the rate of axial elongation to slow with the choroid thickening (Wallman
and Adams 1987). The process by which this occurs is unclear, although transfer
of fluid into and out of the lymphatic vessels of the choroid (Junghans et al. 1999)
or changes in choroidal blood flow may be involved (Fitzgerald et al. 2002). An
example of this includes the choroidal thickening observed as a result of walls of
the lymphatics of the chick choroid opening to allow greater fluid transfer during
recovery from form-deprivation myopia in chicks (Junghans et al. 1999).
2.1.1 Local or Central Control of Eye Growth
Ablation of the central 10º of the retina has also been shown to still result in
emmetropisation (Smith et al. 2007), suggesting that visual signals from the
peripheral retina can drive refractive development. In addition, eyes with ablated
foveas and diffuser lenses are shown to develop axial myopia (Smith et al. 2007).
One line of evidence that these changes in eye growth are under local retinal
control is that when diffusers or negative lenses are placed over one part of the
retina, only that section of the eye grows and becomes myopic (Wallman et al.
1987). Furthermore, animal eyes have been shown to detect the sign of refractive
error and initially respond by altering the axial length, despite optic nerve section
(Troilo et al. 1987; Troilo and Wallman 1991) or blockage of action potentials in
the optic nerve (Norton et al. 1994).

However, accurate emmetropisation is demonstrated to depend on intact optic
nerve (Troilo and Wallman 1991; Wildsoet and Wallman 1995; Wildsoet and
Schmid 2000). Form-deprived myopia is shown to reduce to negligible levels
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following the removal of the diffuser lenses, in eyes with intact optical nerves
(Wildsoet and Schmid 2000). If the eye is optically corrected following the removal
of the diffuser lenses, the induced myopia decreases to a level consistent with
the lens power used (Wildsoet and Schmid 2000). Although similar responses
were observed when the optic nerve was sectioned, there were more variation is
the results when the optic nerve was sectioned (Wildsoet and Schmid 2000). It is
unclear if this is as a result of disruptions in the feedback system from the central
nervous system or retinal ganglion cells. Either way, this suggests that higher
centers (beyond the retina) are also involved in the refinement of the refractive
power of the eye (Troilo and Wallman 1991; Wildsoet and Wallman 1995;
Wildsoet and Schmid 2000).
2.1.2 Detection of blur
There are reports suggesting that disruptions of the retinal image influences axial
length changes in humans (Hoyt et al. 1981; von Noorden and Lewis 1987; Gee
and Tabbara 1988; Miller-Meeks et al. 1990) and animals (Wildsoet and Wallman
1995; Troilo et al. 2000). In humans, for example, congenital cataract (von
Noorden and Lewis 1987), corneal opacity (Gee and Tabbara 1988), ptosis (Hoyt
et al. 1981; von Noorden and Lewis 1987) and vitreous haemorrhage (MillerMeeks et al. 1990) have been found to cause abnormal changes in axial length
growth. Small, temporary changes in retinal image focus have also been found
to cause subtle but significant optical axial length and choroidal thickness
changes in myopic and emmetropic human adults (Read et al. 2010) and children
(Read et al. 2015). Monocular hyperopic (-3.00 D), myopic (+3.00 D) and diffuse
(0.20 density Bangerter filter) defocus has been found to cause short-term
increase, reduction and increase in optical axial length after only 60 minutes
(Read et al. 2010). Similarly, temporary changes in axial length have been
reported in response to changes in IOP (Ebneter et al. 2009). If peripheral retinal
image is used in guiding eye growth, it would be of great importance to know
which retinal image features are used to control eye growth.

When chicks wear either positive and negative lenses of similar magnitude, and
placed in a drum where only one viewing distance was possible, eyes grew in
opposite direction depending on whether they were subjected to positive or
negative blur (Schaeffel and Diether 1999). This demonstrates that it is the sign
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of defocus that is detected by the retina not just the quality of the image (Schaeffel
and Diether 1999). The eyes of chicks wearing positive and negative lenses
would have grown in the same direction, if eyes only responded to the magnitude
and not the sign of defocus. If spatial frequency content and contrast were the
only cues analysed by the retina, all chicks should have become myopic.
However, compensatory eye growth was still always in the right direction.
Schaeffel and Diether’s (1999) findings were confirmed in a later study (Park et
al. 2003). Park and colleagues found myopia to develop when diffuser lenses are
worn alone, whereas hyperopia developed when mild diffuser lenses are worn
over positive lenses. They (Park et al. 2003) also demonstrated that eyes can
decipher the sign of defocus even when image quality is degraded.
A number of theories have been suggested to explain how the eye might detect
the sign of blur. It is suggested that chromatic aberration may be used by the eye
to detect the sign of defocus (Wallman and Winawer 2004; Rucker and Wallman
2009). When an eye is sharply focused on a black and white edge, the blue,
middle-wavelength and red components of the edge will be focused in front, on,
and behind the retina, respectively (Wallman and Winawer 2004). Therefore, the
red and blue lights will be focused more in myopes and hyperopes, respectively
(Wallman and Winawer 2004). This is called longitudinal chromatic aberration,
where short wavelengths are focused in front of long wavelengths (Rucker and
Wallman 2009). Other studies have also discussed how accommodation is more
accurate when the eye is presented with polychromatic stimuli compared with
narrowband or monochromatic stimuli (Flitcroft 1990; Kruger et al. 1995; Kruger
et al. 1997). It may be suggested that if the accommodation system uses
chromatic cues, then the systems used to control eye growth may also use
chromatic cues to detect sign of blur and decide to either accelerate or halt axial
growth.
A study has also shown that the eye may be able to differentiate between myopic
or hyperopic defocus using different chromatic contrasts that result from different
signs of defocus (Rucker and Wallman 2009). This conclusion was based on an
experiment conducted on chicks where one of their eyes was exposed to a sinewave grating (5 or 2 cycle/degree) simulating myopic defocus (image focused in
front of retina; hence, red contrast higher than blue) and the other eye to a grating
of the same spatial frequency simulating hyperopic defocus (blue contrast higher
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than red) (Rucker and Wallman 2009). Rucker and Wallman found that the eyes
compensated in the appropriate directions, with the eyes exposed to the
hyperopic defocus simulation showed significantly more thinning of the choroid
compared with the eyes exposed to the myopic defocus simulation (Rucker and
Wallman 2009). From these findings, they were able to conclude that chicks are
able to use longitudinal chromatic aberration to detect sign of blur, and ultimately
grow in the appropriate direction.
Other theories on how the eye may detect blur sign have been offered (Wallman
and Winawer 2004). It is also suggested that the eye may be able to calculate
the long-term average level of accommodation exerted which would indicate if
the eye was myopic (little accommodation some of the time) or hyperopic (a lot
of accommodation all the time) (Wallman and Winawer 2004). Wildsoet and
colleagues (1993) conducted an experiment on chicks to determine if
accommodation or chromatic aberration cues are used during emmetropisation.
Ciliary nerve section surgery was performed on some of the chicks and form
deprivation myopia was induced by suturing the lids of all of the chicks. After 1-2
weeks, the eyes were opened, and the chicks were exposed to either
monochromatic or white light (control group). Form deprivation myopia was
induced in all of the chicks, meaning that the elimination of accommodation may
not be fundamental in the visual-feedback processes. When accommodation was
left intact, chickens reared under monochromatic light were able to recover
normally, meaning emmetropisation took place despite the lack of chromatic
aberration cues. Following the ciliary nerve section surgery, the induced myopia
was eliminated (Wildsoet et al. 1993). This shows that perhaps accommodation
and chromatic aberration are not fundamental in the visual-feedback
mechanisms (Wildsoet et al. 1993), although they may be involved in fine tuning.
2.1.3 Signal transmission from retina to sclera
There is evidence that suggests visually-guided growth results in changes in the
sclera. For example, increased eye growth in response to negative or diffuser
lenses results in decreased proteoglycan synthesis in the sclera and
proteoglycan synthesis increases in response to positive lenses (McBrien et al.
2000; Rada et al. 2000). However, how the visual signal generated from the retina
is translated to affect changes in the sclera remains unclear.
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One possible mediator in translating the visual signal to generate physical and
chemical changes is amacrine cells, which are neurones in the retina that release
the neurotransmitter, dopamine. The presence of an inverse relationship between
dopamine release and axial length growth rates in chickens is suggestive of
amacrine cells being involved in signal transmission (Ohngemach et al. 1997).
However, studies are far from confirming dopamine to have a fundamental roles
in eye growth mechanisms. In fact, many studies cast doubt on dopamine being
a principal neurotransmitter in controlling eye growth (Pendrak et al. 1997; Kroger
et al. 1999). One strong line of evidence to support the principal role of dopamine
in emmetropisation would involve the concentration of dopamine to alter in
opposite directions in response to positive and negative lenses, but this is not
always reported (Bartmann et al. 1994; Schaeffel et al. 1995).
Atropine’s possible site of action may indicate another location from which signals
are transmitted to guide ocular structural change. With atropine being a
muscarinic antagonist, its site of action is neurons with muscarinic cholinergic
receptors. However, change in acetylcholine concentration as a result of formdeprivation myopia has not been reported (McBrien and Gentle 2001).
Glucagon (a hormone) is also found to play a role in signalling eye growth
(Feldkaemper and Schaeffel 2002). The amount of glucagon in the retina was
found to reduce with minus lens use and glucagon content increased with plus
lens treatment (Feldkaemper and Schaeffel 2002). Therefore, it appears that
glucagon may be involved in regulating eye growth by acting as a stop signal
for increases in axial length.
Retinoic acid is suggested as another possible mediator in translating visual
signals from the retina to the sclera (Seko et al. 1998; Bitzer et al. 2000;
McFadden et al. 2004). One line of evidence to support this is that the production
of retinoic acid is shown to be differentially affected by lens-wear in chicks (Mertz
and Wallman 2000). For example, when chicks’ eyes are forced to look through
positive lenses, as increase in retinoic acid within the choroid is reported.
Similarly, in guinea pigs, retinoic acid is increased in response to negative lenses
and reduced with positive lenses, which indicates that retinoic acid is likely to be
involved in regulating eye growth within the retina (McFadden et al. 2004). The
retinoic acid produced by the choroid, is transported to the sclera, where it inhibits
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proteoglycan synthesis and thus inhibition of ocular growth takes place (Mertz
and Wallman 2000). In conclusion, it is likely that visual signals alter the amount
of retinoic acid produced by the choroid, which in turn influences axial ocular
growth at the scleral level. However, chemical messengers released by the retina
and choroid and their relative roles to induce changes in eye growth are largely
still under debate. It is clear that further studies are required to further understand
how the retinal image is analysed to signal ocular growth change.
2.2 Peripheral Refraction (PRx)
In addition to central (Schaeffel et al. 1988; Howlett and McFadden 2009),
peripheral retinal defocus (Wallman et al. 1987; Smith et al. 2010) is also shown
to stimulate changes in axial length growth, hence considered as a possible risk
factor for the development of myopia (Hoogerheide et al. 1971). A possible link
between RelPH and myopia onset is reported (Mutti et al. 2007). If RelPH guides
changes in axial length, the quality of peripheral vision may be sufficient to be
used to guide ocular growth; resolution acuity is shown to decline with eccentricity
but detection acuity is demonstrated to remain high at the periphery in human
studies (Wang et al. 1997). Resolution acuity is defined as the highest spatial
frequency for which spatial patterns are recognised and detection acuity is
defined as the highest spatial frequency for which luminance gratings can be
distinguished from a uniform pattern (Wang et al. 1997). Before, the role of PRx
in visual signalling is discussed further, largely in human studies, it is important
to understand the general pattern of refraction across the retina.

2.2.1 The pattern of SER profile along the horizontal meridian
The pattern of peripheral defocus is found to vary in myopic, emmetropic and
hyperopic eyes in a number of studies (Rempt et al. 1971; Seidemann et al. 2002;
Schmid 2003; Logan et al. 2004; Atchison et al. 2005b). Myopic eyes have been
shown to display RelPH (Figure 4A), defined as a more hyperopic peripheral
retinal refraction compared to the foveal refraction (Millodot 1981; Mutti et al.
2000b; Mutti et al. 2007; Mutti et al. 2011; Sankaridurg et al. 2011; Backhouse et
al. 2012; Kwok et al. 2012). Hyperopic eyes become relatively myopic (Mutti et
al. 2000b) and emmetropic eyes remain emmetropic or show slight shift towards
myopia (Figure 4B) in the peripheral retina (Seidemann et al. 2002, Ehsaei et al.
2011). These patterns across the horizontal meridian tend to be very consistent
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among studies (Mutti et al. 2000b; Seidemann et al. 2002; Ehsaei et al. 2011b)
with small variations between the studies (Figure 4).

Some asymmetry in peripheral SER is reported across the horizontal meridian,
with reports that only the temporal retina is correlated with central refraction
(Pardhan and Rae 2009). Changes in SER towards the periphery tend to be
greater in the temporal than the nasal retina (Dunne et al. 1993; Gustafsson et
al. 2001; Seidemann et al. 2002; Atchison et al. 2005b). This can be seen in
Figure 4A amongst the myopes, but mainly in the study by Chen et al. (2010).
Perhaps this is because Chen et al. (2010) is the only study to measure PRx out
to 40, suggesting the nasal-temporal asymmetry may become more pronounced
the further you go into the periphery.

Figure 4. Peripheral refraction in myopes, emmetropes and hyperopes.
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Figure 4. Spherical equivalent refraction (SER) as a function of retinal eccentricity in the horizontal
meridian in myopic (A), emmetropic and hyperopic (B) refractive groups. Two adult studies are
represented (Chen et al. 2010; Ehsaei et al. 2011b) and the rest of the studies had children
participants. D is dioptre. The average values are shown in Figures 4A and 4B, whereas Table 6
provides the standard deviation information. Standard deviation was not shown in the figures because
it made the figures too difficult to understand. The standard errors were not provided by the studies.

Table 6. Detail of the peripheral refraction studies shown in Figures 4, 5 and 6
Authors
(Year)

Age

Sample Size Refractive Categories

Sng et al. 83 ±36 months
250
(2011)
(41 to 190 months)

Mod-High Myopia,  -3.00
D; Low myopia, -2.99 to 0.50 D; Emmetropia, -0.49
to +1.00 D; Hyperopia,
>+1.00 D

Mutti et al. 5 to 14 years
(2000)

822

Myopia

-0.75
D;
Emmetropia -0.75 to +1.00
D; Hyperopia  +1.00 D

Allinjawi et 14.18 ±0.88
al. (2016)
(13 to 15) years

27

Moderate- High Myopia, 4.39 ± 0.95 D (range, -3.12
to -5.93 D)

Ehsaei et al. Myopes,
22.28 31 Myopes, Moderate- High Myopia, (2011b)
±5.19 (18 to 39) 18
4.39 ± 0.95 D (range, -3.12
years;
Emmetropes to -5.93 D)
Emmetropes,

38

23.06 ±4.63 (18 to
37) years
Chen et al. Children,
11.08 12 Children, Moderate Myopia, -3.00 to 
(2010)
±1.49 (8 to 12) 12 Adults
-6.00 D
years;
Adults,
21.55 ±3.63 (18 to
25) years
Table 6. Summary of the study population and method details of the five peripheral refraction
studies used to create Tables 9, 10 and 11, and Figures 5, 6 and 7. AR is autorefractor. D is
dioptre. All the refractive measures were taken as the participant looked at distant targets. All
studies use auto-refractor to measure refraction. Cycloplegia was used in all used apart from
Allinjawi et al. (2016) and Ehsaei et al. (2011b).

Table 7. Variation in peripheral SER in myopic, emmetropic and hyperopic
refractive groups.
Study
Eccentricity/degree
Sng et al. (2011)

Refractive Error Categories
Mod-High
Myopia SER
Mean±SD
±1.30
±1.27
±1.27
±1.75
±1.85

Nasal-30°
Nasal-15°
0°
Temporal-15°
Temporal-30°

-3.70
-4.63
-4.93
-4.68
-3.00

Mutti et. al. (2000)

Myopia SER
Mean±SD

0°
Temporal-30°

-2.84
-2.04

Allinjawi et al.
(2016)

Mod-High
Myopia SER
Mean±SD

Nasal-35°
Nasal-30°
Nasal-25°
Nasal-20°
Nasal-15°
Nasal-10°
Nasal-5°
0°
Temporal-5°
Temporal-10°
Temporal-15°
Temporal-20°

-3.34
-3.63
-3.86
-4.19
-4.33
-4.52
-4.20
-4.39
-4.37
-4.43
-4.41
-4.31

±2.09
±1.82

Low Myopia
SER
Mean±SD
-1.54
-1.82
-1.62
-1.79
-1.12

±0.96
±0.72
±0.73
±0.80
±0.90

Emmetropia
SER
Mean±SD
+0.44 ±0.45
+0.03 ±0.79

± 1.32
± 1.35
± 1.31
± 1.20
± 1.34
± 1.04
± 0.98
± 0.95
± 0.89
± 0.93
± 1.11
± 1.09

39

Emmetropia
SER
Mean±SD
-0.17
-0.09
+0.25
-0.11
+0.07

±0.84
±0.61
±0.44
±0.82
±0.70

Hyperopia SER
Mean±SD
+1.81
+0.72

±0.74
±1.09

Hyperopia SER
Emmetropia
SER
Mean±SD
+1.18 ±0.81
+1.17 ±0.73
+1.62 ±0.66
+1.06 ±0.91
+1.43 ±0.80

Temporal-25°
Temporal-30°
Temporal-35°

-4.09
-3.60
-3.32

± 1.36
± 1.49
± 1.59

Ehsaei et al. (2011)

Myopia SER

Mean±SD

Emmetropia
SER
Mean±SD

Nasal-30°
Nasal-20°
Nasal-10°
0°
Temporal-10°
Temporal-20°
Temporal-30°

-3.69
-4.96
-5.54
-5.76
-5.62
-4.97
-3.71

+0.40
+0.09
-0.34
-0.32
-0.34
-0.26
-0.18

Chen et al. (2010)

Myopia SER
(Children)

Myopia SER
(Adults)

Mean±SD

Mean±SD

± 2.89
± 2.43
± 1.96
± 1.82
± 1.84
± 1.78
± 2.09

± 1.12
± 0.74
± 0.63
± 0.44
± 0.62
± 0.95
± 1.34

-3.18
-2.35
Nasal-40°
-3.65
-2.86
Nasal-32°
-4.12
-3.40
Nasal-22°
-4.09
± 0.81 -4.11 ± 1.23
0°
-3.90
-2.89
Temporal-22°
-3.23
-2.00
Temporal-32°
-2.41
-1.54
Temporal-40°
Table 7. Data taken from the five peripheral refractive studies listed in Table 6. T is temporal
retina; N is nasal retina. All values are in dioptres (D).

2.2.2 The pattern of SER profile along the vertical meridian
If visual signals generated from defocus at the peripheral retina, stimulate axial
growth, it is likely that more than one section of the retina contributes to the
generation of this signal. Therefore, it is important to investigate the refractive
state across the whole retina so that a full pattern of the refractive state of the
retina is known. However, although some studies have investigated the refractive
error of the peripheral retina along the horizontal and vertical meridians
(Seidemann et al. 2002; Schmid 2003; Atchison et al. 2006b; Chen et al. 2010),
most studies of peripheral retinal refractive error investigate the refraction along
the horizontal meridian only (Rempt et al. 1971; Millodot 1981; Mutti et al. 2000b;
Logan et al. 2004). Very few studies have considered the refraction at other
locations on the retina (Seidemann et al. 2002; Mathur et al. 2009; Ehsaei et al.
2011b), most likely due to practical difficulty measuring refraction at oblique
retinal locations. This explains why, in contrast to the SER across the horizontal
meridian, there is controversy regarding the pattern of peripheral refraction in
other meridians (Seidemann et al. 2002; Schmid 2003; Atchison et al. 2006b).
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There is evidence to show that the patterns of refraction are different along the
vertical and horizontal meridians (Atchison et al. 2006b). Along the vertical visual
field, myopic shift is reported to take place for myopes, hyperopes and
emmetropes (Atchison et al. 2006b). A greater myopic shift along the inferior
visual field, than the superior visual field is reported (Seidemann et al. 2002),
although this was not supported by a later study (Atchison et al. 2006b). Another
variation in the refractive state of the peripheral retina was reported by Schmid,
where a small relative hyperopic shift with low central myopia at 15° superior and
inferior was found (Schmid 2003). These differences between studies may be
attributed to differences in the age of the participants between the groups:
children (Schmid 2003) in comparison with adults (Atchison et al. 2006b).
However, the results along the horizontal meridian between studies are more
consistent despite variations in age (Schmid 2003; Atchison et al. 2006b).
An interesting difference between the horizontal and vertical meridians is that,
amongst myopes, the relative hyperopic shift in the periphery appears to be
influenced by the amount of myopia up to -4.00 D, along the horizontal meridian
(Atchison et al. 2006b). In contrast, along the vertical meridian, the myopic shift
towards the periphery is not found to be influenced by the extent of the central
myopia (Atchison et al. 2006b). It is, therefore, tempting to conclude that because
the SER appears to not change over the vertical meridian despite increases in
central myopia (Atchison et al. 2006b), the refractive state of the vertical meridian
does not (or has little) influence over the growth of the eye.

The distribution of relative peripheral refraction across the retina goes hand in
hand with what we know about the shape of the ocular globe (Atchison et al.
2004; Atchison et al. 2005a). Longitudinal studies showing that RelPH is
associated with the progression of central myopia (Mutti et al. 2007; Mutti et al.
2011) fits well with reports that the posterior retinal contour of myopic eyes is
relatively more prolate or less oblate (Deller et al. 1947; Mutti et al. 2000b;
Atchison et al. 2004; Atchison et al. 2005a) (Seidemann et al. 2002; Mutti et al.
2011), where the axial length exceeds the equatorial diameter, than that of
hyperopic or emmetropic eyes (Deller et al. 1947; Mutti et al. 2000b; Logan et al.
2004; Atchison et al. 2005a). Further to this, an increase in foveal myopia has
been found to be associated with an increase in relative prolate shape of the eye,
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or equivalently a decrease in relative oblate shape of the eye, using magnetic
resonance imaging data (Charman and Jennings 1982; Dunne et al. 1987; Singh
et al. 2006).

2.2.3 Astigmatism in the peripheral retina
Studies of peripheral astigmatism show that the amount of astigmatism changes
with increase in retinal eccentricity (Figures 5-6 and Tables 9 and 10) (Millodot
1981; Dunne and Barnes 1990; Seidemann et al. 2002; Atchison et al. 2006b;
Radhakrishnan et al. 2013). However, there is not always consistency between
studies about the nature of the change and if this change in peripheral
astigmatism is related to the growth of the eye. The degree of astigmatism has
been reported to be around 4.00 D at 40° of eccentricity and tends to increase to
about 7.00 D at 60° (Gustafsson et al. 2001). Astigmatism has also been reported
to increase in magnitude towards the peripheral retina at a greater rate in
hyperopic eyes than in emmetropic or myopic eyes (Millodot 1981; Seidemann et
al. 2002). However, there are great variations to these findings (Figures 5-6).
J180 refers to astigmatism at 90° and 180° meridians. J180 has been reported to
become more negative (increase against-the-rule astigmatism) along the
horizontal meridian, with no significant differences between the refractive groups
(Chen et al. 2010). Oblique astigmatism is represented by J45, with the axis set
at 45° and 135° meridians. Peripheral refraction studies with myopic participants
have shown J45 becoming more positive (compared to central retina) with
increasing eccentricity, across the horizontal meridian (Atchison et al. 2005b;
Atchison et al. 2006b; Davies and Mallen 2009). This positive increase is reported
to be greater in the temporal retina, compared with the nasal retina
(Radhakrishnan et al. 2013). This is confirmed in Figure 6A, amongst the myopes.
The opposite is found amongst emmetropes and hyperopes (Figure 6B).

Across the vertical meridian, J180 becomes more positive (increase in with-therule astigmatism) with increase in eccentricity, with no significant differences
between the refractive groups (Chen et al. 2010). The magnitude of central
myopia does not appear to be related to peripheral J180 along the vertical
meridian (Atchison et al. 2006b). The rate of change of J45 in the periphery has
been claimed to be three times faster across the vertical meridian, compared with
the horizontal meridian (Atchison et al. 2006b). A later study contradicted this
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finding by showing that increase in J45 along the vertical meridian is smaller
compared with the horizontal meridian (Chen et al. 2010). This inter study
difference may be as a result of differences in ethnicity, age of the study
population and differences in measurement techniques used. For example,
cycloplegia was used in the study by Chen and colleagues but not in the study
by Atchison and colleagues, although it is unclear that cycloplegia will affect
astigmatism at non-central locations.

The possible role of J45 in influencing central refractive error development,
suggest that orientation of astigmatism might be important in visually-guided axial
ocular growth (Radhakrishnan et al. 2013). J45 at 20° and 30° in the nasal retina,
in a two year longitudinal human study, has been shown to have a predictive
effect for the rate of myopia progression (Radhakrishnan et al. 2013). When
cylindrical lenses were placed over the central retina of chicks (Irving et al. 1995),
partial compensatory astigmatic growth were noted, with the compensation
varying according to the orientation of the cylinder axis (Schmid and Wildsoet
1997a).

Figure 5. Peripheral J180 in myopes, emmetropes and hyperopes, across the
horizontal meridian
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Figure 5. Variation in astigmatic component J180 as a function of retinal eccentricity in the
horizontal meridian in myopic (A), emmetropic and hyperopic (B) refractive groups. M is myopia.

Table 8. Variation in peripheral J180 across the horizontal meridian in myopic,
emmetropic and hyperopic refractive groups.
Study
Eccentricity/degree
Sng et al. (2011)

Refractive Error Categories
Mod-High
Myopia SER
Mean±SD

Low Myopia
SER
Mean±SD

Emmetropia
SER
Mean±SD

Hyperopia SER
Emmetropia
SER
Mean±SD

Nasal-30°
Nasal-15°
Temporal-15°
Temporal-30°

-0.31
+0.26
+0.40
+0.25

-0.30
+0.16
+0.24
+0.07

-0.38
+0.02
+0.02
-0.19

-0.26
-0.05
+0.03
-0.14

Allinjawi et al.
(2016)

Mod-High
Myopia SER
Mean±SD

Nasal-35°
Nasal-30°
Nasal-25°
Nasal-20°
Nasal-15°
Nasal-10°
Nasal-5°
0°
Temporal-5°
Temporal-10°
Temporal-15°
Temporal-20°

+0.13
-0.07
-0.05
-0.07
+0.03
+0.07
+0.02
-0.04
0.00
-0.03
+0.01
0.00

± 0.76
± 0.54
± 0.52
± 0.70

± 0.50
± 0.54
± 0.34
± 0.38
± 0.34
± 0.31
± 0.26
± 0.25
± 0.27
± 0.23
± 0.28
± 0.36

44

± 0.75
± 0.68
± 0.56
± 0.66

± 0.69
± 0.45
± 0.54
± 0.44

± 0.57
± 0.43
± 0.48
± 0.38

Temporal-25°
Temporal-30°
Temporal-35°

+0.06
+0.02
+0.11

± 0.70
± 0.93
± 0.84

Ehsaei et al. (2011)

Emmetropes
SER

Mean±SD

Myopes SER
Mean±SD

-0.09 ± 0.75
-0.09 ± 0.46
-0.06 ± 0.41
+0.04 ± 0.31
-0.03 ± 0.34
+0.05 ± 0.31
+0.06 ± 0.16
+0.05 ± 0.13
-0.06 ± 0.23
+0.08 ± 0.18
-0.23 ± 0.38
-0.04 ± 0.52
-0.59 ± 0.79
+0.10 ± 0.65
Table 8. Data from the five peripheral refractive studies listed in Table 6. T is temporal retina; N

Nasal-30°
Nasal-20°
Nasal-10°
0°
Temporal-10°
Temporal-20°
Temporal-30°

is nasal retina. All values are in dioptres (D). Positive J180 values indicate with-the-rule
astigmatism, and negative J180 values indicate against-the-rule astigmatism.

Table 9. Variation in peripheral J45 in the horizontal meridian in myopic,
emmetropic and hyperopic refractive groups.
Study
Eccentricity/degree
Sng et al. (2011)

Refractive Error Categories
Mod-High
Myopia SER
Mean±SD

Low Myopia
SER
Mean±SD

Emmetropia
SER
Mean±SD

Hyperopia SER
Emmetropia
SER
Mean±SD

Nasal-30°
Nasal-15°
Temporal-15°
Temporal-30°

+0.10
-0.03
+0.17
+0.09

+0.03
-0.04
+0.07
+0.10

+0.03
+0.03
-0.02
+0.02

-0.01
+0.01
+0.02
+0.07

Allinjawi et al.
(2016)

Mod-High
Myopia SER
Mean±SD

Nasal-35°
Nasal-30°
Nasal-25°
Nasal-20°
Nasal-15°
Nasal-10°
Nasal-5°
0°
Temporal-5°
Temporal-10°
Temporal-15°
Temporal-20°
Temporal-25°
Temporal-30°
Temporal-35°

-0.01
+0.11
-0.01
-0.04
-0.07
+0.02
-0.06
-0.03
-0.01
-0.04
+0.05
+0.07
-0.18
-0.15
+0.18

± 0.36
± 0.24
± 0.34
± 0.35

± 0.59
± 0.41
± 0.36
± 0.36
± 0.27
± 0.32
± 0.28
± 0.23
± 0.23
± 0.25
± 0.37
± 0.51
± 0.58
± 0.58
± 0.91

45

± 0.38
± 0.23
± 0.34
± 0.3

± 0.30
± 0.18
± 0.26
± 0.33

± 0.25
± 0.16
± 0.30
± 0.25

Ehsaei et al. (2011)

Emmetropes
SER

Myopes SER
Mean±SD

Mean±SD

-0.09 ± 0.46
0.01
± 0.65
+0.04 ± 0.31
-0.02 ± 0.34
+0.05 ± 0.31
-0.01 ± 0.30
+0.05 ± 0.13
0.04
± 0.14
+0.08 ± 0.18
0.10
± 0.26
-0.04 ± 0.52
0.13
± 0.40
+0.10 ± 0.65
0.31
± 0.64
Table 9. Data are from the studies listed in Table 6. T is temporal retina; N is nasal retina. All

Nasal-30°
Nasal-20°
Nasal-10°
0°
Temporal-10°
Temporal-20°
Temporal-30°

values are in dioptres. A positive J45 value indicates that the negative cylinder axis of the JCC
is at 45° (Tong et al. 2002; Liu et al. 2011). A negative value of J45 indicates that the negative
cylinder axis of the Jackson cross-cylinder is at 135° axis (Tong et al. 2002; Liu et al. 2011).

Figure 6. Peripheral J45 in myopes, emmetropes and hyperopes, across the
horizontal meridian
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Figure 6. Variation in astigmatic component J45 as a function of retinal eccentricity in the
horizontal meridian in myopic (A), emmetropic and hyperopic (B) refractive groups. M is myopia.

2.3 The role of PRx in guiding ocular growth
2.3.1 Animal Studies
Studies on tree shrews have shown that emmetropisation takes place
successfully despite their very low visual acuity; spatial contrast sensitivity
function is shown to be about 1.2 to 2.4 cycles/degree (Petry et al. 1984). The
study showed that perhaps high visual acuity is not a fundamental requirement
for emmetropisation process. This may be used to argue that despite low visual
acuity of the human peripheral retina, peripheral vision can play a significant role
in ocular growth.
It is suggested that the refractive defocus signal at the periphery may be stronger
than signals arising from the central retina (Wallman and Winawer 2004). This is
supported by evidence showing that the retina is more responsive to refractive
error at the periphery than the centre (Ho et al. 2012). With these studies in mind,
it is plausible to think that peripheral vision may have an important role in
emmetropisation and a number of early animal studies have demonstrated this
(Wallman et al. 1987; Hodos 1990; Miles and Wallman 1990; Diether and
Schaeffel 1997).
Smith and colleagues have conducted animal experiments examining the role of
peripheral vision on emmetropisation. One of these experiments (Smith et al.
2005) involved the rearing of infant monkeys with diffusers that had either 4 or 8
mm apertures centred on the pupils of each eye, allowing 24° or 37° of
unrestricted central vision, respectively. Despite the unrestricted central vision,
the diffuser lenses induced the central refractive error to become significantly less
hyperopic/ more myopic (+0.03 ± 2.39 D) compared to the control group (+2.39
± 0.92 D) (Smith et al. 2005). This demonstrated that unrestricted central vision
is not enough to ensure normal refractive development centrally, but unrestricted
peripheral vision is also required. Once the diffuser lenses were removed, the
fovea was destroyed using an argon laser monocularly. If central vision is
sufficient in guiding emmetropisation, after the diffuser removal, the eyes with the
ablated foveas should have remained less hyperopic/ more myopic (compared to
the control). However, all the eyes (ablated and not ablated) of the monkeys
recovered from the induced form-deprived refractive errors. Once again, this
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demonstrates that peripheral vision may be fundamental to the emmetropisation
process.
A number of suggestions have been offered to explain how peripheral refraction
may influence axial refraction. One theory is based on studies that show when
local retinal regions are visually deprived (using translucent occluders), the
vitreous chamber elongates in that region only (Wallman et al. 1987). These
variations may be genetically determined and arise because of regional variations
in the structural properties of the sclera (Feldkaemper et al. 2004; Schippert et
al. 2006; Mathis and Schaeffel 2010). If axial length increases along local
peripheral regions due to local peripheral form deprivation, it may result in an
overall expansion of the posterior globe, including central axial length (Smith et
al. 2005). Another theory involves the visual signals initiated at the retina to guide
ocular growth may all be added together to produce one final signal. The signals
from the peripheral retina may play a more fundamental role in determining the
direction of growth because the fovea is a small part of the retina and the number
of neurons at the fovea are lower than in the periphery (Wallman and Winawer
2004).

The majority of animal studies examining the role of peripheral refraction in eye
growth alter the refractive state of the retina at the periphery and measure the
subsequent change in central refraction only (Smith et al. 2005). It is also
important, however, to examine how the refractive state at the periphery changes.
This is what Huang et al. (2011) did by investigating if visual signals from the
fovea play an important role in PRx development in 35 rhesus monkeys. This
study will be explained in detail and given prominence in this section as it is a
relatively recent study that compares three different experiments with each other
and with a control group.
The monkeys in Huang and colleagues’ study (2011) were split into four groups.
Eight of the monkeys were monocularly treated with diffuser lenses to induce
form-deprivation myopia, and photocoagulated the central 10–12° of the treated
eye (group 1) (Huang et al. 2011). Photocoagulation involved the use of argon or
frequency-doubled YAG (Yttrium Aluminium Garnet) laser (Smith et al. 2007) to
burn the central retina (Huang et al. 2011). This was done to determine if the
visual signals from the fovea are essential in peripheral refractive error
2

development. Group 2 consisted of 10 monkeys with induced monocular formdeprivation myopia. Group 3 involved 5 monkeys with monocular ablated central
retinas but vision unrestricted. The final group consisted of 12 visually normal
monkeys (group 4). Refractive data were measured centrally and at 15°, 30° and
45° along the horizontal meridian, using retinoscopy (Huang et al. 2011).

As expected, both eyes of the control monkeys (group 4) developed similar
central refractive errors (R, +2.20 ± 0.94; L, +2.33 ± 0.93) (Huang et al. 2011).
Reported in an earlier study (Hung et al. 2008), the PRx was also less hyperopic
compared to the central refraction and was also similar in the two eyes (right eye
minus left eye differences = −0.09, −0.03, +0.12 D at 15°, 30°, and 45° temporal,
respectively, and +0.09, −0.05, −0.03 D at 15°, 30°, and 45° nasal, respectively).
This demonstrates that in non-treated and healthy animals, central refraction
develops symmetrically in the two eyes. Interestingly, however, the central
refraction of the group 3 monkeys were similar to the non-treated (group 4)
monkeys (R, +2.26 ± 0.27; L, +2.41 ± 0.54) (Huang et al. 2011). The eyes with
the central retina ablated developed in the same way as the eyes with healthy
retinas axially, demonstrating that central vision is not necessary for refractive
development along the axial line, similar to other studies (Artal et al. 1995; Wang
et al. 1997; Smith et al. 2005; Smith et al. 2007; Smith et al. 2009b). It has been
demonstrated that altering the refractive state of one eye of marmosets,
effectively changes eye growth and refractive state of both eyes to compensate
for the imposed defocus (Troilo et al. 2009). It may be suggested that signals
from the central retina of the fellow, non-treated eye overshadowed central
signals from the treated eye. In this respect, it could be argued it was not the
signals from the peripheral retina of the treated eye of group 3 monkeys that
guided axial refractive development. Perhaps the eye can recognise ‘faulty
signals’, vision dependant signals produced from the retina as a result of sudden
and drastic change in refraction, as opposed to signals produced from the clear
fellow eye. However, the same argument explains the refractive development in
all the groups. In this regard, this study does not firmly confirm which signals
(central or peripheral) take priority in determining eye growth because of
interferences from the un-treated and un-occluded fellow eyes.
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When form deprivation myopia was induced in the periphery (group 1 and 2), the
refractive development axially was very diverse (ranging from +6.06 to -4.88 D in
group 1, and +5.81 to -5.88 D in group 2) (Huang et al. 2011). This perhaps
demonstrates that, due to the disrupted peripheral vision, the central refraction
developed abnormally. The average refractive error in the two groups with formdeprivation myopia was not significantly different, despite the large standard
deviation (group 1, -1.76 ±2.75 D; group 2, -4.08 ±3.94 D) (Huang et al. 2011).
This similarity in the two groups, regardless of the fact that group 1 had central
retina ablated, demonstrates that vision dependent signals (signals produced as
a result of stimulation by retinal image) initiated at the periphery are likely to
dominate vision-dependent signals produced at the central retina.

It is important to note that most studies refer to different regions of the retina and
visual field as either central or peripheral. However, the definition of ‘central’ and
‘peripheral’ retina varies significantly between studies. For example, the area of
the retina referred to as central can vary from 10-12 (Huang et al. 2011) to 2437 (Smith et al. 2005). No specific reasons are given to how the size of the
central retina is selected, but it may be due to the apparatus used as part of the
method. For example, in the study that defined central retina to be fairly small
(10-12) they lasered the retina (Huang et al. 2011). It is easy to laser a small
part of the retina. However, when diffusers are used, with apertures to
unrestricted central vision, the method may not work with smaller apertures, the
edges of small apertures that produce 10-12 unrestricted vision may interfere
with central vision, hence it would mean central vision was not left untreated.
Regardless of why or how the size of the ‘central retina’ is defined, it is important
to take into account when comparing to the outcome of studies. Uniformity
between studies will help identify regions of the retina with strongest or weakest
signals and answer questions such as, if signals from the peripheral retina are
dominant over central signals, does the signal become stronger with increase in
eccentricity?

The PRx along the horizontal meridian were also similar in groups 1 and 2, with
the PRx being relatively hyperopic compared to the central refraction in both
groups. Every −1.00 D of central refraction was associated with +0.18 D (group
1) or +0.08 D (group 2) of RelPH at 15° in the nasal retina. The RelPH increased
4

with increase in eccentricity, with every −1.00 D of central refraction associated
with +0.46 D (group 1) or +0.47 D (group 2) of RelPH at 45° in the nasal retina.
The lack of a significant difference in the PRx amongst group 1 and 2 again
suggest that visual signals from the central retina may not be as important in
determining ocular growth as peripheral signals. It is plausible to suggest that
vision-dependent signals are produced across the retina (central and periphery)
but signals from the periphery take priority over central signals. The RelPH found
in the myopic eyes of group 1 and 2 is likely to be due to prolate changes in the
posterior globe. It has been shown in other studies on monkeys that when myopia
is induced in monkeys, the corresponding PRx changes are associated with
changes in the shape of the posterior globe (Huang et al. 2009; Smith et al.
2009a; Smith et al. 2009b).

The changes in central and peripheral refraction discussed so far in this section
have been measured in SER. However, the anatomical and physiological reports
from animal studies show that the retinal ganglion cells of primates may also be
sensitive to orientation (Schall et al. 1986; Soodak et al. 1987; Shou and
Leventhal 1989; Smith et al. 1990; Passaglia et al. 2002). This means that the
peripheral retinal neurons may have different levels of sensitivity for tangential
and sagittal defocus. This confirms that the peripheral retina also detects
astigmatic blur.

It is worth highlighting that Schippert and Schaeffel demonstrated that it is unlikely
for RelPH to play a significant role in the onset of myopia (Schippert and Schaeffel
2006). When the central retina was left clear, but the peripheral retina of chicks
were exposed to hyperopic and myopic defocus, the chicks remained
emmetropic. (Schippert and Schaeffel 2006). However, the study did not rule out
the use of imposed RelPM (or reduction in RelPH) in reducing the rate of myopia
progression. There is a possibility that if smaller apertures were used (< 4 mm),
RelPRx may have been found to alter the central refraction.

2.3.2 Human Studies
PRx has long been suggested as a potential risk factor in myopia onset and
progression, with studies dating back to the 1930s, when Ferree and colleagues
first measured PRx (Ferree and Rand 1933). Following on from this, Hoogerheide
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was the first to associate myopic progression with greater RelPH (Hoogerheide
et al. 1971). The latter study measured refraction over 120 of the horizontal
visual field, in a longitudinal study of young pilot participants (Hoogerheide et al.
1971). The PRx of the pilots who went on to develop myopia were more similar
to those seen in already myopic pilots, compared with those who were
emmetropic (and stayed emmetropic) or hyperopic. The pilots who developed
myopia tended to have RelPH rather than RelPM. Their results (Hoogerheide et
al. 1971) showed that RelPH is associated with a 40% probability of developing
myopia over the duration of the study, whereas RelPM was associated with a 4%
probability of developing myopia. More recent studies have also documented
RelPH in myopes (Mutti et al. 2000b) and have shown a slower rate of myopic
growth by inducing RelPM or reducing RelPH (Anstice and Phillips 2011;
Sankaridurg et al. 2011; Walline et al. 2013; Lam et al. 2014).
It is suggested that if RelPH stimulates compensating axial length increase, this
signal would persist even when the central refraction becomes myopic (Wallman
and Winawer 2004). Figure 7 illustrates this. The diagram is of an emmetropic
eye (solid black line) with RelPH (dotted lines). The peripheral image is therefore
behind the peripheral retina. The eye grows to focus the RelPH, that is to bring
the dotted lines on the retina, but this leads to axial myopia (dashed lines). When
the myopia is corrected centrally using standard methods such as SVL, the
RelPH is restored again. Therefore, the eye continues to grow. This process has
been explained in detail in a review (Charman and Radhakrishnan 2010).

Figure 7. Relative peripheral hyperopia inducing myopia

Figure 7. A spherical emmetropic eye, where light is perfectly refracted on the fovea (solid line),
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with RelPH (dotted lines). Ocular growth (arrows) results in axially myopic eye (dashed lines) in
an attempt to focus the RelPH.

The extent of the influence of the peripheral retina on the overall refractive state
of the eye can be questioned since both retinal image quality (Jennings and
Charman 1981; Navarro et al. 1993) and neural spatial resolution reduce
(Weymouth 1958), the further you go into the periphery. These findings could be
used to argue against the hypothesis that a RelPH stimulates axial myopia
(Jaeken and Artal 2012). There are also some variations in the reports of the
pattern of peripheral refraction. Not all studies agree that PRx predicts the onset
of myopia or influences the progression of myopia (Mutti et al. 2011; Sng et al.
2011b). Seidemann et al. (2002) found RelPM in myopic, emmetropic and
hyperopic participants. As mentioned previously (section 2.9.1), this is different
to what some other studies have found (Millodot 1981). However, they did report
smaller myopic shift towards the periphery in the myopic participants compared
with the emmetropic and hyperopic participants.
Other studies indicating that perhaps PRx may not play a causative role in the
development of central refractive error include the longitudinal study by Sng and
colleagues. They noted that the baseline pattern of PRx did not predict the onset
or development of myopia (Sng et al. 2011b). Although Mutti et al. found RelPH
2 years before the onset of myopia, they later concluded that the average RelPRx
is unrelated to axial growth and that RelPH has little consistent effect on the
probability of myopia development and progression in the Collaborative
Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) study (Mutti
et al. 2011). Also, a recent longitudinal study measured central and PRx amongst
Chinese children biannually over a 12 month period and concluded that baseline
RelPRx and changes in RelPRx are not predictors of central refractive error
development (Lee and Cho 2013). A similar longitudinal study found that myopia
progression and onset cannot be predicted by relative peripheral hyperopia
(Atchison et al. 2015).

2.3.3 Peripheral refraction under accommodationThe potential associations
between myopia development, near work and the refractive distribution of the
peripheral retina highlight the importance of studying the peripheral refraction for
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distance and near viewing. Chapters 6 and 7 will discuss near PRx and its
association with myopia in detail.

2.4 Literature Review: Attempts to Control Myopia
Many attempts have been made to slow myopia progression including the use of
single vision spectacle lenses (SVL), bifocals, progressive addition spectacle
lenses (PALs), multifocal contact lenses, orthokeratology (OK) lenses and
pharmacological interventions (Smith and Walline 2015). The theory behind
these treatments include reducing the accommodative lag and reducing the
relative peripheral hyperopic defocus in the peripheral retina to reduce the risk
factors associated with myopia (Gwiazda et al. 2003; Vagge et al. 2018).

The varied success rates from these treatments are discussed in this section.
However, it is important to first, briefly explain how myopia progression is
measured and the units for showing the results. Myopia progression is the
difference in SER and/or axial length at baseline and at follow-up visits. Between
the baseline and follow-up visits, a myopia control method is used (treatment
group) or the subjects wear their standard spectacles or soft contact lenses
(control group). The duration for which the subjects use the myopia control
method is termed the treatment period. Changes in SER and axial length are
represented in D and mm, respectively, which is defined as the rate of myopia
progression. It may have been easier, for comparison purposes, to show myopia
progression per year when discussing each study. However, this was not
possible because not every study offers this information, but all the studies
provide the rate of myopia progression at the end of their study. Animal and
human studies have been discussed separately. However, for direct comparison
purposes, at some points they have been discussed together.

Sometimes the efficacy of myopia control interventions in slowing the rate of
myopia progression is assessed by determining the “treatment effect size”. Figure
3 illustrates and compares the effect size of some of the studies investigating
different myopia control interventions. Treatment effect size is calculated by
working out the difference in progression between the treatment and control
group and dividing the answer by the progression of the control group. An
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example if given below to explain how treatment effect size is calculated: Myopia
progression in SER during the treatment period in the
-

treatment group = 0.44 D

-

control group = 0.69 D

0.69 D – 0.44 D = 0.25 D
0.25 D / 0.69 D = 0.36
0.36 x 100 = 36 %, meaning that the rate of myopia progression in treatment
group was 36% slower than the control group.

2.4.1 Rationale for the use of under-correction with SVLs and near addition with
bifocals or PALs
Myopia is under-corrected at all distances with SVLs. With bifocals and PALs,
myopia is under-corrected only at near (and intermediate distance with PALs).
The main advantage of bifocals or PALs over SVLs is that clear vision at distance
is maintained. There are some disadvantages with the use of bifocals or PALs
such as issues with adaptation (Alvarez et al. 2017). The rationale for undercorrecting myopia by around +0.50 D (Adler and Millodot 2006) or +0.75 D
(Chung et al. 2002) is the reduction of the accommodative demand at near. With
SVLs, there is myopic defocus at distance, which may serve as a ‘stop’ signal to
myopia progression. It is understood that myopes accommodate insufficiently to
demand at near (Gwiazda et al. 1993). It may also be suggested that the reduced
relative peripheral hyperopia from the area of the lens with the under-correction
may stop or slow eye growth. Under-correction shifts the focal refractive plane
anteriorly, leading to a reduction in the relative peripheral hyperopia (Ciuffreda
and Vasudevan 2010).

In addition, it has been noted that children with near esophoria can be at a greater
risk of developing myopia and may have a faster rate of myopia progression
(Goss 1991; Goss and Jackson 1996; Chung and Chong 2000). It is suggested
that esophoric children have to relax their accommodation to reduce
accommodative convergence to avoid diplopia (Gwiazda et al. 2004). This
reduction in accommodation during near work activities may induce hyperopic
blur, which may induce myopia (Goss and Wolter 1999; Gwiazda et al. 1999).
With this rationale in mind, PALs (Gwiazda 2011) and bifocals with base-in prism
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at near are offered to esophoric myopes with the aim of slowing myopia
progression (Cheng et al. 2014).

2.4.2 Single Vision Lenses (SVLs)
The findings of human and animal studies appear to be in contradiction to one
another with regards to the use of SVLs. Animal studies demonstrate that myopia
progression can be slowed or even inhibited by under-correcting myopia (Smith
et al. 1994; Schmid and Wildsoet 1997b; Wallman and Winawer 2004). However,
a clinical study found that the rate of myopia progression was faster amongst
under-corrected myopes (-0.50 D per year of myopic progression) compared with
those who were fully corrected (-0.38 D per year of myopic progression) (Chung
et al. 2002) as shown in Table 10. Later studies were in agreement with Chung
and colleagues, challenging the practice of under-correcting myopia with the
expectation of reducing the rate of myopia progression (Adler and Millodot 2006;
Vasudevan et al. 2014).

The difference between human and animal studies may simply be because the
visual signals within the eye of humans and animals behave differently, but it may
also be because animal and human studies are not designed to be compared to
one another. Animal studies for example are not matched with age with the
human studies; animal experiments are conducted on the animals whilst they are
infants (e.g. between 22 ± 2 and 155 ± 17 days of age in monkeys) (Huang et al.
2011). However, human studies are conducted on children when they are at least
of school age. From the pattern of progression and onset of myopia, it can be
concluded that the eye may respond differently to visual stimulus depending on
age. One theory is that the visual signals have more significance the younger the
subject (Morgan and Megaw 2004). This means that the capability of the myopic
(or reduced hyperopic) defocus to generate signals to slow myopia progression
weakens with age (Morgan and Megaw 2004). Another difference between
animal and human studies is compliance. Animals studies are tightly monitored
for compliance, but human studies rely on the participants or their parents to
feedback how strictly they followed the wearing regime of the correction.

Compliance may also partly explain why contradictory results are reported from
the human studies investigating myopia control interventions. Diverse results on
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the success of the interventions used to control myopia are reported (e.g. Cheng
et al. 2014 versus Parssinen et al. 1989). Equally, patient selection may also
explain these varied outcomes. For example, the participants of human studies
vary in age, parental myopia history, level of myopia at baseline, age of onset of
myopia and progression rate of myopia, amongst other factors. These factors
make comparisons between studies difficult, and they can result in differing
outcomes from studies investigating the same method of myopia control. If future
myopia control studies select more consistent methods and have similar subject
profiles, consistent outcomes may be achieved. This can result in a concrete
conclusion as to whether a method has potential in myopia control, but this is
likely to remain an idealistic study design to aim to for now as they are likely to
be costly. However, the International Myopia Institute has published definitions of
varied types of myopia and details ethical and clinical management guidelines for
myopia control methods (Wolffsohn et al. 2019), which may allow for
consistencies in future myopia studies.

2.4.3 Bifocals
A number of studies have examined whether bifocal and prismatic bifocal
spectacles can control myopia (Goss and Grosvenor 1990; Parssinen and Lyyra
1993; Cheng et al. 2010; Cheng et al. 2011; Cheng et al. 2014) with varied
success rates (Table 10). Some studies have reported that bifocals significantly
reduce myopia progression (Miles 1962; Oakley and Young 1975; Goss 1986;
Leung and Brown 1999; Fulk et al. 2000; Cheng et al. 2014), whereas others did
not find significant reduction in myopia progression (Shotwell 1981; Grosvenor et
al. 1987; Parssinen et al. 1989; Fulk and Cyert 1996).

Cheng and colleagues (2010) showed that myopia progression can be slowed by
0.96 D using bifocals (with +1.50 D add) compared to fully correcting the myopia
using SVLs after two years. Similarly, axial length increases were slower amongst
the children who wore bifocals (0.41 mm increase) compared with the fully
corrected SVLs (0.62 mm increase). The study ensured that their participants had
more than -1.00 D of myopia with a progression rate of at least 0.50 D in the
preceding year. Therefore, it concluded that bifocal may be used to slow myopia
progression in children with progression rate of at least 0.50 D per year (Cheng
et al. 2010). The same inclusion criteria was used by another study (Leung and
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Brown 1999). This suggests that myopic children need to be monitored only, until
their rate of progression is at least 0.50 D per year, then they can enter a bifocal
treatment plan.

2.4.4 Progressive Addition Lenses (PALs)
The rate of myopia progression is found be slower (by 0.28 D) in children wearing
PALs (Gwiazda 2011). However, the study only included low myopes (−0.75 to
−2.50 D) with high accommodative lags (initially defined as at least 0.50 D:
accommodative response less than 2.50 D for a 3.00 D demand) and near
esophoria (≥ 2 PD). The study (Gwiazda 2011) used +2.00 D addition lenses, but
other studies have found similar results with a smaller addition (Edwards et al.
2002; Yang et al. 2009) (Table 10). The study by Yang and colleagues (2009)
achieved similar outcomes (0.20 D slower myopia progression with PALs
compared to full correction SVL), despite the smaller power of the add as shown
in Table 10. This may be that the progression of myopia can only be slowed down
by a certain amount. After slowing the progression rate to a certain degree, using
higher addition powers is unlikely have any additional effect.
In conclusion, findings from recent studies (Chung et al. 2002; Adler and Millodot
2006; Vasudevan et al. 2014) do not support under-correcting myopia using SVLs
because it is found that any retinal defocus can encourage myopia development
(Chung et al. 2002; Adler and Millodot 2006). Although PALs have been shown
to reduce myopia progression (Edwards et al. 2002; Yang et al. 2009), they tend
to be most effective in myopes with large lags of accommodation and esophoria
at near (Gwiazda et al. 2004; Kurtz et al. 2007; Cooper and Tkatchenko 2018).
In addition, the use of PALs are also shown to be most effective only in the first
year of the treatment period and the total reduction in the progression of myopia
is shown to be clinically insignificant (Gwiazda 2011). Therefore, at this point in
time, myopia control using either SVLs, bifocals or PALs cannot be
recommended as effective interventions in reducing myopia progression (Cooper
and Tkatchenko 2018). Not every child will respond equally to the same treatment
method. Identifying children that are likely to benefit most from a myopic control
treatment plan is perhaps the key to achieving successful outcomes.

2.4.5 Pharmaceutical interventions: Atropine
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Pharmacologically inhibiting accommodation is shown to lead to a reduction in
the rate of myopia development (Bedrossian 1979). Atropine is a muscarinic
receptor antagonist (Song et al. 2011; Fang et al. 2013). When used on the eye,
it paralyses the muscarinic ciliary muscles (Song et al. 2011; Fang et al. 2013).
As a result, accommodation is temporarily reduced or eliminated, depending on
the concentration used. Therefore, its role in slowing myopia progression is in
reducing the assumed role of accommodation in the progression of myopia
(Wallman 1994).
Many studies report that the treatment effect of atropine is greater compared to
other interventions such as bifocals (Goss and Grosvenor 1990; Parssinen and
Lyyra 1993), spherical contact lenses (Perrigin et al. 1990), dual-focal contact
lens (Anstice and Phillips 2011) and OK (Hiraoka et al. 2012; Chen et al. 2013)
(Table 10). In a longitudinal, randomized clinical trial, 0.5 % atropine significantly
reduced the rate of myopia progression (0.41 D progression in 18 months),
compared with children wearing PALs (1.19 D) or SVLs (1.40 D) (Shih et al.
2001). The study also showed that the progression of myopia was significantly
correlated with the increases of axial length, but not with other ocular changes
such as corneal power, anterior chamber depth and lens thickness (Shih et al.
2001). This indicates that atropine slows myopia progression by altering the
growth rate of axial length not by changing other ocular structures.

Table 10 shows that other studies have similarly reported successful results with
the use of atropine to slow myopia progression. However, there are still a number
of critical questions, without conclusive answers, associated with the use of
atropine. For example, one year after stopping the use of atropine, Chua et al.
(2005) noted myopia progression more than doubled compared with the nontreated eyes (Chua et al. 2005). Although the mean progression rate was still
lower in atropine-treated compared with control eyes over the 3 year period (Chua
et al. 2005). This sudden increase in myopia progression casts doubt on the true
ability of atropine to permanently reduce myopia progression.

There are other shortcomings of atropine studies investigating the role of atropine
in myopia progression. For example, Chua and colleagues (Chua et al. 2006)
used atropine monocularly, which can serve as a confounding factor in the form
of interactions between the two eyes. Signals from the untreated eye may
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interfere with refractive development of the treated eye. Other atropine studies
also contain confounding factors in the form of multifocal or bifocal lens use (Aller
and Wildsoet 2008). Multifocal lenses become confounding factors because they
may also be adding to the reduction in myopia progression; since the study is no
longer only examining the role of atropine on myopia progression. Although these
limitations can significantly influence the outcome of studies, with appropriate
measures they can be tackled. However, it does mean that the method of atropine
studies needs to be carefully studied when considering the conclusions.

Drop-out rates can vary from 13.5 % (Chua et al. 2006) to 17.2 % (Shih et al.
2001), indicating that it can be difficult to retain subjects for the whole duration of
the study, possibly due to the adverse side effects associated with atropine use
(North and Kelly 1987; Princelle et al. 2013). The possible side effects that can
result from the use of atropine include temporary red eyes, allergic dermatitis,
blurred vision and photophobia due to paralysis of ciliary muscles and sphincter
pupillae (Ganesan and Wildsoet 2010; Chia et al. 2012). These side effects may
affect compliance, which can influence treatment efficacy (Romano and Donovan
2000; Chiang et al. 2001).

Serious side effects such as cataract, retinal vascular disease resulting from the
mydriatic effect leading to ultraviolet light damage (Kao et al. 1988; Walsh and
Bergmanson 2011), which may limit the use of atropine clinically. Raised
intraocular pressure and angle closure glaucoma have also been reported
(Lachkar and Bouassida 2007). Therefore, any future clinical use of atropine must
consider these side effects and offer possible solutions such as ultraviolet light
protecting eyewear and assessing anterior chamber depth before the use of
atropine (Greenstein et al. 1984).
The limitations and adverse effects of atropine can be reduced by using a low
concentration of atropine. 0.05%, 0.03%, and 0.01% atropine concentrations are
shown to reduce myopia progression (Yam et al. 2018), but along a
concentration-dependent response (Table 10). This suggests that to achieve a
greater reduction in myopia, higher concentrations of atropine need to be used.
A recent study proposed a daily dose of 0.01% atropine in children aged between
6 to 12 years with at least 0.50 D of myopia progression in the preceding year
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(Chia et al. 2016). Treatment was suggested to be continued for at least 2 years
because atropine was found to be more effective in the second year of treatment
compared with the first (Chia et al. 2016). If myopia progression is stopped or
less than 0.25 D of progression occurs during the 2 years of treatment, then
atropine should be stopped (Chia et al. 2016). If, however, myopia progression
re-occurs with treatment cessation, then patients can re-start treatment. If
children respond poorly to 0.01% atropine in the first 2 years (progression of
>0.75 D per year) (Chia et al. 2016), it can be assumed that these children will
not respond much better to higher doses and that atropine treatment should be
stopped.
Animal studies, have questioned the loss of accommodation as the cause for the
reduction in myopia progression reported in atropine intervention studies (Stone
et al. 1991; McBrien et al. 1993). Chick’s ciliary muscle consists of striated muscle
with no muscarinic receptors, whereas the mammalian ciliary muscle is made of
smooth muscle that does contain muscarinic receptors (Pilar et al. 1987).
Therefore, when chicks eyes are treated with atropine, accommodation is not
inhibited and yet atropine is demonstrated to inhibit axial growth in chicks
(Schwahn et al. 2000). This demonstrates that atropine does not slow myopia
progression by inhibiting accommodation. This theory was confirmed in a later
study (McBrien et al. 1993). The retina may perhaps be involved in slowing axial
elongation (Ganesan and Wildsoet 2010). The neural layer of the retina contains
muscarinic receptors. Atropine may increase the release of neurotransmitters,
which may cancel out signals from the retina controlling eye growth (Schwahn et
al. 2000).
A number of other drugs have been tested on chicks for their ability to slow
myopia progression that are showing promise including nitric oxide, nicotinic
antagonists (Stone et al. 2001), γ-aminobutyric acid (Fischer et al. 2007), retinoic
acid (Mertz and Wallman 2000) and Acetylcholine esterase inhibitors (Cottriall et
al. 2001). The results from these studies are yet to be replicated in clinical studies
due to concerns with their safety.
In conclusion, regardless of the adverse effects and shortcomings associated
with atropine studies, it is apparent from Figure 3 that atropine may be regarded
as the most effective method of myopia control. This is when the change is
15

measured axial length. Figure 3 shows the treatment effect size of atropine
(90.94%), compared with the effect size percentage of PALs (7.85 %), OK (36.01
%) and SCL that alter peripheral refraction (27.54 %). When myopia progression
is measured in SER, Figure 3 still shows atropine (80.06 %) to be more effective
than PALs (13.99 %) and SCL that alter peripheral refraction (36.94 %), but not
when compared to OK (227.74 %). However, this is due to temporary flattening
of the cornea (discussed further in section 2.7.1). The use of atropine must be
considered alongside its adverse effects. Further studies are required to
determine conclusively the atropine concentration that can be safely used
clinically to produce clinically significant results (Fan et al. 2007; Wu et al. 2011;
Chia et al. 2016) for myopia control.
2.4.6 Rigid Gas Permeable contact lenses (RGP)
Gas permeable contact lenses (RGP), a type of hard lens that fully corrects
myopia, is shown to slow the progression of myopia (Khoo et al. 1999), compared
to wearing SVL. A longitudinal study of 8 to 13 year olds showed that RGP contact
lenses can slow myopia progression by 1.05 D over the course of 3 years,
compared with wearing SVL (Perrigin et al. 1990). The mean myopia progression,
after the 3 years, was 0.48 ±0.70 D in treatment group compared with 1.53 ±0.81
D in the control group wearing SVL (Perrigin et al. 1990). Along with the possibility
of inhibiting myopia progression, RGP contact lenses may provide statistically
significant better VA compared to SCL (Jones-Jordan et al. 2010). RGP comfort
has also been shown to be equivalent to soft contact lenses, when comfort was
assessed using a subjective questionnaire (Jones-Jordan et al. 2010).

However, corneal flattening is believed to be responsible for around half of the
effect of RGP contact lenses in inhibiting myopia increase (Perrigin et al. 1990).
When the temporary corneal flattening was taken into consideration, Perrigin et
al. (1990) showed that RGP may slow myopia by around half a dioptre over the
course of three years, which is unlikely to be clinically useful. This can be seen
in Table 10, where minimal change in axial length is found when RGP is
compared with soft contact lens use (Walline et al. 2004), confirming that that
myopia progression is slowed with the temporary flattening of the cornea and is
thus not a permanent reduction in axial length (Walline et al. 2004). To truly
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understand how effective RGP is in reducing the rate of myopia progression,
studies are needed to follow the participants after RGP wear has stopped.
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Table 10. Clinical trials investigating varied interventions used to slow myopia progression
Method

Authors (Year)

Results
Change in SER
(D):
treatment group;
control group

Results
Change in axial
length (mm):
treatment group:
control group

SVL (47)

-1.00; -0.77

0.65; 0.60 *

SVL (41)

-1.25 ±0.10,

0.57 ±0.07,

with +1.50 Add

-1.01 ±0.13;

0.54 ±0.06;

(48), Executive

-2.06 ±0.13 *

0.82 ±0.05 *

-1.12 ±0.67;

0.61 ±0.24;

-1.26 ±0.74 *

0.63 ±0.28 *

-1.28 ±0.06;

0.64 ±0.02;

-1.48 ±0.06 *

0.75 ±0.02 *

-1.24 ±0.56;

0.59 ±0.24;

-1.50 ±0.67 *

0.70 ±0.40 *

Un-treated

+0.06 ±0.79;

0.09 ±0.19;

myopes (23)

-1.19 ±2.48 *

0.70 ±0.63 *

Treatment

Cycloplegic

Initial

Treatment

Control

Period

refraction

SER

(sample size)

(sample

performed?

SVL

(Chung

et

al.

2 Years

Y

size)

 -0.50

2002)
Bifocals

(Cheng

Under-corrected
by +0.75 (47)

et

al.

3 Years

Y

 -1.00

2014)

Executive Bifocals

Bifocals with 3-BI

65

prism and +1.50
Add (46)
PALs

(Edwards

et

al.

2 Years

Y

2002)
PALs

(Gwiazda

et

al.

3 Years

Y

2003)
PALs

Atropine

(Yang et al. 2009)

(Fan et al. 2007)

2 Years

1 Year

Y

Y

-1.25 to

PALs with +1.50

-4.50

Add (121)

-1.25 to

PALs with +2.00

-4.50

Add (235)

-0.50 to

PALs with +1.50

-3.00

Add (74)

< -3.00

1% Atropine (23)

SVL (133)

SVL (234)

SVL (75)

Atropine

(Chua et al. 2006)

2 Years

Y

-1.00 to

1% Atropine (166)

-6.00

Placebo

-0.28 ±0.92;

0.02 ±0.35;

drops in the

-1.2 ±0.69 *

0.38 ±0.38 *

Un-treated

-0.28 ±0.26;

N/A

myopes (36)

-0.75 ±0.35 *

Un-treated

-0.14 ±0.24;

pre-myopes

-0.58 ±0.34 *

fellow

eye

(190)
Atropine

Atropine

(Lee et al. 2006)

(Fang et al. 2010)

1 Year

1 Year

Y

Y

-0.50 to

0.05%

-5.50

(21)

< +1.00

0.025%

(defined

(24)

Atropine

Atropine

as pre-

N/A

(26)

myopic)
Atropine

66

Atropine

(Chia et al. 2016)

(Yam et al. 2018)

5 Years

† 1 Year

Y

Y

 -2.00

 -1.00

0.01% (70), 0.1%

no control

-1.38 ±0.98,

0.75 ±0.48,

(139), 0.50 %

-1.83 ±1.16,

0.85 ±0.53;

(136) Atropine

-1.98 ±1.10 *

0.87 ±0.49

0.05%, 0.025%,

Placebo

−0.27±0.61,

0.20±0.25,

and 0.01%

drops

−0.46±0.45,

0.29±0.20,

Atropine and

−0.59±0.61;

0.36±0.29;

placebo drops

−0.81±0.53 *

0.41±0.22 *

-1.56 ±0.95;

+0.81 ±0.51;

-2.19 ±0.89 *

+0.76 ±0.44

+2.09 ±1.34;

0.29 ±0.27;

-1.20 ±0.60 *

0.54 ±0.27 *

(438 assigned in
1:1:1:1 ratio)
RGP

(Walline

et

al.

3 Years

Y

2004)
OK

(Cho et al. 2005)

-0.75 to

RGP (59)

SCL (57)

-4.00
2 Years

Y

-0.25 to
-4.50

OK (35)

SVL (35)

OK

(Kakita

et

al.

2 Years

N

2011)
OK

(Hiraoka

et

al.

SVL (50)

+1.87; -1.24 *

5 Years

N

-5.00 to

et

2 Years

Y

al.

-0.75 to

0.39 ±0.27;
0.61 ±0.24 *

OK (22)

SVL (21)

+1.19; -3.20 *

-0.50

(SantodomingoRubido

OK (42)

-10.00

2012)
OK

-0.50 to

0.99 ±0.47;
1.41 ±0.68

OK (31)

SVL (30)

+1.86; -1.25 *

0.47; 69 *

OK (37)

SVL (41)

N/A

0.36 ±0.24;

-4.00

2012)
OK

(Cho and Cheung

2 Years

N/A

2012)
OK

(Walline

-4.00
et

al.

2 Years

N/A

2009)
SCL

(Walline

-0.75 to

0.63 ±0.26 *
OK (28)

SCL (12)

et

al.

3 Years

Y

-1.00 to

SCL (247)

SVL (237)

-6.00

(Lam et al. 2014)

2 Years

Y

-1.00 to

67

(Sankaridurg et al.

1 Year

Y

2011)
Bifocal SCL

DISC lenses (65)

SCL (63)

(Anstice

(Walline
2013)

Bifocal SCL (40)

SVL (45)

-3.50
and

>10 Months

Y

Phillips 2011)
Bifocal SCL

-0.75 to

et

al.

2 Years

Y

0.25 ±0.27;
0.57 ±0.27 *

-5.00
Bifocal SCL

N/A

-4.00

2008)
Bifocal SCL

-0.50 to

SCL (40)

-1.29 ±0.71;

0.10 ±0.70;

-1.10 ±0.71

0.05 ±0.69

-0.59±0.49;

0.25 ±0.23 ;

-0.79±0.56 *

0.37 ±0.24 *

-0.54 ±0.37;

0.24 ±0.17;

-0.84 ±0.47 *

0.39 ±0.19 *

-0.44 ±0.33;

0.11 ±0.09;

-0.69 ±0.38 *

0.22 ±0.10 *

-1.25 to

Dual-Focus

-4.50

lenses (40)

-1.00 to

Multifocal SCL

SCL

-0.51 ±0.06;

0.29 ±0.03;

-6.00

with a +2.00 D

(historical

-1.03 ±0.06 *

0.41 ±0.03 *

Add (27)

data)

Novel

(Sankaridurg et al.

Spectacles

2010)

1 Year

Y

-0.75 to

**Type I (48), II

-3.50

SVL (49)

Type I, -0.81; Type

Type I, 0.36; Type

(58) and III (46)

II, -0.81; Type III, -

II, 0.35; Type III,

novel spectacles

0.66; Control, −0.78

0.31; Control, 0.36

± 0.50

±0.22

Table 10. Slowing of myopia progression by varied interventions in controlled studies (except Chia et al. 2016) published in the literature. Axial length and SER change
is shown when it was available. Initial refraction is range of the criterion for acceptance into the study. †Atropine was used for 2 years, stopped treatment for 1 year,
re-start treatment of 0.01% atropine if >0.50 D myopic progression. *Authors’ statistics show significant difference between treatment and control. Bifocal SCL are soft
contact lenses that alter peripheral refraction. **The type I spectacle had a central 20 mm aperture with the periphery increasing in positive power reaching SER +1.00
D (above central refraction) at 25 mm from its axis. The type II spectacle had a central 14 mm aperture with the periphery increasing in positive power reaching SER
+2.00 D at 25 mm from its axis. Type I and II were rotationally symmetrical. The type III spectacle had a central aperture extending approximately 10 mm both side of
centre along the horizontal meridian and 10 mm inferiorly, making this lens design asymmetric. The change in SER towards hyperopia continued towards the periphery
gradually, reaching SER +1.90 D at 25 mm from its axis in the horizontal meridian (Sankaridurg et al. 2010). SVL, fully corrected myopes (for distant vision) with single
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vision spectacles. SCL; fully corrected myopes (for distant vision) with single vision soft contact lenses. N/A, when data were either not available or applicable. N, no.
Y, yes. SER; spherical equivalent refraction (D). DISC, Defocus Incorporated Soft Contact lenses (see section 2.7.2). AL, axial length (mm). SD is shown when
provided by the study. Change in SER and AL are shown after the treatment period.

Effect Size (%)

Figure 8. Treatment efficacy of varied interventions
150.00

100.00

50.00

0.00

69
Figure 8. Interventions: PALs (grey bars), atropine (blue bars), OK (orange bars) or SCL that alter PRx (green bars). Myopia progression was calculated by either
measuring SER (solid filled bars) or axial length (AL; outlined bars) change. All the studies provided SER and AL changes, except Fang et al (2010) and Lee et al.
(2006), where AL data were not available.

2.8 The role of peripheral refraction (PRx) in myopia control
Peripheral refraction (PRx) describes the refractive state of the eye away from
fovea. Emmetropes and hyperopes tend to have relative peripheral myopia (the
mean refraction in the periphery is less hyperopic or more myopic relative to the
central refraction, RelPM), whereas myopes are reported to have relative
peripheral hyperopia (the mean refraction in the periphery is less myopic or more
hyperopic relative to the central refraction, RelPH) (Rempt et al. 1971). RelPH
may to lead to compensatory axial length elongation to focus the peripheral retina
(Charman and Radhakrishnan 2010). Making the peripheral retina experience
myopic rather than hyperopic defocus using different optical methods has been
demonstrated to be an effective way of reducing the rate of myopia progression
in children (Charman et al. 2006; Queiros et al. 2010; Anstice and Phillips 2011;
Sankaridurg et al. 2011; Gonzalez-Meijome et al. 2016b; Queiros et al. 2016),
(Tabernero et al. 2009).
2.8.1 Orthokeratology (OK)
Orthokeratology (OK) or corneal refractive therapy lenses is used to reduce
RelPH (Charman et al. 2006; Queiros et al. 2010) with the aim of slowing myopia
progression (Cho et al. 2005; Walline et al. 2009; Kakita et al. 2011; Cho and
Cheung 2012; Hiraoka et al. 2012; Charm and Cho 2013; Chen et al. 2013;
Swarbrick et al. 2015; Kong et al. 2017). This shift in PRx is thought to inhibit the
stimulus for ocular growth that is induced by RelPH. Evidence for this is available
in animal studies (Diether and Schaeffel 1997; Smith et al. 2005; Smith et al.
2007).

OK lenses correct the central myopia by flattening the central cornea, thus
reducing the corneal refractive power. This is achieved with a flat base curve
centrally. Therefore, the central vision remains clear (usually between 10,
(Charman et al. 2006; Queiros et al. 2010) with OK treatment. The base curve of
OK lenses become progressively steeper towards the periphery, steepening the
peripheral cornea and hence increasing the corneal refractive power, reducing
RelPH. This is in contrast to the base curve of RGP lenses, which get
progressively flatter towards the periphery. Therefore, the design of OK lenses
are referred to as geometrically reversed (Gonzalez-Meijome and Villa-Collar
2007; Chan et al. 2012; Cho and Cheung 2012).
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Compared to SCL, significantly slower rates of axial elongation are reported
(Walline et al. 2009) with OK treatment (by 55%; annual difference of 0.16 mm).
Similarly, OK is shown to slow the rate of eye growth axially by approximately
46% (Cho et al. 2005), 36% (Kakita et al. 2011), 37% (Hiraoka et al. 2012) and
32% (Santodomingo-Rubido et al. 2012) compared to SV spectacles (Table 10).
In a randomised clinical trial, children wearing OK lenses had significantly slower
rate of axial elongation (by 43%, Table 10) compared with children wearing SVL
(Cho and Cheung 2012).
Significant corneal flattening results in 300 % effect size of OK on SER (Cho et
al. 2005), which results in a reduction of corneal power and consequently a
decrease in the amount of myopia. Changes in corneal curvature by OK treatment
are temporary. Therefore, it can be suggested that true efficacy of OK treatment
is measured by changes in axial length, and studies not measuring axial length
may not be as useful. When analysing and comparing the data in Table 10, it is
thus important to focus on the axial length rather than SER changes measured in
corneal flattening interventions. For the same reason, only change in axial length
is reported for OK treatment.
A recent study (Queiros et al. 2010) measured the central and PRx along the
horizontal meridian ±35 in 5 degree steps, before and after OK wear (Queiros et
al. 2010). They showed the baseline central SER change from -1.95 1.27 D to 0.38 0.67 D (Queiros et al. 2010). SER continued to display significant myopic
reduction within the central 20°. The maximum myopic reduction was at the
centre. At 25, SER before and after treatment were not statistically different.
Beyond 25°, significant myopic increase was reported, reaching -1.11 ±0.88 D at
35° in temporal retina. Therefore, this study (Queiros et al. 2010) is a good
example in showing how OK can correct the central myopia and continues to
reduce myopia out to 25, but starts to induce a myopic shift beyond 25. These
changes have been reported even after 1 night use of OK (Kang and Swarbrick
2013). Similar findings were reported in a later study, across the horizontal
meridian, with the reduction of myopia centrally, and the induction of RelPM
towards the periphery (Queiros et al. 2010; Kang and Swarbrick 2013).
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Research on how OK alters PRx across the vertical meridian is limited, with only
very recent studies starting to analyse the vertical meridian (Kang and Swarbrick
2016a; Kang and Swarbrick 2016b). The retina is reported to experience myopic
defocus across the vertical meridian with OK treatment (Kang and Swarbrick
2016a; Kang and Swarbrick 2016b), but further studies are required to confirm
this. Also studies that measure PRx with OK use go as far as 35. It is suggested
that no significant change in refraction occurs beyond 35 (Queiros et al. 2010).
However, further studies that measure PRx more eccentrically than 35 are
needed to confirm this (Kang and Swarbrick 2013).
The majority of the past OK and PRx studies have focused on refractive change
in SER (Charman et al. 2006; Queiros et al. 2010; Kang and Swarbrick 2013),
with only very recent studies starting to analyse the astigmatism at the peripheral
retina (Gonzalez-Meijome et al. 2016a; Kang and Swarbrick 2016a; Kang and
Swarbrick 2016b). As mentioned earlier, myopia is fully corrected within the
central 20 of the visual field and with increase in eccentricity myopia correction
(in terms of SER) starts to decrease out to 35 (Queiros et al. 2010). This myopia
increase (in SER) occurs as a result of an increase in astigmatic refraction
(Queiros et al. 2010). With OK treatment, J45 became more positive in the nasal
and superior retina and more negative in the temporal and inferior retina,
compared with the baseline values. With OK treatment, J180 became more
negative in the temporal and nasal retina, more positive in the inferior retina and
no change was found in the superior retina, compared with the baseline values
(Kang and Swarbrick 2016a). How this astigmatism may affect image quality on
the retina and myopia progression is important.

When analysing these OK treatment studies, it must be noted that the majority of
them recruited only low and moderate myopes, which means that the efficacy
and safety of OK as a potential myopia treatment in high myopes remain
unknown. This is however not specific to OK treatment studies; on average other
myopia control studies also fail to recruit high myopes (Gwiazda 2011). No
specific reasons are generally given for this inclusion of low-moderate myopes
only. However, it may be because most studies are investigating healthy myopes,
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and high myopes tend to be associated with pathologies. Other reasons include
the fact that high myopes are much less common than low or moderate myopia,
more difficult to find in most parts of the world and their myopia has already
developed.

The small sample size of these studies must also be considered, e.g. 9 (Kang
and Swarbrick 2013), 28 (Queiros et al. 2010) and 4 (Charman et al. 2006). It is
also important to highlight that the majority of OK treatment studies measure the
PRx up to 3 months after OK cessation (Charman et al. 2006; Queiros et al. 2010;
Kang and Swarbrick 2011; Kang and Swarbrick 2013). Large, long-term studies
are needed to determine if the slowed rate of axial elongation will be maintained
following the OK treatment cessation or whether a rebound phenomenon will
occur. Finally, a serious limitation of OK use is that it is required to be worn
overnight. Wearing contact lenses overnight is likely to increase the risk of
microbial keratitis. The risk of microbial keratitis with OK is suggested to be as
high as wearing soft contact lenses overnight (Bullimore et al. 2013).

2.8.2 Soft Contact Lenses (SCL)
Soft contact lens (SCL) and SVL show similar effects on myopia progression
(Andreo 1990; Horner et al. 1999; Walline et al. 2008). The initial increase in
myopia observed in SCL wearers, known as “myopic creep” (Walline et al. 2004)
is associated with a steepening of the corneal curvature (Harris et al. 1975;
Barnett and Rengstorff 1977) or corneal swelling due to hypoxia caused by low
Dk (oxygen permeable) contact lenses (Dumbleton et al. 1999; Fonn et al. 2002).
Walline and colleagues suggest that this initial change in corneal curvature is
likely to return to baseline values (Walline et al. 2008). It is unlikely for SCL to
alter corneal curvature permanently, increase axial length or SER compared with
spectacles. This is very relevant to this current study, allowing for bifocal SCL to
potentially be used to control myopia.
Peripheral hyperopic defocus is observed in eyes corrected with SVL, compared
with peripheral myopic defocus in eyes wearing SCL (Backhouse et al. 2012). A
cross-sectional study (Backhouse et al. 2012) measured central and PRx out to
±35° in 5° steps in the horizontal meridian of 10 young adults with moderate to
high myopia (-5.00 D to -8.00 D) corrected with SVL and SCL (Backhouse et al.
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2012). The RelPRx was found to be hyperopic across all eccentricities when not
corrected (+0.90 ±0.14 D) and corrected with spectacles (+1.01 ± 0.13 D).
However, the RelPM was observed in eyes when corrected with SCL (-1.84 ±0.61
D) (Backhouse et al. 2012). If RelPH is found to be associated with faster myopic
progression, then standard SCL may also to slowing myopia progression.
However, peripheral refraction with standard SCL is not always reported to shift
in the myopic direction. Kang and colleagues found under- (+0.75 D), full and
over-correction (-0.75 D) of myopia with single vision soft contact lenses resulted
in hyperopic shifts at the peripheral retina, potentially causing an increase in
myopia progression (Kang et al. 2012).
Novel or bifocal SCL are designed to fully correct vision for distance viewing, and
induce myopic defocus at the peripheral retina to slow myopia progression (Ticak
and Walline 2013). These bifocal lenses are worn during the day. A double-blind
randomised controlled trial used bifocal SCL that induced concentric, alternating
distance correcting (providing clear central vision) and myopic defocusing zones
(with the addition of +2.50 D) (Lam et al. 2014). These lenses were named
Defocus Incorporated Soft Contact (DISC) lenses. After 2 years, it was observed
that the use of DISC lenses for five or more hours a day slowed myopia
progression by 25% and axial elongation by 31%, compared to the control group
(Lam et al. 2014) (Table 10).

Myopia progression in the treatment group was found to be inversely related to
wearing time (Lam et al. 2014). Similar results, better effect when daily wearing
hours increased, have also been shown in animal studies (Zhu and Wallman
2009). The effect of myopia control was 46% and 58% (compared to the control
group) with 5 and 7 hours wear daily, respectively (Lam et al. 2014). After 8 hours,
the increase in myopia control effect was marginal. Therefore, the study
concluded 7-8 hours wear daily is likely to produce an optimal effect for myopia
control (Lam et al. 2014). With better Dk value of modern lens material, this
suggested wearing time is achievable.

The first study to use commercially available SCL to investigate myopia control
was Walline et al. (2013), where they compared the rate of myopia progression
and axial elongation in a group of children wearing either multifocal SCL with a
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+2.00 D add (Proclear Multifocal “D”; CooperVision, Fairport, NY) or single-vision
SCL (1 Day Acuvue; Vistakon, Jacksonville, FL). After two years, the study found
that with the multifocal contact lens, myopia progression was reduced by 50%
and rate of axial elongation was reduced by 29% compared to the control group
(Table 10). However, this was not a randomised trial, but instead used data from
a previous study as the control for this study. A more recent randomized, doublemasked showed that myopia progression was reduced by 59% and rate of axial
elongation was reduced by 52% compared to the control group after three years
(Chamberlain et al. 2019). This clinical trial used MiSight daily disposable SCL
that are commercially available (Chamberlain et al. 2019). Further studies,
however, are needed to confirm the potential for commercially available multifocal
SCL to control myopia.
Although the design of most of these bifocal SCL lenses have similar principles
which is a clear central vision (the central myopia is fully corrected) and inducing
RelPM towards the periphery, the detail of the design is not always provided by
the study. This can make comparisons between studies difficult. For example,
Lam et al. (2014) do not state how large the central clear zone of their contact
lenses was. They state that myopic defocus was induced using +2.50 addition,
but do not detail the step size of this addition. Although they give the total
diameter of the lens, they do not provide the treatment size of the contact lens
(Lam et al. 2014). In order to improve on current research, detailed methods are
needed to replicate or improve methods. When comparing studies, it is also
important to analyse the total reduction in myopia achieved compared to the
baseline values, rather than compared to the control groups. Some studies use
SCL others use SVL as controls (Table 10). Therefore, longitudinal studies might
give better understanding of the efficacy of these interventions.
Not all of the bifocal SCL studies measured PRx (Lam et al. 2014). Knowing how
much myopic defocus (or reduced RelPH) is induced by the bifocal SCL on the
retina, may provide information on how the amount of peripheral defocus is
related to myopic progression. However, measuring PRx with bifocal SCL
involves a number of difficulties. When Lopes-Ferreira and colleagues measured
refraction with +2.00 D and +3.00 D bifocal addition power SCL, they found the
central refraction to be -1.10 D and -1.40 D, respectively, although the central
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refraction was expected to be plano (Lopes-Ferreira et al. 2013). With the
diameter of the autorefractor’s infrared ring of light being 2.3 mm, it is possible
that small misalignments of the lens will lead to the autorefractor also measuring
a section of the addition power of the lens (Fedtke et al. 2009; Lopes-Ferreira et
al. 2013).

There is also a lack of measurement of confounding factors such as
accommodative lag, pupil size, and retinal image quality (Sankaridurg et al. 2011;
Lam et al. 2014). Apart from the Bifocal Lenses In Near-sighted Kids (BLINK)
study, no other bifocal SCL myopia control study was found that measured eye
length peripherally (Walline et al. 2017). Finally, most studies measure myopic
progression whilst the treatment lenses are being worn (Anstice and Phillips
2011; Sankaridurg et al. 2011; Lam et al. 2014). It may, however, be of value to
measure myopia progression beyond the treatment period of the study
(Sankaridurg et al. 2011); some studies have found treatment effects to continue
beyond one year (Siatkowski et al. 2008; Cheng et al. 2010).

2.8.3 Novel Spectacles
If reducing the RelPH in myopes using bifocal SCL significantly reduces the rate
of myopia progression, but patients are put off by the associated risks (e.g.
contact lens care and comfort) then novel spectacles may be the answer. A study
(Sankaridurg et al. 2010) explored this option by fitting Chinese children with
either one of three novel spectacles or conventional single vision spectacles
(control). Despite varied designs (Table 10), no significant differences were found
in change of SER or axial length between the four groups after 1 year
(Sankaridurg et al. 2010). However, the children with a parental history of myopia
wearing type III spectacle designs had a significantly slower myopic progression
compared with control group (-0.68 0.47 D versus -0.97 0.48 D) (Sankaridurg
et al. 2010). This suggests that perhaps novel spectacles may have the ability of
reducing myopia progression in specifically targeted children, but this needs
further evaluation in future studies.

Why a significant reduction in myopia progression is observed when RelPH is
reduced with contact lenses, and not with spectacles, remains unclear. The most
likely explanation is that the novel spectacles do not change the PRx as predicted
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by the power of the spectacles. Better understanding of PRx with and without
intervention allows for better designed bifocal SCL or spectacles that alter the
peripheral defocus in a predictable manner.

2.8.4 Conclusion on Current Interventions Available for Myopia Control
This section has discussed a wide range of interventions available for slowing the
rate of myopia progression. Atropine appears to have great potential in
significantly reducing the rate of myopia progression (Figure 3). However, there
are still many gaps and questions associated with its use. When measuring the
success of myopia control methods, it is also important to ask whether the results
are clinically significant or not. For example, although compared to SVL, bifocal
and PAL spectacles are shown to slow myopia progression, the difference in
progression rates are not always clinically significant (Fulk et al. 2000; Gwiazda
et al. 2003; Berntsen et al. 2012).
Myopia control can be a slow process, and at times temporary produce temporary
reduction in myopia progression. However, laser refractive surgery such as Laser
In Situ Keratomileusis (LASIK) or Photorefractive Keratectomy (PRK) use laser
to remove stromal tissue resulting in permanent flattening of the central corneal
curvature (Duffey and Leaming 2003). There are also studies examining the PRx
post LASIK surgery and finding a more myopic RelPRx in the vertical, horizontal
and oblique meridians of the retina (Queirós et al. 2018). This shows that LASIK
surgery may unintentionally reduce axial elongation and preventing myopia
reoccurrence. Other procedures available for myopia correction include
intraocular surgery (Barsam and Allan 2014), where the crystalline lens is
removed and replaced with a lens that corrects the refractive error of the eye for
distance vision. The current research is interested in how myopia develops in
children and if this process can be manipulated. These procedures change the
structures of the eye surgically, and they are almost always conducted on adults
(Shortt et al. 2013). For this reason, these procedures were not discussed in
detail.
Despite the vast number of options to control and correct myopia, the prevalence
of myopia is still on the rise (Williams et al. 2015b; Li et al. 2017). An intervention
that is safe, cost-effective, low risk with high efficacy does not yet exist. The
current research will analyse and investigate the role of peripheral refraction in
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myopia onset and progression, which is likely to add value to current research on
myopia interventions that alter peripheral refraction such as OK and bifocal SCL.

The aim of the work presented in this thesis is to characterise the profile of PRx in
the eyes of hyperopic, emmetropic and myopic children, and to compare with
previous longitudinal studies. More specifically, the aim of the work in this thesis
is to search for an association between RelPRx and changes in the central
refraction. It is hypothesised that RelPRx is a risk factor for the development of
central myopia in children. The current study is not the first to investigate the
possible association between PRx and central refractive error changes. However,
the research presented here is the first to investigate longitudinally the refractive
state of the peripheral retina at distance and near vision in a large sample size of
children. Most of the previous studies examining at the association between
peripheral and central refraction with human participants were cross-sectional,
making it impossible to determine the temporal relationship between the
peripheral and central refraction (Millodot 1981; Mutti et al. 2000b; Atchison and
Scott 2002; Seidemann et al. 2002; Atchison et al. 2006b; Chen et al. 2010). Not
many studies have examined the association between PRx and the onset and
development of central myopia of human eyes longitudinally (Hoogerheide et al.
1971; Mutti et al. 2007; Mutti et al. 2011). Cross-sectional studies examining at
the state of the peripheral retinal defocus cannot clarify whether the PRx is a
consequence, or a result of, central refractive development.
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Chapter 3
Methods
3.1 Recruitment procedure
After ethics approval was granted (Appendix A) for this opt-out study by the Chair
of the Biomedical, Natural, Physical and Health Sciences Research Ethics Panel
at the University of Bradford, primary and secondary schools in Yorkshire and
surrounding areas were contacted via posters, phone calls or emails. Schools
were contacted through teachers or parents known to the research team. Posters
detailing the nature of this project were distributed through STEM (provides
support to schools in the fields of science, technology, engineering and
mathematics) newsletters, which reaches headteachers of primary and
secondary schools across the country. Similarly, a poster (see Appendix A)
explaining the study was handed out by a senior officer in Leeds City Council’s
communication team/ advisor for Leeds Education authority to all Leeds
headteachers present during a meeting. A conservative list of the minimum
number of schools contacted: 10 primary and 9 secondary schools in Bradford, 8
primary and 5 secondary schools in Huddersfield, 6 primary and 5 secondary
schools in Leeds, 2 primary and 1 secondary schools in York, 1 primary and 1
secondary schools in Manchester and 2 primary schools in Liverpool. This list is
based on the number of schools that had subsequent conversations about the
project with the research team, although it is highly likely that a much larger
number of schools received information about this project.

Four primary (one in Huddersfield and three in Bradford) and two secondary
schools (one from Leeds and the other in Bradford) responded and agreed to
take part in the study. Two of the primary schools in Bradford were Christian
schools. The secondary school in Bradford was an all-girls school. The study was
conducted in accordance with the Declaration of Helsinki. Detailed explanation of
the nature of the study and complete information on the data collection and
storage methods were given to the head teachers before they signed a consent
form opting their school into the study.

Schools were consulted on their normal practises for recruiting pupils to optional
school events. Normal practise was to operate an ‘opt-out’ process for obtaining
parental consent; this method was adopted for the current study. Consent forms
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(Appendix A) were given to 457 pupils in years 3, 4 and 5 (7-9 year olds) and 286
pupils in years 7, 8 and 9 (11-13 year olds) to take home, asking parent(s) or
guardian (s) to sign the form if they did not agree for their child to participate in
the study. They did not need to sign or return the letter if they were happy for their
child to participate. The consent form detailed what it would involve if their child
were to take part in the study. Each child was also provided with an information
letter explaining the study. A time frame of at least 2-3 weeks was given for the
parents/guardians to respond.

Prior to any data collection taking place, each participant gave verbal informed
consent to take part in the study in the testing room where no other child was
present so not to be influenced by class-mates. The participants were also given
the opportunity to withdraw themselves at any time throughout the data collection
session. This was made clear in the information sent out to parents/guardians.
The same method of recruitment was repeated the following year, where the
schools and parents/guardians were asked if they wished for their school/child to
take part in the study again. All six schools agreed to take part in the study for a
second time.
Sample size was calculated using the following calculation: (Zα+Zβ)2 * σ2 / d2,
where σ is the variance and d is the effect size. Z values were found from
standard tables of probabilities in normal distributions based on the alpha and
beta values chosen. Alpha is the probability of falsely rejecting a true null
hypothesis. Beta is the probability of failing to reject a false null hypothesis. The
effect size is the smallest difference that is clinically meaningful. The variance is
the standard deviation, or the variability associated with the data. The sample
size was calculated a number of times, varying either the beta value, effect size
or the variance. The list below shows some of these calculations:

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05


0.01
0.01
0.05
0.05
0.05
0.05
0.2
0.05

Zα

Zβ

σ2

1.645
1.645
1.645
1.645
1.645
1.645
1.645
1.645

2.33
2.33
1.645
1.645
1.645
1.645
0.842
1.645

1
1
1.5
1
1
1.5
1.5
1.5
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d
0.25
0.5
0.5
0.25
0.5
0.25
0.25
0.5

n
252.81
63.2025
64.9446
173.1856
43.2964
259.7784
148.4441
64.9446

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.05
0.05
0.1
0.2
0.2
0.15
0.15
0.15
0.15

1.645
1.645
1.645
1.645
1.645
1.645
1.645
1.645
1.645

1.645
1.645
1.282
0.842
0.842
1.036
1.036
1.036
1.036

2
2
1
1
1
1
2
1.5
1.5

0.25
0.5
0.25
0.5
0.25
0.25
0.5
0.5
0.25

346.3712
86.5928
137.0773
24.74068
98.9627
115.0042
57.50209
43.12657
172.5063

The results from the above calculations were used in conjunction with an
awareness and assessment of the feasibility and practicality of colleting the data.
For example, if 8 participants were tested 5 days a week during the 40 weeks
schools are often open, data would be collected from 1560 children. After talking
to a number of schools, it was realised that data collection would be possible for
a maximum of 4 hours a day due to breaks, assemblies, registration classes,
sports, music and drama lessons (where it would be more difficult to take a child
out of the class). Based on practice sessions, it was estimated that it would take
half an hour to collect data from each child. Therefore, it was anticipated that data
collection was likely to be taken from a maximum of 8 participants. With 1560
sample size, the above calculations show that any statistical analysis would have
a high power (90% and above) and a small effect size (0.25 D).

However, it was important to have realistic aims with the sample size. It was very
likely that the estimated maximum number of children would not be possible to
assess for a wide number of reasons. School trips, exams, other projects and
meetings in the room booked for the research to use would not allow data
collection throughout the 40 weeks. Upon further discussion with the schools, it
was expected that data collection was likely to take place within 30 weeks for 3
days a week. Also allowances for delays in data collection had to be made. For
example, a participant that may require clarification of instructions would slow
down the rate of data collection. Therefore, data was possible to be taken from 7
children instead of 8 every day, meaning that a sample size of 630 participants
was more likely than 1560. For these reasons, it was aimed to collect data from
300 children in primary and 300 children in secondary schools.
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Based on current literature on myopia prevalence being approximately 10% in
young children (6-7 years) and 30% in older children (12-13 years) (Logan et al.
2011), it was anticipated that 30 primary and 90 secondary school children might
be myopic. This would make a sample size of 120 myopes, which would give a
high statistical power (90% and above) with an effect size of 0.50 D and an effect
size of 0.25 D with lower statistical power (80%, see list above). However, this is
only a rough estimation because the prevalence of myopia varies between
studies for a number of reasons such as variations in age, ethnicity, definitions of
myopia, method of refraction. However, even based on studies reporting a lower
prevalence of myopia (3-5 %) in 10 year old white European children, 600 sample
size would give a statistical power of 80% with 0.50 D effect size (Verkicharla et
al. 2012). With reports of South Asian children having a higher prevalence of
myopia (Logan et al. 2011), and with the expectation of a large number of the
participants in the current study to be South Asians, a higher prevalence (than 35%) of myopia was anticipated.

A sample size of 600 participants was aimed for but with the awareness that
increase in the sample size would give higher statistical power, allow for smaller
effect size, larger variance and analysis on smaller sub-groups of the data. Also,
with the longitudinal nature of the study, a large sample size would be less
affected by large drop-out rates. Therefore, 600 is more than the calculation
indicated, but the assumptions are very rough, and it was a case of aiming for a
sample size that was also feasible in the data acquisition time of the schools.

3.2 Preliminary assessments
A brief case history was taken from each child. Monocular visual acuity was
assessed in both eyes with spectacles or contact lenses if the child used a form
of refractive error correction and unaided if not, using a Bailey Lovie logMAR
chart, from a distance of 4 metres. Monocular visual acuity (VA) was re-measured
with a 1 mm pinhole in participants achieving a VA of worse than 0.2 in either eye
or >1 line inter-ocular difference to determine if the reduced VA was due to
uncorrected refractive error, amblyopia or ocular pathology. Greater than 1 line
difference in VA between the eyes is suggested as a cut-off point for referral in
vision screening programmes (Damji 1988). No participants were excluded from
the study based on VA, but those with logMAR scores of worse than 0.2 were
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highlighted and excluded from certain data analyses. A logMAR score of 0.2 VA
units was chosen as the cut-off point because it is the level of VA required to pass
visual screening conducted routinely in primary schools. A child with a logMAR
score of 0.2 VA units or worse after full refractive error correction (and in an eye
free ocular disease) can be considered amblyopic. Cover test was performed to
screen for heterotropia at distance (4 metres) and near (30 cm). All tests were
conducted during the day, with natural light illuminating the room.

3.3 Direct Ophthalmoscopy
Direct Ophthalmoscopy was conducted on both eyes to assess the health of the
anterior and posterior segments. PRx and its association with myopic distance
refractive development and progression may vary in children with healthy eyes
compared with eyes with pathology. Previous studies of PRx only include healthy
eyes (Mutti et al. 2007; Chen et al. 2010; Mutti et al. 2011; Li et al. 2014).
Therefore, for comparison with previous literature, it was necessary to only
include participants with healthy eyes. Ophthalmoscopy helped identify one
participant with a large iris coloboma (congenital defect). This participant was
excluded from the data analysis. No other pathology or congenital defects were
found via ophthalmoscopy.

3.4 Axial length measurement
Axial length was measured because changes in refractive error is strongly linked
with axial length changes (Grosvenor and Scott 1991; Bullimore et al. 1992; Goss
et al. 1997; Ip et al. 2007; Wang et al. 2014). The axial lengths of both eyes were
measured using an IOL-Master (Carl Zeiss Meditec System AG, Germany). The
participants were sat comfortably with their chin on the IOL-Master chin rest,
forehead against the forehead bar and eyes aligned correctly with the canthus
marker. The participants were asked to focus on the red fixation light whilst the
reflection of the alignment light was positioned within the measurement circle to
take a reading. A signal-to-noise ratio was provided for each reading and only a
value above 2.0 was considered as valid (Lam et al. 2001). This was in keeping
with the manufacture’s guidelines. For reliable results, it has been suggested to
take at least three measurements per eye (Lam et al. 2001). Five axial length
measurements were taken or three if three identical readings were registered
consecutively (Butcher and O'Brien 1991). The IOL-Master is a very fast
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technique, taking measurements in 0.5 seconds (Santodomingo-Rubido et al.
2002).

The IOL-Master uses partial coherence interferometry technology with an infrared
diode laser at a wavelength of 780 nm for the measurement of ocular axial length.
Although it is used primarily in calculating the IOL lens power in patients
undergoing cataract surgery, its use in myopia studies are well documented
(Santodomingo-Rubido et al. 2002). It can be considered as a safer technique
than ultrasound methods because no topical anaesthetic is needed, and no
physical contact is made with the cornea. Consequently, risk of corneal abrasion
and infection is minimised (Vogel et al. 2001).

The IOLMaster has been shown to produce highly valid and repeatable
measurements of axial length when compared to A scan ultrasonography
(Santodomingo-Rubido et al. 2002). In comparison to ultrasound methods, the
axial length measurements from the IOL-Master are of much greater resolution;
results produced to an accuracy of 0.01 mm compared with 0.15 mm. The
applanation method of ultrasound biometers may also lead to shorter axial
lengths in comparison with non-contact techniques (Lam et al. 2001). This may
be due to applanation technique of the ultrasound biometer resulting in corneal
indentation and the IOL-Master measures axial length from the retinal pigment
epithelium to the cornea, whilst the ultrasound biometer’s interference signal is
reflected from the retinal internal limiting membrane (Lam et al. 2001; Vogel et al.
2001). Many of the studies comparing the accuracy and reliability of axial length
measurements

using

the

IOL-Master

and

ultrasound

biometers

have

(Santodomingo-Rubido et al. 2002) found no statistically significant difference
between the two methods in adults (Lam et al. 2001) or children (Vogel et al.
2001) with healthy eyes. After analysing the reliability and accuracy of the IOLMaster for axial length measurement in 20 children (11 male, 9 female) with a
mean age of 11.4 years, Hussin and colleagues confirmed the use of IOL-Master
in research examining refractive development and axial length growth in children
(Hussin et al. 2006). The study concluded that the IOL-Master is more reliable
and accurate than ultrasound techniques (Hussin et al. 2006). Lam et al. (2001)
also concluded that the IOL-Master is an accurate and reliable instrument for
measuring axial length.
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3.5 Central and peripheral refractive error measurement
Following preliminary assessments, the participants were re-positioned with their
chin on the autorefractor chin rest, forehead against the forehead bar and eyes
aligned correctly with the canthus marker, so that he/she could see the target in
front through the viewing window. The participants were instructed to keep both
eyes open and view, through the binocular open window of the autorefractor, the
fixation targets.
The central fixation targets (near and distance targets) were aligned carefully with
the visual line of the participant’s eye and the optical axis of the instrument. The
distant fixation target consisted of a central 3 mm LED light, with a 590 nm
wavelength, serving as the central fixation target. This was attached, in the shape
of a cross, to 4 arms. At the end of each arm, was a LED light functioning as the
10˚ nasal and temporal and 10˚ superior and inferior fixation targets. Two satellite
stands enabled refractive error measurement at 30˚ nasal and temporal to the
fovea (Figure 9). Similarly, a central LED light serving as the near central fixation
target was attached to four horizontally arranged LED lights to build the 10˚ and
30˚ nasal and temporal fixation targets. Two vertically attached targets formed
the 10˚ superior and inferior fixation targets (Figures 10A and 10B).
Figure 9. The distance fixation targets
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Figure 9. Showing the distance fixation targets: central (a), 10°-inferior (b), 10°-superior (c),
10°temporal/nasal depending on which eye the autorefractor is taking reading from (d), 30°temporal/nasal (e).
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Figure 10A. The near fixation targets
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Figure 10B. The near fixation targets
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Figure 10. Optical attachment to the NVision-K 5001 autorefractor (from the view of the
researcher) for measurements of near refractive error centrally (a), 10°-inferior (b), 10°-superior
(c), 10°-temporal/nasal depending on which eye the autorefractor is taking reading from (d), 30°temporal/nasal (e).

When the eye appeared on the LCD monitor, alignment for the correct
measurements was carried out (Figure 11). Non-cycloplegic refractive error
readings were measured centrally, and peripherally at 10˚ and 30˚ nasally and
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temporally, and 10˚ superiorly and inferiorly at distance (4 m) and near (30 cm)
by asking the participants to fixate on the appropriate target. The participants
were instructed to “look straight ahead, at the light in the middle of the cross at
the back of the room. Keep your eyes steady. Try not to move your eyes or your
head. You can blink. If you get tired and want to sit back, just do so. Let me know
if you want a break or stop all together.” Similar instructions were repeated for
the peripheral fixation targets. The participants were reminded regularly to keep
a steady fixation and to look at the appropriate target.

The distance refractive errors were measured without any form of refractive error
correction. The near refractive errors were measured whilst the child wore any
correction that is habitually worn as it was the purpose of the study to gain a
measure of the defocus they usually experience during near tasks. No allowance
was required to be made for differing accommodative demands due to some
subjects wearing contact lenses and other spectacles because all the subjects
with corrected refractive error were wearing spectacles. For right eye
measurements, fixation to a participant’s right side corresponded to their
temporal retina (and nasal visual field). The alignment mire was maintained in
focus over the center of the pupil to ensure instrument alignment. For some of
the participants, gentle upwards pressure was applied to move the upper eyelid
up slightly to ensure that it did not obstruct the instrument’s view of the pupil when
measuring the inferior position.
Autorefractor measurements were repeated 5 or 3 times, when 3 identical
consecutive readings (spherical and cylindrical power) were achieved, in the
primary school children. For the secondary school children, the refractive error
measurements were repeated 10 times. This exceeds the number of repeated
measured taken in other studies (Calver et al. 2007). We were able to take more
repeated readings from the older children as they were able to cooperate with the
refraction measurements better than younger children (Sng et al. 2011b).

The order in which the measurements were taken are as follows: central,
superior, inferior, temporal 10º, temporal 30º, nasal 10º and nasal 30º for the right
eye. This order was maintained when the readings were taken from the left eye,
except the nasal measurements were taken before the temporal. Distance

40

measurements were always taken before the near measurements to avoid
accommodation influencing the distance readings. The central position was
always measured first. The order in which the peripheral refractions were
measured was maintained because it was simple for the participants to follow. It
was common for the children to observe the fellow participants during the
research, which meant they would become familiar with the instructions. It was
also simpler for the researcher to measure the refractions in one order; it allowed
for the data to be taken faster and more efficiently.

The measurements were taken in rapid successions from both eyes and
averaged to calculate the final refractive error for each eye. Spherical and
cylindrical power were measures in 0.25 D steps and cylindrical axis in 1˚
increments. The refractive error measurements of both eyes were obtained in
approximately 1 minute for each participant, at each retinal location for distance
and near. Each session lasted approximately 30 minutes. The results were
printed via the autorefractor in-built printer and entered by hand into an Excel
spreadsheet in negative cylinder form. The distance refractive measurements
were not compensated for by 0.25 D, although the fixation target was at 4 metres.
This is in common with other studies that have similarly measured noncycloplegic distance refractive error at short working distances without adjusting
the refraction by 0.25 D: 3.3 metres (Atchison et al. 2005b; Atchison et al. 2006b)
and 2.5 metres (Claver et al. 2007). The refractive data measured was not used
for prescribing purposes, but rather to compare with other similar studies of
peripheral refraction and to assess peripheral refractive error differences
between groups and within individuals (central versus peripheral).
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Figure 11. LCD screen monitor of NVision-K 5001 autorefractor,

Pupil

Kerato ring

Corneal reflex

Reticle mark

Alignment mark

Figure 11. Simplified diagram showing a participant’s eye on the LCD screen monitor of NVisionK 5001 autorefractor, provided by the autorefractor manual (Natural Vision Auto Refractometer
NVision-K 5001 Operations Manual by Shin-Nippon, 2004, page 17). The top figure shows a
poorly aligned eye; the optical axis of the instrument is not aligned with the visual line of the of
the participant. The bottom figure illustrates the correct alignment for accurate measurements.
Using the joystick, the reticle mark is moved to approximately the centre of the pupil to centre on
the corneal reflex (bottom figure). The joy stick is then moved more carefully to focus the corneal
reflection (Chat and Edwards 2001). This is when the alignment mark appears. Using the joystick,
the alignment mark is placed into the centre of the reticle mark. When focus is achieved, the
kerato ring will appear thinnest. This is when the researcher clicks on top of the joystick to take
the measurements.
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3.6 Determining the distance of the fixation target at distance
As participants in this study were young with active accommodation, and since
no cycloplegic agents were used, it was important to take all practical steps to
relax the accommodation as much as possible when measuring the distance
central and peripheral refraction. Long working distance (distance between eye
and fixation target) would result in more relaxed accommodation. However, the
longer the working distance, the greater the physical separation between the
central and peripheral fixation targets. A working distance of 6, 5, 4.5 or 4 m would
result in 3.46, 2.89, 2.60 and 2.31 m between the central and 30˚ fixation target,
respectively. It was envisaged that the schools may not have rooms of sufficient
size to accommodate the fixation targets, and the experimental apparatus would
need to be designed to take this possibility into account. Therefore, a working
distance of 4 m was selected for the ‘distance’ measurements. The alternative to
reducing the working distance would be to reduce the 30 eccentricity to 20.
However, having peripheral refraction data only as far as 20 was limiting, and
would not provide a sufficiently detailed picture of the peripheral refractive state
of the retina.
3.7 Determining the distance of the fixation target at near
To determine the distance of the near fixation targets from the eye, a full eye
examination was conducted on a separate cohort of 15 children aged between 5
and 14 years (average, 8.5 ±2.6 years). These participants were chosen mainly
based on age, to reflect the age of the participants in the main study (Chapter 5).
Also, it was ensured the selection of these participants included myopes,
emmetropes and hyperopes. The VA was measured habitually (with the refractive
error correction in place if they currently had any form of refractive error
correction) at distance and at the children’s normal near working distance. For
this, the children were asked to hold the reading chart where they would normally
hold a book. Cover test was then conducted on all of the children at their normal
near working distance. Refractive error was determined subjectively.

Amplitude of accommodation was measured binocularly to ensure none of the
children had reduced amplitude of accommodation that would influence the
working distance e.g. a child with the same arm length, VA and prescription may
have a longer working distance due to poor amplitude of accommodation
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compared to another child with larger amplitude of accommodation. It would have
been beneficial to better understand the binocular status of the children by
measuring the fusional reserves and accommodation lag/lead, but this was not
possible due to time restrictions.

The near working distance of each participant was measured during brief periods
of reading and writing tasks. The participants were reading N5 at this point. This
was above their threshold and it was comfortable for the children to read this print
size. All the children were able to read N4, but they were asked to read N5 as it
was important the children were not holding the print closer to their eyes to be
able to see it. The participants were instructed to hold the reading chart where
they would normally hold a book, a phone or a tablet, and read N5. Similarly, they
were asked to hold an empty book where they would hold a book and write their
name on it. The near working distance was defined as the distance between the
corneal apex to the near text, held by the child. The working distance was
measured at the end of an eye test so if we found a prescription during the
examination and prescribed spectacles then the working distance was measured
with trial frame in place. The working distance measurement was repeated three
times as the child read and wrote.

These measurements were taken as part of a routine eye examination at Optical
Express in White Rose Centre, near Leeds, West Yorkshire. The clinical director
of Optical Express agreed to support this study after providing detailed
explanation of the nature of the study. Written consent was obtained from the
parents/guardians and verbal consent was obtained from the children with the
parents/guardians as witnesses before any data collection took place. A
parent/guardian was present in the standard optometric practice consulting room
where the data collection took place. It was the same researcher collecting the
data for this section of the study as well as the rest of the project.

3.7.1 Results
None of the children had heterotropia. Two of the participants had <10 prism
dioptres of exophoria, which was fully compensated with their habitual refractive
error correction. All of the children achieved near vision of N5 and better. The
average amplitude of accommodation was 15.95 ± 1.46 D. The average SER,
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J180 and J45 for the right eyes were +0.04 ±1.19 D (range, +2.50 to -3.00 D), 0.05 D ±0.49 D (range, +0.65 to -1.50 D) and 0.04 ±0.24 D (range, +0.49 D to 0.38 D) and for the left eyes were +0.12 ±0.89 D (range, +1.50 to -2.38 D), -0.08
±0.28 D (range, +0.43 to -0.57 D) and 0.00 ±0.18 D (range, +0.25 to -0.48 D)
respectively.

On average, the children near working distance was 31.13 ± 4.27 cm (range, 24
to 42 cm) during reading and 30.87 ± 4.61 cm (range, 21 to 40 cm) during writing.
When the reading and writing working distances were combined, the average
working distance of the children was 31 ± 4.2 cm (range, 22.50 to 41 cm).
Therefore, we decided to set the near fixation target at 30 cm from the corneal
apex (see Figure 3).

3.7.2 Setting the near fixation target at 30 cm
Although measuring the working distance of each participant and adjusting the
working distance of the near fixation targets accordingly would have enabled
assessment of the near central and peripheral refraction at a distance specific for
each child, we decided to physically attach the near fixation targets to the
autorefractor due to time restrictions. Most importantly, a fixation target with its
working distance adjustable would result in difficulties comparing results between
individuals.

To fix the near working distance at 30 cm from the eye, the measurement of the
distance between the corneal apex and the autorefractor when the device was in
the correct position to take a measurement was required. The degree of variability
in this measurement within- and between-participant was also required. We
measured the distance between the corneal apex and the first point on the
autorefractor in a separate cohort of seven unselected participants aged between
20 to 45 years old (average, 25.57 ±8.98 years). This was to determine how much
this distance varies between individuals with different refractive errors. The
participants were either optometry (n 4) or PhD students (n 3) at the University of
Bradford. Data were collected from 13 eyes. One left eye was not included
because the eye had >25 prism dioptres of exotropia. The average SER was 0.95 ±1.80 D in the right and -1.32 ±2.16 D in the left eyes.
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The measurements of the distance between the corneal apex and the point on
the autorefractor closest to the participant’s eye were repeated three times and
the results were averaged. The measurements were very consistent between the
two eyes and between participants. On average, the distance between the
corneal apex and the autorefractor was 30.7 ± 0.4 mm (range, 29.6 to 30.6 mm)
for the right eyes and 30 ± 0.5 mm (range, 29.3 to 30.6 mm) for the left eyes.
When the right and left eyes results were combined, the average distance was
30 ± 0.4 mm (range, 29.3 to 30.6 mm). From this, it was determined that the
distance between the near fixation targets and the point on the autorefractor
should be set to 270 mm.

Figure 12. The near fixation targets set up

Figure 12. The near fixation targets set up. a, Location of the near central fixation target; b,
Corneal apex to the first point on the autorefractor (3 cm); c, Corneal apex to the near fixation
target (30 cm); d, first point on the autorefractor.

3.8 Identification and removal of outlier refractive errors
All refractive measurements were carefully entered into an excel spreadsheet in
conventional negative sphero-cylindrical refraction form, Sph/Cyl x  as provided
by the autorefractor (stage one in the example below, Figure 13). As described
by Thibos et al. (1997), the refractive error were converted into power vector
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components (Thibos et al. 1997) of mean SER, 90-180° astigmatism (J180) and
45-135° astigmatism (J45):

SER = Sph + (Cyl/2)
J180 = -C cos(2)/2
J45 = -C sin(2)/2

where SER is the spherical equivalent refraction, Sph is the spherical power, C
is the cylindrical power,  is the cylindrical axis, and J180 and J45 are the power
of the two Jackson cross-cylinder components (stage two in Figure 13). Positive
J180

values indicate

with-the-rule

astigmatism,

and

negative

J180

values indicate against-the-rule astigmatism. A positive J45 value indicates that
the negative cylinder axis of the JCC is at 45° (Tong et al. 2002; Liu et al. 2011).
A negative value of J45 indicates that the negative cylinder axis of the Jackson
cross-cylinder is at 135° axis (Tong et al. 2002; Liu et al. 2011).

The average and standard deviation is calculated for the set of repeated readings
for each participant at each retinal eccentricity and specific to distance or near
viewing († in the example below). From these calculations, we determined the
mean  2*SD for each participant at each retinal eccentricity in SER, J180 and
J45 at distance and near viewing (§ in Figure 13). Any SER, J180 and J45 reading
that fell outside the mean 2SD range (defined as outliers) were removed (stage
three in Figure 13). The entire refractive error reading (SER, J180 and J45) were
dropped if either of the three vector representations were identified as outliers
(stage four, Figure 13). The new mean is calculated from the remaining readings
(†† in Figure 13).

Figure 13. An example of the excel spreadsheet used to enter the autorefractor
readings and the calculations used to identify outliers and calculate the final
measure
R Central Distance
1.
RSph
0.00
0.25

Rcyl
0.75
0.50

Raxis

2.
SER

77

0.38

78

0.00

3.
SER

J180

J45

-0.67

0.33

-0.46

0.20
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0.00

J180
0.67
0.46

J45

4.
SER

J180

J45

-0.46

0.20

0.33
0.20

0.00

0.00
0.00
0.00
0.25
0.25
0.25
0.25

0.25
0.50
0.25
0.50
0.50
0.75
0.50
0.50

70

0.13
0.25
0.13

77

0.00

78
78

0.00
0.13

77

0.00

70
70

-0.19

0.16

-0.38

0.32

-0.19

0.16

-0.45

0.22

0.13
0.25
0.13
0.00

-0.46

0.20

0.00

-0.69

0.31

-0.45

0.22

0.13
0.00

0.19

0.00

-0.46
0.00
- -0.44
†Mean 0.10
†SD 0.13
0.16
§ Mean+2SD 0.16 -0.11
§ Mean-2SD
- -0.77
0.36
Figure 13. The example used here shows
0.25

79

0.19
0.38
0.19
0.45
0.46
0.69
0.45
0.46

0.16

-0.19

0.16

-0.38

0.32

-0.19

0.16

0.22

0.13
0.25
0.13
0.00

-0.45

0.22

0.20

0.00

-0.46

0.20

0.31

-0.69

0.31

0.22

0.13
0.00

-0.45

0.22

0.19

0.00

-0.46

0.19

††
††

0.07
0.09

-0.41

Mean
SD

0.32
0.16

0.23
0.06
0.36
0.10

0.15

0.22
0.06

the readings taken from the right eye (R) of a primary

school participant viewing the central target at distance during the follow-up visit. The first set of
readings are the results that were directly copied from the autorefractor into the excel
spreadsheet; 2, converted into vector components, 3 and 4 outliers removed. All values are in
dioptres (D). The final SER, J180 and J45 measure for this participant, used in the rest of the
calculations, are -0.07 ±0.09, -0.41 ±0.15 and +0.22 ±0.06, respectively.

3.9 Explanation of the Method
3.9.1 Ethical considerations
At the outset of the study it was hoped that a member of staff from the school
would be present with each child during the research sessions; the children were
more familiar with a member of school staff and therefore more likely to raise any
concerns they may have during the research sessions. This was not possible in
one of the primary schools due to staff shortage. However, the research took
place in a room with open doors and large windows, allowing the child to see their
teacher and fellow school mates during the research session.

Upon completion of all the tests, a letter was given to the child to take home to
inform parents/ guardians that either:
no significant refractive error existed according to the study guidelines:
➢ Hyperopia ˂ +2.00DS
➢ Myopia < -1.00DS and VA better or equal to 0.2logMAR in both
eyes and ≤ 1 line inter-ocular difference.
➢ and/or astigmatism ˂ 1.50DC
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or
•

significant refractive error according to the study guidelines:
➢ Hyperopia ≥ +2.00DS
➢ Myopia ≥ -1.00DS and VA worse than 0.2logMAR in either eye or
>1 line inter-ocular difference
➢ and/or astigmatism ≥ 1.50DCAlthough the member of the
research study who went to the schools to gather the data was a
fully qualified Optometrist with over 3 years of experience in
testing children’s eyes, it was made clear on the letter that the
tests conducted did not constitute an eye examination. An eye
examination at an optometric practice is required to confirm these
findings. The researcher was CRB checked, in line with the ethical
approval and requirements of the schools.

All the participants were able to speak English. However, participation in the study
did not depend on being able to speak English fluently. All the tests that were
conducted were objective, and hence did not depend on the response of the
participants. Although, the children were taught in English schools so even if
English was not their first language, researchers were aware that it was extremely
likely that their English language will be adequate to understand the basic
instructions of the tests. The rest of the participants cooperated fully with all the
tests. It was discussed with the head-teachers how best to ensure that all the
parents adequately understood what it was that their children were being enrolled
into. The head-teachers believed that the information and consent form in English
was sufficient because they send their own documents in English.

Due to the longitudinal nature of the study, it was necessary to track the
participants through school. The names of the participants were recorded on the
result sheets at the time of data collection. Variations in the data collected due to
differences in ethnicity, gender and amount of close work were part of the planned
data analysis, therefore this information was collected, along with the reading
score (national curriculum reading level) which was predicted by the teachers.
This aspect of the study was made clear in the information letter sent out to the
parents. It is important to note, however, that only the research team have access
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to these details. Each name was substituted with a specific code for data analysis
purposes. Only the research team were aware of which code related to which
individual participant. Published findings will be anonymised.

3.9.2 Reasons for the peripheral retinal locations selected
The aim of this study, in the original proposal, was to measure refraction at 15˚
and 30˚ from fixation nasally, temporally, inferiorly and superiorly. Following
careful consideration however, it was anticipated measuring the refractive error
at 15˚ of eccentricity in the nasal retina may lead to results are less likely to be
useful due to the presence of the optic nerve head. Previous studies have
excluded the refractive data collected from the nasal retina at 15˚ of eccentricity
because of variability in the data (Schmid 2003; Atchison et al. 2006b). This was
explained by disruptions caused by the optic nerve head region. Consequently,
there was a choice of 10˚ or 20˚ instead of 15˚.
Measuring PRx at 20˚ would be too eccentric for the superior and inferior visual
fields. This was mainly because of the limitation in the vertical size of the ShinNippon open-view window. It was not possible to test the refraction beyond 15˚
vertically because the head of the autorefractor blocked the view of near fixation
targets set further than 15˚ of eccentricity, at near. There were also restrictions in
the vertical field beyond 15˚ at distance because the autorefractor table would
have needed to be very high to enable measurement of refraction at 20˚ of
eccentricity inferiorly and superiorly. The inferior and superior distance targets
needed to be 1.5 m away from the fixation target if refraction was to be measured
at 20˚. The height of the table was fixed because adjusting the table height would
need adjustment of the distance fixation target accordingly. This was because
the central distance target needed to be aligned with the canthus marker. The
height of the chair was adjusted to ensure the eyes were aligned with the canthus
marker. It was also an important aspect of the study to measure refraction at the
same eccentric points at distance and near for comparison purposes. For these
reasons, it was decided to measure the refraction at 10˚ eccentricity instead of
15˚.
Similar to the vertical field, limitation horizontally from the Shin-Nippon window
restricted testing eccentricities beyond 30˚ at near, which meant the same
restrictions applied at distance. 30˚ targets on a mirror rig were built so that the
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target could be closer to the axis of the instrument, whilst maintaining a 30˚ angle.
The mirror added an extra metre to the target distance to match up
accommodation demand with the other targets. This was because of the
restrictions caused by the size of the testing rooms.
Peripheral refraction can be measured by asking the participant to rotate their
head towards eccentric fixation targets, whilst keeping fixating on a central target
(Ferree and Rand 1933; Seidemann et al. 2002; Atchison 2003). Alternatively,
the participant can be asked to turn their eye to fixate on eccentric fixation targets,
but keep their head steady (Atchison 2003; Berntsen et al. 2008; Radhakrishnan
and Charman 2008; Mutti et al. 2011). Significant differences in PRx when
measured via rotation of the eye compared with head turns are reported
(Seidemann et al. 2002). Standard deviation of the difference in peripheral
refraction using head and eye turn increase with increase in eccentricity
(Seidemann et al. 2002). However, conclusive evidence that PRx measures vary
significantly when using head compared to eye rotation method is not always
reported (Radhakrishnan and Charman 2008; Fedtke et al. 2009). The instruction
to turn the eye was simpler for the children participants to follow. Therefore, eye
rotation was used in this study.
3.9.3 Varied techniques used to measure peripheral refraction
A variety of methods have been used to measure PRx previously, including the
double-pass technique (Guirao and Artal 1999; Gustafsson et al. 2001), which is
set up by research teams as it is not commercially available, which makes
comparisons between studies very difficult. However, it is still used to measure
PRx (Seidemann et al. 2002), despite reports of variable results (Gustafsson et
al. 2001). The examiner has to manually rotate the instrument about the nodal
point of the eye (Gustafsson et al. 2001; Seidemann et al. 2002; Charman and
Jennings 2006). As can be appreciated, this would be a very difficult technique
to use with large number of subjects, especially if the participants are children.

Retinoscopy is another way of measuring PRx (Rempt et al. 1971; Wang et al.
1996; Anderson and Thibos 1999; Jackson et al. 2004; Hung et al. 2008). A
detailed review reported that the results obtained with a retinoscope match well
with results of subjective refraction and the Canon Autorefractor R-1 (Fedtke et
al. 2009). However, towards the periphery, the pupil appears elliptical to the
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researcher and aberrations increase. This makes retinoscopy a difficult test to
use for the measurement of PRx and hence it leads to unreliable results,
especially when measuring the axis of astigmatism (Lundstrom et al. 2005a).
Fedtke and colleagues concluded that retinoscopy for PRx measure can be
difficult (Fedtke et al. 2009).

The PowerRefractor (based on the photorefraction principle) was originally
developed to measure central refraction. In comparison to autorefractors, it has
been demonstrated to produce slightly more reliable and accurate results (Choi
et al. 2000). The PowerRefractor is able to measures refraction of both eyes at
the same time. It can also simultaneously measure inter-pupillary distance,
alignment of the eyes and pupil size (Choi et al. 2000). Therefore, the
PowerRefractor has been amended for PRx measurements, which has proved to
be a successful technique (Seidemann et al. 2002; Gustafsson and Unsbo 2003).
However, there are difficulties in measuring large peripheral angles and
underestimating high myopia because of its limited power range (Lundstrom et
al. 2005a). Also change in pupil diameter and pupil shape can affect refraction
results because the refraction measurements are based on light distribution in
the pupil (Lundstrom et al. 2005a). These drawbacks were highlighted in a review
of peripheral refraction measurements (Fedtke et al. 2009).

Subjective refraction was first used to measure PRx over 40 years ago (Ronchi
1971) and has recently been suggested to be used as the gold standard
technique for peripheral refraction measurements (Lundstrom et al. 2005a).
Subjective refraction is a subjective test requiring the constant attention and
feedback of the patient, which can be tiring and time consuming when measuring
refraction at multiple locations on the retina. This may result in errors when used
to collect data on a number of peripheral locations and may explain why
differences in peripheral refraction measured with subjective and objective
methods are reported (Atchison et al. 2006a).
The most commonly used aberrometer is the Hartmann-Shack wavefront sensor
(Atchison 2003). Aberrometers measure the wavefront or aberrations of the eye,
and has been used to measure PRx in a number of studies (Lundstrom et al.
2005a; Lundstrom et al. 2005b; Atchison et al. 2006a; Berntsen et al. 2008). An
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explanation of this technique for measuring off-axis refraction is provided by
Atchison and colleagues in detail, in two studies (Atchison and Scott 2002;
Atchison et al. 2007). It is suggested to the most useful technique, despite reports
of myopia overestimation with an aberrometer (Lundstrom et al. 2005a). PRx
measured with aberrometers are shown to be equivalent to refraction measured
with the Shin-Nippon NVision K5001 (Atchison 2003; Berntsen et al. 2008).
Many studies have used autorefractors to assess peripheral refraction (Atchison
et al. 2006b; Calver et al. 2007; Berntsen et al. 2008; Queiros et al. 2008; Fedtke
et al. 2009; Chen et al. 2010; Sng et al. 2011a). These studies have used a wide
range of autorefractors, including the Shin-Nippon NVision K5001 (or the Grand
Seiko WR-5100K), Shin-Nippon SRW5000 (or the Grand Seiko WV-500) and the
Canon Autoref R-1. An open-view, infrared NVision-K 5001 autorefractor (ShinNippon, Tokyo, Japan) was used in the current study, to take non-cycloplegic
refractive error measurements centrally and peripherally. The design of the
NVision-K 5001 autorefractor is comparable technically to the Shin-Nippon SRW5000 auto-refractor, which has been demonstrated to produce highly accurate
and reliable readings in participants without cycloplegia (Chat and Edwards 2001;
Mallen et al. 2001). See chapters 4 and 5 for further discussion on autorefractor
reliability and accuracy. Previous studies have used open-field autorefractors to
assess PRx to investigate retinal shape (Mutti et al. 2000b) and the extent of
peripheral defocus (Atchison et al. 2006b). A number of previous studies have
also concluded that most autorefractor models provide reliable and accurate
refractive error results (Kinge et al. 1996; Elliott 1997; Chat and Edwards 2001;
Mallen et al. 2001; Davies et al. 2003), in comparison to subjective refraction.

3.9.4 How the autorefractor works?
The NVision-K 5001 auto-refractor assesses refractive error in two stages. The
first stage involves a lens moving rapidly on a motorized track to position an
infrared ring target reflected off the retina. To determine the toroidal refractive
prescription, the image is then analysed in multiple meridians. For the second
stage, the NVision-K 5001 auto-refractor uses three infrared light arcs of a smaller
radius of curvature than the complete measurement ring used in the SRW-5000
to allow refractive error to be measured in participants with pupil sizes equal to
or greater than 2.3 mm. The toroidal refractive prescription is determined from
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the digital images of the arcs. In one minute, the NVision-K 5001 auto-refractor
can take up to 106 static prescription measurements in the ranges of ±22.0 DS
and ±10.0 DC in increments of 0.12 D for power and 1° increments for the
astigmatic axis. The vertex distance can be altered (0, 10, 12, 13.5, 15 and
16.5mm).

Image analysis of an infrared ring of light reflected off the corneal surface, the
diameter of which is measured in three meridians separated by 60°, enables the
calculation of the keratometry parameters. The keratometry readings are
displayed as radius of curvature (range, 5.0 to 10.0 mm) and refractive power
(range, 33.75 to 67.50 D) in steps of 0.01 mm or 0.12/0.25 D for the corneal
power and 1° for the corneal toricity. The participants’ fixation was tracked
through a LCD monitor which displays the pupil to enable correct positioning of
the instrument head with the subject’s visual axis. The screens also show the
refractive and keratometry readings. Therefore, it was possible to detect if any
obvious outlier readings were taken. The refractive error and corneal curvature
readings can to be printed using the instrument’s built-in printer.

3.9.5 Instrument alignment of the autorefractor
Instrument alignment is likely to influence PRx measurements (Ehsaei et al.
2011a) because the refractive component of the eye changes with the angle of
incidence (Read et al. 2006). Therefore, it was important to take the instrument
alignment into account when measuring PRx. Some studies used the pupil centre
as the reference point for taking peripheral refraction readings (Atchison et al.
2006b; Queiros et al. 2008), but the instrument alignment was not detailed. In the
current research, the corneal reflex was used as the reference point for taking
peripheral refractive error readings (Figure 11). This was based on studies that
have established the optimal Shin-Nippon NVision-K 5001 autorefractor
alignment position for PRx readings to be half way between the pupil centre and
corneal reflex (Ehsaei et al. 2011a). Ehsaei and colleagues found instrument
aligment to be more important with increasing eccentricity. They also concluded
that while the pupil centre fell close to the edge of acceptable alignment position
for large eccentricities, the corneal reflex was well within the extent of acceptable
alignment positions. The largest eccentricity investigated in the study, by Ehsaei
and colleagues, was 20˚. Considering that PRx were measured out to 30˚ in the
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present study, it was even more important to use the corneal reflex as the
reference point when taking peripheral refraction readings. It is also important to
take into account the fact that the position of the entrance pupil can alter with
pupil constriction and accommodation (Barry and Backes 1997; Yang et al.
2002). Therefore, the position of the corneal reflex is more constant. The
entrance pupil position is likely to be unstable when PRx is measured during near
vision when accommodation is stimulated. Furthermore, the position of the
entrance pupil has been found to alter with changes in room light level (Yang et
al. 2002), but it was ensured that the room light was not altered during the
refractive error measurements.

The conclusion reached by the current project, based on everything discussed
here, is that the autorefractor and the aberrometer are the most useful instrument
for measuring PRx. This was the same conclusion reached by a detailed review
on the techniques of peripheral refraction measurements (Fedtke et al. 2009).
The Shin-Nippon was available for this research. Also compared to retinoscopy,
autorefractors are much faster (Wood et al. 1998), measuring refractive error in
0.15 seconds (Chat and Edwards 2001). Therefore, the Shin-Nippon NVision-K
5001 autorefractor was used in the current research.
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Chapter 4
Repeatability of the Autorefractor for central and peripheral refractive
error without cycloplegia
4.1 Introduction, aim and hypothesis
Longitudinal refractive studies frequently use autorefractors for measuring central
refractive error under noncycloplegic conditions (Chat and Edwards 2001; Mallen
et al. 2001; Davies et al. 2003; Bailey et al. 2005; Sheppard and Davies 2010).
However, studies of autorefractor repeatability for peripheral refractive error
measurements are still very rare. Moore and Berntsen investigated the intersession repeatability of PRx using an autorefractor (Moore and Berntsen 2014).
However, they studied refraction under cycloplegia and only investigated the
horizontal fixation meridian. Furthermore, their subjects were young adults (22 to
27 years old), not children. The other study of inter-session repeatability of
peripheral measurements only included orthokeratology-treated participants (Lee
and Cho 2012). If PRx measurements are not found to be repeatable, then it
cannot be argued with confidence that PRx signals anything about the onset and
progression of myopia. It is for this reason that repeatability data were gathered
for the autorefractor as part of the current research.
As a result of the documented repeatability of the Shin-Nippon NVision-K 5001
autorefractor in measuring non-cycloplegic refractive error in children (Chat and
Edwards 2001), it was expected that the refractive error measured during the first
session, would not be significantly different to the refraction measured on the
following day in central vision at distance. Based on repeatability data for
cycloplegic central and PRx at distance (Moore and Berntsen 2014), it was
anticipated that the repeatability measures will be best for the central location,
but reduce for the peripheral measurements at distance, perhaps as a result of
poorer peripheral fixation. However, no studies were found on autorefractor
repeatability for measuring PRx at near. Similarly, no studies were found on
repeatability of the autorefractor for measuring non-cycloplegic central refraction
at near. With accommodation activated when measuring the near refractions, it
is anticipated for the autorefractor repeatability to be poorer at near due to
fluctuations in accommodation.
Repeatability of an autorefractor can be examined in two ways: within-session
repeatability and inter-session repeatability, as discussed by Mallen et al. (2001).
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The standard deviation of the repeated measurements taken in one session is
one method of measuring the within-session repeatability (Bullimore et al. 1998;
Mallen et al. 2001). The inter-session repeatability of an AR can be determined
by assessing the difference in refractive error measurements

on different

occasions (e.g. the following day) (Mallen et al. 2001).
The aim of this study was to assess the repeatability of central and peripheral
refractive error measurements at distance and near, made with the NVision-K
5001 autorefractor on two consecutive days, in non-cycloplegic visually-normal
eyes of children. With a better understanding of the repeatability of central and
peripheral refraction, the autorefractor measurements in the main study
(Chapters 6 and 7) can be better understood longitudinally. Longitudinal change
in refractive measurements will be regarded as a true change only when it
exceeds the repeatability of the autorefractor. Since 0.25 D is the minimum
clinical step size in refractive measurements, it would be rational to set the
criterion for deciding if results are clinically repeatable or not at 0.25 D.
4.2. Methods
21 participants were recruited using the same method of recruitment described
in the main method (Chapter 3). These participants were family and friends of the
research team, tested at the Eye Clinic, School of Optometry and Vision Science,
University of Bradford. Data collection for this section of the study resembled that
of the main study, therefore the ethics approval for the main study covered data
collection for this section of the study (Appendix A).
Monocular visual acuity was assessed in these children using their spectacles or
contact lenses if the child used a form of refractive error correction and unaided
if not, using a Bailey Lovie logMAR chart, from a distance of 4 metres. None of
the participants had heterotropia. Ophthalmoscopy was also conducted on both
eyes. Procedures for the autorefractor measurements are in main method in
chapter 3. The order in which the measurements were taken are as follows:
central, superior, inferior, temporal 10º, temporal 30º, nasal 10º and nasal 30º for
the right eye. The central position was always measured first. This order was
maintained when the readings were taken from the left eye, except the nasal
measurements were taken before the temporal. Distance measurements were
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always taken before the near measurements. This order of testing positions was
maintained for all peripheral refractive measurements throughout this study.
Autorefractor measurements were repeated 10 times during both sessions.
Results were obtained from all 21 recruited participants (11 males, 10 females)
aged between 9 and 14 (average, 13.52 ± 1.36 years). All participants achieved
a score of +0.20 logMAR units or better, in each eye (right eye mean, -0.02 ±
0.06; left eye mean, -0.02 ± 0.05). All the eyes were free from ocular diseases
and amblyopia. No participant was excluded from, or opted out of, the study. The
mean ±SD and range of the distance refractive measurements in the right eyes
during visit one: SER, -0.81 ±1.42 D (+0.96 to -3.85 D); J180, +0.24 ±0.65 D (+
2.78 to -0.43 D) and J45 +0.08 ±0.28 D (+0.94 to -0.24 D). The range of myopic
refractive errors was -0.75 to -3.85 D.
The sample size estimate was calculated using the within-participant standard
deviation (Sw), which relied upon the number of participants (n) and the number
of repeated measurements (n’) (McAlinden et al. 2015). The level of confidence
in the estimates is commonly chosen to be within 10 %. Therefore, the following
formula was used to calculate the sample size (McAlinden et al. 2015):

As a result of Sw appearing on both sides of the equation, the formula can be
simplified (McAlinden et al. 2015):

Based on the above formula, a sample size of 21 participants was estimated.
This sample size estimate was likely to be achievable. Based on these
calculations, a sample size of 21 participants was aimed for but with the
awareness that increase in the sample size would give higher level of confidence
in the estimates. To increase the level of confidence to 5 %, a sample size of 85
participants was required (McAlinden et al. 2015). This was unlikely to be
possible, especially with the schools not having extra time to support this section
of the study.
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4.3 Statistical analysis
See section 3.8 for data entry, outlier identification and removal. Within-session
repeatability was assessed by measuring the standard deviation of the repeated
measurements taken from each subject, in one session, for every retinal location
(Bullimore et al. 1998; Mallen et al. 2001). The main statistical analysis of this
chapter focused on evaluating the reliability of the autorefractor by analysing the
reproducibility of refractive measurements gathered on two separate occasions.
A simple evaluation of the agreement between visit one and two measurements
was observed by averaging the differences between the refractive measurements
gathered during the two visits.

Although a scatter graph plotted with the data taken from the two visits would
help to visually judge the level of agreement between the two data sets (Bland
and Altman 1986a), Bland-Altman plots are strongly argued to be more
informative (Bland and Altman 1986a) in assessing inter-session repeatability.
One of the reasons for this is that the data points on the scatter graph will most
likely be clustered near the line of equality, making it difficult to gauge the
differences from the two sets of data. Bland and Altman demonstrated that a lack
of agreement between two sets of data could be easily picked up with BlandAltman plots and yet missed with scatter plots (Bland and Altman 1986a). Scatter
plots were drawn for each refractive component (SER, J180 and J45), at each
eccentricity, and at distance and near, but as expected it was difficult to assess
the level of agreement due to the clustering of the points. Therefore, these scatter
plots are not presented here, and instead Bland-Altman plots are shown.

Correlation coefficient (r) and the significance (p) between the two data sets is
another way of comparing two data sets, where the null hypothesis is the two sets
of measurements are not linearly related. However, it is suggested that r is not
an effective way to assess the agreement between two data sets (Bland and
Altman 1986). One of the reasons for this is that r is the measure of the strength
of a relation between two variables, hence it does not provide information on the
agreement between the two variables (Bland and Altman, 1986). It is a measure
of association, not agreement between the data sets (Zadnik et al. 1992). The
difference between correlation and agreement is that perfect agreement means
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all the points will lie on an equality line where y=x, whereas perfect correlation is
achieved when the points lie along any straight line (Bland and Altman, 1986).
To confirm that r is not the best way for assessing the repeatability (Zadnik et al.
1992) of the data gathered in this project, r was calculated. The correlation
coefficient (r) between the data gathered on the two occasions at all of the
eccentricities was 1.00 or very close to it (> 0.90). The coefficient was highly
significant (p<0.001) at all of the eccentricities. This shows that data gathered on
the two occasions are related, but this high correlation does not provide
information about the level of agreement between the two data sets. Since other
tests are needed to better determine the reliability of the autorefractor, the results
of the r calculation are not discussed further. The coefficient of repeatability (CoR)
(Vaz et al. 2013), which is the standard deviation of the differences between the
two data set measurements multiplied by 1.96, was instead calculated.
The limits of agreement method is suggested to be the most effective way to
evaluate the agreement between two data sets (Bland and Altman 1986a; Bland
and Altman 1986b; Bland and Altman 1999). A number of studies have used this
method in the analysis of accuracy and repeatability of refractive readings
measured by autorefractors (Kinge et al. 1996; Chat and Edwards 2001; Mallen
et al. 2015; Nguyen and Berntsen 2017).
Before gathering the Bland-Altman plots, histograms were drawn to check for
normal distribution (Gaussian) of the differences in the two data sets, as
suggested by Bland and Altman (1986). As a result of the small sample size, it
was difficult to determine normality by visual observation of the histograms at all
of the eccentricities. Therefore, Shapiro-Wilk test was also done to verify normal
distribution of the differences. This is the test that is highly recommended
because it provides better power than more popular tests for normality, such as
the K-S test (Ghasemi and Zahediasl 2012). The distribution of the observations
in the sample was considered normal if p≥ 0.05.
The 95% limits of agreement (LoA) were calculated as the mean difference 1.96
x standard deviation of the differences for the normally distributed data. Where
the distribution was not normally distributed, the data were logarithmically
transformed. The Bland-Altman method (Bland and Altman 1986b) was not used
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to calculate the 95% limits of agreement, where the data was still not found to be
normally distributed. The 2.5 and 97.5 percentiles of the differences were instead
calculated, and these were referred to as 95% limits of agreement. Other studies
comparing cycloplegic and non-cycloplegic refractions, have similarly used the
2.5 and 97.5 percentiles as the 95% limits of agreement, when the differences
were not found to be normally distributed (Krantz et al. 2010).
The Bland-Altman plots show the difference between the two sets of
measurements taken at each retinal location (during distance and near viewing)
on the two separate occasions, plotted against the mean of the two sets of
measurements. Plotting difference against mean also enabled the investigation
of any possible relationship between measurement error and the true value. The
true value is unknown, which means that the best estimate of the true value is
the mean of the measurements taken on both visits (Bland and Altman 1986b).
As suggested by Bland and Altman (1999), linear regression was used to assess
the relationship between bias (visit 1 – visit 2) and the magnitude of the refractive
error. If the gradient of the slope is significantly different from zero, then it is
assumed that proportional bias is present (Ludbrook 2002). P-values of < 0.05
indicates that the trend line is significantly different from zero, meaning that the
there is a relationship between the mean and the difference.

There is an alternative approach to drawing Bland-Altman plots when you have
repeated measurements, where all the repeated measurements are represented
on the plots, scattered around the mean value which would be considered as that
individual’s true value (Bland and Altman 2007). However, the standard BlandAltman plots were drawn in this chapter. One reason for this is that Stata is used
to statistically analyse repeatability. The Bland-Altman plots are mainly for a
visual representation of the inter-session repeatability. Furthermore, Bland and
Altman themselves claim that the standard approach to drawing Bland-Altman
plots is appropriate when the usual clinical measurement is the average of that
number of repeats (Bland and Altman 2007). In the analysis of the main data set
(Chapter 5 and 6) , the repeated measurements were averaged. Therefore, it was
important to analyse repeatability in the same way. Linear regression analysis
was conducted using SPSS (version 24) to determine if there was a significant
(non-zero) slope to the mean versus difference data in the plots.
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The Bland-Altman plots allow a visual representation of the agreement between
the measurements gathered during the two visits, at each retinal location.
However, the plots cannot give a statistical analysis. As a result, Stata v.14.1
(StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX:
StataCorp LP.) was used. The confidence intervals calculated by Stata will be
relied upon when analysing the variability in the data set, rather than the
confidence intervals determined by Bland-Altman’s method. The study design
involves repeated continuous measures per child. Therefore, in the Stata
analysis, a multivariate linear mixed effects multilevel modelling with child as a
random effect was used and response variables as repeated measures nested
within each child. The three outcome variables were SER, J180 and J45. An
identity covariance structure with robust standard errors to mitigate the impact of
heteroskedasticity from skewed outcome variables was assumed. The interaction
of repeatability with fixation distance (distance and near vision) and retinal
eccentricity on repeatability were of interest in this analysis. All models were
controlled for the following factors: gender, age, and left versus right eye status.
P-values of < 0.05 were defined as statistically signiﬁcant.

4.4 Results
The mixed effects regression analysis revealed that there were no significant
differences in the repeatability of J180 and J45 readings in the right versus left
eyes (both, p> 0.05, Table 11), whilst controlling for age, gender, location and
fixation distance. Although the difference in SER repeatability for the right versus
left eyes was significant (p< 0.001), it was not clinically meaningful. The SER
repeatability in the left eye was +0.09 D worse than that in the right eye (Table
11). For this reason, only the right eye is analysed and represented in the BlandAltman plots and tables.
Similarly, the repeatability of SER and J180 did not vary significantly with age,
taking all the other factors into account. The repeatability of J45 did vary
significantly with age (p= 0.03), but only by 0.03 D (Table 11). The impact of
gender was not significant on SER or J45 repeatability. Taking into account
eccentricity, fixation distance and measurements taken during both visits, the
impact of gender was significant on J180 (p=0.01). J180 was more negative by 0.50 D in males (Table 11). It is not clear why this is so.
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Table 11. The effect of gender, age, left versus right eye on repeatability
Vectors

SER

J180

J45

Repeatability

P

95% Confidence Interval

Gender

-0.23

0.31

-0.68

+0.22

Age

-0.11

0.17

-0.27

+0.05

Left Eye

+0.09

<0.001

+0.04

+0.14

Gender

-0.50

0.01

-0.90

-0.10

Age

-0.03

0.67

-0.14

+0.09

Left Eye

-0.05

0.50

-0.19

+0.09

Gender

+0.01

0.83

-0.10

+0.12

Age

-0.03

0.03

-0.06

-0.00

Left Eye

-0.02

0.89

-0.33

+0.28

Table 11. The effect of gender, age, left versus right eye on SER, J180 and J45 repeatability is
considered separately whilst controlling for all other factors including eccentricity and, distance
and near measurements. Statistically significant p values (<0.05) are highlighted in bold.
Repeatability shows the dioptric difference between visit one and two refractive measurements in
dioptres. The 95% confidence intervals are also represented.

4.4.1 Within-session repeatability of peripheral and central measures, at distance
and near
Within-session repeatability is the standard deviation of the repeated SER, J180
and J45 readings for each child, at each retinal location and gives an indication
of the within-session variability of the repeated measurements, at both distance
and near. The within-session repeatability is shown for visit one only (Table 12)
because the within-session repeatability of visit two were not statistically different
compared to visit one. At both distance and near, the SER within-session
repeatability was < 0.25 D at the central and all of the tested peripheral locations.
However, compared to the central location, the within-session repeatability for
the SER and the astigmatic vector components were larger at all of the peripheral
locations. Centrally, the within-session repeatability was smaller for the
astigmatic vector components compared with the SER measurements, at
distance and near (Table 1). However, compared with SER, the within-session
repeatability for J180 and J45 tended to be larger at almost all of the peripheral
location, at both distance and near. The intra-session repeatability was largest at
30º temporal for J45 measurements, reaching 0.35 at distance and 0.39 D at near
(Table 12).
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Table 12. Within-session repeatability for each retinal location during visit one, at
distance and near, in the right eyes
Central

Superior 10°

Inferior 10°

Temporal 10°

Temporal 30°

Nasal 10°

Nasal 30°

SER
J180
J45
SER
J180
J45
SER
J180
J45
SER
J180
J45
SER
J180
J45
SER
J180
J45
SER
J180
J45

Distance
Near
±0.17
±0.16
±0.14
±0.07
±0.12
±0.07
±0.18
±0.20
±0.25
±0.21
±0.18
±0.19
±0.21
±0.23
±0.24
±0.23
±0.28
±0.28
±0.20
±0.23
±0.23
±0.22
±0.25
±0.21
±0.21
±0.19
±0.26
±0.23
±0.35
±0.39
±0.19
±0.22
±0.27
±0.22
±0.23
±0.22
±0.18
±0.18
±0.30
±0.28
±0.32
±0.29

Table 12. The average of the standard deviation of the repeated SER, J180 and J45
measurements taken on each child during visit one session.

4.4.2 Inter-session repeatability of peripheral and central measures, at distance
and near
The CoR values at both distance and near (Table 13) highlight the excellent
repeatability of the Shin-Nippon NVision-K 5001 for central SER, J180 and J45
measurements. The distance CoR for SER remained excellent in the horizontal
meridian, out to the periphery (0.15 D nasally 30°; +0.14 D temporally 30°).
Similarly, the distance CoR for peripheral SER in the vertical meridian were
comparable to the central CoR (0.13 D superior 10°; +0.15 D inferior 10°). The
repeatability of the autorefractor in measuring SER at near becomes
progressively less repeatable towards the periphery in the horizontal (temporal
30°, ±0.14 D; nasal 30°, ±0.22 D) and vertical (0.22 D superior 10°; +0.30 D
inferior 10°) meridians.
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The repeatability of the astigmatic vectors was similar to the repeatability for the
SER centrally, at both distance and near (Table 13). However, both J180 and J45
showed a reduction in repeatability with increase in eccentricity at distance and
near, at both horizontal and vertical fixation meridians. Across the horizontal and
vertical fixation meridians, the repeatability of J180 was better than the
repeatability of J45 in the periphery, with a smaller decrease in repeatability at
higher eccentricities, at distance and near (Table 13).
There was a slight asymmetry in the repeatability of J180 measurements in the
vertical meridian, both at distance (Table 13) with the inferior (distance, ±0.35 D)
retina showing a poorer repeatability, compared with the superior retina
(distance, ±0.24 D). Similar patterns were observed for J45, with a poorer
repeatability inferiorly (distance, ±0.48 D; near, ±0.39 D) compared to superiorly
(distance, ±0.29 D; near, ±0.24 D) at both distance and near (Table 13).
No horizontal asymmetry was present in the repeatability of SER and J45
measurements at distance (Table 13). There was, however, a slight asymmetry
in the repeatability of J180 measurements in the horizontal meridian, with the
nasal retina (±0.42 D) showing a poorer repeatability than the temporal retina
(±0.28 D). This asymmetry was pronounced at near with J180 showing a much
poorer nasally (±0.66 D) compared to temporally (±0.35 D).
Table 13. The coefficient of repeatability at each retinal location tested at
distance and near, in the right eyes
Eccentricity
Central

Superior 10º

Inferior 10º

Temporal 10º

Temporal 30º

SER

CoR
Distance
±0.14

CoR
Near
±0.08

J180

±0.12

±0.09

J45

±0.12

±0.09

SER

±0.13

±0.22

J180

±0.24

±0.21

J45

±0.29

±0.24

SER

±0.15

±0.30

J180

±0.35

±0.22

J45

±0.48

±0.39

SER

±0.14

±0.18

J180

±0.20

±0.20

J45

±0.37

±0.41

SER

±0.14

±0.14
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Nasal 10º

Nasal 30º

J180

±0.28

±0.35

J45

±0.61

±0.65

SER

±0.20

±0.19

J180

±0.27

±0.18

J45

±0.39

±0.22

SER

±0.15

±0.22

J180

±0.42

±0.66

J45

±0.64

±0.63
Table 13. The coefficient of repeatability (CoR, standard deviation of the differences between the
two data set measurements multiplied by 1.96) for the distance and near refractions (in dioptres,
D). Only right eye data is represented. Any coefficient of repeatability value greater than ±0.50 D
is highlighted.

4.4.3 Bland -Altman plots
The refractive error difference between the two visits are represented by the gap
between the x-axis of the Bland-Altman plots (Figures 14, 15 and 16),
corresponding to zero differences, and the solid parallel line to the x-axis (middle
black line). The difference between the refractive measurements gathered on the
two separate occasions against the average of the measurement are shown in
Figures 14, 15 and 16, evaluating the differences at different magnitudes of the
measured variable. In the plots (Figure 14, 15 and 16), the line of equality (zero
line) is within the LoA of the mean difference for the SER, astigmatic vectors J180
and J45 at distance and near. Based on this, it could be suggested that the bias
(the difference between perfect agreement and the mean difference) is not
significant.

Figure 14. Bland -Altman plots for SER measurements at distance and near, in
the right eyes
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Figure 14. Bland-Altman plots for central, superior 10º, inferior 10º, temporal 10º, temporal 30º,
nasal 10º and nasal 30º SER measures at distance and at near. The mean refraction measured
at both sessions with the Shin-Nippon NVision-K 5001 autorefractor is represented on the x-axis,
in dioptres (D). The difference between the sessions is shown on the y-axis (visit one – visit two
refraction), in dioptres. The mean difference is represented by the middle black solid line. The
95% limits of agreement are shown by the black upper and lower lines. Where there was a
significant (p<0.05) finding from the linear regression analysis (Table 14), a linear trend line is
drawn to show the pattern of the relationship.

Figure 15. Bland -Altman plots for J180 measurements at distance and near, in
the right eyes
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Figure 15. Bland-Altman plots for central, superior 10º, inferior 10º, temporal 10º, temporal 30º,
nasal 10º and nasal 30º J180 measures at distance and at near. The mean refraction measured
at both sessions with the Shin-Nippon NVision-K 5001 autorefractor is represented on the x-axis,
in dioptres (D). The difference between the sessions is shown on the y-axis (visit one – visit two
refraction), in dioptres. The mean difference is represented by the middle black solid line. The
95% limits of agreement are shown by the black upper and lower lines. Where there was a
significant (p<0.05) finding from the linear regression analysis (Table 14), a linear trend line is
drawn to show the pattern of the relationship.

Figure 16. Bland -Altman plots for J45 measurements at distance and near, in
the right eyes
Superior-10o Distance J45

Mean difference (D)

Central Distance J45

0.75

0.75

0.5

0.5

0.25

0.25

0
-0.25-4.00

-2.00

0.00

0
-0.25-4.00

2.00

-0.5
-0.75

y = -0.1209x + 0.0066
R² = 0.3376

-2.00

0.00

-0.5
-0.75

Mean (D)

70

Mean (D)

2.00

Inferior-10o Distance J45

Mean difference (D)

0.75

Temporal-10o Distance J45

y = 0.2154x + 0.0087
R² = 0.3744

0.75

0.5

0.50

0.25

0.25

0
-0.25-4.00

-2.00

0.00

0.00
-0.25-4.00

2.00

-0.5

-0.75

Mean (D)

Difference (D)

Temporal-30o Distance J45

1.20

0.80

0.80

0.40

0.40

0.00
-4.00
-0.40

-2.00

0.00

2.00

0.00
-4.00
-0.40
-0.80

Mean (D)

Nasal-30o Distance J45

Difference (D)

2.00

1.20

0.80

0.80

0.40

0.40

-0.80

-2.00

0.00

0.00
-3.00
-0.40

2.00

-0.80

Mean (D)

Superior-10o Near J45

1.20

0.80

0.80

0.40

0.40
-1.00

1.00

-2.00

0.00

2.00

Mean (D)

-1.00

1.00

3.00

Mean (D)

Inferior-10o Near J45

1.20

0.00
-3.00
-0.40

y = -0.0791x - 9E-05
R² = 0.2386

Central Near J45

1.20

0.00
-4.00
-0.40

Mean (D)
Nasal-10o Distance J45

1.20

-0.80

Difference (D)

0.00

-0.50

-0.75

-0.80

-2.00

0.00
-3.00
-0.40

3.00

-0.80

Mean (D)

71

-1.00

1.00

Mean (D)

3.00

Difference (D)

Temporal-10o Near J45

Temporal-30o Near J45

1.20

1.20

0.80

0.80

0.40

0.40

0.00
-3.00
-0.40
-0.80

-1.00

1.00

0.00
-3.00
-0.40

3.00

-0.80

Mean (D)

Difference (D)

Nasal-10o Near J45

1.20

0.80

0.80

0.40

0.40

-0.80

-1.00

1.00

1.00

3.00

Overall mean (D)

Nasal-30o Near J45

1.20

0.00
-3.00
-0.40

-1.00

0.00
-3.00
-0.40

3.00

-0.80

Mean (D)

-1.00

1.00

3.00

Mean (D)

Figure 16. Bland-Altman plots for central, superior 10º, inferior 10º, temporal 10º, temporal 30º,
nasal 10º and nasal 30º J45 measures at distance and at near. The mean refraction measured at
both sessions with the Shin-Nippon NVision-K 5001 autorefractor is represented on the x-axis, in
dioptres (D). The difference between the sessions is shown on the y-axis (visit one – visit two
refraction), in dioptres. The mean difference is represented by the middle black solid line. The
95% limits of agreement are shown by the black upper and lower lines. Where there was a
significant (p<0.05) finding from the linear regression analysis (Table 14), a linear trend line is
drawn to show the pattern of the relationship.

The linear regression analysis showed that the inter-session differences in SER,
J180 and J45 did not vary significantly by the magnitude of the refractive error at
distance or near, centrally (Table 15). The gradient of the slope was not
significantly different from zero. However, there was a relationship between the
mean and the difference at some of the peripheral locations (highlighted in bold
in Table 15). A linear trend line, with the intercept and the slope equations, are
shown on these plots to show the pattern of the relationship. Where there was a
significant trend, the confidence intervals were < 0.25 D (Tables 17, 19a and 19b).
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Table 14. Linear regression analysis of the Bland-Altman plots, in the right
Distance

Near

P
Central

Superior-10º

Inferior-10º

Temporal-10º

Temporal 30º

Nasal-10º

Nasal-30º

P

SER

0.09

0.60

J180

0.74

0.32

J45

0.11

0.17

SER

0.37

0.64

J180

0.01

0.43

J45

0.01

0.90

SER

0.14

0.67

J180

0.04

0.08

J45

0.03

0.81

SER

0.04

0.02

J180

0.72

0.30

J45

0.66

0.55

SER

0.80

0.51

J180

0.22

0.76

J45

0.92

0.29

SER

0.00

0.48

J180

0.03

0.07

J45

0.00

0.29

SER

0.11

0.05

J180

0.09

0.00

J45

0.88

0.69

Table 14. Linear regression analysis to determine if the gradient of the slope is significantly
different from zero. P-values < 0.05 (highlighted in bold) indicate that the bias changes with the
magnitude of refractive error. P-vales ≥ 0.05 show where the bias is constant. R; right eyes.

4.4.4 The mixed-effects regression analysis
The mixed-effects regression analysis showed that the overall repeated SER,
J180 and J45 measures were not significantly different to the initially measured
SER, J180 and J45 (p= 0.11, 0.94 and 0.30, respectively). This was when all
other factors were taken into account: eccentricity, fixation distance (distance,
near), right versus left eyes, age and gender (Table 15).

Table 15. The inter-session repeatability of SER, J180 and J45
Vectors

Repeatability

P

95% Confidence Interval

SER

+0.01

0.11

0.00

+0.02

J180

0.00

0.94

-0.02

+0.02
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J45

0.30

-0.01

+0.01

-0.03

Table 15. The inter-session repeatability of SER, J180 and J45, when controlling for all other
factors. Repeatability shows the dioptric difference between visit one and two refractive
measurements. P values and 95% confidence intervals are also shown.

When assessing distance and near repeatability separately, but taking all other
factors into account, the difference between the first and second SER measures
is statistically significant at distance (p< 0.001), but not clinically significant (0.01
D, Table 16). At near, the SER measures taken during the second visit are not
statistically different compared to the first visit (p= 0.76).

Table 16. SER inter-session repeatability at distance and near
SER

Repeatability

P

95% Confidence Interval

Distance

+0.01

<0.001

+0.01

0.00

Near

0.00

0.76

-0.02

+0.02

Table 16. The effect of fixation distance (distance, near) on SER repeatability is considered
separately whilst controlling for all other factors including age, ethnicity, gender eccentricity.
Statistically significant p values (<0.05) are highlighted in bold. Repeatability represents the
dioptric difference between visit one and two refractive measurements. The 95% confidence
intervals are also shown.

At distance, the central and peripheral SER measures taken during the second
visit are not statistically different compared to the first visit, except at temporal 10º
and 30º (both p< 0.001, Table 17). The magnitude of the first and second visit
measurements for both locations were not clinically significant (+0.04 D for 10º
and +0.05 D for 30º). The near, central SER measures taken during the second
visit is statistically different compared to the first visit (p< 0.001). However, the
difference between the measures were not clinically meaningful (+0.04 D, Table
17). At all other near locations, the difference between the first and second
measures is not statistically significant.
Table 17. Central and peripheral SER repeatability at distance and near
SER

Repeatability

P

95% Confidence Interval

Central at distance

0.00

0.69

-0.02
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+0.02

Central at near

+0.04

<0.001

+0.02

+0.06

Superior-10º at distance

+0.01

0.52

-0.02

+0.03

Superior-10º at near

+0.03

0.66

-0.12

+0.18

Inferior-10º at distance

-0.02

0.28

-0.04

+0.01

Inferior-10º at near

-0.05

0.23

-0.13

+0.03

Temporal-10º at distance

+0.04

<0.001

+0.01

+0.06

Temporal-10º at near

-0.01

0.58

-0.04

+0.02

Temporal-30º at distance

+0.05

<0.001

+0.02

+0.07

Temporal-30º at near

-0.01

0.50

-0.05

+0.02

Nasal-10º at distance

+0.01

0.61

-0.02

+0.04

Nasal-10º at near

+0.01

0.68

-0.04

+0.05

Nasal-30º at distance

+0.01

0.33

-0.01

+0.02

Nasal-30º at near

+0.01

0.57

-0.03

+0.05

Table 17. The effect of eccentricity and fixation distance (distance, near) on SER repeatability are
displayed separately whilst controlling for all other factors including age, ethnicity, gender.
Statistically significant p values (<0.05) are highlighted in bold. Repeatability represents the
dioptric difference between visit one and two SER measurements. Positive repeatability values
indicate more hyperopic (less myopic) SER measure in visit 2 compared to visit 1.

When assessing distance and near inter-session repeatability separately, but
taking all other factors into account, the difference between the first and second
J180 and J45 measures are not statistically significant at distance or near (Tables
18a and 18b).

Table 18a. J180 inter-session repeatability at distance and near
J180

Repeatability

P

95% Confidence Interval

Distance

-0.01

0.57

-0.03

+0.01

Near

0.00

0.67

-0.02

+0.02

Table 18b. J45 inter-session repeatability at distance and near
J45

Repeatability

P

95% Confidence Interval

Distance

-0.01

0.59

-0.04

+0.02

Near

-0.01

0.23

-0.03

+0.01

Table 18. The effect of fixation distance (distance, near) on J180 (18a) and J45 (18b) repeatability
is considered separately whilst controlling for all other factors including age, ethnicity, gender
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eccentricity. P value and 95% confidence intervals are shown. Repeatability represents the
dioptric difference between visit one and two refractive measurements.

The central and peripheral J180 measures taken during the second visit are not
statistically different compared to the first visit, at distance or near (Table 19a).
Similarly, J45 repeatability is not statistically significant on- or off-axis at near and
distance, apart from superiorly at near (p<0.001). However, this difference in J45
measures between visit one and two is not clinically significant (-0.04 D, Table
19b).
Table 19a. Central and peripheral J180 repeatability at distance and near Table
J180

Repeatability

P

95% Confidence Interval

Central at distance

+0.01

0.13

0.00

+0.02

Central at near

-0.01

0.44

-0.03

+0.02

Superior-10º at distance

+0.02

0.42

-0.02

+0.06

Superior-10º at near

+0.02

0.19

-0.01

+0.06

Inferior-10º at distance

-0.03

0.12

-0.06

+0.01

Inferior-10º at near

0.00

0.93

-0.07

+0.06

Temporal-10º at distance

-0.02

0.62

-0.07

+0.04

Temporal-10º at near

0.00

0.96

-0.04

+0.03

Temporal-30º at distance

+0.01

0.84

-0.06

+0.07

Temporal-30º at near

-0.03

0.18

-0.08

+0.02

Nasal-10º at distance

+0.04

0.26

-0.03

+0.10

Nasal-10º at near

+0.03

0.17

-0.01

+0.08

Nasal-30º at distance

-0.07

0.06

-0.14

0.00

Nasal-30º at near

+0.02

0.59

-0.06

+0.10

Table 19b. Central and peripheral J45 repeatability at distance and near
J45

Repeatability

P

95% Confidence Interval

Central at distance

-0.01

0.50

-0.03

+0.01

Central at near

-0.01

0.23

-0.03

+0.01

Superior-10º at distance

-0.01

0.27

-0.04

+0.01

Superior-10º at near

-0.04

<0.001

-0.07

-0.02

Inferior-10º at distance

+0.01

0.71

-0.05

+0.07

0.00

0.89

-0.05

+0.06

+0.04

0.21

-0.02

+0.10

Inferior-10º at near
Temporal-10º at distance
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Temporal-10º at near

+0.02

0.42

-0.03

+0.06

Temporal-30º at distance

-0.09

0.18

-0.21

+0.04

Temporal-30º at near

-0.06

0.13

-0.13

+0.02

Nasal-10º at distance

+0.01

0.67

-0.04

+0.07

0.00

0.89

-0.05

+0.04

Nasal-30º at distance

-0.01

0.89

-0.07

+0.04

Nasal-30º at near

+0.01

0.81

-0.07

+0.09

Nasal-10º at near

Table 19. The effect of eccentricity and fixation distance (distance, near) on J180 (a) and J45 (b)
repeatability are displayed separately whilst controlling for all other factors including age,
ethnicity, gender. The only statistically significant p value (<0.05) is highlighted in bold.
Repeatability represents the dioptric difference between visit one and two refractive
measurements. The 95% confidence intervals are shown for each eccentricity, at distance and
near. Positive repeatability values indicate more positive (less negative) astigmatic measure in
visit 2 compared to visit 1.

4.5 Repeatability of the autorefractor for myopes, emmetropes or hyperopes
To determine if the repeatability of the autorefractor varies for myopes,
emmetropes or hyperopes, the mean SER, J180 and J45 difference between the
two sessions amongst emmetropes, hyperopes and myopes were analysed
separately (Table 20). There were ten myopes (SER, -2.07 ±0.99 D), two
hyperopes (SER, +0.96 ±0.01 D) and nine emmetropes (SER, +0.19 ±0.13 D) in
this repeatability experiment.
When comparing SER, J180 and J45 bias between myopes and emmetropes, no
significant differences were found (all p>0.05). No statistical comparison was
done involving the hyperopes due to their small numbers (n2).
Table 20. The mean SER, J180 and J45 differences (±SD) between visit one and
two, at all investigated visual field locations.
Eccentricity

Myopes

Hyperopes

Mean differences
mean ±SD
Distance
Near
Central

SER
J180
J45

+0.04
±0.07
+0.00
±0.05
+0.00
±0.07

-0.04
±0.04
-0.01
±0.06
+0.01
±0.04
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Mean differences
mean ±SD
Distance
Near
-0.07
±0.01
-0.16
±0.01
-0.04
±0.10

-0.05
±0.01
-0.01
±0.04
+0.06
±0.03

Emmetropes
Mean differences
mean ±SD
Distance Near
+0.03
±0.07
+0.00
±0.04
+0.03
±0.05

-0.02
±0.05
+0.00
±0.03
-0.01
±0.06

Superior 10º

SER

-0.03
±0.07
J180
-0.07
±0.14
J45
+0.09
±0.20
Inferior 10º
SER
+0.01
±0.08
J180
+0.08
±0.25
J45
+0.05
±0.33
Temporal 10º
SER
+0.00
±0.09
J180
+0.05
±0.10
J45
-0.09
±0.22
Temporal 30º
SER
-0.03
±0.09
J180
-0.07
±0.17
J45
-0.19
[HJ1]±0.27
Nasal 10º
SER
-0.13
±0.11
J180
+0.07
±0.18
J45
-0.05
±0.27
Nasal 30º
SER
-0.01
±0.08
J180
+0.19
±0.22
J45
-0.10
±0.27
Table 20. The mean SER, J180 and J45

-0.03
-0.01
±0.13
±0.02
-0.04
+0.03
±0.10
±0.09
+0.05
-0.01
±0.08
±0.10
+0.01
+0.03
±0.20
±0.10
+0.04
-0.09
±0.14
±0.12
+0.03
-0.19
±0.16
±0.14
+0.00
+0.03
±0.07
±0.03
+0.00
-0.14
±0.11
±0.02
+0.02
-0.16
±0.12
±0.10
+0.03
-0.03
±0.07
±0.04
+0.05
-0.17
±0.24
±0.18
+0.03
-0.32
±0.39
±0.49
-0.04
+0.05
±0.12
±0.07
-0.01
-0.05
±0.07
±0.08
+0.00
+0.13
±0.07
±0.07
-0.03
+0.05
±0.11
±0.11
-0.15
-0.06
±0.23
±0.04
+0.06
+0.29
±0.20
±0.12
taken during session

+0.05
±0.01
-0.23
±0.06
+0.06
±0.03
-0.01
±0.07
-0.08
±0.06
-0.23
±0.13
+0.07
±0.01
-0.12
±0.06
-0.61
±0.19
+0.06
±0.04
-0.08
±0.07
+0.00
±0.16
+0.08
±0.03
+0.01
±0.02
+0.25
±0.02
+0.12
±0.14
+0.32
±0.06
-0.25
±0.42
one minus

-0.04
+0.07
±0.07
±0.08
+0.05
+0.03
±0.06
±0.05
+0.03
-0.01
±0.07
±0.17
-0.02
+0.05
±0.06
±0.11
-0.01
+0.00
±0.06
±0.07
+0.01
-0.02
±0.11
±0.23
+0.00
+0.04
±0.06
±0.11
+0.01
+0.04
±0.07
±0.09
+0.02
-0.05
±0.13
±0.07
-0.05
-0.03
±0.06
±0.07
+0.02
+0.05
±0.05
±0.10
+0.14
-0.08
±0.22
±0.31
-0.01
+0.01
±0.04
±0.07
-0.03
-0.06
±0.05
±0.12
-0.02
-0.04
±0.07
±0.10
+0.01
+0.03
±0.06
±0.10
+0.09
+0.06
±0.21
±0.40
+0.18
+0.15
±0.35
±0.40
the refraction taken

during session two for myopes, hyperopes and emmetropes, in dioptres. Positive repeatability
values indicate more hyperopic (less myopic) refractive measure in visit 2 compared to visit 1.

4.6 Discussion
A comprehensive analysis of the repeatability of SER, J180 and J45
measurements were conducted on the 21 participants recruited to take part in
this study. Mallen et al. (2001) found the standard deviation of the repeated
distance measurements on each of their participants to average to 0.13, 0.08 and
0.07 D for central SER, J180 and J45 readings, respectively. This was
comparable to the central within-session repeatability of the present study, at
distance and near. The SER, J180 and J45 within-session repeatability was
<0.50 D at all tested locations for distance and near measurements. The withinsession repeatability was worst for the astigmatic components, especially at the
periphery. This reflects the inter-session repeatability values.
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The mixed-effects regression analysis demonstrated that even when there were
statistically significant differences, the inter-session repeatability was never found
to also be clinically meaningful centrally or across the vertical and horizontal
meridians, at distance or near. However, when looking at the CoR values, there
were variations in the repeatability centrally compared to peripherally that is worth
discussing to allow comparisons with other studies. It may be suggested that the
higher the CoR value, the less reliable the autorefractor; the CoR is the value
below which the absolute differences between two measurements would lie with
0.95 probability (Vaz et al. 2013). Only a refractive change greater than the CoR
value, may be considered as a true change and any change below the CoR value
may be regarded as a measurement error of the autorefractor. The Shin-Nippon
NVision-K 5001 showed the best inter-session repeatability centrally for SER,
J180 and J45 measurements, at distance and near, which became progressively
worse with increasing eccentricity.
Bullimore and colleagues (1998) found the central CoR for distance SER
measurements to be 0.12 D, which is comparable to that found in the current
study (0.14 D, Table 13). Similarly, the 95% LoA for central, distance SER
measurements (Figure 14) was better than previously reported in cycloplegic
(±0.21 D) (Moore and Berntsen 2014) and non-cycloplegia studies: from ±0.43 to
±0.86 D (Mallen et al. 2001; Davies et al. 2003; Cleary et al. 2009; Sheppard and
Davies 2010). The lack of a statistical and clinically significant finding from the
mixed-effects regression analysis, support the good repeatability measures
demonstrated by the CoR values for central SER readings, at distance and near.

Bullimore and colleagues (1998) suggest that the autorefractor may be more
appropriate for studies of myopia progression because more repeatable results
are reported by the autorefractor compared to subjective refraction. They found
the average difference in SER measured by the autorefractor to be +0.02 D (95%
LoA, -0.36 to +0.40 D), whereas the average difference in SER determined by
subjective refractions was -0.12 D (95% LoA, -0.90 to +0.65 D) (Bullimore et al.
1998). Also the 95% LoA for the autorefractor were about half of the subjective
refraction for the J180 and J45 astigmatic vectors (Bullimore et al. 1998). Cleary
and colleagues found the repeatability of the autorefractor to be similar to
subjective refraction (Cleary et al. 2009). Equally, Rosenfield and Chiu found the
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mean standard deviation for subjective and autorefractor techniques to be ±0.14
and ±0.18 D, with 95% confidence limits of ±0.27 and ±0.35 D, respectively
(Rosenfield and Chiu 1995).

The central CoR for SER measurements is comparable to the CoR values across
the vertical and horizontal meridians, at distance. The distance CoR for SER in
the horizontal meridian (0.15 D nasally 30°; +0.14 D temporally 30°) is much
better than the previously reported CoR for distance cycloplegic autorefraction:
0.60 D nasally 30°; 0.47 D temporally 30° (Moore and Berntsen 2014).
Similarly, the SER 95% LoA in the horizontal meridian (Figure 14) were better
than previously reported: ±0.73 D nasally and ±0.88 D temporally (Moore and
Berntsen 2014). This contradicts previous findings that non-cycloplegic central
autorefraction is less repeatable than cycloplegic central autorefraction (Zadnik
et al. 1992). The participants of the current study were low myopes, whereas
Moore and Berntsen (2014) included moderate myopes (-3.45 1.42 D), which
may account for the better repeatability found in the present study, both at
distance and near.

The repeatability of the astigmatic vectors was worse at the periphery, compared
to the repeatability of the SER measurements, both at distance and near. This
may be due to the reported influence of pupil misalignment when taking
measurements away from the central vision (Moore and Berntsen 2014). It is
suggested that at 30° of eccentricity, in a myopic eye, a 0.27 mm lateral
misalignment of the pupil centre with the instrument axis could result in a 0.25 D
change in refraction (Fedtke et al. 2011). This may be caused by the light
travelling through the peripheral cornea and crystalline lens at the peripheral
locations, leading to increases in higher-order aberrations (Shen et al. 2010).
Careful attention was paid to ensure that the autorefractor measurement beam
was optimally centred on the pupil of the participant, however small
misalignments may still have been missed by the examiner. This explanation has
previously been offered to explain reduction in autorefractor repeatability towards
the periphery at distance (Moore and Berntsen 2014).

80

The CoR values, for the central J180 and J45 (Table 14) were good compared to
the reported repeatability of cycloplegic refraction: J180 0.23 D; J45 0.17 D
(Moore and Berntsen 2014). Equally, the CoR value of peripheral J180, were
similar to the reported inter-session J80 repeatability at 30º nasal ( 0.45 D) and
temporal ( 0.44 D) (Moore and Berntsen 2014). However, the CoR value of the
J45 measurements were better in previously reported cycloplegic J45
repeatability at 30º nasal (0.25 D) and temporal (0.33 D) compared to the
current study (Moore and Berntsen 2014). This was unexpected because J180
measurements were greater towards the periphery compared with J45 readings.
Refractive measurements were taken across the horizontal and vertical
meridians of the eye where peripheral increases in astigmatism are due to
differences in power along the horizontal and vertical meridian (Moore and
Berntsen 2014), which accounts for the greater increase in J180 astigmatism.
The poorer CoR value for the J45 peripheral measures arose from the large
standard deviations of the difference between the two visits compared with that
of the SER and J180 measurements, not from large differences between visit 1
and 2. For example, the standard deviations of the SER, J180 and J45 difference
between the two visits at temporal 30º were ±0.07, ±0.14 and ±0.31 and for nasal
30º ±0.07, ±0.21 and ±0.33, at distance. As the CoR calculation involves the
standard deviation, it explains the larger CoR values reported for the J45
measures. The small sample size of this repeatability study is likely to have
contributed to the large variability found in the J45 measures.
Uncorrected refractive error along with the distance of the viewing target can
result in varied accommodative demands between participants (Moore and
Berntsen

2014).

Under

non-cycloplegic

conditions,

fluctuations

in

accommodation can also occur, reducing inter-session repeatability (Moore and
Berntsen 2014). However, despite the non-cycloplegic refractive conditions, on
average, the distance SER repeatability were similar to the repeatability at near.
The inter-session repeatability was worse inferiorly at near, compared to distance
inferior CoR measure. It is possible that variability in the accommodative
response as a response to fluctuations in accommodation account for the poorer
repeatability found at near. Both the inferior and superior targets were at the same
distance to the eye, but it is possible that greater accommodation was induced
with the inferior target as the eyes looking down as well as converging, simulating
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a reading position. The only other location to show a large difference between
the distance and near CoR values is nasal 30° for the J180 measures. J180
increased from distance (-0.82 ±1.41 D) to near (-1.29 ±0.68 D). Linear
regression analysis showed that at near, the gradient of the slope was
significantly different from zero in the J180 measures (Table 14). Therefore, it is
expected to see a larger CoR value with larger J180 measures.
Similarly, although the repeatability of J180 and J45 followed similar patterns
across the periphery at distance and near, there were vertical asymmetries in the
repeatability of the J180 and J45 measurements. This is likely to be due to
interferences with the eyelashes when taking the measurements. Despite careful
attention being paid to ensure eyes were wide open and the eyelashes were not
in the way when the measurements were taken, it is possible that the eyelashes
interfered with the measurements during the blink process when taking the
inferior measurements.
The limitations of this study include the small sample size and narrow range of
refractive errors studied. Further studies of repeatability with a wide range of
refractions are essential for a better understanding of autorefractor repeatability
in high myopes. However, for the purpose of the current study, the narrow range
of refractive error was sufficient because the myopes in main study (Chapters 6
and 7) were also, on average, low myopes. Therefore, narrow range of refractive
error is unlikely to be a major limitation. Whereas, larger sample size would
increase the statistical power of the analysis.

Another limitation was the number of repeated measures. Autorefractor
measurements were repeated 10 times for this repeatability section. However,
autorefractor measurements were repeated 5 or 3 times, (when 3 identical
consecutive readings were recorded) on the primary school children during the
first visit. Autorefractor measurements were repeated 10 times on the primary
school children during the second visit and the secondary school children on the
first and second visits. Repeating autorefractor measurements 10 times for this
repeatability section may have potentially produced more repeatable results.

Central and peripheral refractive readings with the Shin-Nippon NVision-K 5001
demonstrated good central and peripheral repeatability, at both distance and
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near. Based on the mixed-effects regression analysis, any SER, J180 or J45
measurement above 0.25 D can be considered as a true change in the and near.
Based on the mixed-effects regression analysis, any SER, J180 or J45
measurement above 0.25 D can be considered as a true change in the
longitudinal data.
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Chapter 5
An Examination of Peripheral Refractive Error Profiles in Children

5.1 Introduction, aim and hypothesis
5.1.1 Characterising the shape of the retina
The refractive error profiles in the retinal periphery has been plotted by a number
of studies, as discussed in Chapter 2. However, these studies tend to measure
refraction along the horizontal meridian only (Hoogerheide et al. 1971; Rempt et
al. 1971; Millodot 1981; Mutti et al. 2000b; Logan et al. 2004; Atchison et al.
2005b; Mutti et al. 2007; Lee and Cho 2013; Chen et al. 2016; Hartwig et al.
2016), with fewer studies assessing the vertical meridian (Atchison et al. 2005a;
Atchison et al. 2006b; Ehsaei et al. 2011b; Shen et al. 2018).

The purpose of this chapter is to characterise the peripheral refractive error
profiles in children of predominantly Caucasian and South Asian ethnicity across
both the horizontal and vertical meridians, at distance and near. This chapter also
aims to compare the PRx profiles of myopes, emmetropes and hyperopes and to
compare the findings with previous such studies. This will enable a
comprehensive analysis of the relationship between PRx in both horizontal and
vertical meridians to the central refraction. Both absolute and relative peripheral
refraction (RelPRx) will be studied. Based on the current studies, emmetropes
and hyperopes are expected to demonstrate relative myopia towards the
periphery, with the hyperopes showing a larger myopic shift, while myopes are
anticipated to display RelPH along the horizontal (Rempt et al. 1971; Millodot
1981; Mutti et al. 2000b; Logan et al. 2004; Atchison et al. 2005b) and vertical
meridians (Schmid 2003).

5.1.2 Relationship between near-work and myopia
All of the studies mentioned above are restricted to measuring peripheral
refraction at distance only, except for a few studies (Walker and Mutti 2002;
Calver et al. 2007; Davies and Mallen 2009; Whatham et al. 2009). With evidence
that retinal shape becomes more prolate during accommodation (Walker and
Mutti 2002), it is suggested that RelPH may increase during accommodation,
which might stimulate myopia onset and progression (Whatham et al. 2009). If
RelPH is a drive for myopia onset and progression, and if RelPRx changes during
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accommodation (and convergence or miosis), studying RelPRx at distance and
near will allow a better understanding of these links between RelPRx,
accommodation and myopia onset and progression. Following identification of
the shape of the eye using the uncorrected peripheral refractive error measures
at distance, the current study will map the refractive error in the peripheral retina
during habitual near vision. The present study will aim to examine if the lag of
accommodation during near viewing[HJ2] associated with myopia (Gwiazda et al.
1993), will affect the refractive profile of the peripheral retina.

The studies that have assessed the peripheral refraction during near vision, have
focused on myopic (Whatham et al. 2009) and emmetropic (Calver et al. 2007)
adult subjects (Walker and Mutti 2002), across the horizontal meridian only. The
present study will aim to investigate the influence of accommodation on RelPRx
profile of myopic, emmetropic and hyperopic children across the horizontal and
vertical meridians.

5.2 Methods
See Chapter 3 for methods and section 3.8 for data entry, outlier identification
and removal.

5.2.1 Primary school participants
From the 457 of the parents of pupils in years 3, 4 and 5 (7-9 year olds) contacted
to take part in the study, the parents of 25 (5.47%) of them opted their children
out of the study on the first visit (Table 21). Two (0.44%) of the participants opted
themselves out of the study on the first visit. No participant declined to continue
to take part in the study once the data collection process had started. For a
number of other reasons, it was not possible to test all of the pupils who agreed
to take part in the study (Table 21). Therefore, ultimately 315 participants were
recruited from the primary schools during the visit one data selection.
Sixteen children (1.91%), from the 315 children recruited, were excluded from the
data analysis as a result of amblyopia, tropia or congenital defect (Table 22),
which resulted in 299 (Table 23) participants. The mean age of these children
was 8.49  0.92 years (range, 7 – 10 years), with an almost 1:1 male/ female ratio
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(n= 150:149). These 299 subjects were used to analyse the primary school crosssectional data at baseline. The ethnicity of these subjects are shown in Table 24.
Reading score data for 127 of these 299 participants were provided by the four
primary schools. The reading levels details were not available for all the classes
within the four primary schools. Only seven classes (from 15 classes) provided
the reading data. It was difficult to assess how these scores related to the amount
of near work conducted by each child and if these levels reflected the intelligence
of the children; each school measured reading ability slightly differently and
provided diverse scores accordingly (see Appendix B). Only 2 of these subjects
were myopic so no statistical analysis would have been possible with regards to
myopia and the reading scores. For these reasons, data provided by the schools
are shown in Appendix B, but not analysed in association with myopia or
peripheral refraction. Writing levels were not provided by any of the schools.
Table 21. The reasons data collection was not possible from all of participants
contacted, in the first visit.
Primary
Schools

Number of participants not tested because of
Poor
fixation

BV

Ocular
Disease

Absent

Unwell

No
time

0

Opted
Participant
out by
opted out
parents
3
1

1

1

1

1

0

2

2
3
4
Total

0
0
0
1

0
0
0
1

0
0
0
0

3
19
0
25

0
5
7
13

1
0
1
2

1
95
0
98

0
1
0
2

Table 21. The number of participants contacted, but whose data were not collected for a number
of reasons. Poor fixation: participant not able to keep a constant and steady fixation for reliable
results to be[HJ3] taken. BV is binocular vision anomaly. Some of the children were too ‘un-well’
to take part in the study. The schools allocated certain number of days and limited time in which
the research had to be completed. There was not enough time to test everyone who agreed to
take part in the study (‘no time’). Some of the children were unwell or absent on the days the
research took place.

Table 22. The number of participants whose data were collected but not used in
any data analysis during the first and second visit.
Primary
Schools
1

Number of participants tested but removed from
data analysis because of
Amblyopia Tropia
Congenital defect
1
2
0
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2
3

3
3

2
4

0
1

4
Total

0
7

0
8

0
1

Table 22. The present study examined the refractive profile of healthy eyes only.

Table 23. Summary of the number of participants contacted, tested and
whose data were analysed during visit one.
Primary
Schools
1
2
3

Number of
participants contacted
89
59
271

Number of
participants tested
80
54
151

Number of
participants analysed
77
49
143

4
Total

38
457

30
315

30
299

Table 23. The data from these 299 participants were used for the cross-sectional data analysis.

Table 24. Ethnicity detail of the primary school participants whose data were
analysed
Ethnicity
Any other Asian
Any other Black African
Any other Black Background
Any other Black Caribbean
Any other ethnic group
Any other White background
Bangladeshi
Black Caribbean
Gypsy/Roma
Indian
Libyan
Other Black
Other mixed background
Pakistani Mirpuri
Pakistani Other
Refused
White and any other Asian background
White and Black Caribbean
White and other Black African
White Eastern European
White British
White Irish
Unknown/Unavailable
Total

Primary School
4
3
2
1
1
2
1
1
1
4
2
1
5
17
57
1
5
6
2
5
129
1
49
299
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Table 24. The ethnicity data for the majority of the 299 participants were provided by the schools.
These categories were defined by the schools. Ethnicity data was not available for 49 participants.
Based on observation, the ethnicity distribution of these 49 participants were: 2 Black, 30 White
and 17 South Asian.

5.2.2 Secondary School Participants
From the 286 of the parents of pupils in years 7, 8 and 9 (11-14 year olds)
contacted to take part in the study, the parents of 9 (3.14%) opted their children
out of the study on the first visit (see Tables below). One (0.35%) of the
participants from the secondary schools opted themselves out of the study on the
first visit (Table 25). As with the primary schools, not all of the pupils who agreed
to take part in the study were tested (Table 21). Ultimately, 239 pupils were
tested. Data from 10 participants were not analysed because they had amblyopia,
tropia or nystagmus (Table 26). Therefore, data analysis was conducted on 229
(Table 27) participants from the first visit, with a mean age of 12.10  0.96 years
(range, 11 – 14 years). The majority of the participants were female (174 females
versus 55 male participants) due to one of the two secondary schools being an
all-girls school. These 229 subjects were used to analyse the secondary school
cross-sectional data at baseline. Reading or writing score data for these 229
participants were not provided by any of the secondary schools. The ethnicity of
these subjects are shown in Table 28.

Table 25. The reasons the data collection was not possible from all of participants
who were contacted to take part in the study, in the first visit.
Secondary
Schools

1
2
Total

Not tested because of
Opted out by
parents
2
7
9

Participant
opted out
0
1
1

Absent

Un-well

3
2
5

1
1
2

No
time
10
20
30

Table 25. The number of participants contacted, but whose data were not collected for a number
of reasons. The schools allocated certain number of days and time in which the research had to
be completed. There was not enough time to test everyone who agreed to take part in the study
(‘No time’). Some of the children were unwell or absent on the days the research took place.

Table 26. The number of participants whose data were collected but not used in
any data analysis during the first and second visit.
Secondary
Schools

Tested but not analysis because of
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Amblyopia

Tropia

Nystagmus

1
2

0
2

4
3

1
0

Total

2

7

1

Table 26. The present study examined the refractive profile of healthy eyes only.

Table 27. Summary of the number of participants contacted, tested and
whose data where analysed during visit one.
Secondary
Schools
1
2
Total

Participants
Contacted

Participants
Tested
126
160
286

Participants
Analysed
110
129
239

105
124
229

Table 27. The data from these 229 participants were used for the cross-sectional data analysis.

Table 28. Ethnicity detail of the secondary school participants whose data were
analysed
Ethnicity
Any other Asian Background
Any other ethnic group
Any other White background
Bangladeshi
Black African
Black Caribbean
Gypsy/Roma
Indian
Pakistani Mirpuri
Mixed background
Other Pakistani
White and Asian
White and Black African
White British
Total

Secondary School
3
2
2
1
4
1
1
2
53
1
47
3
1
108
229

Table 28. The ethnicity data for all the 229 participants were provided by the schools. These
categories were defined by the schools.

5.3 Statistical analysis
In previous literature, it is common for only the right eye data to be presented
(Mutti et al. 2000b; Sng et al. 2011a; Li et al. 2015b), usually because the
participants were children, and unlikely they would cooperate whilst data were
collected from both eyes (Sng et al. 2011a). However, the present study had data
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for both eyes, therefore both eyes are presented in the tables, but the figures only
show the right eye data. This is because the left eyes tended to mimic the right
eyes; the differences between the two eyes were not always apparent in the
figures. Where the refractive measurements of the right eyes were different from
the left eyes, it is highlighted in the tables. However, the discussion focuses on
the results from the right eyes, as it commonly done so in previous studies (Mutti
et al. 2000b; Sng et al. 2011a; Li et al. 2015b).

Stata v.14.1 (StataCorp. 2015. Stata Statistical Software: Release 14. College
Station, TX: StataCorp LP.) was used for a statistical analysis of the data set. The
study design involves repeated continuous measures per child. Therefore, in the
Stata analysis, a multivariate linear mixed effects multilevel modelling with child
as a random effect was used and response variables as repeated measures
nested within each child. The three outcome variables were SER, J180 and J45.
An identity covariance structure with robust standard errors to mitigate the impact
of heteroskedasticity from skewed outcome variables was assumed. The
interaction of peripheral versus central refraction with fixation distance (distance
versus near vision) at different retinal eccentricities were of interest in this
analysis. All models were controlled for the following factors: gender, spectacle
use, schools, age, and ethnicity. Bonferroni-adjusted p-values are reported. Pvalues of < 0.05 were defined as statistically signiﬁcant. Parallel analysis was run
for the right and left eyes. For statistical analysis, the participants were grouped
into 3 categories: white, black and mixed/ other (all mixed ethnic groups and
Asian participants).

5.4 Results
5.4.1 Absolute peripheral refraction within refractive groups
Based on the right eye data, there were 61 (11.6 %) myopes (all with habitual
visual acuity of +0.20 logMAR or worse), 394 (74.6 %) emmetropes and 73 (13.8
%) hyperopes. Similarly, there were 61 myopes, 395 emmetropes and 72
hyperopes based on the left eye data analysis. The refractive error distribution
was different between the primary (n 299) and secondary school children (n 229).
There were 20 (6.7 %) myopic, 60 (20.1 %) hyperopic and 219 (73.2 %)
emmetropic primary school children. Amongst the secondary school children,
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there were 40 (17.5 %) myopes, 13 (5.7 %) hyperopes and 176 (76.9 %)
emmetropes.

On average, the 528 children were emmetropic during first visit (+0.09 ± 1.15 D).
The histograms of the central and peripheral SER, J180 and J45 (Figures 20)
display the refractive error distribution of the full sample and thus help to show if
there are anything unusual about the sample, such as large number of myopia or
high astigmatism. Compared with a Gaussian distribution of the same mean and
standard deviation, the central absolute SER distribution is leptokurtotic with a
low prevalence of hyperopes and myopes (Figure 17). The large number of
emmetropic participants has resulted in the majority of the data being close to the
mean at the central location. The spread of the data is more evenly distributed
rather than congregating around the mean, resembling a normal distribution, at
the furthest eccentricities (nasal and temporal 30º, Figure 17). This shows
increase in refractive error with increase in eccentricity. It is apparent from
Figures 18 and 19 that the majority of the participants have low amounts of
astigmatism centrally, which increases with eccentricity (Appendix E).

Figure 17. Central and peripheral baseline SER distribution at distance, in the
right eyes
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Figure 17. Histograms of the central and peripheral distribution of the absolute spherical
equivalent refraction (SER) in the right eyes, at distance. Refraction values are given in dioptres
(D). The black solid curved line is normal Gaussian distribution curve.

Figure 18. Baseline central J180 distribution at distance, in the right eyes

Figure 18. Histograms of the central distribution of the absolute J180 measures in the right
eyes, at distance. Refraction values are given in dioptres (D). The black solid curved line is
normal Gaussian distribution curve. Peripheral distribution of J180 are shown in Appendix E.

Figure 19. Baseline central J45 distribution at distance, in the right eyes

Figure 19. Histogram of the distribution of the absolute central J45 measures in the right eyes, at
distance. Refraction values are given in dioptres (D). The black solid curved line is normal
Gaussian distribution curve. Peripheral distribution of J180 are shown in Appendix E.
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The central and peripheral absolute refractions obtained for the myopes,
emmetropes, hyperopes and the full sample are shown in Tables 29 (distance
measurements) and 32 (near measurements). The standard deviations of the
power vectors were smaller than that of the SER, at both distance (Table 29) and
near (Table 32), which indicates that the between-subject variance is greater for
SER than for the astigmatic vectors. The standard deviations for SER, J180 and
J45 all increased with increases in retinal eccentricity in all the refractive groups,
across the horizontal and vertical meridians (Tables 29 and 32). This indicates
an increase in between-subject variance with increase in retinal eccentricity.

The central and peripheral SER, J180 and J45 measures for primary (Tables 30
and 33) and secondary schools (Tables 31 and 34) are shown separately at
distance (Tables 30 and 31) and near (Table 33 and 34) to enable comparison.
The degree of myopia was higher amongst the primary school children compared
with the secondary schools. This was not statistically or clinically significant
(<0.25 D, p= 0.559). Overall in the full sample, the secondary and primary school
children were emmetropic (p= 0.077). With age not being a significant factor in
peripheral refraction, further analysis between the primary and secondary
schools was not conducted.

Figures 20 and 21 show the change in absolute refractive error from the central
to the peripheral retina, at distance and near, amongst the myopes, emmetropes
and hyperopes. At distance and near, the hyperopes and emmetropes become
less hyperopic towards the periphery. The change in refraction from centre to
periphery, is greater in the hyperopes, compared to the emmetropes. The central
refraction of the myopes become less myopic with increase in eccentricity, at both
distance and near. In contrast, the astigmatic vectors in the three refractive
groups change in a similar pattern across the retina, at distance and near.
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Table 29. Descriptive statistics for central and peripheral absolute SER, J180 and J45 values at distance, across the horizontal and
vertical meridians.
Horizontal Meridian

Vertical Meridian

Temporal 30º

Temporal 10º

Central 0º

Nasal 10º

Nasal 30º

Inferior 10º

Superior 10º

Mean

Mean

Mean

Mean

Mean

±SD

Mean

Mean

±SD

±SD

±SD

±SD

±SD

±SD

Full sample
SER

+0.02

±1.26

-0.06

±1.07

+0.09

±1.15

-0.05

±1.14

-0.05

±1.28

+0.03

±1.28

-0.16

±1.10

J180

-1.66

±1.15

-0.46

±0.74

+0.03

±0.52

-0.04

±0.70

-0.80

±1.00

+0.45

±0.91

+0.18

±0.69

J45

+0.18

±0.79

+0.14

±0.45

+0.02

±0.32

-0.27

±0.51

-0.14

±0.76

-0.15

±0.61

+0.24

±0.48

SER

-1.42

±1.58

-1.87

±1.69

-2.21

±1.50

-1.95

±1.60

-1.69

±1.67

-1.95

±1.72

-2.10

±1.40

J180

-1.27

±1.42

-0.12

±0.99

+0.28

±0.77

+0.15

±0.93

-0.62

±1.39

+0.78

±1.10

+0.38

±0.91

J45

+0.51

±1.03

+0.28

±0.55

+0.02

±0.46

-0.23

±0.65

-0.09

±1.07

-0.03

±0.62

+0.29

±0.56

SER

+0.12

±1.00

+0.03

±0.53

+0.19

±0.28

+0.02

±0.56

+0.06

±0.96

+0.14

±0.80

-0.08

±0.54

J180

-1.68

±1.00

-0.48

±0.63

0.00

±0.41

-0.07

±0.63

-0.84

±0.91

+0.41

±0.86

+0.15

±0.61

J45

+0.15

±0.73

+0.13

±0.39

+0.03

±0.26

-0.28

±0.48

-0.13

±0.72

-0.15

±0.59

+0.24

±0.43

SER

+0.64

±1.39

+0.93

±0.85

+1.45

±1.03

+1.13

±1.12

+0.73

±1.27

+1.04

±1.30

+0.99

±1.09

J180

-1.88

±1.51

-0.62

±0.95

-0.02

±0.70

-0.02

±0.82

-0.77

±1.05

+0.34

±0.95

+0.20

±0.87

Myopia

143

Emmetropia

Hyperopia

J45
+0.07
±0.85 +0.04
±0.60 -0.02
±0.48 -0.25
±0.55 -0.24 ±0.67
-0.24
±0.67 +0.20
±0.62
Table 29. Results for absolute SER, J180 and J45 values (mean ±SD), at distance, on-axis and at peripheral retinal locations in the horizontal and vertical meridians
for the right eyes of the whole sample (n528), and for the myopic (n61), emmetropic (n394) and hyperopic (n73) groups.

Table 30. Descriptive statistics for distance central and peripheral absolute SER, J180 and J45 values for the primary school children,
across the horizontal and vertical meridians.
Horizontal Meridian
Temporal 30°
Mean

±SD

Temporal 10°
Mean

±SD

Vertical Meridian

Central 0°
Mean

±SD

Nasal 10°
Mean

±SD

Nasal 30°
Mean

±SD

Inferior 10°

Superior 10°

Mean

Mean

±SD

±SD

Full Sample
SER
J180
J45

+0.30 ±1.24
-1.74 ±1.14
+0.14 ±0.65

+0.05 ±0.98
-0.55 ±0.76
+0.13 ±0.43

+0.28 ±1.06
-0.03 ±0.55
+0.05 ±0.31

+0.09 ±1.12
0.00 ±0.70
-0.28 ±0.52

+0.22 ±1.18
-0.63 ±0.94
-0.14 ±0.74

+0.19 ±1.22
+0.29 ±0.85
-0.18 ±0.54

-0.02 ±1.05
+0.17 ±0.71
+0.26 ±0.45

-1.80 ±1.85
-1.45 ±1.40
+0.23 ±0.94

-2.11 ±1.81
-0.06 ±1.15
+0.27 ±0.56

-2.37 ±1.53
+0.50 ±0.86
0.00 ±0.46

-2.46 ±1.72
+0.36 ±1.05
-0.21 ±0.75

-2.17 ±1.79
-0.04 ±1.51
+0.17 ±1.17

-2.45 ±1.65
+0.79 ±1.21
-0.19 ±0.64

-2.53 ±1.29
+0.63 ±1.09
+0.35 ±0.68

+0.32 ±0.93
-1.72 ±0.99
0.00 ±0.75

+0.01 ±0.45
-0.57 ±0.64
+0.01 ±0.54

+0.22 ±0.29
0.00 ±0.45
-0.04 ±0.44

+0.04 ±0.50
-0.03 ±0.61
-0.25 ±0.51

+0.25 ±0.78
-0.65 ±0.86
-0.22 ±0.64

+0.17 ±0.66
+0.26 ±0.79
-0.16 ±0.52

-0.06 ±0.48
+0.13 ±0.62
+0.28 ±0.40

+0.94 ±1.24
-1.90 ±1.50
+0.16 ±0.59

+0.93 ±0.79
-0.68 ±0.91
+0.15 ±0.37

+1.41 ±0.97
-0.04 ±0.67
+0.07 ±0.24

+1.14 ±1.08
0.00 ±0.84
-0.29 ±0.50

+0.94 ±0.71
-0.77 ±0.92
-0.14 ±0.71

+1.11 ±1.32 +0.95 ±1.04

Myopia
SER
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J180
J45
Emmetropia
SER
J180
J45
Hyperopia
SER
J180

+0.23 ±0.92
-0.23 ±0.60

+0.18 ±0.83
+0.16 ±0.54

J45
Table 30. Primary school results for absolute SER, J180 and J45 values (mean ±SD), at distance, on-axis and at peripheral retinal locations in the horizontal and
vertical meridians for the right eyes of the whole sample (n299), and for the myopic (n20), emmetropic (n219) and hyperopic (n60) groups.

Table 31. Descriptive statistics for distance central and peripheral absolute SER, J180 and J45 values for the secondary school children,
across the horizontal and vertical meridians.
Horizontal Meridian
Temporal 30°

Temporal 10°

Mean

Mean

±SD

±SD

Central 0°
Mean

±SD

Nasal 10°
Mean

±SD

Nasal 30°
Mean

±SD

Vertical Meridian
Inferior 10°
Superior 10°
Mean

±SD

Mean

±SD

Full Sample
SER
J180
J45

-0.36 ±1.19
-1.56 ±1.16
+0.24 ±0.94

-0.22 ±1.16
-0.34 ±0.68
+0.14 ±0.47

-0.15 ±1.21
+0.03 ±0.48
-0.01 ±0.34

-0.24 ±1.14
-0.09 ±0.69
-0.26 ±0.50

-0.40 ±1.31
-1.03 ±1.03
-0.15 ±0.80

-0.18 ±1.33
+0.65 ±0.95
-0.11 ±0.68

-0.34 ±1.14
+0.20 ±0.66
+0.21 ±0.51

-1.23 ±1.40
-1.18 ±1.44
+0.65 ±1.05

-1.75 ±1.64
-0.21 ±0.90
+0.28 ±0.56

-2.13 ±1.50
+0.18 ±0.71
+0.03 ±0.46

-1.70 ±1.50
+0.04 ±0.86
-0.23 ±0.60

-1.44 ±1.57
-0.91 ±1.24
-0.22 ±1.00

-1.70 ±1.71
+0.78 ±1.06
+0.06 ±0.60

-1.89 ±1.42
+0.25 ±0.79
+0.26 ±0.50

-0.13 ±1.02
-1.63 ±1.03
+0.13 ±0.86

+0.05 ±0.61
-0.37 ±0.59
+0.10 ±0.42

+0.17 ±0.27
0.00 ±0.36
-0.02 ±0.27

-0.01 ±0.63
-0.12 ±0.64
-0.27 ±0.46

-0.18 ±1.11
-1.07 ±0.92
-0.12 ±0.74

+0.10 ±0.94
+0.61 ±0.92
-0.13 ±0.67

-0.10 ±0.61
+0.18 ±0.59
+0.19 ±0.47

-0.72 ±1.28
-1.76 ±1.62
+0.40 ±1.22

+0.94 ±1.09
-0.34 ±1.08
+0.20 ±0.80

+1.61 ±1.30
+0.11 ±0.83
+0.03 ±0.66

+1.12 ±1.35
-0.11 ±0.71
-0.25 ±0.73

-0.23 ±1.51
-0.77 ±1.58
-0.34 ±0.82

+0.68 ±1.13 +1.15 ±1.32

Myopia
SER
J180
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J45
Emmetropia
SER
J180
J45
Hyperopia
SER
J180

+0.86
-0.31

±0.96

+0.27
+0.37

±1.09

±0.97
±0.89
J45
Table 31. Secondary school results for absolute SER, J180 and J45 values (mean ±SD), at distance, on-axis and at peripheral retinal locations in the horizontal and
vertical meridians for the right eyes of the whole sample (n229), and for the myopic (n40), emmetropic (n176) and hyperopic (n13) groups

Table 32. Descriptive statistics for central and peripheral absolute SER, J180 and J45 values at near, across the horizontal and vertical
meridians.
Horizontal Meridian

Vertical Meridian

Temporal 30º

Temporal 10º

Central 0º

Nasal 10º

Nasal 30º

Inferior 10º

Superior 10º

Mean

Mean

Mean

Mean

Mean

Mean

Mean

±SD

±SD

±SD

±SD

±SD

±SD

±SD

Full sample

146

SER

-2.34

±1.30

-2.44

±0.96

-2.52

±0.92

-2.49

±0.98

-2.37

±1.26

-2.40

±1.04

-2.67

±0.93

J180

-1.74

±0.96

-0.45

±0.60

-0.03

±0.44

-0.06

±0.58

-0.96

±0.84

+0.23

±0.83

0.00

±0.60

J45
Myopia

+0.03

±0.64

+0.15

±0.40

+0.05

±0.27

-0.29

±0.48

-0.01

±0.66

-0.09

±0.59

+0.27

±0.41

SER

-2.24

±1.60

-2.66

±1.29

-2.76

±1.08

-2.76

±1.19

-2.43

±1.43

-2.67

±1.29

-2.87

±1.02

J180

-1.72

±0.82

-0.33

±0.56

+0.06

±0.45

-0.10

±0.53

-1.18

±0.82

+0.41

±0.82

+0.06

±0.57

J45

+0.07

±0.59

+0.20

±0.37

+0.09

±0.30

-0.31

±0.50

0.00

±0.75

-0.01

±0.58

+0.29

±0.40

SER

-2.42

±1.14

-2.54

±0.72

-2.64

±0.62

-2.61

±0.72

-2.48

±1.09

-2.49

±0.84

-2.79

±0.60

J180

-1.72

±0.93

-0.44

±0.58

-0.03

±0.42

-0.06

±0.58

-0.95

±0.83

+0.20

±0.83

-0.03

±0.60

J45

+0.04

±0.62

+0.15

±0.39

+0.05

±0.25

-0.30

±0.48

0.00

±0.65

-0.09

±0.60

+0.27

±0.39

SER

-1.94

±1.74

-1.73

±1.38

-1.62

±1.47

-1.62

±1.43

-1.68

±1.67

-1.70

±1.45

-1.85

±1.57

J180

-1.85

±1.20

-0.55

±0.73

-0.07

±0.52

-0.02

±0.61

-0.83

±0.85

+0.21

±0.85

+0.11

±0.73

Emmetropia

Hyperopia

J45
+0.09
±0.80 +0.13
±0.44
+0.02
±0.35 -0.21
±0.45 -0.09
±0.64
-0.12
±0.52
+0.27
±0.49
Table 32. Results for right eyes absolute SER, J180 and J45 values (mean ±SD), at near, on-axis and at peripheral retinal locations in the horizontal and vertical
meridians for the whole sample (n528), and for each of the three refractive groups: myopes (n61), emmetropes (n394) and hyperopia (n73).

Table 33. Descriptive statistics for near central and peripheral absolute SER, J180 and J45 values for the primary school children, across
the horizontal and vertical meridians.
Horizontal meridian
Temporal 30°
Mean

±SD

Temporal 10°
Mean

±SD

Central 0°
Mean

±SD

Vertical meridian
Nasal 10°
Mean

±SD

Nasal 30°
Mean

±SD

Inferior 10°
Mean

±SD

Superior 10°
Mean

±SD

Full Sample
SER
J180
J45

-2.13 ±1.31
-1.74 ±1.01
0.00 ±0.64

-2.36 ±1.00
-0.52 ±0.62
+0.15 ±0.38

-2.44 ±0.93
-0.04 ±0.45
+0.05 ±0.28

-2.40 ±1.01
-0.05 ±0.60
-0.28 ±0.49

-2.10 ±1.33
-0.78 ±0.86
-0.02 ±0.68

-2.35 ±1.05
+0.11 ±0.77
-0.12 ±0.52

-2.62 ±0.97
+0.02 ±0.61
+0.30 ±0.40

-2.27 ±2.23
-1.65 ±1.02
+0.01 ±0.48

-2.76 ±1.64
-0.24 ±0.63
+0.26 ±0.30

-2.70 ±1.37
+0.24 ±0.46
+0.01 ±0.25

-2.85 ±1.57
-0.05 ±0.58
-0.30 ±0.62

-2.48 ±2.06
-1.04 ±1.10
+0.23 ±0.87

-2.67 ±1.41
+0.39 ±0.87
-0.22 ±0.53

-2.76 ±1.41
+0.22 ±0.61
+0.35 ±0.45

-2.21 ±1.11
-1.71 ±0.98
+0.04 ±0.59

-2.50 ±0.73
-0.53 ±0.61
+0.15 ±0.38

-2.63 ±0.60
-0.05 ±0.45
+0.06 ±0.26

-2.56 ±0.73
-0.06 ±0.61
-0.30 ±0.49

-2.23 ±1.01
-0.75 ±0.87
-0.02 ±0.67

-2.50 ±0.84
+0.10 ±0.76
-0.12 ±0.53

-2.80 ±0.68
-0.03 ±0.60
+0.30 ±0.38

-1.76 ±1.56
-1.86 ±1.11
-0.15 ±0.81

+1.72 ±1.27
-0.61 ±0.65
+0.08 ±0.41

-1.69 ±1.31
-0.09 ±0.42
+0.02 ±0.34

-1.65 ±1.27
0.00 ±0.58
-0.19 ±0.42

-1.49 ±1.45
-0.81 ±0.71
-0.08 ±0.61

-1.69 ±1.34

-1.94 ±1.37

+0.06 ±0.73
-0.12 ±0.52

+0.10 ±0.66
+0.25 ±0.48

Myopia
SER

147

J180
J45
Emmetropia
SER
J180
J45
Hyperopia
SER
J180

J45
Table 33. Primary school children result for right eyes absolute SER, J180 and J45 values (mean ±SD), at near, on-axis and at peripheral retinal locations in the
horizontal and vertical meridians for the whole sample (n299), and for each of the three refractive groups: myopes (n20), emmetropes (n219) and hyperopia (n60).

Table 34. Descriptive statistics for near central and peripheral absolute SER, J180 and J45 values for the secondary school children,
across the horizontal and vertical meridians.
Horizontal Meridian
Temporal 30°

Temporal 10°

Mean

Mean

±SD

±SD

Central 0°
Mean

±SD

Nasal 10°
Mean

±SD

Nasal 30°
Mean

±SD

Vertical Meridian
Inferior 10°
Superior 10°
Mean

±SD

Mean

±SD

Full Sample
SER
J180
J45

-2.61 ±1.24
-1.73 ±0.89
+0.07 ±0.65

-2.54 ±0.90
-0.35 ±0.55
+0.15 ±0.41

-2.61 ±0.91
-0.02 ±0.42
+0.05 ±0.26

-2.61 ±0.93
-0.07 ±0.55
-0.30 ±0.46

-2.72 ±1.20
-1.19 ±0.75
-0.01 ±0.65

-2.48 ±1.03
+0.37 ±0.89
-0.04 ±0.67

-2.74 ±0.87
-0.02 ±0.58
+0.23 ±0.41

-2.22 ±1.21
-1.75 ±0.71
+0.11 ±0.64

-2.62 ±1.10
-0.38 ±0.53
+0.17 ±0.41

-2.79 ±0.92
-0.02 ±0.42
+0.13 ±0.31

-2.77 ±0.97
-0.12 ±0.51
-0.32 ±0.44

-2.41 ±1.02
-1.25 ±0.64
-0.11 ±0.67

-2.67 ±1.25
+0.42 ±0.81
+0.09 ±0.58

-2.92 ±0.77
-0.03 ±0.53
+0.26 ±0.37

-2.68 ±1.13
-1.73 ±0.87
+0.06 ±0.64

-2.58 ±0.70
-0.34 ±0.52
+0.14 ±0.41

-2.66 ±0.66
-0.02 ±0.37
+0.03 ±0.22

-2.67 ±0.71
-0.06 ±0.54
-0.30 ±0.46

-2.80 ±1.11
-1.20 ±0.72
+0.03 ±0.63

-2.49 ±0.85
+0.33 ±0.89
-0.06 ±0.69

-2.79 ±0.59
-0.04 ±0.55
+0.22 ±0.40

-2.74 ±2.30
-1.80 ±1.58
+0.16 ±0.73

-1.79 ±1.84
-0.30 ±1.01
+0.33 ±0.51

-1.29 ±2.11
+0.01 ±0.86
+0.04 ±0.43

-1.50 ±2.09
-0.09 ±0.75
-0.31 ±0.55

-2.57 ±2.33
-0.92 ±1.35
-0.14 ±0.77

-1.76 ±1.95

-1.44 ±2.33

+0.90 ±1.02
-0.11 ±0.53

+0.16 ±1.02
+0.32 ±0.56

Myopia
SER
J180
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J45
Emmetropia
SER
J180
J45
Hyperopia
SER
J180

J45
Table 34. Secondary school children result for right eyes absolute SER, J180 and J45 values (mean ±SD), at near, on-axis and at peripheral retinal locations in the
horizontal and vertical meridians for the whole sample (n229), and for each of the three refractive groups: myopes (n40), emmetropes (n176) and hyperopia (n13).

Figure 20. Absolute SER, J180 and J45 across the horizontal and vertical meridians in myopes, emmetropes and hyperopes at distance,
in the right eyes.
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Figure 20. Absolute SER, J180 and J45 amongst the myopes, emmetropes and hyperopes across the horizontal and vertical meridians at distance, in the right eyes.
Standard errors are illustrated by error bars, although in most cases they are small enough to be contained within the symbols of the refractor vector components. The
lines are second-order polynomial fitted to the data. The trendline equation and R2 values for the SER measurements amongst the myopes, emmetropes and hyperopes
are y = 0.0006x2 - 0.0045x - 2.0542, R² = 0.8854; y = -1E-06x2 - 0.0009x + 0.0845, R² = 0.0898 and y = -0.0006x2 + 0.0024x + 1.2203, R² = 0.7651 across the
horizontal, and y = 0.0018x2 - 0.0075x - 2.21, R² = 1; y = -0.0016x2 - 0.011x + 0.19, R² = 1 and y = -0.0043x2 - 0.0025x + 1.45, R² = 1 vertical meridians, respectively.
The trendline equation and R2 values for the J180 measurements amongst the myopes, emmetropes and hyperopes are y = -0.0013x2 + 0.0111x + 0.1916, R² =
0.9913; y = -0.0013x2 + 0.0147x - 0.0926, R² = 0.9885 and y = -0.0013x2 + 0.0196x - 0.1263, R² = 0.9818 along the horizontal, and y = 0.003x2 - 0.02x + 0.28, R² = 1;
y = 0.0028x2 - 0.013x + 2E-16, R² = 1 and y = 0.0028x2 - 0.013x + 2E-16, R² = 1 along the vertical meridians, respectively. The trendline equation and R2 values for
the J45 measurements amongst the myopes, emmetropes and hyperopes are y = 0.0013x2 - 0.0111x - 0.1916, R² = 0.9913; y = 0.0013x2 - 0.0147x + 0.0926, R² =
0.9885 and y = 0.0013x2 - 0.0196x + 0.1263, R² = 0.9818 along the vertical meridian, and y = 0.0002x2 - 0.0116x + 0.009, R² = 0.8765; y = 5E-05x2 - 0.0063x - 0.0405,
R² = 0.6012 and y = -2E-05x2 - 0.0061x - 0.0733, R² = 0.7858 along horizontal meridians, respectively.

Figure 21. Absolute SER, J180 and J45 across the horizontal and vertical meridians in myopes, emmetropes and hyperopes at near, in
the right eyes.
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Figure 21. Absolute SER, J180 and J45 amongst the myopes, emmetropes and hyperopes across the horizontal and vertical meridians at near, in the right eyes.
Standard errors are illustrated by error bars, although in most cases they are small enough to be contained within the symbols of the refractor vector components. The
lines are second-order polynomial fitted to the data. The trendline equation and R2 values for the SER measurements amongst the myopes, emmetropes and hyperopes
are y = 0.0005x2 - 0.0034x - 2.7581, R² = 0.9971; y = 0.0002x2 - 0.0013x - 2.6099, R² = 0.9206 and y = -0.0002x2 + 0.0044x - 1.6432, R² = 0.9839 across the horizontal,
and y = -0.0001x2 - 0.01x - 2.76, R² = 1; y = -3E-17x2 - 0.015x - 2.64, R² = 1 and y = -0.0016x2 - 0.0075x - 1.62, R² = 1 along the vertical meridians, respectively. The
trendline equation and R2 values for the J180 measurements amongst the myopes, emmetropes and hyperopes are y = -0.0016x2 + 0.0092x - 0.0135, R² = 0.9957; y
= -0.0014x2 + 0.0135x - 0.0814, R² = 0.9944 and y = -0.0014x2 + 0.018x - 0.1207, R² = 0.9908 along the horizontal, and y = 0.0018x2 - 0.0175x + 0.06, R² = 1; y =
0.0023x2 - 0.005x - 0.07, R² = 1 and y = 0.0012x2 - 0.0115x - 0.03, R² = 1 vertical meridians, respectively. The trendline equation and R2 values for the J45
measurements amongst the myopes, emmetropes and hyperopes are y = 5E-05x2 - 0.0029x - 0.0334, R² = 0.161; y = 5E-05x2 - 0.0029x - 0.0334, R² = 0.161 and y =
-9E-05x2 - 0.0017x - 0.0128, R² = 0.1861 along the horizontal meridian, respectively. The trendline equation and R2 values for the J45 measurements amongst the
myopes, emmetropes and hyperopes are y = 0.0005x2 + 0.015x + 0.09, R² = 1; y = 0.0005x2 + 0.015x + 0.09, R² = 1 and y = 0.0006x2 + 0.0195x + 0.02, R² = 1 along
the vertical meridian, respectively.

The mixed-effects regression analysis showed that the absolute SER, J180 and
J45 measures did not significantly vary with gender or age in the right or left eyes
(Table 35). This was when all other factors were taken into account; spectacle
use, refractive group classification, ethnicity, schools, eccentricity and fixation
distance (distance, near). Therefore, the primary and secondary school data sets
were combined for all subsequent SER, J180 and J45 statistical analysis,
meaning that data analysis was conducted on 528 participants in total.

SER measures in both eyes varied significantly with ethnicity, with white
participants showing more hyperopic peripheral refraction than participants of
other ethnicities. J180 readings in the left eyes also varied significantly with
ethnicity, with the mixed/ other ethnicity group demonstrating a greater level of
against-the-rule astigmatism compared with the other ethnicities. These
differences were not clinically significant (<0.25 D). J45 measures did not
significantly vary with ethnicity. The significant differences were due to the myopic
participants (right eyes, PRx= +0.77 D, p= 0.029, 95 % CI = +0.08 - +1.46; left
eyes, PRx= +0.55, p= 0.159, 95 % CI= -0.22 - +1.31). The emmetropic and
hyperopic participants showed no significant differences in SER, J180 and J45
measurements between ethnicities.

Table 35. The effect of gender, age and ethnicity on refractive measurements
PRx /D
RE (LE)

Vectors
SER

J180

J45

P
RE (LE)

95% Confidence Interval
RE (LE)

Gender

+0.04 (-0.09)

0.583 (0.235)

+0.16 (+0.06)

-0.09 (-0.23)

Age

+0.06 (+0.05)

0.081 (0.166)

+0.12 (+0.12)

-0.01 (-0.02)

Ethnicity – White

+0.17 (+0.20)

0.038 (0.026)

+0.01 (+0.02)

+0.33 (+0.38)

Black

+0.05 (-0.12)

0.798 (0.594)

-0.35 (-0.58)

+0.46 (+0.32)

Mixed/ Other

+0.07 (-0.02)

0.634 (0.909)

-0.22 (-0.34)

+0.36 (+0.30)

Gender

+0.08 (+0.02)

0.113 (0.707)

-0.02 (-0.08)

+0.18 (+0.11)

Age

+0.03 (+0.03)

0.235 (0.244)

-0.02 (-0.02)

+0.08 (+0.08)

Ethnicity – White

-0.09 (-0.05)

0.164 (0.456)

-0.22 (-0.17)

+0.04 (+0.07)

Black

-0.31 (-0.23)

0.054 (0.125)

-0.64 (-0.53)

+0.01 (+0.07)

Mixed/ Other

-0.21 (-0.22)

0.069 (0.042)

-0.43 (-0.43)

+0.02 (-0.01)

Gender

+0.04 (-0.03)

0.155 (0.322)

-0.02 (-0.08)

+0.09 (+0.03)

Age

-0.01 (0.00)

0.551 (0.854)

-0.04 (-0.03)

+0.02 (+0.03)

Ethnicity – White

+0.03 (-0.04)

0.344 (0.301)

-0.04 (-0.11)

+0.10 (+0.03)

Black

0.00 (-0.03)

0.981 (0.769)

-0.17 (-0.20)

+0.17 (+0.15)

Mixed/ Other
+0.02 (+0.03) 0.755 (0.656)
-0.10 (-0.10) +0.14 (+0.15)
Table 35. The effect of gender, age and ethnicity on SER, J180 and J45 measurements is
considered separately whilst controlling for all other factors including eccentricity and fixation
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distances (distance and near measurements). D, dioptres. Left eye data are presented in
brackets.

5.4.2 Absolute peripheral refraction between refractive groups
When comparing the emmetropes and hyperopes to the myopes, whilst
controlling for all other factors, including fixation distance and eccentricity, there
were significant differences in the SER measurements (both comparisons,
p<0.001; Table 36) in both eyes. The difference in SER is largest when
comparing the hyperopes to the myopes (Table 36) in both eyes.

Table 36. Comparisons of SER measurements between the three refractive
groups
Groups

Emmetropes

SER PRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

+0.97 (+0.88)

<0.001 (<0.001)

+0.77 (+0.67)

+1.16 (+1.10)

+1.78 (+1.78)

<0.001 (<0.001)

+1.54 (+1.52)

+2.02 (+2.05)

versus Myopes
Hyperopes
versus Myopes
Table 36. Absolute SER measurements in the emmetropes and hyperopes were compared to
that of the myopes separately, whilst controlling for all other factors including age, eccentricity,
fixation distance, spectacle use, ethnicity, gender. Positive SER PRx values indicate that the
refraction of the hyperopes or emmetropes were more hyperopic (or less myopic) than the
myopes. Statistically significant p-values (<0.05) are highlighted in bold. Equivalent data for the
left eyes is presented in brackets.

When comparing the J180 measurements in the emmetropes and hyperopes to
the myopes, whilst controlling for all other factors, there were significant
differences (Table 37). However, the differences were < 0.25 D (Table 37).
Table 37. Comparisons of J180 measurements between the three refractive
groups
Groups

Emmetropes

J180 PRx

P

95% Confidence Interval RE

RE (LE)

RE (LE)

(LE)

-0.16 (-0.19)

0.034 (0.009)

0.32 (-0.33)

-0.01 (-0.05)

-0.21 (-0.10)

0.028 (0.256)

-0.40 (-0.28)

-0.02 (+0.07)

versus Myopes
Hyperopes
versus Myopes
Table 37. J180 measurements of the emmetropes and hyperopes were compared to the myopic
group separately, whilst controlling for all other factors including age, eccentricity, fixation
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distance, spectacle use, ethnicity, gender. Negative PRx values indicate that the overall J180
defocus on the retina of the emmetropes or hyperopes were more against-the-rule astigmatism,
compared with the defocus on the retina of the myopes. Statistically significant p-values (<0.05)
are highlighted in bold. Equivalent data for the left eyes is presented in brackets.

When comparing the emmetropes and hyperopes to the myopes, whilst
controlling for all other factors, including fixation distance and eccentricity, there
were significant differences in the J45 measurements (Table 38). However, as
with the J180 measurements, the differences were < 0.25 D (Table 38).

Table 38. Comparisons of J45 between the three refractive groups
Groups

Emmetropes versus

J45 PRx/ D

P

RE (LE)

RE (LE)

95% Confidence Interval
RE (LE)

-0.13 (+0.04)

0.002 (0.413)

-0.32 (-0.05)

-0.01 (+0.12)

-0.17 (+0.02)

0.001 (0.721)

-0.40 (-0.08)

-0.02 (+0.12)

Myopes
Hyperopes versus
Myopes
Table 38. J45 measurements in the emmetropes and hyperopes were compared to that of the
myopes separately, whilst controlling for all other factors including age, eccentricity, fixation
distance, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted
in bold. Equivalent data for the left eyes is presented in brackets. A negative value of J45 PRx
indicates that the negative cylinder axis of the Jackson cross-cylinder is at 135° axis (Tong et al.
2002; Liu et al. 2011).

5.4.3 Distribution of relative refraction across the peripheral retina within the
refractive groups, at distance and near
Presenting the data in absolute values, as it has been done so far in this section,
enables analysis of the level of blur and distortion at the central and peripheral
retina. However, to understand the shape of the eye, the peripheral refraction
needs to be analysed with relation to the central measurements (Tables 39 - 41
and Figures 22 - 24). Also, RelPRx allows the refraction at the peripheral retina
between the different refractive groups to be compared.

At distance, the right eyes of the myopes demonstrate significantly less myopia
across the horizontal and vertical meridians in the SER measurements,
compared to the central SER (all p<0.05; Table 39 and Figure 22), whilst
controlling for all other factors. By comparison, the change in SER from the
central towards the peripheral retina were significant only at 10º temporal, 30º
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temporal and nasal, at near. As with the distance, these significant changes at
near were relatively hyperopic compared to the central refraction (Table 39 and
Figure 22), in the right eyes.

In contrast to the myopes, the right eyes of the emmetropic group showed
significant relative myopic shift across the vertical and horizontal meridians (all
p<0.001, Table 39 and Figure 22) at distance, whilst controlling for all
confounding factors. At near, there was relative peripheral myopia only at the
superior retina of the right eyes (p<0.001, Table 39). There was relative
peripheral hyperopia across all other near locations, except nasally 10º, where
there was no significant change in SER (Table 39). The hyperopes demonstrated
significant relative myopia across the horizontal and vertical meridians at distance
and near, except 10º nasally at near (p= 0.087, Table 39 and Figure 22). At
distance and near, the largest change in SER were at temporal 30º in the right
eyes of the hyperopes and myopes. However, the biggest SER shift was
superiorly amongst the emmetropes, at both distance and near (Figure 22). The
left eye results generally reflect that of the right eyes. The only location with a
meaningful difference (difference in p values and RelPRx ≥0.25 D) between the
two eyes was inferiorly at near. The myopes show a significant hyperopic shift in
the left eyes, but the hyperopic shift in the right eyes were too small to be
significant (Table 39).
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Table 39. Relative peripheral SER amongst the myopic, emmetropic and hyperopic groups, at distance and near.
SER RelPRx/ D

P

RE (LE)

RE (LE)

95% Confidence Interval
RE (LE)
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Myope Superior 10º – Central (Distance)

+0.14 (-0.03)

0.029 (0.670)

+0.01 (-0.18)

+0.27 (+0.11)

† Emmetrope Superior 10º – Central (Distance)

-0.28 (-0.26)

<0.001 (<0.001)

-0.31(-0.32)

-0.24 (-0.21)

† Hyperope Superior 10º – Central (Distance)

-0.47 (-0.51)

<0.001 (<0.001)

-0.61 (-0.67)

-0.34 (-0.36)

Myope Superior 10º – Central (Near)

-0.12 (+0.10)

0.073 (0.196)

-0.25 (-0.05)

+0.01 (+0.24)

Emmetrope Superior 10º – Central (Near)

-0.17 (-0.19)

<0.001 (<0.001)

-0.20 (-0.24)

-0.13 (-0.13)

Hyperope Superior 10º – Central (Near)

-0.26 (-0.19)

<0.001 (0.019)

-0.40 (-0.40)

-0.13 (-0.03)

Myope Inferior 10º – Central (Distance)

+0.30 (+0.23)

<0.001 (0.002)

+0.17 (+0.09)

+0.43 (+0.38)

† Emmetrope Inferior 10º – Central (Distance)

-0.06 (+0.01)

0.002 (0.655)

-0.09 (-0.04)

-0.02 (+0.06)

† Hyperope Inferior 10º – Central (Distance)

-0.53 (-0.44)

<0.001 (<0.001)

-0.67 (-0.60)

-0.40 (-0.29)

*Myope Inferior 10º – Central (Near)

+0.09 (+0.34)

0.163 (<0.001)

-0.04 (+0.19)

+0.22 (+0.48)

Emmetrope Inferior 10º – Central (Near)

+0.14 (+0.20)

<0.001 (<0.001)

+0.11 (+0.15)

+0.18 (+0.25)

† Hyperope Inferior 10º – Central (Near)

-0.19 (-0.09)

0.008 (0.256)

-0.33 (-0.25)

-0.05 (+0.06)

Myope Temporal 10º – Central (Distance)

+0.34 (+0.29)

<0.001 (<0.001)

+0.21 (+0.14)

+0.47 (+0.43)

† Emmetrope Temporal 10º – Central (Distance)

-0.16 (-0.11)

<0.001 (<0.001)

-0.20 (-0.16)

-0.13 (-0.06)

† Hyperope Temporal 10º – Central (Distance)

-0.57 (-0.61)

<0.001 (<0.001)

-0.71 (-0.76)

-0.43 (-0.46)

Myope Temporal 10º – Central (Near)

+0.13 (+0.44)

0.044 (<0.001)

0.00 (+0.30)

+0.26 (+0.43)

Emmetrope Temporal 10º – Central (Near)

+0.08 (+0.11)

<0.001 (<0.001)

+0.04(+0.06)

+0.11(+0.16)

† Hyperope Temporal 10º – Central (Near)

-0.23 (-0.07)

0.001 (0.344)

-0.37 (-0.23)

-0.09 (+0.08)

Myope Temporal 30º – Central (Distance)

+0.82 (+0.73)

<0.001 (<0.001)

+0.69 (+0.58)

+0.95 (+0.87)

† Emmetrope Temporal 30º – Central (Distance)

-0.16 (-0.19)

<0.001 (<0.001)

-0.20 (-0.24)

-0.12 (-0.14)

† Hyperope Temporal 30º – Central (Distance)

-1.06 (-1.28)

<0.001 (<0.001)

-1.20 (-1.43)

-0.93 (-1.13)

Myope Temporal 30º – Central (Near)

+0.60 (+0.82)

<0.001 (<0.001)

+0.47 (+0.67)

+0.72 (+0.96)
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† Emmetrope Temporal 30º – Central (Near)

+0.12 (+0.11)

<0.001 (<0.001)

+0.09 (+0.06)

+0.16 (+0.16)

† Hyperope Temporal 30º – Central (Near)

-0.51 (-0.67)

<0.001 (<0.001)

-0.64 (-0.82)

-0.37 (-0.52)

Myope Nasal 10º – Central (Distance)

+0.30 (+0.19)

<0.001 (0.010)

+0.17 (+0.05)

+0.43 (+0.34)

† Emmetrope Nasal 10º – Central (Distance)

-0.18 (-0.07)

<0.001 (0.012)

-0.21 (-0.12)

-0.14 (-0.01)

† Hyperope Nasal 10º – Central (Distance)

-0.36 (-0.48)

<0.001 (<0.001)

-0.50 (-0.63)

-0.23 (-0.32)

Myope Nasal 10º – Central (Near)

+0.03 (+0.10)

0.706 (0.197)

-0.11 (-0.05)

+0.16 (+0.24)

Emmetrope Nasal 10º – Central (Near)

0.00 (+0.06)

0.837 (0.021)

-0.04 (+0.01)

+0.03 (+0.11)

Hyperope Nasal 10º – Central (Near)

-0.12 (-0.12)

0.087 (0.126)

-0.26 (-0.28)

+0.02 (+0.03)

Myope Nasal 30º – Central (Distance)

+0.55 (+0.36)

<0.001 (<0.001)

+0.42 (+0.21)

+0.68 (+0.50)

† Emmetrope Nasal 30º – Central (Distance)

-0.22 (-0.12)

<0.001 (<0.001)

-0.25 (-0.17)

-0.18 (-0.07)

† Hyperope Nasal 30º – Central (Distance)

-0.91 (-0.92)

<0.001 (<0.001)

-1.04 (-1.07)

-0.77 (-0.77)

Myope Nasal 30º – Central (Near)

+0.38 (+0.27)

<0.001 (<0.001)

+0.25 (+0.13)

+0.51 (+0.42)

† Emmetrope Nasal 30º – Central (Near)

+0.04 (-0.10)

0.042 (<0.001)

0.00 (-0.15)

+0.07 (-0.04)

† Hyperope Nasal 30º – Central (Near)

-0.32 (-0.57)

<0.001 (<0.001)

-0.46 (-0.72)

-0.18 (-0.42)

Table 39. The effect of eccentricity and fixation distance (distance, near) on the change in SER from the central to the peripheral retina of the myopes,
emmetropes and hyperopes, whilst controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05)
are highlighted in bold. RelPRx represents the dioptric difference between the central and peripheral SER measurements (RelPRx). A positive RelPRx
value indicates a relative hyperopic shift (more hyperopic or less myopic at the periphery compared to the central refraction). A negative RelPRx value
indicates relative peripheral myopia (more myopic or less hyperopic at the peripheral retina compared to the central refraction). Equivalent data for the
left eyes is shown in brackets. Asterisks show where p-value of the left eyes varied from that of the right eyes and the difference in the RelPRx is ≥ 0.25
D. Note: (1) at the following eccentricities p-values differed between the two eyes but the RelPRx are <0.25 D: superior-10º at distance (myopes), inferior10º at distance (emmetropes) at near (hyperopes), temporal-10º at near (hyperopes) and nasal-10º at near (emmetropes). (2) At the following
eccentricities, p-values are similar between the right and left eyes, but the RelPRx is ≥ 0.25 D: temporal-10º at near (myopes and nasal-30º at near
(hyperopes). † The right eye of the emmetropes or hyperopes significantly different to the myopes at equivalent eccentricities and fixation distances (see
Table 45 for between refractive group comparisons).

Figure 22. Relative SER across the horizontal and vertical meridians in myopes, emmetropes and hyperopes at distance and
near, in the right eyes
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Figure 22. Relative (peripheral – central) SER across the horizontal and vertical meridians in
myopes (blue), emmetropes (orange) and hyperopes (grey) at distance and near, in the right
eyes. Standard errors are illustrated by error bars, although in most cases they are small enough
to be contained within the symbols. The lines are second-order polynomial fitted to the data. The
trendline equation and R2 values for the lines at distance for the myopes, emmetropes and
hyperopes are y = 0.0006x2 - 0.0042x + 0.1672, R² = 0.8738; y = -0.0001x2 - 0.001x - 0.1021, R²
= 0.3962 and y = -0.0007x2 + 0.0033x - 0.4, R² = 0.9621 across the horizontal, and y = 0.0022x2
- 0.008x + 2E-16, R² = 1; y = -0.0017x2 - 0.011x - 2E-16; R² = 1 and y= = -0.005x2 + 0.003x + 2E16, R² = 1 along the vertical meridians, respectively. The trendline equation and R2 values for the
lines at near amongst the myopes, emmetropes and hyperopes are y = 0.0005x2 - 0.0038x +
0.0175, R² = 0.9969; y = 7E-05x2 - 0.0016x + 0.0213, R² = 0.8137 and y = -0.0004x2 + 0.0034x 0.0884, R² = 0.9088 across the horizontal, and y = -0.0002x2 - 0.0105x + 1E-16, R² = 1; y = 0.0002x2 - 0.0155x + 2E-16, R² = 1 and y = -0.0023x2 - 0.0035x - 6E-16, R² = 1 along the vertical
meridians, respectively.

Across the horizontal meridian, a negative shift (against-the-rule astigmatism),
relative to the centre, in J180 is observed in all three refractive groups, at distance
and near (Table 40 and Figure 23). All three refractive groups show a more
positive J180 (with-the-rule astigmatism) towards the periphery in the vertical
meridian, at both distance and near (Table 40 and Figure 23). The largest shifts
in relative J180 were at temporal 30º at distance and near, in all three refractive
groups. However, note the large standard deviation at temporal 30º, indicative of
the large variation between subjects. Where the p-value varied between the two
eyes, the dioptric difference was by <0.25 D at all tested locations (see Table 40
legend).
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Table 40. Relative J180 amongst the myopic, emmetropic and hyperopic groups, at distance and near.
J180 RelPRx / D

P

RE (LE)

RE (LE)

95% Confidence Interval
RE (LE)
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Myope Superior 10º – Central (Distance)

+0.07 (+0.03)

0.076 (0.478)

+0.16 (-0.13)

+0.01 (+0.06)

Emmetrope Superior 10º – Central (Distance)

+0.17 (+0.12)

<0.001 (<0.001)

+0.20 (+0.16)

+0.14 (+0.09)

Hyperope Superior 10º – Central (Distance)

+0.22 (+0.27)

<0.001 (<0.001)

+0.32 (+0.37)

+0.13 (+0.16)

Myope Superior 10º – Central (Near)

0.00 (+0.11)

0.988 (0.020)

+0.08 (+0.20)

-0.08 (+0.02)

Emmetrope Superior 10º – Central (Near)

0.00 (+0.03)

0.875 (0.081)

+0.03 (+0.06)

-0.04 (0.00)

† Hyperope Superior 10º – Central (Near)

+0.19 (+0.25)

<0.001 (<0.001)

+0.28 (+0.35)

+0.09 (+0.14)

Myope Inferior 10º – Central (Distance)

+0.53 (+0.24)

<0.001 (<0.001)

+0.61 (-0.34)

+0.50 (+0.15)

Emmetrope Inferior 10º – Central (Distance)

+0.47 (+0.42)

<0.001 (<0.001)

+0.51 (+0.45)

+0.45 (+0.39)

Hyperope Inferior 10º – Central (Distance)

+0.44 (+0.42)

<0.001 (<0.001)

+0.53 (+0.53)

+0.34 (+0.32)

Myope Inferior 10º – Central (Near)

+0.40 (+0.11)

<0.001 (0.025)

+0.48 (+0.20)

+0.32 (+0.01)

Emmetrope Inferior 10º – Central (Near)

+0.27 (+0.31)

<0.001 (<0.001)

+0.30 (+0.34)

+0.24 (+0.28)

Hyperope Inferior 10º – Central (Near)

+0.35 (+0.24)

<0.001 (<0.001)

+0.45 (+0.34)

+0.26 (+0.13)

Myope Temporal 10º – Central (Distance)

-0.39 (-0.40)

<0.001 (<0.001)

-0.31 (-0.31)

-0.47 (-0.50)

Emmetrope Temporal 10º – Central (Distance)

-0.44 (-0.55)

<0.001 (<0.001)

-0.41 (-0.51)

-0.48 (-0.58)

Hyperope Temporal 10º – Central (Distance)

-0.57 (-0.51)

<0.001 (<0.001)

-0.47 (-0.41)

-0.66 (-0.61)

Myope Temporal 10º – Central (Near)

-0.37 (-0.34)

<0.001 (<0.001)

-0.29 (-0.25)

-0.45 (-0.43)

Emmetrope Temporal 10º – Central (Near)

-0.38 (-0.46)

<0.001 (<0.001)

-0.34 (-0.43)

-0.41 (-0.49)

Hyperope Temporal 10º – Central (Near)

-0.46 (-0.46)

<0.001 (<0.001)

-0.37 (-0.36)

-0.55 (-0.57)

Myope Temporal 30º – Central (Distance)

-1.49 (-1.83)

<0.001 (<0.001)

-1.41 (-1.73)

-1.57 (-1.92)

† Emmetrope Temporal 30º – Central (Distance)

-1.66 (-2.00)

<0.001 (<0.001)

-1.63 (-1.97)

-1.69 (-2.03)

162

† Hyperope Temporal 30º – Central (Distance)

-1.89 (-1.89)

<0.001 (<0.001)

-1.80 (-1.79)

-1.98 (-1.99)

Myope Temporal 30º – Central (Near)

-1.76 (-2.01)

<0.001 (<0.001)

-1.68 (-1.92)

-1.84 (-2.11)

Emmetrope Temporal 30º – Central (Near)

-1.69 (-2.03)

<0.001 (<0.001)

-1.65 (-2.00)

-1.71 (-2.06)

Hyperope Temporal 30º – Central (Near)

-1.80 (-1.96)

<0.001 (<0.001)

-1.71 (-1.85)

-1.90 (-2.06)

Myope Nasal 10º – Central (Distance)

-0.14 (-0.03)

0.001 (0.597)

-0.06 (+0.07)

-0.22 (-0.12)

Emmetrope Nasal 10º – Central (Distance)

-0.09 (+0.01)

<0.001 (0.747)

-0.06 (+0.04)

-0.12 (-0.03)

Hyperope Nasal 10º – Central (Distance)

-0.02 (+0.19)

0.672 (0.001)

-0.07 (+0.29)

-0.12 (-0.08)

Myope Nasal 10º – Central (Near)

-0.12 (+0.06)

0.004 (0.224)

-0.04 (+0.15)

-0.20 (-0.04)

Emmetrope Nasal 10º – Central (Near)

-0.03 (+0.07)

0.076 (<0.001)

0.00 (+0.11)

-0.06 (+0.04)

Hyperope Nasal 10º – Central (Near)

+0.04 (+0.19)

0.432 (0.001)

+0.13 (+0.29)

-0.06 (+0.08)

Myope Nasal 30º – Central (Distance)

-0.97 (-0.51)

<0.001 (<0.001)

-0.89 (-0.42)

-1.05 (-0.60)

Emmetrope Nasal 30º – Central (Distance)

-0.93 (-0.50)

<0.001 (<0.001)

-0.89 (-0.47)

-0.96 (-0.53)

Hyperope Nasal 30º – Central (Distance)

-0.78 (-0.49)

<0.001 (<0.001)

-0.69 (-0.38)

-0.87 (-0.59)

Myope Nasal 30º – Central (Near)

-1.21 (-0.60)

<0.001 (<0.001)

-1.13 (-0.51)

-1.29 (-0.70)

† Emmetrope Nasal 30º – Central (Near)

-1.01 (-0.61)

<0.001 (<0.001)

-0.98 (-0.58)

-1.04 (-0.64)

† Hyperope Nasal 30º – Central (Near)

-0.81 (-0.53)

<0.001 (<0.001)

-0.71 (-0.42)

-0.90 (-0.63)

Table 40. The effect of eccentricity and fixation distance (distance, near) on the change in J180 from the central to the peripheral retina of the myopes, emmetropes
and hyperopes, whilst controlling for all other factors. Statistically significant p-values (<0.05) are highlighted in bold. RelPRx represents the dioptric difference between
the central and peripheral J180 measurements. Positive RelPRx values indicate with-the-rule astigmatism, and negative RelPRx values indicate against-the-rule
astigmatism. The 95% confidence intervals can also be observed for each location at both fixation distances. Equivalent data for the left eyes is shown in brackets.
Note: (1) at the following eccentricities p-values differed between the two eyes but the RelPRx are <0.25 D: superior-10º at near (myopes), nasal-10º at distance and
near (myopes, emmetropes and hyperopes). (2) At the following eccentricities, p-values are similar between the right and left eyes, but the RelPRx is ≥ 0.25 D: inferior10º at distance and near (myopes), temporal and nasal-30º at distance and near (myopes, emmetropes and hyperopes). † The right eye of the emmetropes or
hyperopes significantly different to the myopes at equivalent eccentricities and fixation distances (see Table 43 for right and left eye data).

Figure 23. Relative J180 across the horizontal and vertical meridians in myopes, emmetropes and hyperopes at distance and near, in the
right eyes
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Figure 23. Relative (peripheral – central) J180 across the horizontal and vertical meridians in
myopes (blue), emmetropes (orange) and hyperopes (grey) at distance and near, in the right
eyes. Standard errors are illustrated by error bars, although in most cases they are small enough
to be contained within the symbols of the refractor vector components. The lines are secondorder polynomial fitted to the data. The trendline equation and R2 values for the lines at distance
amongst the myopes, emmetropes and hyperopes are y = -0.0013x2 + 0.009x - 0.088, R² =
0.9901; y = -0.0014x2 + 0.0127x - 0.083, R² = 0.9912 and y = -0.0014x2 + 0.0194x - 0.1006, R² =
0.9869 across the horizontal, and y = 0.003x2 - 0.023x + 6E-16, R² = 1; y = 0.0032x2 - 0.015x +
3E-16, R² = 1 and y = 0.0033x2 - 0.011x - 2E-16, R² = 1 along the vertical meridians, respectively.
The trendline equation and R2 values for the lines at near amongst the myopes, emmetropes and
hyperopes are y = -0.0016x2 + 0.0094x - 0.048, R² = 0.998; y = -0.0015x2 + 0.012x - 0.0411, R²
= 0.9948 and y = -0.0014x2 + 0.0173x - 0.0377, R² = 0.9945 across the horizontal, and y = 0.002x2
- 0.02x + 2E-16, R² = 1; y = 0.0014x2 - 0.0135x + 2E-16, R² = 1 and y = 0.0027x2 - 0.008x + 2E16, R² = 1 along the vertical meridians, respectively.

With respect to the central J45, a more positive J45 (negative cylinder axis of the
JCC is at 45°) is demonstrated in the superior and 10º temporal, at distance and
near, in all three refractive groups (Table 41 and Figure 24). Amongst the
myopes, emmetropes and hyperopes at 30º temporal, only at distance a relative
positive shift in J45 is present, whereas no or little change is found at near. In
contrast, a negative change in J45, with respect to the central J45, is
demonstrated in the nasal retina of the myopes, emmetropes and hyperopes at
both distance and near (Table 41 and Figure 24). As with the SER and J180, the
largest relative J45 is at 30º temporal amongst the myopes. However, amongst
the emmetropes and hyperopes, the largest J45 shift was at nasal 10º. Although
the amount of relative peripheral J45 was small, in comparison to J180 and SER,
at some of the locations, J45 shifted in opposite directions in the two eyes (noted
in Table 41).
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Table 41. Relative peripheral J45 measures amongst the myopic, emmetropic and hyperopic groups, at distance and near.
J45 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)
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Myope Superior 10º – Central (Distance)

+0.25 (-0.19)

<0.001 (<0.001)

+0.18 (-0.26)

+0.32 (-0.12)

Emmetrope Superior 10º – Central (Distance)

+0.21 (-0.21)

<0.001 (<0.001)

+0.18 (-0.24)

+0.24 (-0.19)

Hyperope Superior 10º – Central (Distance)

+0.25 (-0.30)

<0.001 (<0.001)

+0.18 (-0.37)

+0.31 (-0.22)

Myope Superior 10º – Central (Near)

+0.17 (-0.09)

<0.001 (0.017)

+0.10 (-0.16)

+0.23 (-0.02)

Emmetrope Superior 10º – Central (Near)

+0.21 (-0.17)

<0.001 (<0.001)

+0.18 (-0.20)

+0.24 (-0.15)

Hyperope Superior 10º – Central (Near)

+0.25 (-0.24)

<0.001 (<0.001)

+0.18 (-0.32)

+0.31 (-0.16)

*Myope Inferior 10º – Central (Distance)

-0.02 (+0.28)

0.508 (<0.001)

-0.09 (+0.21)

+0.05 (+0.35)

† Emmetrope Inferior 10º – Central (Distance)

-0.16 (+0.22)

<0.001 (<0.001)

-0.19 (+0.20)

-0.13 (+0.25)

† Hyperope Inferior 10º – Central (Distance)

-0.23 (+0.12)

<0.001 (0.003)

-0.29 (+0.04)

-0.16 (+0.19)

Myope Inferior 10º – Central (Near)

-0.08 (+0.10)

0.027 (0.005)

-0.15 (+0.03)

-0.01 (+0.17)

Emmetrope Inferior 10º – Central (Near)

-0.12 (+0.12)

<0.001 (<0.001)

-0.15 (+0.09)

-0.10 (+0.15)

Hyperope Inferior 10º – Central (Near)

-0.15 (+0.12)

<0.001 (0.003)

-0.22 (+0.04)

-0.08 (+0.20)

*Myope Temporal 10º – Central (Distance)

+0.25 (-0.05)

<0.001 (0.136)

+0.18 (-0.12)

+0.31 (+0.02)

† Emmetrope Temporal 10º – Central (Distance)

+0.11 (-0.03)

<0.001 (0.016)

+0.08 (-0.06)

+0.14 (-0.01)

Hyperope Temporal 10º – Central (Distance)

+0.10 (-0.10)

0.003 (0.011)

+0.03 (-0.18)

+0.17 (-0.02)

Myope Temporal 10º – Central (Near)

+0.06 (-0.10)

0.066 (0.006)

0.00 (-0.17)

+0.13 (-0.03)

Emmetrope Temporal 10º – Central (Near)

+0.10 (-0.05)

<0.001 (<0.001)

+0.08 (-0.08)

+0.13 (-0.02)

Hyperope Temporal 10º – Central (Near)

+0.14 (-0.14)

<0.001 (0.001)

+0.07 (-0.22)

+0.20 (-0.06)

Myope Temporal 30º – Central (Distance)

+0.55 (-0.27)

<0.001 (<0.001)

+0.48 (-0.33)

+0.61 (-0.19)

† Emmetrope Temporal 30º – Central (Distance)

+0.13 (-0.19)

<0.001 (<0.001)

+0.10 (-0.21)

+0.16 (-0.16)
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† Hyperope Temporal 30º – Central (Distance)

+0.15 (-0.13)

<0.001 (0.001)

+0.09 (-0.21)

+0.22 (-0.06)

Myope Temporal 30º – Central (Near)

-0.03 (-0.09)

0.474 (0.016)

-0.09 (-0.16)

+0.04 (-0.02)

Emmetrope Temporal 30º – Central (Near)

+0.01 (-0.05)

0.501 (0.001)

-0.02 (-0.07)

+0.04 (-0.02)

Hyperope Temporal 30º – Central (Near)

-0.06 (-0.02)

0.083 (0.700)

-0.13 (-0.09)

+0.01 (+0.06)

*Myope Nasal 10º – Central (Distance)

-0.26 (+0.30)

<0.001 (<0.001)

-0.32 (+0.23)

-0.19 (+0.37)

*Emmetrope Nasal 10º – Central (Distance)

-0.29 (+0.19)

<0.001 (<0.001)

-0.32 (+0.17)

-0.27 (+0.22)

*Hyperope Nasal 10º – Central (Distance)

-0.25 (+0.19)

<0.001 (<0.001)

-0.32 (+0.11)

-0.18 (+0.27)

*Myope Nasal 10º – Central (Near)

-0.43 (+0.27)

<0.001 (<0.001)

-0.50 (+0.20)

-0.36 (+0.34)

*Emmetrope Nasal 10º – Central (Near)

-0.34 (+0.21)

<0.001 (<0.001)

-0.37 (+0.18)

-0.32 (+0.24)

† * Hyperope Nasal 10º – Central (Near)

-0.26 (+0.19)

<0.001 (<0.001)

-0.33 (+0.11)

-0.20 (+0.27)

*Myope Nasal 30º – Central (Distance)

-0.19 (+0.20)

<0.001 (<0.001)

-0.26 (+0.13)

-0.12 (+0.27)

*Emmetrope Nasal 30º – Central (Distance)

-0.13 (+0.19)

<0.001 (<0.001)

-0.16 (+0.16)

-0.11 (+0.21)

*Hyperope Nasal 30º – Central (Distance)

-0.23 (+0.32)

<0.001 (<0.001)

-0.29 (+0.24)

-0.16 (+0.40)

*Myope Nasal 30º – Central (Near)

-0.16 (+0.20)

<0.001 (<0.001)

-0.23 (+0.13)

-0.09 (+0.27)

† Emmetrope Nasal 30º – Central (Near)

-0.04 (+0.19)

0.007 (<0.001)

-0.07 (+0.17)

-0.01 (+0.22)

*Hyperope Nasal 30º – Central (Near)

-0.13 (+0.18)

<0.001 (<0.001)

-0.20 (+0.10)

-0.06 (+0.26)

Table 41. The effect of eccentricity and fixation distance (distance, near) on the change in J45 from the central to the peripheral retina of the myopes, emmetropes
and hyperopes, whilst controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold.
RelPRx represents the dioptric difference between the central and peripheral SER measurements. A positive J45 RelPRx value indicates that the negative cylinder
axis of the JCC is at 45° (Tong et al. 2002; Liu et al. 2011). A negative RelPRx value of J45 indicates that the negative cylinder axis of the Jackson cross-cylinder is
at 135° axis (Tong et al. 2002; Liu et al. 2011). The 95% confidence intervals can also be observed for each location at both fixation distances. Equivalent data for the
left eyes is shown in brackets. *where p-value of the left eyes varied from that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note: (1) at the following
eccentricities p-values differed between the two eyes but the RelPRx are <0.25 D: temporal-10º at near (myopes) and temporal-30º at near (myopes and emmetropes).
(2) At the following eccentricities, p-values are similar between the right and left eyes, but the RelPRx is ≥ 0.25 D: superior-10º at distance and near (myopes,

emmetropes and hyperopes), inferior-10º at distance (emmetropes and hyperopes) and near (hyperopes), temporal-10º at distance (myopes), temporal-30º at distance
(myopes, emmetropes and hyperopes), nasal-10º at distance and near (myopes, emmetropes and hyperopes), nasal-30º at distance (myopes, emmetropes and
hyperopes) and near (myopes and hyperopes). † where the right eyes of the emmetropes or hyperopes are significantly different to the myopes and the difference in
the RelPRx is ≥ 0.25 D, at equivalent eccentricity and fixation distance. † The right eye of the emmetropes or hyperopes significantly different to the myopes at
equivalent eccentricities and fixation distances (see Table 44 for between refractive group comparisons).

Figure 24. Relative J45 across the horizontal and vertical meridians in myopes, emmetropes and hyperopes at distance and near, in the
right eyes.
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Figure 24. Relative (peripheral – central) J45 across the horizontal and vertical meridians in myopes (blue), emmetropes (orange) and hyperopes (grey) at distance
and near, in the right eyes. Standard errors are illustrated by error bars. The lines are second-order polynomial fitted to the data along the vertical and horizontal
meridians. The trendline equation and R2 values for the lines across the horizontal meridian for the myopes, emmetropes and hyperopes, at distance, are y = 0.0002x2
- 0.0116x + 0.009, R² = 0.8765; y = 5E-05x2 - 0.0063x - 0.0405, R² = 0.6012 and = -0.0061x - 0.08, R² = 0.7834 and at near, y = 2E-05x2 + 0.0044x + 0.1196, R² =
0.2563; y = 7E-05x2 + 0.003x + 0.0811, R² = 0.1887 and y = -0.0031x + 0.062, R² = 0.2103, respectively. The trendline equation and R2 values for the lines across the
vertical meridian for the myopes, emmetropes and hyperopes, at distance, are y = 0.0012x2 - 0.0135x - 5E-16, R² = 1; y = 0.0003x2 - 0.0185x - 1E-16, R² = 1 and y =
0.0001x2 - 0.024x + 1E-16, R² = 1 and at near, y = 0.0005x2 - 0.0125x + 2E-17, R² = 1; y = 0.0005x2 - 0.0165x - 5E-16, R² = 1 and y = 0.0005x2 - 0.02x - 2E-16, R² =
1, respectively.

5.4.4 Distribution of relative refraction across the peripheral retina between the refractive groups, at distance and near
The SER measurements amongst the emmetropes and hyperopes compared to the myopes, vary at all tested peripheral locations, at
distance (Tables 39 and 42). The refractive distribution is more similar at near between the refractive groups, however there were still
significant differences (Tables 39 and 42). The largest difference in SER measurements were between the myopes and the hyperopes at
30º temporal at both distance and near. The differences between the right and left eyes are highlighted in Table 42, but overall, similar
results were found in both eyes. This study focuses on myopia onset and progression. This is the reason that comparisons between
emmetropes and hyperopes are not discussed, but can be found in Appendix D for SER, J180 and J45 measures at distance and near.
Table 42. Comparison of relative peripheral SER between the refractive groups, at distance and near

169

SER RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

Superior 10º – Central, Distance (Emmetrope versus Myope)

-0.42 (-0.23)

<0.001 (0.024)

-0.58 (-0.45)

-0.26 (-0.02)

Superior 10º – Central, Near (Emmetrope versus Myope)

-0.05 (-0.28)

1.00 (0.001)

-0.21 (-0.49)

+0.11 (-0.07)

Superior 10º – Central, Distance (Hyperope versus Myope)

-0.62 (-0.48)

<0.001 (<0.001)

-0.84 (-0.78)

-0.40 (-0.19)

Superior 10º – Central, Near (Hyperope versus Myope)

-0.15 (-0.28)

1.00 (0.082)

-0.37 (-0.57)

+0.08 (+0.01)

Inferior 10º – Central, Distance (Emmetrope versus Myope)

-0.36 (-0.22)

<0.001 (0.037)

-0.52 (-0.44)

-0.20 (-0.01)

Inferior 10º – Central, Near (Emmetrope versus Myope)

+0.05 (-0.14)

1.000 (1.000)

-0.11 (-0.36)

+0.22 (+0.08)

Inferior 10º – Central, Distance (Hyperope versus Myope)

-0.83 (-0.68)

<0.001 (<0.001)

-1.06 (-0.97)

-0.61 (-0.39)

Inferior 10º – Central, Near (Hyperope versus Myope)

-0.28 (-0.43)

0.003 (<0.001)

-0.51 (-0.73)

-0.05 (-0.14)

Temporal 10º – Central, Distance (Emmetrope versus Myope)

-0.50 (-0.40)

<0.001 (<0.001)

-0.66 (-0.61)

-0.34 (-0.18)

*Temporal 10º – Central, Near (Emmetrope versus Myope)

-0.06 (-0.33)

1.000 (<0.001)

-0.22 (-0.55)

+0.11 (-0.12)

Temporal 10º – Central, Distance (Hyperope versus Myope)

-0.91 (-0.90)

<0.001 (<0.001)

-1.13 (-1.19)

-0.69 (-0.61)

Temporal 10º – Central, Near (Hyperope versus Myope)

-0.36 (-0.52)

<0.001 (<0.001)

-0.59 (-0.81)

-0.14 (-0.22)
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Temporal 30º – Central, Distance (Emmetrope versus Myope)

-0.98 (-0.91)

<0.001 (<0.001)

-1.14 (-1.13)

-0.82 (-0.70)

Temporal 30º – Central, Near (Emmetrope versus Myope)

-0.47 (-0.70)

<0.001 (<0.001)

-0.64 (-0.92)

-0.31 (-0.49)

Temporal 30º – Central, Distance (Hyperope versus Myope)

-1.88 (-2.01)

<0.001 (<0.001)

-2.10 (-2.30)

-1.66 (-1.72)

Temporal 30º – Central, Near (Hyperope versus Myope)

-1.10 (-1.49)

<0.001 (<0.001)

-1.32 (-1.78)

-0.88 (-1.19)

Nasal 10º – Central, Distance (Emmetrope versus Myope)

-0.47 (-0.26)

<0.001 (0.006)

-0.64 (-0.47)

-0.31 (-0.04)

Nasal 10º – Central, Near (Emmetrope versus Myope)

-0.03 (-0.04)

1.000 (1.000)

-0.19 (-0.25)

+0.14 (+0.18)

Nasal 10º – Central, Distance (Hyperope versus Myope)

-0.66 (-0.67)

<0.001 (<0.001)

-0.88 (-0.96)

-0.44 (-0.37)

Nasal 10º – Central, Near (Hyperope versus Myope)

-0.15 (-0.22)

1.00 (0.576)

-0.37 (-0.51)

+0.08 (+0.08)

Nasal 30º – Central, Distance (Emmetrope versus Myope)

-0.77 (-0.48)

<0.001 (<0.001)

-0.93 (-0.70)

-0.61 (-0.26)

Nasal 30º – Central, Near (Emmetrope versus Myope)

-0.35 (-0.37)

<0.001 (<0.001)

-0.51 (-0.58)

-0.18 (-0.15)

Nasal 30º – Central, Distance (Hyperope versus Myope)

-1.46 (-1.27)

<0.001 (<0.001)

-1.68 (-1.57)

-1.24 (-0.98)

Nasal 30º – Central, Near (Hyperope versus Myope)

-0.70 (-0.84)

<0.001 (<0.001)

-0.92 (-1.14)

-0.47 (-0.55)

Table 42. Comparing the effect of eccentricity and fixation distance (distance, near) on the change in SER from the central to the peripheral retina between myopes
and emmetropes or hyperopes, whilst controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are
highlighted in bold. RelPRx represents the dioptric difference between the central and peripheral SER measurements. Negative RelPRx values indicate that the relative
SER measurements in the myopic group were more positive than the SER readings amongst the emmetropes or the hyperopes. The 95% confidence intervals can
also be observed for each location at both fixation distances. Equivalent data for the left eyes is shown in brackets. Asterisks show where p-value of the left eyes
varied from that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note: (1) only superiorly-10º at near (emmetrope versus myope), the p-value differed
between the two eyes but the RelPRx was <0.25 D. (2) At the following eccentricities, the p-values were similar between the right and left eyes, but the RelPRx were
≥ 0.25 D: nasal-30º at distance (emmetrope versus myope) and temporal-30º at near (hyperope versus myope).

Only at temporal-30º at distance and nasal-30º at near, there were significant differences between myopes and hyperopes which were
≥0.25 D (Table 43). These significant findings were not found in the left eyes. When considering the left eyes only, there were no significant
differences between the refractive groups which were ≥0.25 D, at any of the eccentricities (Table 43).

Table 43. Comparison of relative peripheral J180 between the refractive groups, at distance and near
J180 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)
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Superior 10º – Central, Distance (Emmetrope versus Myope)

-0.10 (-0.09)

0.595 (1.000)

-0.23 (-0.23)

+0.04 (+0.05)

Superior 10º – Central, Near (Emmetrope versus Myope)

0.00 (+0.08)

1.000 (1.000)

-0.13 (-0.06)

+0.14 (+0.22)

Superior 10º – Central, Distance (Hyperope versus Myope)

-0.15 (-0.23)

0.274 (0.004)

-0.33 (-0.42)

+0.03 (-0.04)

Superior 10º – Central, Near (Hyperope versus Myope)

-0.19 (-0.14)

0.043 (0.699)

-0.37 (-0.33)

0.00 (+0.06)

Inferior 10º – Central, Distance (Emmetrope versus Myope)

+0.05 (-0.18)

1.000 (0.003)

-0.08 (-0.32)

+0.19 (-0.04)

*Inferior 10º – Central, Near (Emmetrope versus Myope)

+0.13 (-0.20)

0.070 (<0.001)

-0.01 (-0.34)

+0.27 (-0.06)

Inferior 10º – Central, Distance (Hyperope versus Myope)

+0.10 (-0.18)

1.000 (0.093)

-0.09 (-0.37)

+0.28 (+0.01)

Inferior 10º – Central, Near (Hyperope versus Myope)

+0.05 (-0.13)

1.000 (0.912)

-0.14 (-0.32)

+0.23 (+0.06)

Temporal 10º – Central, Distance (Emmetrope versus Myope)

+0.05 (+0.14)

1.000 (0.037)

-0.08 (0.00)

+0.19 (+0.28)

Temporal 10º – Central, Near (Emmetrope versus Myope)

+0.01 (+0.12)

1.000 (0.224)

-0.12 (-0.02)

+0.14 (+0.26)

Temporal 10º – Central, Distance (Hyperope versus Myope)

+0.18 (+0.11)

0.067 (1.000)

-0.01 (-0.08)

+0.36 (+0.30)

Temporal 10º – Central, Near (Hyperope versus Myope)

+0.09 (+0.12)

1.000 (1.000)

-0.09 (-0.07)

+0.27 (+0.31)

Temporal 30º – Central, Distance (Emmetrope versus Myope)

+0.17 (+0.17)

0.001 (0.003)

+0.04 (+0.03)

+0.31 (+0.31)

Temporal 30º – Central, Near (Emmetrope versus Myope)

-0.08 (+0.01)

1.000 (1.000)

-0.21 (-0.13)

+0.06 (+0.15)

*Temporal 30º – Central, Distance (Hyperope versus Myope)

+0.40 (+0.06)

<0.001 (1.000)

+0.22 (-0.13)

+0.58 (+0.25)

Temporal 30º – Central, Near (Hyperope versus Myope)

+0.04 (-0.06)

1.000 (1.000)

-0.14 (-0.25)

+0.22 (+0.13)

Nasal 10º – Central, Distance (Emmetrope versus Myope)

-0.05 (-0.03)

1.000 (1.000)

-0.19 (-0.17)

+0.08 (+0.11)

Nasal 10º – Central, Near (Emmetrope versus Myope)

-0.09 (-0.01)

0.851 (1.000)

-0.22 (-0.16)

+0.04 (+0.13)

Nasal 10º – Central, Distance (Hyperope versus Myope)

-0.12 (-0.21)

0.994 (0.016)

-0.30 (-0.40)

+0.06 (-0.02)

Nasal 10º – Central, Near (Hyperope versus Myope)

-0.16 (-0.13)

0.192 (0.970)

-0.34 (-0.32)

+0.03 (+0.06)

Nasal 30º – Central, Distance (Emmetrope versus Myope)

-0.04 (-0.01)

1.000 (1.000)

-0.18 (-0.15)

+0.09 (+0.13)

Nasal 30º – Central, Near (Emmetrope versus Myope)

-0.20 (+0.01)

<0.001 (1.000)

-0.34 (-0.13)

-0.07 (+0.15)

Nasal 30º – Central, Distance (Hyperope versus Myope)

-0.19 (-0.03)

0.031 (1.000)

-0.37 (-0.22)

-0.01 (+0.17)

*Nasal 30º – Central, Near (Hyperope versus Myope)

-0.40 (-0.07)

<0.001 (1.000)

-0.59 (-0.26)

-0.22 (+0.12)

Table 43. Comparing the effect of eccentricity and fixation distance (distance, near) on the change in J180 from the central to the peripheral retina between myopes
and emmetropes or hyperopes, whilst controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are
highlighted in bold. RelPRx represents the dioptric difference between the central and peripheral J180 measurements. Negative RelPRx values indicate that the J180
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measurements in the myopic group were more negative than the J180 readings amongst the emmetropes or the hyperopes. The 95% confidence intervals can also
be observed for each location at both fixation distances. Equivalent data for the left eyes is shown in brackets. Asterisks show where p-value of the left eyes varied
from that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note: (1) at the following eccentricities p-values differed between the two eyes but the RelPRx
are <0.25 D: nasal-30º at distance (hyperope versus myope), nasal-30º at near (emmetrope versus myope), nasal-10º at distance (hyperope versus myope), temporal10º at distance (emmetrope versus myope), superior-10º at distance (hyperope versus myope), superior-10º at near (hyperope versus myope) and inferior-10º at
distance (emmetrope versus myope). (2) Only inferiorly-10º at distance (hyperope versus myope), the p-value was similar between the right and left eyes, but the
RelPRx was ≥ 0.25 D.

Similar to the J180, J45 only at 30º temporal at distance, there was a significant different between the refractive groups that was ≥0.25 D
(Table 44). Similar results were found in the left eyes, except that even at 30º temporal no significant differences were found between the
refractive groups.

Table 44. Comparison of relative peripheral J45 between the refractive groups, at distance and near
J45 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)
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Superior 10º – Central, Distance (Emmetrope versus Myope)

+0.04 (+0.03)

1.000 (1.000)

-0.07 (-0.09)

+0.15 (+0.14)

Superior 10º – Central, Near (Emmetrope versus Myope)

-0.05 (+0.09)

1.000 (0.379)

-0.16 (-0.02)

+0.06 (+0.20)

Superior 10º – Central, Distance (Hyperope versus Myope)

0.00 (+0.11)

1.000 (0.664)

-0.15 (-0.04)

+0.15 (+0.26)

Superior 10º – Central, Near (Hyperope versus Myope)

-0.08 (+0.16)

1.000 (0.044)

-0.23 (0.00)

+0.07 (+0.31)

Inferior 10º – Central, Distance (Emmetrope versus Myope)

+0.14 (+0.05)

0.004 (1.000)

+0.03 (-0.06)

+0.25 (+0.17)

Inferior 10º – Central, Near (Emmetrope versus Myope)

+0.05 (-0.02)

1.000 (1.000)

-0.07 (-0.13)

+0.16 (+0.10)

Inferior 10º – Central, Distance (Hyperope versus Myope)

+0.20 (+0.16)

<0.001 (0.029)

+0.05 (+0.01)

+0.35 (+0.31)

Inferior 10º – Central, Near (Hyperope versus Myope)

+0.07 (-0.02)

1.000 (1.000)

-0.08 (-0.17)

+0.22 (+0.13)

Temporal 10º – Central, Distance (Emmetrope versus Myope)

+0.14 (-0.02)

0.003 (1.000)

+0.03 (-0.13)

+0.25 (+0.09)

Temporal 10º – Central, Near (Emmetrope versus Myope)

-0.04 (-0.05)

1.000 (1.000)

-0.15 (-0.16)

+0.07 (+0.07)

Temporal 10º – Central, Distance (Hyperope versus Myope)

+0.15 (+0.05)

0.070 (1.000)

-0.01 (-0.11)

+0.29 (+0.20)

Temporal 10º – Central, Near (Hyperope versus Myope)

-0.07 (+0.04)

1.000 (1.000)

-0.22 (-0.11)

+0.08 (+0.20)

*Temporal 30º – Central, Distance (Emmetrope versus Myope)

+0.42 (-0.07)

<0.001 (1.000)

+0.31 (-0.19)

+0.53 (+0.04)

Temporal 30º – Central, Near (Emmetrope versus Myope)

-0.03 (-0.04)

1.000 (1.000)

-0.14 (-0.15)

+0.08 (+0.08)

*Temporal 30º – Central, Distance (Hyperope versus Myope)

+0.39 (-0.13)

<0.001 (0.245)

+0.24 (-0.28)

+0.54 (+0.03)

Temporal 30º – Central, Near (Hyperope versus Myope)

+0.04 (-0.08)

1.000 (1.000)

-0.12 (-0.22)

+0.19 (+0.08)

Nasal 10º – Central, Distance (Emmetrope versus Myope)

+0.03 (+0.11)

1.000 (0.098)

-0.08 (-0.01)

+0.14 (+0.22)

Nasal 10º – Central, Near (Emmetrope versus Myope)

-0.08 (+0.07)

0.472 (1.000)

-0.19 (-0.05)

+0.03 (+0.18)

Nasal 10º – Central, Distance (Hyperope versus Myope)

-0.01 (+0.11)

1.000 (0.619)

-0.17 (-0.04)

+0.14 (+0.26)

*Nasal 10º – Central, Near (Hyperope versus Myope)

-0.17 (+0.08)

0.015 (1.000)

-0.32 (-0.07)

-0.02 (+0.24)

Nasal 30º – Central, Distance (Emmetrope versus Myope)

-0.06 (+0.02)

1.000 (1.000)

-0.17 (-0.10)

+0.05 (+0.13)

Nasal 30º – Central, Near (Emmetrope versus Myope)

-0.12 (+0.01)

0.018 (1.000)

-0.23 (-0.11)

-0.01 (+0.12)

Nasal 30º – Central, Distance (Hyperope versus Myope)

+0.03 (-0.11)

1.000 (0.507)

-0.12 (-0.27)

+0.18 (+0.04)

Nasal 30º – Central, Near (Hyperope versus Myope)

-0.03 (+0.02)

1.000 (1.000)

-0.18 (-0.13)

+0.12 (+0.18)

Table 44. Comparing the effect of eccentricity and fixation distance (distance, near) on the change in J45 from the central to the peripheral retina between myopes
and emmetropes or hyperopes, whilst controlling for all other factors. Statistically significant p-values (<0.05) are highlighted in bold. Negative RelPRx values indicate
that the J45 measurements in the myopic group were more negative than the J45 readings amongst the emmetropes or the hyperopes. Equivalent data for the left
eyes is shown in brackets. Asterisks show where p-value of the left eyes varied from that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note: (1) at
the following eccentricities p-values differed between the two eyes but the RelPRx are <0.25 D: superior-10º at near (hyperope versus myope), inferior-10º at distance
(emmetrope versus myope), temporal-10º at distance (emmetrope versus myope) and nasal-30º at near (emmetrope versus myope).
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5.4.5 Relative peripheral refraction in myopic, emmetropic and hyperopic
individuals
Figures 28 to 33 show the RelPRx amongst individual myopes, emmetropes and
hyperopes, at distance and near. This shows the variation of RelPRx that exist in
each refractive group. There are clear variations between individuals in SER,
J180 and J45 measures, at distance (Figures 25-27) and near (Figures 28-30).
The greatest variations between individuals were in the SER measurements,
compared with the astigmatic vectors. The individuals that show greatest
diversion from the mean, were assessed individually. The repeated measures at
each eccentricity were assessed to ensure uncommon findings were true
measures, rather than measurement errors. Although there were outliers, there
were no evidence of measurement errors.
Figure 25. Relative peripheral SER in myopic, emmetropic and hyperopic
individuals, at distance
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Figure 25. Relative peripheral SER of the myopes, emmetropes and hyperopes at all tested
eccentricities, in the right eyes. The trendline equation and R2 values for the linear regression
lines for the full sample are, 10º-superiorly, y = -0.1691x - 0.24, R² = 0.1118; 10º-inferiorly, y = 0.1172x - 0.0571, R² = 0.0294; 10º-nasally, y = -0.143x - 0.1325, R² = 0.0755; 30º-nasally, y = 0.2997x - 0.113, R² = 0.1085; 10º-temporally, y = -0.2077x - 0.1395, R² = 0.1553 and 30ºtemporally, y = -0.4038x - 0.0408, R² = 0.1623. The participants showing the largest diversion
from the mean, were assessed individually. For example, the measurements at each eccentricity
of the individual showing diversion from the mean at 10º-inferior (circled) were assessed. This
emmetropic participant, although in contrast to the average emmetrope, had RelPM at all
eccentricities. The repeated measures at each eccentricity were also examined. All of the
repeated measures showed RelPM. These findings suggest that, although uncommon, the result
of this individual is a true measure, rather than a measurement error.

Figure 26. Relative peripheral J180 in myopic, emmetropic and hyperopic
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Figure 26. Relative peripheral J180 of the myopes, emmetropes and hyperopes at all tested
eccentricities, in the right eyes. The trendline equation and R2 values for the linear regression
lines for the full sample are, 10º-superiorly, y = 0.0361x - 0.1481, R² = 0.0066; 10º-inferior, y = 0.0227x - 0.4165, R² = 0.0011; 10º-nasally, y = 0.0165x + 0.0705, R² = 0.0013; 30º-nasally, y =
0.0306x + 0.8372, R² = 0.0019; 10º-temporally, y = -0.0294x + 0.4873, R² = 0.0049 and 30ºtemporally, y = -0.0319x + 1.689, R² = 0.0016.

Figure 27. Relative peripheral J45 in myopic, emmetropic and hyperopic
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Figure 27. Relative peripheral J45 of the myopes, emmetropes and hyperopes at all tested
eccentricities, in the right eyes. The trendline equation and R2 values for the linear regression
lines for the full sample are, 10º-superiorly, y = -0.0122x - 0.2165, R² = 0.001; 10º-inferiorly, y = 0.0406x + 0.167, R² = 0.0071; 10º-nasally, y = -0.0018x + 0.2927, R² = 2E-05; 30º-nasally, y = 0.0597x + 0.1597, R² = 0.0087; 10º-temporally, y = -0.0215x - 0.115, R² = 0.004 and 30ºtemporally, y = -0.0951x - 0.1669, R² = 0.0216.

Figure 28. Relative peripheral SER in myopic, emmetropic and hyperopic
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Figure 28. Relative peripheral SER of the myopes, emmetropes and hyperopes at near, in the
right eyes. The trendline equation and R2 values for the linear regression lines for the full sample
are, 10º-superior, y = -0.0567x - 0.1518, R² = 0.015; 10º-inferior, y = -0.0333x + 0.1156, R² =
0.0035; 10º-nasally, y = -0.0241x + 0.0253, R² = 0.0025; 30º-nasally, y = -0.1233x + 0.1605, R²
= 0.0183; 10º-temporally, y = -0.0652x + 0.0801, R² = 0.0194 and 30º-temporally, y = -0.2452x +
0.203, R² = 0.0644.

Figure 29. Relative peripheral J180 in myopic, emmetropic and hyperopic
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Figure 29. Relative peripheral J180 of the myopes, emmetropes and hyperopes at near, in the
right eyes. The trendline equation and R2 values for the linear regression lines for the full sample
are, 10º-superior, y = 0.0581x - 0.0222, R² = 0.0181; 10º-inferior, y = -0.01x - 0.2566, R² = 0.0002;
10º-nasally, y = 0.0484x + 0.0343, R² = 0.0127; 30º-nasally, y = 0.0747x + 0.9386, R² = 0.0123;
10º-temporally, y = -0.013x + 0.416, R² = 0.001 and 30º-temporally, y = +0.0222x + 1.7093, R² =
0.0009.

Figure 30. Relative peripheral J45 in myopic, emmetropic and hyperopic
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Figure 30. Relative peripheral J45 of the myopes, emmetropes and hyperopes at near, in the right
eyes. The trendline equation and R2 values for the linear regression lines for the full sample are,
10º-superior, y = 0.0013x - 0.2205, R² = 2E-05; 10º-inferior, y = -0.0228x + 0.1323, R² = 0.0021;
10º-nasally, y = 0.0192x + 0.3394, R² = 0.002; 30º-nasally, y = -0.0452x + 0.0546, R² = 0.0062;
10º-temporally, y = 0.0061x - 0.1003, R² = 0.0003 and 30º-temporally, y = -0.0242x + 0.0166, R²
= 0.002.

5.4.6. Comparing relative peripheral refraction at distance to near
When searching for an association between peripheral refraction at near and
central refractive error onset and progression in Chapter 6, near refraction will be
considered separately to distance refraction. For comparison purposes with other
studies of near PRx, near RelPRx is presented in relation to distance RelPRx
here. The participants that wore spectacles during the near refractive
measurements, are removed from the analysis when distance refraction is
directly compared with near, hence uncorrected distance refraction is compared
with uncorrected near refraction. After eliminating the participants with
spectacles, there were 67 hyperopes, 28 myopes and 372 emmetropes. Figures
31 to 33 compare the patterns of RelPRx at distance versus near amongst the
three refractive groups.
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The myopes showed significantly less RelPH at near across the horizontal and
vertical meridians (Figure 31). A difference of 0.59 D (30º-temporal), 0.49 D (10ºtemporal), 0.52 D (10º-nasal), 0.46 D (30º-nasal), 0.44 D (10º-inferior) and 0.54
D (10º-superior) were found between the distance near relative peripheral SER
(Figure 31). No significant differences in distance and near astigmatic vectors
were found in the myopes, except at 30º-temporal where the J180 and J45 were
0.30 D and 0.38 D more negative at near, respectively (Figure 31).

In contrast to the myopes, the emmetropes showed significant shifts towards
RelPH across the horizontal and vertical retina (Figure 32). Similar to the myopes,
there were less changes in peripheral astigmatism from distance to near. J45
altered significantly at 30º nasal and temporal, by 0.12 D. The amount of J180
reduced across the vertical meridian, by 0.17 D at 10º-inferior and 0.14 D at 10ºsuperior (Figure 32). Similar to the emmetropes, there were hyperopic shift in
relative SER at near, compared to distance, in the hyperopes (Figure 33). These
changes were significant at 10º-temporal, 30º-temporal, 30º-nasal and 10ºinferior. Only at 30º-temporal, astigmatic vectors changes with change in fixation
distance. J45 altered from +0.09 to -0.14 D (Figure 33).
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Figure 31. Comparison between distance and near relative peripheral SER,
J180 and J45 in the myopes
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Figure 31. Relative SER, J180 and J45 amongst the myopes across the horizontal and vertical
meridians at distance compared to the relative measures at near (the right eyes). Standard
errors are illustrated by error bars. Empty and solid symbol fills show significant (p <0.05) and
insignificant differences when equivalent distance and near measurements are compared,
respectively.
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Figure 32. Comparison between distance and near relative peripheral SER,
J180 and J45 in the emmetropes.
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Figure 32. Relative SER, J180 and J45 amongst the emmetropes across the horizontal and
vertical meridians at distance compared to the relative measures at near (the right eyes).
Standard errors are illustrated by error bars. Empty and solid symbol fills show significant (p
<0.05) and insignificant differences when equivalent distance and near measurements are
compared, respectively.
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Figure 33. Comparison between distance and near relative peripheral SER,
J180 and J45 in the hyperopes.
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Figure 33. Relative SER, J180 and J45 amongst the hyperopes across the horizontal and vertical
meridians at distance compared to the relative measures at near (right eyes). Standard errors are
illustrated by error bars. Empty and solid symbol fills show significant (p <0.05) and insignificant
differences when equivalent distance and near measurements are compared, respectively.

138

5.5 Discussion
The data presented in this section is for 528 participants. data were collected on
554 participants. This is slightly under the number of participants aimed for based
on the sample size calculation (see chapter 3). Although there are larger
peripheral refraction studies (Mutti et al. 2000b; Li et al. 2014), the sample size
of this project was still relatively large compared to a number of other peripheral
refraction studies in children (Lin et al. 2010; Sng et al. 2011a; Sng et al. 2011b;
Rotolo et al. 2017; Mutti et al. 2019). For the baseline data set analysed in this
chapter, the sample size can be viewed as a strength. Data are presented on
SER, J180 and J45 measurements in myopic, emmetropic and hyperopic
children in the horizontal and vertical meridians.

With reports that PRx and retinal shape varies with ethnicity (Logan et al. 2004),
this study provides new cross-sectional data in children from a major city in UK
of Caucasian and South Asian ethnicity. The present study found Caucasian
myopes to have a greater degree of RelPH compared with myopes of black or
mixed/ other ethnicity. Previous studies on RelPRx have been largely limited to
Caucasian (Mutti et al. 2000b; Atchison et al. 2005a; Atchison et al. 2006b) and
Chinese (Sng et al. 2011a) children. East Asians are reported to have a greater
amount of RelPH compared with white myopic eyes, across the horizontal
meridian (Logan et al. 2004; Mutti et al. 2007; Kang et al. 2010). This has been
explained by a more prolate retinal shape of East Asian myopic eyes (Kang et al.
2010). With the same understanding, it may be suggested that the findings of
present study show that white myopic eyes have a more prolate retinal shape
compared with South Asian myopic eyes.

One other reason to explain the difference in peripheral refraction between the
difference ethnicities is that the ethnic group with the greater RelPH may also be
more myopic. Although the level of myopia was greater amongst the white myopic
eyes in the right eyes (by -0.38 D), it was not statistically significant (p= 0.298).
However, the sub-group sample size of the different ethnicities (61 myopes: 15
white, 2 black and 44 mixed/ other participants) were very small for any firm
conclusions and the differences were not clinically meaningful. No difference is
reported between peripheral astigmatism in Caucasian and East Asian
participants (Kang et al. 2010). Although the present study found statistically
139

significant difference in peripheral astigmatism between ethnicities for J180
measures, it was only in left eyes and not clinically meaningful.

The leptokurtotic distribution of the central, SER refractive error of the full sample,
found in the present study, was expected as the refractive distribution of the
human eye is reported to be leptokurtotic in children of 12 to 13 years of age
(French et al. 2012). Amongst younger children, 5 to 14 year olds, a leptokurtic
distribution that is skewed towards myopia is typically reported (Mutti et al.
2000b). The leptokurtotic distribution of the central absolute SER in the present
study, is as a result of the large number of emmetropes or low hyperopes (Table
2) (French et al. 2012). The large prevalence of emmetropia, in comparison to
hyperopia, is the result of emmetropisation (Ehrlich et al. 1997; Mutti et al. 2005).
The distribution patterns across the horizontal and vertical meridians of the full
sample reflect that of the emmetropes, most likely because the emmetropes were
of the highest prevalence. Similarly, the leptokurtotic distribution of the central
astigmatic vectors found in the current study, was expected as children are
reported to have low levels of astigmatism (J180 = +0.01 ± 0.11, J45 = 0.00
±0.16) (Wajuihian and Hansraj 2017) with fewer (3.10 %) children having larger
amounts of astigmatism (more than -0.75 cylinder).

Across the horizontal meridian, SER measurements became less myopic with
increases in retinal eccentricity amongst the myopes, in the present study. The
findings of the present study are similar to the majority of previously published
studies (Figure 4) on RelPRx (Millodot 1981; Seidemann et al. 2002; Stone and
Flitcroft 2004; Atchison et al. 2005a; Charman 2005; Sng et al. 2011a; Shen et
al. 2018). The amount of RelPH found in the present study is typically similar to
that reported by other studies, when matched for central refractive error. For
example, as in the present study, Mutti et al. reported that myopic (−2.84 ±2.09
D) children have relative hyperopia in the periphery by +0.80 ±1.29 D at 30º
temporal (Mutti et al. 2000b). When the central refraction of the present study is
different to that of other studies, the amount of RelPRx is also typically different.
For example, Sng and colleagues divided their sample into two groups of low/
moderate and high myopes (Table 45). Their highly myopic participants were
more myopic and their low myopes had less myopia than the myopes participants
in the present study. This may explain why the dioptric value of RelPRx in the
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current study was larger and smaller than that recorded by Sng et al. (2011) for
their low and moderate/ high myopes, respectively (Table 45). Further support
that the RelPRx varies with the amount of central refraction is provided by the
findings of Ehsaei et al. (2011). This study found greater hyperopic RelPRx
compared to the present study, but the SER at the central was −5.76 ± 1.82 D,
which is more myopic compared to the central SER of the myopes in this study
(Table 45).

Some studies have shown that the change from central to peripheral refraction is
not significant amongst adult or children emmetropes (Rempt et al. 1971; Millodot
1981; Chen et al. 2010), which is in contrast to the findings of this study where
the emmetropes and hyperopes showed significant relative myopia in the
periphery. This is similar to the majority of other reports with children (Mutti et al.
2000b; Berntsen et al. 2010; Chen et al. 2010; Lin et al. 2010; Sng et al. 2011a;
Li et al. 2014) and adult (Atchison et al. 2005b; Atchison et al. 2006b; Calver et
al. 2007; Kang et al. 2010) participants (see also Table 45). In the study by Mutti
and colleagues, emmetropes and hyperopes were found to have relative
peripheral myopia by −0.41 ± 0.75 D and −1.09 ± 1.02 D, respectively, which
reflects the finding of the present study at 30º temporally (Mutti et al. 2000b).

The study by Mutti et al. (2000) only assessed refractive error at 30º temporal,
with the support that no significant nasal-temporal asymmetry is reported (Ehsaei
et al. 2011b), and when significant difference in refraction between nasal and
temporal retina are reported it is for eccentricities beyond 30º (Rempt et al. 1971;
Millodot 1981). However, in the present study, asymmetry across the horizontal
meridian was observed in all three refractive groups, with the temporal retina
showing greater change compared with the nasal retina. This is similar to a
number of previously reported data (Millodot 1981; Seidemann et al. 2002;
Schmid 2003; Li et al. 2014) and is suggested to reflect regional changes in
scleral growth patterns (Millodot 1981). With the understanding that the posterior
retinal contour of Chinese eyes expand more symmetrically, it was accepted to
find the no nasal-temporal asymmetry in the peripheral refraction of Chinese eyes
(Logan et al. 2004). However, more recent PRx studies with Chinese participants,
report the nasal-temporal asymmetry that is reported in Caucasian eyes (Li et al.
2014).
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Table 45. Distribution of relative SER across the peripheral retina of myopes,
emmetropes and hyperopes
Study

Refractive

Temporal 30º

Temporal 15º

Nasal 15º

Nasal 30º

groups
Mean ±SD

Mean ±SD (95 % CI, if available)

(Sng et al.

High and

+1.93 ±1.28

+0.25 ±0.72

+0.29 ±0.84

+1.23 ±0.89

2011a)

moderate

(+1.50,

(+0.01,

(+0.02,

(+0.93,

myopia

+2.36)

+0.49)

+0.57)

+1.53)

+2.04 ±1.43

+0.10 ±0.56

+0.22 ±0.64

+2.06 ±1.63

(-4.93 ±1.27)
(Ehsaei et

Myopia

al. 2011b)

(−5.76 ± 1.82)

(Sng et al.

Low Myopia

+0.50 ±0.99

-0.16 ±0.56 (-

-0.18 ±0.48 (-

+0.09 ±0.88

2011a)

(-1.62 ±0.73)

(+0.28,+0.72)

0.29, -0.04)

0.29, -0.08)

(-0.11,
+0.28)

(Sng et al.

Emmetrope

-0.18 ±0.63

-0.36 ±0.68

-0.34 ±0.42

-0.42 ±0.74

2011a)

(+0.25 ±0.44)

(-0.31,-0.04)

(-0.51, -0.21)

(-0.43, -0.25)

(-0.58, -0.26)

(Ehsaei et

Emmetrope

+0.13 ± 1.17

-0.03 ± 0.50

-0.02 ± 0.56

+0.72 ± 0.98

al. 2011b)

(-0.32 ± 0.44)

(Sng et al.

Hyperope

-0.19 ±0.66

-0.56 ±0.60

-0.44 ±0.49 (

-0.43 ±0.72

2011a)

(+1.62 ±0.66)

(-0.38,+0.04)

(-0.74, -0.38)

-0.59, -0.30)

(-0.64, -0.22)

Table 45. Relative peripheral SER distribution across the horizontal retina of high and moderate
myopes, low myopes, emmetropes and hyperopes reported by two previous studies. Figure 4
illustrates further examples. The refractive groups were defined by the two studies Sng et al.
(2011) and Ehsaei et al. (2011). The refraction at all of the peripheral eccentricities were found to
be significantly different to the central SER.

The change in PRx across the horizontal and vertical retinal meridians were
similar, in all three refractive groups. For example, the myopes show RelPH along
the vertical meridian, by similar amounts, compared with the horizontal meridian
at 10º. This is similar to some of the previous reports amongst children (Schmid
2003) and adults (Ehsaei et al. 2011b), and in contradiction with other studies of
children (Berntsen et al. 2010) and adult participants (Atchison et al. 2006b; Chen
et al. 2010). The difference may be associated with the ethnicity of the
participants. The present study had no East-Asian participants. The general
ocular global expansion in myopic East-Asians may reduce relative hyperopic
shifts in the vertical meridian. Similarly, Ehsaei and colleagues (2011) found
hyperopic RelPRx across the vertical meridian and they also had few East-Asian
subjects. They offered a similar explanation for their findings. Furthermore, the
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same fixation target arrangements were set up for the vertical and horizontal
meridians in this study and in the study by Ehsaei et al. (2011). Atchison and
colleagues, for example, used different target arrangements with direct and
indirect fixation targets for vertical and horizontal refractive measurements,
respectively (Atchison et al. 2006b). It is possible that this affected
accommodation responses for horizontal and vertical measurements (Ehsaei et
al. 2011b). As in the study by Ehsaei and colleagues, the present study used
corneal reflex as the primary reference position for peripheral refraction
measurements, whereas other studies have used pupil centre (Atchison et al.
2006b; Radhakrishnan and Charman 2008; Sankaridurg et al. 2010).

RelPRx measure is an indirect method of determining the shape of the eye, along
with other methods such x-ray (Deller et al. 1947), interferometry (Schmid 2003)
and magnetic resonance scanning (Cheng et al. 1992; Atchison et al. 2005a;
Singh et al. 2006; Verkicharla et al. 2015). For example, the relative myopic shift
found in hyperopes confirms reports that hyperopes have oblate retinal shapes
(Mutti et al. 2000b). An oblate retinal shape indicates that the equatorial length
exceeding the axial diameter (Mutti et al. 2000b). Emmetropic eyes were closest
to spherical, but also slightly oblate in shape based on their myopic RelPRx. The
RelPH of the myopic group confirms the commonly-reported prolate shape of
myopic eyes (Millodot 1981; Atchison et al. 2006b; Kang et al. 2010), with the
axial diameter exceeding the equatorial diameter (Mutti et al. 2000b). Figure 34
demonstrates how light from a distant off‐axis target converges to a point on the
peripheral retina of an emmetropic eye with a spherical retinal shape (solid line)
or a flatter or steeper retina (dashed lines). The relative hyperopia of the
peripheral retina of the eye with the steeper retina might induce axial elongation,
and consequently, resulting in central myopia. This increase in axial length can
occur in a number of different ways (Figure 35) due to differences in retinal
stretching, all of which result in increased axial length (Strang et al. 1998;
Verkicharla et al. 2012). Cellular mechanisms within the choroid is suggested to
respond to hyperopic defocus by inducing thinning of the choroid to pull the retinal
surface back, placing the image shell on the retina (Nickla and Wallman 2010).
Similarly, the choroid is suggested to thicken, pushing the retina forward to focus
the imagine shell in response to relative peripheral myopic defocus (Nickla and
Wallman 2010).
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Figure 34. Light converging onto eyes with varied retina shapes

Flatter retina
(relative myopia)

Spherical retina
Steeper retina
(relative hyperopia)

Figure 34. Light from an off-axis target at optical infinity falling on the retina of an emmetropic eye
with a flat, steep and spherical retina. Image was reproduced from (Verkicharla et al. 2012)

Figure 35. Variations in ocular expansion
(a)

(b)

a.

(c)

b.

Global expansion

(d)

c.

Equatorial expansion

d.

Posterior polar expansion

Axial expansion

Figure 35. Variations in retinal stretching (arrows) of an emmetropic eye (solid circles), resulting
in myopia (dashed lines): (a) global, (b) equatorial, (c) posterior pole and (d) axial expansion. A
hybrid model, called the axial expansion model is the combination of equatorial and posterior pole
expansion models (d). The first three models were offered by Strang et al.(1998) and the fourth
model were described by Verkicharla et al. (2012) in a review. Image was reproduced from
(Verkicharla et al. 2012).

Although crystalline lens thickness was not measured in the present study, it is
important to pay some attention to it as it may explain why myopic eyes are
prolate in shape. Thick lenses have been suggested to be associated with more
hyperopic RelPRx, and therefore are associated with myopia (Mutti et al. 2000b).
Lens flattening is reported to disconnect from lens thinning and changes in lens
power after the age of 10 (Mutti et al. 1998). Therefore, after the age of 10 years,
it is suggested that as the eye grows and the lens flattens, the lens stops thinning
and decreasing in power (Mutti et al. 1998). Mutti et al. (2000) explains that
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possible failure of the lens to thin during eye expansion may be causing the eye
to distort resulting in the positive association between greater lens thickness and
increased hyperopic RelPRx in myopes (Mutti et al. 2000b). However, to confirm
such associations between lens thickness and relative peripheral hyperopia,
longitudinal studies that measure changes in lens thickness are needed.

Other factors have been suggested to be involved in the prolate retinal shape
development of myopic eyes. For example, extraocular muscles on the outside
of the eye may cause slower equatorial growth compared with axial elongation.
This has been supported in the eye of the rabbit (Mohan et al. 1977). The bone
structure of the orbit in which the eye rests in, may also restrict ocular growth
equatorially. The eyeball is closer to the orbital socket wall laterally (Detorakis et
al. 2010), leaving a smaller volume between the eyeball and eye socket for
potential growth of the eye ball (Lee and Cho 2013).

Another possible explanation for the prolate shape of myopic eyes, comes from
Mutti et al. (2000), where they explain that asymmetries in the rate of maturation
of the equatorial versus axial sclera may cause the eye to not expand
symmetrically. If the maturation of the sclera is involved in the prolate shape
development of the myopic eye, it means that the equatorial sclera stopped
growing before the axial sclera (Mutti et al. 2000b). With the same understanding,
it may be suggested that processes related to equatorial growth may also stop
before axial growth, including mechanisms involved in the stretching of the lens
(Mutti et al. 2000b). This may lead to increased tension on the lens, and
consequently making the process of accommodation more difficult. This is
supported by studies showing that myopes have deficient accommodative
responses (Gwiazda et al. 1993) and an increased AC/A ratio (Gwiazda et al.
1999; Mutti et al. 2000a). In agreement with previous studies, astigmatism
increased with increase in retinal eccentricity (Calver et al. 2007; Shen et al.
2010; Shen et al. 2018). The direction of the change from the centre to the
periphery is also in common with other studies. In the present study, J180 was
observed to increase in negative vector (against-the-rule astigmatism) with
increase in eccentricity along the horizontal meridian and increase in positive
vector (with-the-rule astigmatism) in the vertical meridian. This is in similar to
Chen et al.’s (2010) findings in Chinese children and adults, and Calver et al.’s
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(2007) results in Caucasian adults, across the horizontal meridian. Although
Ehsaei et al. (2011) found a positive shift in J180 across the horizontal meridian,
it was only in the nasal retina and amongst their myopic Caucasian, adult
subjects. Their emmetropic subjects showed a negative shift towards the
periphery along the horizontal meridian. Furthermore, in common with the
present study, they found a positive shift along the vertical meridian (Ehsaei et
al. 2011b).

There are large inter-study differences in the amount of relative peripheral J180,
with reports ranging from <1.00 to 3.50 D at 30º of eccentricity (Rempt et al. 1971;
Lotmar and Lotmar 1974; Millodot 1981; Dunne et al. 1993; Seidemann et al.
2002; Ehsaei et al. 2011b). The amount of relative peripheral J180 found in the
present study is similar to the amount of peripheral astigmatism reported by
previous studies (Seidemann et al. 2002; Calver et al. 2007; Kang et al. 2010).
However, the amount of relative peripheral J180 at the peripheral retina found in
this study is larger compared to a number of other studies (Sng et al. 2011a;
Allinjawi et al. 2016) of myopic (30º-temporal, -0.03 D; 10º-temporal, -0.10 D; 10ºnasal +0.06 D; 30º-nasal +0.30 D) and emmetropic (30º-temporal, -0.53 D; 10ºtemporal, 0.00 D; 10º-nasal +0.03 D; 30º-nasal -0.03 D) participants of Caucasian
(Ehsaei et al. 2011b), South-eastern Asian (Allinjawi et al. 2016) and East-Asian
(Sng et al. 2011a).
Differences in measurement techniques are unlikely to explain variation in
relative peripheral J180 reported between studies. The measurement technique
of the present study is similar to the studies that found different amounts of
astigmatism compared with the current study. For example, autorefractors were
used to measure the refractions without the aid of cycloplegia (Calver et al. 2007;
Kang et al. 2010; Ehsaei et al. 2011b; Allinjawi et al. 2016).
One other possible explanation for the variation in relative peripheral J180
reported between studies is because large inter-individual differences exist in
peripheral refraction. Even amongst healthy, emmetropic eyes, where it would be
reasonable to expect to find minimum inter-individual differences in peripheral
refraction, substantial differences (by approximately 2.00 D) are found
(Gustafsson et al. 2001). This begs the question as to as to how important is J180
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is guiding central refraction if huge variations between participants, and
subsequently between studies exist.
It is apparent that J180 measurements were found to increase towards the
periphery, with similar, large (>0.25 D, reaching almost 2.00 D at 30º) and
significant findings in the two eyes, across almost all of the tested eccentricities.
However, the differences in relative peripheral J180 between the three refractive
groups, were not large (<0.25 D, reaching a maximum of 0.40 D at 30º) and only
significant in 25% of the comparisons made. Only at temporal-30º at distance
(emmetropes versus myopes) there were significant differences and that was
only in one eye. Given that this difference was only in the right eyes, it is possible
that this difference is not a true difference and a possible spurious finding (Table
43). Similarly, the majority of other studies report no differences in peripheral
astigmatism between the different refractive groups (Seidemann et al. 2002;
Atchison 2006; Calver et al. 2007; Chen et al. 2010; Shen et al. 2018). Therefore,
it may be argued that if PRx is associated with central refractive error
development, it is less likely to be influenced by blur caused by J180, compared
to blur caused by SER. This is supported by animal studies that report no
association between imposed astigmatic error and emmetropisation (Schmid and
Wildsoet 1997a; McLean and Wallman 2003). However, other studies have found
astigmatism to play a significant role in emmetropisation and myopia
development (Fulton et al. 1982; Irving et al. 1995). Therefore, it is still unclear if
peripheral astigmatic blur can induce changes in central refractive error (Shen et
al. 2018).
Similar to what is commonly reported, a greater value of J180 was found in the
temporal retina compared to the nasal retina, in all three refractive groups (Rempt
et al. 1971; Millodot 1981; Dunne et al. 1993; Seidemann et al. 2002; Atchison et
al. 2006b; Ehsaei et al. 2011b). The myopes showed less asymmetry than the
other refractive groups, in agreement with Calver et al. (2007). Asymmetry was
also observed across the vertical meridian, but to a lesser extent compared with
the horizontal meridian, in common with Atchison et al. (2006).

SER measurements also showed asymmetry. Asymmetry in refractive
measurements is suggested to be due to angle alpha, the angular separation
between visual and optical axes of the eye (Lotmar and Lotmar 1974). The optical
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axis is measured to lie approximately 3.5° to 5° nasal to the visual axis of the eye
(Barry et al. 1992; Dunne et al. 1993). The visual axis is defined as the axis that
the ray of light from an object travels towards the fovea (Dunne et al. 1993). This
misalignment between the optical and visual axes of the eye is considered to be
as a result of eye rotation, displaced or tilted crystalline lens (Dunne et al. 1993).
Increases in astigmatism towards the periphery may be expected to be
symmetrical about the optical axis (a few degrees away from the fovea, on the
nasal retina). Since peripheral astigmatism is measured with reference to the
visual axis, peripheral astigmatism is expected to be greater in the temporal
retina, compared with the nasal retina. However, Dunne and colleagues found
peripheral astigmatism to be symmetrical about a point on the nasal retina (8.8
±7.0° measured by Zeiss Hartinger coincidence optometer, and 9.4 ±9.8°
measured by Canon R-l autorefractometer) significantly higher than angle alpha:
5.0 ±1.2° (Dunne et al. 1993). Corneal asymmetry is suggested as a possible
cause for the variation in peripheral refraction reported (Atchison et al. 2006b).

The amount of oblique astigmatism J45 centrally and peripherally were small
(<0.25 D) in all the refractive groups across both meridians, in common with other
studies (Chen et al. 2010; Ehsaei et al. 2011b; Sng et al. 2011a). As with other
studies, the current study found J45 to be much smaller than J180 along the
horizontal and vertical meridians (Gustafsson et al. 2001; Atchison et al. 2006b).
A positive shift in J45 measurements, relative to the centre, were found at the
temporal and superior retina, whereas negative changes were found at the nasal
and inferior retina. This is in common to the findings of some other studies (Calver
et al. 2007). For example, Gustafsson et al. (2001), found +0.30 D and -0.30 D
at 30º temporally and nasally in their emmetropic participants, respectively.
Ehsaei et a. (2011) found +0.05 D temporally and nasally amongst their
emmetropes, but +0.27 D temporally and -0.03 D nasally amongst their myopes,
at 30º of eccentricity. A recent study reported opposite findings of relative J45: 0.19 ±0.61 at 30º temporally and +0.10 ±0.42 at 30º nasally: (Allinjawi et al. 2016).
No explanation was provided for their varied J45 findings.

The cause of variation between studies is unclear. One possible explanation
would be that with the absolute J45 readings being small in dioptric value, even
small variation between studies can seem significant. With repeatability of the
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autorefractor being poorer for J45 measures, compared with J180 and SER, it is
understandable to perhaps have more inter-ocular variations in J45
measurements (Table 13, Chapter 4). Furthermore, the left eyes of the present
study show opposite results to the right eyes. There were also more differences
between the right and left eyes for J45 measurements, compared with J180 and
SER readings. Another explanation would be poor fixation or inaccurate fixation.
If the children fixated below the horizontal fixation targets, a more negative J45
would be measured. For example, if they looked below the temporal-10 fixation
target with the right eye, a negative J45 reading would be taken for the temporal
measure of the right eye and nasal for the left eye. If they looked slighted above
the fixation target, a more positive J45 reading would be measured. A possible
tilt in the fixation targets would also explain these varied J45 measurements in
the two eyes, although the fixation targets appeared straight.
Relative peripheral SER changed with stimulation of accommodation, producing
a relatively less hyperopic RelPRx in the myopes (Figure 31). Similar results are
reported (Calver et al. 2007; Whatham et al. 2009). Previous studies examining
the effect of accommodation on PRx recruited emmetropic and myopic
participants only. These changes may be associated with mechanical changes in
the eye as a result of accommodation. Ciliary muscle contraction or increased
tension in extra-ocular muscles during convergence (Greene 1980) may explain
axial length increases reported with accommodation (Walker and Mutti 2002).
The change in PRx across the horizontal and vertical meridians were similar in
this study. However, no studies were found examining change in peripheral
refraction with accommodation across the vertical meridian, to compare to this
study. Similarly, no previous studies were found examining the change in PRx
from distance to near amongst hyperopes.

With accommodation, the shapes of the anterior and posterior surfaces of the
crystalline lens change (Dubbelman et al. 2005; Rosales et al. 2006), altering the
eye's focusing power (Lopez-Gil et al. 2013) and spherical aberration (Cheng et
al. 2004). Therefore, it might be expected for accommodation to affect J180 and
J45 measurements (Radhakrishnan and Charman 2007). However, contrary to
this assumption, there was little evidence of meaningful change in the magnitude
or sign of J180 or J45 at near compared to distance in the present study, centrally
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or peripherally (Figures 10-10.2). When significant differences were found
between near and distance astigmatism, it was less than 0.25 D (Figures 1010.2). Only amongst the myopes, at 30º temporal, the difference between near
and distance astigmatism was greater than 0.25 D (0.32 D, Figure 10). Very little
oblique astigmatism was found at near, compared with distance (Figure 10). This
is in common with other studies that report no significant change in astigmatism
across the vertical or horizontal meridians during accommodation, within the
central 15° of the retina in emmetropic and myopic adult participants (Liu and
Thibos 2017). Accommodation is not found to alter the optical axes of the cornea
or crystalline lens (Liu and Thibos 2017).

Calver et al. (2007) examined change in peripheral astigmatism with
accommodation out to 30º across the horizontal meridian, in myopes and
emmetropes. They also found little evidence of change in astigmatism towards
the peripheral retina, with the exception of astigmatic change at 30º of
eccentricity. Less astigmatism was found at near compared to distance, but only
amongst their emmetropic subjects, and only temporally. Another study,
restricted to measuring refraction along the horizontal meridian only in myopic
subjects, but out to 40º, reported higher amounts of relative peripheral J180
nasally and temporally (Whatham et al. 2009). The reason for change in
astigmatism measured with accommodation at 30º of eccentricity and further is
unclear. Effects of accommodation (Pierscionek et al. 2001) and lid pressure
(Buehren et al. 2005) on the shape of the cornea have been suggested as
possible causes (Calver et al. 2007). Using the longitudinal data set, the present
study will aim to investigate if peripheral astigmatism during near vision can
influence central refractive error.
5.5.1 Limitations
The refractive results across the vertical meridian of the current study are limited
by the extent of the eccentricity studied. Similar to other studies (Mutti et al.
2000b; Calver et al. 2007; Shen et al. 2018), the present study is limited to
measuring PRx out to 30º, horizontally. Measuring PRx at larger eccentricities,
such as 60º, would have the enabled refractive assessment near the equator
(Mutti et al. 2000b). However, the present study compromised between the field
angle that was possible for the autorefractor to measure, and an eccentricity that
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would detect significant refractive changes if they are present. This is a common
approach (Mutti et al. 2000b). Furthermore, Mutti and colleagues measured PRx
out to 60º, but found the PRx of myopes, emmetropes and hyperopes tended to
converge at extreme field angles. This suggests that at the equator, eyes have
similar diameter across regardless of which refractive group they belong to
(Millodot 1981). Therefore, measuring refraction further into the periphery, is
likely to provide greater understanding on the refractive status of the peripheral
retina vertically, but not necessarily horizontally. Hence, this is probably not a
serious limitation.

Although, the RelPRx across superior-temporal (+1.28 ±1.39 D), inferior-nasal
(+1.91 ±1.56 D), superior-nasal (+1.81 ±1.78 D) and inferior-temporal (1.81 ±1.24
D) retina of myopes are similar compared with the RelPRx along the horizontal
meridian (Ehsaei et al. 2011b), the present study did not measure refraction
across oblique meridians to confirm such findings. It is understood that eyes are
not necessarily rotational symmetrical (Verkicharla et al. 2012; Pope et al. 2017).
This was confirmed in a recent study, Shen and colleagues (2018) illustrate that
the RelPRx of the eye is not uniform across different retinal regions (Shen et al.
2018).

With the research taking place in classrooms, there were many objects around
the rooms that may have distracted the children and lead to poor fixation.
Although fixation was carefully monitored through the autorefractor screen, a
uniform background such as a white sheet may have reduced the influence of
potential sources of distraction. The order of the measurements was not
randomised, which may mean the participants were more tired when the last
measurements were taken leading to poorer fixation (30° eccentricities). With the
observation of the participants’ fixation through the monitoring screen, it is
unlikely this was a major limitation.

Despite near measurements undertaken with spectacles (if prescribed and worn),
no allowances were made for differing accommodative demands. This was
because the prescription of the spectacles were not measured to accurately
calculate differing accommodative demands in the different refractive groups.
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However, with the average amount of myopia and hyperopia being -2.21 ±1.50 d
and +1.45 ±1.03 D, this was unlikely to create big discrepancies.

When PRx is measured at near, it is typical for the distance refraction to be
corrected using contact (Davies and Mallen 2009) or trial lenses (Calver et al.
2007). PRx measures are shown to vary depending on the method used to
correct the refractive error (Backhouse et al. 2012). The myopic participants that
had their spectacle lenses in place when the near PRx were measured, received
light that had passed obliquely through the spectacle lens (Calver et al. 2007).
Therefore, with the participants in the present study wearing conventional
spectacle lenses at near, the peripheral retinal image is likely to have been
influenced (Calver et al. 2007). Calver and colleagues (2007), explain that when
PRx is measured at 30º of a -3.50 D myope, corrected using spectacle lenses
would experience approximately -0.40 D astigmatism and -0.20 D mean oblique
error induced by the spectacle lens. Calver et al. (2007) concluded that correcting
lenses would have minimal effect on PRx because the eye’s own peripheral
astigmatism would be much greater. The average amount of myopia in the
present study was smaller, therefore it is likely that even less astigmatism would
have been caused by the correcting lenses. Despite these findings, it is important
to highlight again that the aim of the present study was to measure habitual blur.
It was not the aim of the study to measure PRx with a correcting method that had
the least impact of the peripheral optics of the eye.

5.5.2 Conclusion
The RelPRx reported in this section confirm the shape of myopic, emmetropic
and hyperopic eyes that are typically reported. The longitudinal data set will allow
an assessment of whether the defocus at the peripheral retina is likely to stimulate
central refractive change. The present study did not find myopes experiencing
greater hyperopic RelPRx at near. Therefore, the association between greater
relative peripheral hyperopic blur at near, amongst myopes, inducing myopia
progression, cannot be supported by the data presented.
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Chapter 6
Peripheral Refractive Error and its Association with Central Refractive
Error Development

6.1 Introduction, aim and hypothesis
The previous chapter established the level of defocus at the peripheral retina,
uncorrected at distance and habitually at near. The RelPRx between myopic,
emmetropic and hyperopic eyes were found to be significantly different,
confirming previous reports of varied retinal shapes in different refractive groups
(Mutti et al. 2000b; Atchison et al. 2004; Chen et al. 2010; Sng et al. 2011a).
However, in common with most previous studies on peripheral refraction (Millodot
1981; Mutti et al. 2000b; Atchison et al. 2006b; Ehsaei et al. 2011b), the previous
chapter presented cross-sectional data. To understand if the RelPH found in
myopes is a cause of the myopia or a consequence, the temporal relationship
between PRx and central refractive error development needs to be examined.

Although it is firmly established that myopes have RelPH (Millodot 1981;
Seidemann et al. 2002; Stone and Flitcroft 2004; Atchison et al. 2005a; Charman
2005; Sng et al. 2011a; Shen et al. 2018), it is unclear if the PRx influences
change in refraction centrally. For example, although relative peripheral
hyperopia is reported to precede the onset of myopia by two years (Mutti et al.
2007), it is not found to significantly stimulate myopia onset or progression (Mutti
et al. 2011). This chapter will aim to present longitudinal data of PRx to determine
whether RelPRx at baseline is associated with change in central refraction in
hyperopic, emmetropic and myopic children.

PRx studies consider vision as a shell of focused images (commonly referred to
as image shell), which can fall in front, on, or behind the posterior retinal surface
(Lee and Cho 2013). With the foveal image falling exactly on the retina, eyes are
said to have RelPH because the peripheral images are focused behind the retinal
surface (Figure 34). The opposite holds true for eyes with RelPM (Lee and Cho
2013). It is hypothesised that RelPH will initiate the expansion of the eyeball in
an attempt to match the retinal surface with the image shell (Charman and
Radhakrishnan 2010) (Figure 35). If this is found to be true, it will provide greater
understanding on why some emmetropes become myopes and support devices
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that alter the refractive profile of the peripheral retina to stop myopes progressing
(Tabernero et al. 2009; Sankaridurg et al. 2010; Lopes-Ferreira et al. 2011;
Sankaridurg et al. 2011). In contrast, the findings will suggest that attempts to
reduce rate of myopia progression using ophthalmic lenses that induce relative
peripheral myopia will not be successful, if the PRx hypothesis is rejected.

6.2 Methods
See Chapter 3 for methods and section 3.8 for data entry, outlier identification
and removal.

6.2.1 Primary school participants
The 315 primary school participants from the first visit were given the option to
take part in the study for a second time or not. On the second visit, 7 (2.22%) of
the parents contacted from the primary schools opted their children out of the
study (Table 46). None of the participants opted themselves out of the study on
the second visit. 261 (82.86 %) participants were tested during the second visit
and data were analysed from 251 (79.68 %) participants (Table 47). Section 6.2.1
details the reasons why data analysis was not possible for all of the participants.

Table 46. The reasons data collection was not repeated on the full sample
Primary
School

Poor
fixation

BV

OD

1

0

0

0

2

0

0

3

0

4
Total

Optedout by
parents

Participant
opted-out

Absent

2

0

3

0

5

0

0

0

0

1

0

0

1

0

0

Unwell

Left
school

Notime

Total

0

5

0

10

6

0

0

0

11

0

23

0

0

6

29

0

0

2

1

0

0

4

7

0

34

1

5

6

54

Table 46. The number of participants contacted to take part in the study after the first visit, but
they did not participate for second time. Poor fixation: participant not able to keep a constant and
steady fixation. BV: binocular vision anomaly; OD: visible ocular disease; Absent: child not in
school on the day data were collected. There was not enough time to test everyone who agreed
to take part in the study (‘no time’) because the schools allocated certain number of days and
times in which the research had to be completed by. Total: total number of participants tested
during the first visit, but not repeated during the second visit.
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Table 47. The number of participants whose data were collected but not used in
any data analysis during the first and second visit.
Primary
Schools
1
2
3
4
Total

Number of students
contacted

Number of students
tested
80
54
151
30
315

Number of students
analysed

70
43
122
26
261

68
39
120
24
251

Table 47. Summary of the number of participants contacted, tested and whose data were
analysed during the second visit.

6.2.2 Secondary School Participants
On the second visit, none of the secondary school parents opted their children
out of the study and none of the participants opted themselves out of the study
(Table 48). However, only 39 of the participants were re-tested the following year.
Data from four of these participants could not be included in the analysis due to
the subjects having binocular vision anomalies (Section 5.2.2). This led to
longitudinal data being available for 35 participants from the secondary schools
(Table 49).

Table 48. The reasons data collection was not repeated on the full sample
Secondary
School
1

Opted out
by parents

Participant
opted out

Absent

Un-well

No time

0

0

6

2

91

2

0

0

9

3

89

Total

0

0

15

5

180

Table 48. The number of participants who were contacted to take part in this study, but they did
not participate in the study during the second visit.

Table 49. Summary of the number of participants contacted, tested and whose
data where analysed
Secondary
School
1

Participants
Contacted

Participants
Tested

Participants Analysed

110

11

11

2

129

28

24

Total

239

39

35

Table 49. The data from these 35 participants were used for the data analysis of this chapter.

155

6.3 Statistical analysis
The eyes were categorised according to the change in central refraction, at
distance: stable, positive and negative shift groups. Stata v.14.1 (StataCorp.
2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp LP.)
was used for a statistical analysis of the association between central refractive
error change and RelPRx at baseline, using data from 286 participants. The
association between central refractive error progression and RelPRx was
analysed by using multilevel modelling. This is a common approach in analysing
myopia progression and RelPRx (Mutti et al. 2011). RelPRx was analysed for its
association with central refractive error progression in two separate models.
Baseline RelPRx was assessed within the stable (less than ±0.50 D change in
central, distance SER between the two visits), positive- (≥0.50 D more hyperopic
or less myopic shift in central, distance SER between visit 1 and 2) and negativeshift (≥0.50 D more myopic or less hyperopic shift in central, distance SER
between visit 1 and 2) groups. The limits of agreement from the repeatability data
analysis set the threshold for determining change in refraction longitudinally.
Then baseline RelPRx was examined between the groups. For each model,
covariates included age, gender, school, spectacle-use and ethnicity. Bonferroniadjusted p-values are presented. P-values of < 0.05 were defined as statistically
signiﬁcant. Equivalent analyses were also conducted on the left eyes.

6.4 Results
As with the analysis of the cross-sectional data, the data from the primary and
secondary schools are combined. Therefore, longitudinal data were available for
286 participants, making the drop-out rate 54.15 %. The large drop-out rate was
not due to participants refusing to take part in the study again, but rather due to
the limited time the researcher had to repeat the experiment at the schools,
particularly the secondary schools. The mean duration of follow-up was 9.71
0.87 months (range, 9–11 months). Within the 286 participants, there were 23
myopes, 207 emmetropes and 56 hyperopes based on the central refraction of
the right eyes. Within the myopic and hyperopic groups, there were 10 and 11
negative-shift participants, respectively. The rest of the myopes and hyperopes
remained stable. Within the emmetropes, there were 22 negative-shift, 17
positive-shift and the rest were stable. Therefore, there were 43 negative-shift,
17 positive-shift and 226 stable participants.
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When considering the left eyes only, within the 286 participants, there were 23
myopes, 215 emmetropes and 48 hyperopes. There were 40 negative-shift (9
myopes, 13 hyperopes and 18 emmetropes), 6 positive-shift (1 myope, 1
hyperopes and 4 emmetropes) and 240 stable (13 myopes, 34 hyperopes and
193 emmetropes) participants. Table 50 shows the mean difference of central
SER, at distance, between baseline and the follow-up visits, in right and left eyes.
The change in central SER in the full sample and the sub-groups were similar in
the two eyes except within the stable groups (Table 50).

Table 50. Average (±SD) change in central SER
Negative-shift Positive-shift

Stable

Full sample

Right eyes

-0.80 ±0.50

+0.61 ±0.13

-0.12 ±0.20

-0.19 ±0.37

Left eyes

-0.87 ±0.61

+0.63 ±0.08

-0.07 ±0.22

-0.16 ±0.43

P-value

0.287

0.426

0.004

0.169

Table 50. Average change in central SER at distance (visit 2 - visit 1). Positive values indicate
hyperopia in dioptres. Negative values show myopia in dioptres.

6.4.1 Distribution of relative refraction across the peripheral retina within the
stable, negative- and positive-shift groups, at distance and near
Across the horizontal meridian, only at 10º nasal at distance and 30º nasal at
near the negative-shift group show significant findings in the right and left eyes,
respectively (Figure 36 and Table 51). At 10º and 30º temporal, the positive -shift
group show significant findings at near, but only in the left eyes. The stable group
show significant results at 10º temporal, 10º and 30º nasal at distance, and at 30º
temporal at distance and near. The stable and negative-shift groups show RelPM
at 10º superior, at both distance and near (Figure 36), with little difference
between the two eyes (Table 51). The PRx at superior 10º was not found to be
significantly different to the central SER at distance or near, in the positive-shift
group. At inferior 10º, only the stable group (at near), show a significant finding
of RelPH. There are clear differences in the relative peripheral SER measures in
the two eyes (Table 51). Usually when large differences between the two eyes
are observed, they are not found to be significant (examples underline in Table
51). However, there are a few exceptions to this (shown by asterisks in Table 51).
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Table 51. Relative peripheral SER measures within the stable, positive and negative-shift groups, at distance and near.
SER RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

205

Superior 10º – Central, Distance (Stable)

-0.33 (-0.26)

<0.001 (<0.001)

-0.44 (-0.43)

-0.22 (-0.09)

Superior 10º – Central, Near (Stable)

-0.16 (-0.21)

<0.001 (0.004)

-0.27 (-0.38)

-0.05 (-0.04)

Superior 10º – Central, Distance (Positive-shift)

-0.26 (-0.14)

1.000 (1.000)

-0.68 (-0.80)

+0.17 (+0.52)

Superior 10º – Central, Near (Positive-shift)

-0.11 (+0.05)

1.000 (1.000)

-0.56 (-0.63)

+0.35 (+0.72)

Superior 10º – Central, Distance (Negative-shift)

-0.28 (-0.47)

<0.001 (0.003)

-0.63 (-0.85)

-0.14 (-0.09)

Superior 10º – Central, Near (Negative-shift)

-0.44 (-0.39)

<0.001 (0.037)

-0.69 (-0.78)

-0.20 (-0.01)

Inferior 10º – Central, Distance (Stable)

-0.10 (+0.05)

0.092 (1.000)

-0.21 (-0.12)

+0.01 (+0.21)

Inferior 10º – Central, Near (Stable)

+0.14 (+0.22)

0.002 (0.001)

+0.03 (+0.05)

+0.25 (+0.39)

Inferior 10º – Central, Distance (Positive-shift)

-0.05 (+0.10)

1.000 (1.000)

-0.48 (-0.57)

+0.37 (+0.77)

Inferior 10º – Central, Near (Positive-shift)

-0.09 (+0.32)

1.000 (1.000)

-0.54 (-0.35)

+0.37 (+0.99)

Inferior 10º – Central, Distance (Negative-shift)

-0.10 (-0.11)

1.000 (1.000)

-0.35 (-0.49)

+0.14 (+0.27)

Inferior 10º – Central, Near (Negative-shift)

-0.04 (+0.05)

1.000 (1.000)

-0.29 (-0.34)

+0.21 (+0.43)

Temporal 10º – Central, Distance (Stable)

-0.26 (-0.15)

<0.001 (0.199)

-0.37 (-0.31)

-0.15 (+0.02)

Temporal 10º – Central, Near (Stable)

+0.06 (+0.07)

1.000 (1.000)

-0.05 (-0.09)

+0.17 (+0.24)

0.00 (+0.05)

1.000 (1.000)

-0.43 (-0.61)

+0.43 (+0.71)

*Temporal 10º – Central, Near (Positive-shift)

-0.09 (+0.69)

1.000 (0.042)

-0.54 (+0.01)

+0.36 (1.37)

Temporal 10º – Central, Distance (Negative-shift)

-0.13 (-0.23)

1.000 (1.000)

-0.37 (-0.61)

+0.12 (+0.15)

Temporal 10º – Central, Distance (Positive-shift)
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Temporal 10º – Central, Near (Negative-shift)

-0.08 (+0.03)

1.000 (1.000)

-0.32 (-0.36)

+0.17 (+0.41)

Temporal 30º – Central, Distance (Stable)

-0.15 (-0.13)

<0.001 (0.445)

-0.26 (-0.30)

-0.05 (+0.04)

Temporal 30º – Central, Near (Stable)

+0.18 (+0.20)

<0.001 (0.004)

+0.07 (+0.03)

+0.28 (+0.37)

Temporal 30º – Central, Distance (Positive-shift)

+0.09 (+0.43)

1.000 (1.000)

-0.32 (-0.23)

+0.51 (+1.09)

*Temporal 30º – Central, Near (Positive-shift)

+0.34 (+0.82)

0.594 (0.003)

-1.11 (+0.15)

+0.78 (+1.49)

Temporal 30º – Central, Distance (Negative-shift)

-0.12 (-0.28)

1.000 (0.600)

-0.36 (-0.66)

+0.12 (+0.10)

Temporal 30º – Central, Near (Negative-shift)

+0.03 (+0.11)

1.000 (1.000)

-0.22 (-0.28)

+0.27 (+0.49)

Nasal 10º – Central, Distance (Stable)

-0.20 (-0.14)

<0.001 (0.346)

-0.31 (-0.31)

-0.09 (+0.03)

Nasal 10º – Central, Near (Stable)

-0.02 (+0.03)

1.000 (1.000)

-0.13 (-0.14)

+0.09 (+0.20)

Nasal 10º – Central, Distance (Positive-shift)

-0.08 (+0.25)

1.000 (1.000)

-0.52 (-0.41)

+0.35 (+0.91)

Nasal 10º – Central, Near (Positive-shift)

-0.04 (+0.57)

1.000 (0.283)

-0.49 (-0.12)

+0.42 (+1.27)

Nasal 10º – Central, Distance (Negative-shift)

-0.28 (-0.22)

0.008 (1.000)

-0.53 (-0.60)

-0.04 (+0.16)

Nasal 10º – Central, Near (Negative-shift)

-0.18 (-0.15)

0.719 (1.000)

-0.43 (-0.55)

+0.07 (+0.24)

Nasal 30º – Central, Distance (Stable)

-0.22 (-0.04)

<0.001 (1.000)

-0.32 (-0.21)

-0.11 (+0.13)

Nasal 30º – Central, Near (Stable)

+0.14 (+0.05)

0.001 (1.000)

+0.03 (-0.12)

+0.25 (+0.22)

Nasal 30º – Central, Distance (Positive-shift)

+0.15 (+0.33)

1.000 (1.000)

-0.27 (-0.34)

+0.57 (+0.99)

Nasal 30º – Central, Near (Positive-shift)

+0.23 (+0.67)

1.000 (0.052)

-0.22 (0.00)

+0.68 (+1.35)

Nasal 30º – Central, Distance (Negative-shift)

-0.21 (-0.17)

0.188 (1.000)

-0.45 (-0.55)

+0.03 (+0.22)

*Nasal 30º – Central, Near (Negative-shift)

+0.10 (-0.63)

1.000 (<0.001)

-0.15 (-1.02)

+0.34 (-0.25)

Table 51. The effect of eccentricity and fixation distance (distance, near) on the change in SER from the central to the peripheral retina of the stable (n226 right eyes
and 240 left eyes), negative- (n43 right eyes and n40 left eyes) and positive-shift (n 17 right eyes and n6 left eyes) groups, whilst controlling for all other factors

including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold. Positive RelPRx values indicate RelPH and negative
RelPRx values indicate RelPM. Equivalent data for the left eyes is shown in brackets. Asterisks highlight where p-value of the left eyes varied from that of the right
eyes and the difference in the RelPRx is ≥ 0.25 D. Note: (1) at the following eccentricities p-values differed between the two eyes but the RelPRx are <0.25 D: temporal10º at distance (stable) and near (positive-shift), temporal-30º at distance (stable), nasal-10º at distance (stable and negative-shift) and nasal-30º at distance (stable).
(2) At the following eccentricities, p-values are similar between the right and left eyes, but the RelPRx is ≥ 0.25 D: inferior-10º at near (positive-shift), temporal-30º at
distance (positive-shift), nasal-10º at distance and near (positive-shift) and nasal-30º at near (positive-shift).

Figure 36. Relative SER across the horizontal and vertical meridians in the stable, positive- and negative-shift groups at distance and
near, in the right eyes.
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Figure 36. Baseline relative (peripheral – central) SER across the horizontal and vertical meridians in stable (blue), positive- (orange) and negative-shift (grey) groups
at distance and near, in the right eyes. Standard errors are illustrated by error bars, although in most cases they are small enough to be contained within the symbols.
The lines are second-order polynomial best fitted to the data. The trendline equation and R2 values at distance for the stable, positive- and negative-shift groups are y
= -6E-05x2 - 0.0007x - 0.1436, R² = 0.0922; y = 0.0002x2 + 0.0005x - 0.0366, R² = 0.7900 and y = 6E-05x2 - 0.0022x - 0.2106, R² = 0.6648 across the horizontal, and,
y = -0.0022x2 - 0.0115x - 9E-16, R² = 1; y = -0.0016x2 - 0.0105x - 4E-16, R² = 1 and y = -0.0024x2 - 0.014x + 6E-17, R² = 1 along the vertical meridians, respectively.
The trendline equation and R2 values at near in the stable, positive- and negative-shift groups are y = 0.0002x2 - 0.001x + 0.0015, R² = 0.9334; y = 0.0004x2 - 0.0014x
- 0.0663, R² = 0.9241 and y = 0.0002x2 + 0.0005x - 0.0941, R² = 0.5386 across the horizontal, and y = -1E-04x2 - 0.015x + 3E-16, R² = 1; y = -0.001x2 - 0.001x + 4E17, R² = 1 and y = -0.0024x2 - 0.02x + 5E-16, R² = 1 along the vertical meridians, respectively.

Where the peripheral J180 were found to be different to the central J180, relative peripheral with-the-rule and against-the-rule astigmatism
was observed across the vertical and horizontal meridians, respectively (Table 52 and Figure 37). The largest shifts in relative J180 were

at temporal 30º at distance and near, in all three groups (Table 52 and Figure 37). There were differences between right and left eyes, but
less so than the SER measures (Table 52).

Table 52. Relative peripheral J180 measures within the stable, positive and negative-shift groups, at distance and near.
J180 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

209

Superior 10º – Central, Distance (Stable)

+0.16 (+0.17)

<0.001 (<0.001)

+0.07 (+0.09)

+0.24 (+0.26)

Superior 10º – Central, Near (Stable)

+0.05 (+0.09)

1.000 (0.014)

-0.03 (+0.01)

+0.14 (+0.18)

Superior 10º – Central, Distance (Positive-shift)

-0.12 (+0.09)

1.000 (1.000)

-0.45 (-0.24)

+0.22 (+0.42)

Superior 10º – Central, Near (Positive-shift)

-0.13 (+0.02)

1.000 (1.000)

-0.49 (-0.32)

+0.23 (+0.36)

Superior 10º – Central, Distance (Negative-shift)

+0.13 (+0.07)

0.940 (1.000)

-0.06 (-0.12)

+0.33 (+0.26)

0.00 (+0.02)

1.000 (1.000)

-0.19 (-0.17)

+0.20 (+0.21)

Inferior 10º – Central, Distance (Stable)

+0.27 (+0.25)

<0.001 (<0.001)

+0.18 (+0.17)

+0.35 (+0.34)

Inferior 10º – Central, Near (Stable)

+0.16 (+0.19)

<0.001 (<0.001)

+0.07 (+0.11)

+0.24 (+0.27)

Inferior 10º – Central, Distance (Positive-shift)

-0.09 (+0.20)

1.000 (1.000)

-0.42 (-0.14)

+0.25 (+0.54)

Inferior 10º – Central, Near (Positive-shift)

-0.18 (-0.01)

1.000 (1.000)

-0.54 (-0.35)

+0.18 (+0.32)

*Inferior 10º – Central, Distance (Negative-shift)

+0.41 (+0.07)

<0.001 (1.000)

+0.21 (-0.12)

+0.60 (+0.26)

*Inferior 10º – Central, Near (Negative-shift)

+0.33 (+0.02)

<0.001 (1.000)

+0.13 (-0.18)

+0.52 (+0.21)

Temporal 10º – Central, Distance (Stable)

-0.56 (-0.56)

<0.001 (<0.001)

-0.64 (-0.64)

-0.47 (-0.47)

Temporal 10º – Central, Near (Stable)

-0.44 (-0.48)

<0.001 (<0.001)

-0.53 (-0.57)

-0.36 (-0.40)

Superior 10º – Central, Near (Negative-shift)

210

Temporal 10º – Central, Distance (Positive-shift)

-0.49 (-0.52)

<0.001 (<0.001)

-0.83 (-0.85)

-0.15 (-0.19)

Temporal 10º – Central, Near (Positive-shift)

-0.40 (-0.47)

0.012 (<0.001)

-0.76 (-0.81)

-0.05 (-0.13)

Temporal 10º – Central, Distance (Negative-shift)

-0.53 (-0.50)

<0.001 (<0.001)

-0.72 (-0.69)

-0.33 (-0.31)

Temporal 10º – Central, Near (Negative-shift)

-0.52 (-0.40)

<0.001 (<0.001)

-0.72 (-0.60)

-0.33 (-0.21)

Temporal 30º – Central, Distance (Stable)

-1.79 (-1.85)

<0.001 (<0.001)

-1.88 (-1.93)

-1.71 (-1.76)

Temporal 30º – Central, Near (Stable)

-1.73 (-1.90)

<0.001 (<0.001)

-1.81 (-1.99)

-1.64 (-1.82)

Temporal 30º – Central, Distance (Positive-shift)

-1.62 (-1.49)

<0.001 (<0.001)

-1.95 (-1.82)

-1.29 (-1.16)

Temporal 30º – Central, Near (Positive-shift)

-1.66 (-1.64)

<0.001 (<0.001)

-2.02 (-1.97)

-1.31 (-1.30)

Temporal 30º – Central, Distance (Negative-shift)

-1.69 (-1.65)

<0.001 (<0.001)

-1.88 (-1.84)

-1.50 (-1.46)

Temporal 30º – Central, Near (Negative-shift)

-1.78 (-1.76)

<0.001 (<0.001)

-1.97 (-1.95)

-1.59 (-1.57)

Nasal 10º – Central, Distance (Stable)

-0.13 (+0.05)

<0.001 (1.000)

-0.21 (-0.04)

-0.04 (+0.13)

Nasal 10º – Central, Near (Stable)

-0.08 (+0.13)

0.131 (<0.001)

-0.16 (+0.05)

+0.01 (+0.22)

Nasal 10º – Central, Distance (Positive-shift)

-0.09 (-0.18)

1.000 (1.000)

-0.43 (-0.51)

+0.25 (+0.15)

Nasal 10º – Central, Near (Positive-shift)

-0.06 (+0.09)

1.000 (1.000)

-0.42 (-0.26)

+0.31 (+0.43)

Nasal 10º – Central, Distance (Negative-shift)

-0.12 (-0.05)

1.000 (1.000)

-0.31 (-0.24)

+0.08 (+0.14)

Nasal 10º – Central, Near (Negative-shift)

-0.11 (-0.01)

1.000 (1.000)

-0.31 (-0.21)

+0.08 (+0.19)

Nasal 30º – Central, Distance (Stable)

-0.83 (-0.44)

<0.001 (<0.001)

-0.91 (-0.53)

-0.75 (-0.36)

Nasal 30º – Central, Near (Stable)

-0.89 (-0.55)

<0.001 (<0.001)

-0.98 (-0.63)

-0.81 (-0.46)

Nasal 30º – Central, Distance (Positive-shift)

-0.80 (-0.53)

<0.001 (<0.001)

-1.13 (-0.87)

-0.47 (-0.20)

Nasal 30º – Central, Near (Positive-shift)

-0.97 (-0.52)

<0.001 (<0.001)

-1.33 (-0.86)

-0.62 (-0.18)

Nasal 30º – Central, Distance (Negative-shift)

-0.65 (-0.58)

<0.001 (<0.001)

-0.85 (-0.77)

-0.46 (-0.39)

Nasal 30º – Central, Near (Negative-shift)

-0.99 (-0.61)

<0.001 (<0.001)

-1.18 (-0.81)

-0.79 (-0.42)

Table 52. The effect of eccentricity and fixation distance (distance, near) on the change in J180 from the central to the peripheral retina of the stable, negative- and
positive-shift groups, whilst controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in
bold. Positive RelPRx values indicate with-the-rule astigmatism, and negative RelPRx values indicate against-the-rule astigmatism. Equivalent data for the left eyes is
shown in brackets. Asterisks highlight where p-value of the left eyes varied from that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note: (1) at the
following eccentricities p-values differed between the two eyes but the RelPRx are <0.25 D: superior-10º at near (stable) and nasal-10º at near (stable). (2) At the
following eccentricities, p-values are similar between the right and left eyes, but the RelPRx is ≥ 0.25 D: inferior 10º at distance (positive-shift), nasal-30º at distance
(stable and positive-shift) and near (stable, negative- and positive-shift).
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Figure 37. Relative J180 across the horizontal and vertical meridians in the stable, positive- and negative-shift groups at distance and
near, in the right eyes.
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Figure 37. Relative (peripheral – central) J180 across the horizontal and vertical meridians in stable (blue), positive- (orange) and negative-shift (grey) at distance and
near, in the right eyes. Standard errors are illustrated by error bars, although in most cases they are small enough to be contained within the symbols. The lines are
second-order polynomial fitted to the data. The trendline equation and R 2 values at distance for the stable, positive- and negative-shift groups are y = -0.0013x2 0.0166x - 0.1368, R² = 0.9822; y = -0.0012x2 - 0.0143x - 0.1067, R² = 0.9849 and y = -0.0012x2 - 0.0177x - 0.1337, R² = 0.9826 across the horizontal, and, y = 0.0022x2 + 0.0055x - 6E-17, R² = 1; y = 0.0011x2 + 0.0015x + 1E-16, R² = 1 and y = -0.0027x2 + 0.014x - 7E-16, R² = 1 along the vertical meridians, respectively. The
trendline equation and R2 values at near in the stable, positive- and negative-shift groups are y = -0.0014x2 - 0.0144x - 0.0785, R² = 0.9936; y = -0.0014x2 - 0.0121x 0.061, R² = 0.9935 and y = -0.0014x2 - 0.0139x - 0.1105, R² = 0.986 across the horizontal, and y = -0.0011x2 + 0.0055x - 6E-17, R² = 1; y = 0.0016x2 - 0.0025x + 4E16, R² = 1 and y = -0.0017x2 + 0.0165x - 2E-16, R² = 1 along the vertical meridians, respectively.

Peripheral oblique astigmatism was found to be significantly different to the central astigmatic measures in all three groups, across most
of the eccentricities (Table 53 and Figure 38). The relative peripheral J45 measures were positive at 10⁰ superior and negative at 10⁰
inferior (Table 53). At 10⁰ and 30⁰ temporal, positive shifts in relative J45 were found. At 10⁰ and 30⁰ nasal, negative shifts in relative J45

were observed. The amount of relative peripheral J45 were much smaller than J180 and SER measures (Tables 51-53). None of the groups
showed significant relative peripheral J45 at near, at temporal 30º. This is largely in contradiction to the J180 and SER measures. Like in
the previous chapter, the two eyes showed similar amounts of relative peripheral J45 but opposite in sign.

Table 53. Relative peripheral J45 measures within the stable, positive and negative-shift groups, at distance and near.
J45 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

213

Superior 10º – Central, Distance (Stable)

+0.20 (-0.18)

<0.001 (<0.001)

+0.14 (+0.25)

+0.27 (-0.11)

Superior 10º – Central, Near (Stable)

+0.21 (-0.18)

<0.001(<0.001)

+0.14 (+0.25)

+0.28 (-0.11)

Superior 10º – Central, Distance (Positive-shift)

+0.22 (-0.26)

0.366 (0.052)

+0.05 (+0.52)

+0.48 (0.00)

Superior 10º – Central, Near (Positive-shift)

+0.27 (-0.14)

0.089 (1.000)

-0.02 (+0.41)

+0.56 (+0.13)

Superior 10º – Central, Distance (Negative-shift)

+0.12 (-0.15)

0.585 (0.079)

-0.04 (+0.30)

+0.27 (+0.01)

*Superior 10º – Central, Near (Negative-shift)

+0.17 (-0.10)

0.021 (1.000)

+0.01 (+0.25)

+0.32 (+0.05)

Inferior 10º – Central, Distance (Stable)

-0.23 (+0.21)

<0.001 (<0.001)

-0.30 (-0.14)

-0.16 (+0.27)

Inferior 10º – Central, Near (Stable)

-0.21 (+0.14)

<0.001 (<0.001)

+0.27 (+0.07)

-0.14 (+0.21)

Inferior 10º – Central, Distance (Positive-shift)

-0.30 (+0.40)

0.014 (<0.001)

+0.56 (+0.13)

-0.03 (+0.66)

*Inferior 10º – Central, Near (Positive-shift)

-0.28 (+0.44)

0.058 (<0.001)

+0.57 (+0.17)

0.00 (+0.70)

Inferior 10º – Central, Distance (Negative-shift)

-0.23 (+0.19)

<0.001 (0.002)

+0.38 (+0.04)

-0.07 (+0.34)

*Inferior 10º – Central, Near (Negative-shift)

-0.14 (+0.23)

0.207 (<0.001)

+0.29 (+0.08)

+0.02 (+0.38)

Temporal 10º – Central, Distance (Stable)

+0.11 (-0.04)

<0.001 (1.000)

-0.04 (-0.11)

+0.17 (+0.02)

214

Temporal 10º – Central, Near (Stable)

+0.11 (-0.06)

<0.001 (0.286)

-0.04 (-0.12)

+0.18 (+0.11)

Temporal 10º – Central, Distance (Positive-shift)

+0.14 (-0.19)

1.000 (0.705)

+0.13 (-0.45)

+0.41 (+0.07)

Temporal 10º – Central, Near (Positive-shift)

+0.13 (-0.24)

1.000 (0.183)

+0.16 (-0.50)

+0.41 (+0.03)

Temporal 10º – Central, Distance (Negative-shift)

+0.15 (-0.09)

0.061 (1.000)

0.00 (-0.24)

+0.30 (+0.07)

Temporal 10º – Central, Near (Negative-shift)

+0.17 (-0.04)

0.016 (1.000)

-0.02 (-0.19)

+0.32 (+0.11)

Temporal 30º – Central, Distance (Stable)

+0.05 (-0.10)

0.708 (<0.001)

+0.02 (-0.17)

+0.12 (-0.04)

Temporal 30º – Central, Near (Stable)

-0.06 (0.00)

0.086 (1.000)

+0.13 (-0.07)

0.00 (+0.06)

*Temporal 30º – Central, Distance (Positive-shift)

+0.22 (-0.41)

0.253 (<0.001)

+0.04 (-0.67)

+0.48 (-0.14)

Temporal 30º – Central, Near (Positive-shift)

+0.14 (-0.26)

1.000 (0.069)

+0.14 (-0.52)

+0.42 (+0.01)

Temporal 30º – Central, Distance (Negative-shift)

+0.20 (-0.35)

0.001 (<0.001)

-0.05 (-0.50)

+0.35 (-0.20)

Temporal 30º – Central, Near (Negative-shift)

+0.01 (+0.04)

1.000 (1.000)

+0.15 (-0.12)

+0.16 (+0.19)

Nasal 10º – Central, Distance (Stable)

-0.31 (+0.22)

<0.001 (<0.001)

+0.37 (+0.15)

-0.24 (+0.29)

Nasal 10º – Central, Near (Stable)

-0.32 (+0.20)

<0.001 (<0.001)

+0.38 (+0.14)

-0.25 (+0.27)

Nasal 10º – Central, Distance (Positive-shift)

-0.46 (+0.43)

<0.001 (<0.001)

+0.74 (+0.18)

-0.19 (+0.69)

*Nasal 10º – Central, Near (Positive-shift)

-0.37 (+0.22)

0.001 (0.326)

+0.66 (-0.05)

-0.09 (+0.50)

Nasal 10º – Central, Distance (Negative-shift)

-0.41 (+0.17)

<0.001 (0.015)

+0.56 (+0.02)

-0.25 (+0.32)

Nasal 10º – Central, Near (Negative-shift)

-0.37 (+0.34)

<0.001 (<0.001)

+0.52 (+0.19)

-0.21 (+0.50)

Nasal 30º – Central, Distance (Stable)

-0.17 (+0.32)

<0.001 (<0.001)

+0.24 (+0.26)

-0.11 (+0.39)

Nasal 30º – Central, Near (Stable)

-0.10 (+0.17)

<0.001 (<0.001)

+0.17 (+0.10)

-0.03 (+0.23)

Nasal 30º – Central, Distance (Positive-shift)

-0.10 (+0.32)

1.000 (0.004)

+0.36 (+0.05)

+0.17 (+0.58)

Nasal 30º – Central, Near (Positive-shift)

+0.05 (+0.30)

1.000 (0.012)

+0.24 (+0.03)

+0.33 (+0.57)

Nasal 30º – Central, Distance (Negative-shift)

-0.30 (+0.25)

<0.001 (<0.001)

+0.45 (+0.10)

-0.15 (+0.40)

Nasal 30º – Central, Near (Negative-shift)

-0.06 (+0.34)

1.000 (<0.001)

+0.21 (+0.19)

+0.10 (+0.49)

Figure 38. Relative J45 across the horizontal and vertical meridians in the stable, positive- and negative-shift groups at distance and
near, in the right eyes.
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Table 53. The effect of eccentricity and fixation distance (distance, near) on the change in J45 from the central to the peripheral retina of the stable, negative- and
positive-shift groups, whilst controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in
bold. A positive J45 RelPRx value indicates that the negative cylinder axis of the JCC is at 45°. A negative RelPRx value of J45 indicates that the negative cylinder
axis of the Jackson cross-cylinder is at 135° axis. Equivalent data for the left eyes is shown in brackets. Asterisks highlight where p-value of the left eyes varied from
that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note: (1) at the following eccentricities p-values differed between the two eyes but the RelPRx are
<0.25 D: temporal-10º at distance and near (stable), and temporal-30º at distance (stable). (2) At the following eccentricities, p-values are similar between the right
and left eyes, but the RelPRx is ≥ 0.25 D: superior-10º at distance (stable, positive- and negative-shift), and near (stable, positive-shift), inferior-10º at distance
(stable and positive- and negative-shift) and near (stable), temporal-10º at distance and near (negative-shift), temporal-30º at distance (negative-shift) and near
(positive-shift), nasal-10º at distance (stable, positive- and negative-shift) and near (stable and negative-shift), nasal-30º at distance (stable, positive- and negativeshift) and near (stable, positive- and negative-shift).
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Figure 38. Relative (peripheral – central) J45 across the horizontal and vertical meridians in stable (blue), positive- (orange) and negative-shift (grey) at distance and
near, in the right eyes. Standard errors are illustrated by error bars, although in most cases they are small enough to be contained within the symbols. The lines are
second-order polynomial fitted to the data. The trendline equation and R2 values at distance for the stable, positive- and negative-shift groups are y = -0.0054x - 0.064,
R² = 0.4896; y = -0.0078x - 0.04, R² = 0.4321 and y = 3E-05x2 - 0.0104x - 0.0819, R² = 0.7185 across the horizontal, and, y = -0.0001x2 + 0.0215x - 2E-16, R² = 1; y
= -0.0004x2 + 0.026x - 8E-16, R² = 1 and y = -0.0005x2 + 0.0175x + 5E-17, R² = 1 along the vertical meridians, respectively. The trendline equation and R 2 values at
near amongst the stable, positive- and negative-shift groups are y = -0.0028x - 0.074, R² = 0.1502; y = 0.0001x2 - 0.0054x - 0.0857, R² = 0.4291 and y = 4E-05x2 0.0038x - 0.0667, R² = 0.1884 across the horizontal, and y = 2E-18x2 + 0.021x + 2E-16, R² = 1; y = -5E-05x2 + 0.0275x - 7E-16, R² = 1 and y = 0.0002x2 + 0.0155x 2E-16, R² = 1 along the vertical meridians, respectively.

6.4.2 Distribution of relative refraction across the peripheral retina between the stable, positive- and negative-shift groups, at distance and
near
The positive- and negative-shift groups are compared to the stable group at equivalent eccentricities and fixation distances in Tables 5456. There is little evidence of significant differences in relative SER, J180 and J45 measures between groups (Tables 54-56). Where
significant findings are found, they are only reported in one of the eyes. In J45, only significant differences are found in the left eyes and
where significant findings are found between the groups, it is by less than 0.25 D.

Table 54. Comparison of relative peripheral SER between the stable, positive- and negative-shift groups, at distance and near
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SER RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

Superior 10º – Central, Distance (Positive-shift versus Stable)

+0.07 (+0.12)

1.000 (1.000)

-0.35 (-0.54)

+0.49 (+0.78)

Superior 10º – Central, Near (Positive-shift versus Stable)

+0.05 (+0.25)

1.000 (1.000)

-0.40 (-0.42)

+0.50 (+0.92)

Superior 10º – Central, Distance (Negative-shift versus Stable)

-0.05 (-0.21)

1.000 (1.000)

-0.31 (-0.61)

+0.20 (+0.19)

Superior 10º – Central, Near (Negative-shift versus Stable)

-0.29 (-0.19)

0.018 (1.000)

-0.55 (-0.59)

-0.03 (+0.22)

Inferior 10º – Central, Distance (Positive-shift versus Stable)

+0.05 (+0.05)

1.000 (1.000)

-0.37 (-0.61)

+0.47 (+0.72)

Inferior 10º – Central, Near (Positive-shift versus Stable)

-0.22 (+0.10)

1.000 (1.000)

-0.67 (-0.56)

+0.22 (+0.77)

0.00 (-0.16)

1.000 (1.000)

-0.26 (-0.56)

+0.26 (+0.25)

Inferior 10º – Central, Near (Negative-shift versus Stable)

-0.18 (-0.17)

0.848 (1.000)

-0.44 (-0.58)

+0.08 (+0.23)

Temporal 10º – Central, Distance (Positive-shift versus Stable)

+0.25 (+0.20)

1.000 (1.000)

-0.17 (-0.46)

+0.68 (+0.85)

Temporal 10º – Central, Near (Positive-shift versus Stable)

-0.15 (+0.62)

1.000 (0.117)

-0.60 (-0.06)

+0.30 (+1.29)

Inferior 10º – Central, Distance (Negative-shift versus Stable)
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Temporal 10º – Central, Distance (Negative-shift versus Stable)

+0.13 (-0.09)

1.000 (1.000)

-0.13 (-0.49)

+0.39 (+0.31)

Temporal 10º – Central, Near (Negative-shift versus Stable)

-0.14 (-0.05)

1.000 (1.000)

-0.39 (-0.45)

+0.12 (+0.36)

Temporal 30º – Central, Distance (Positive-shift versus Stable)

+0.24 (+0.56)

1.000 (0.198)

-0.17 (-0.09)

+0.65 (+1.22)

Temporal 30º – Central, Near (Positive-shift versus Stable)

+0.16 (+0.62)

1.000 (0.100)

-0.29 (-0.05)

+0.60 (+1.28)

Temporal 30º – Central, Distance (Negative-shift versus Stable)

+0.03 (-0.15)

1.000 (1.000)

-0.22 (-0.55)

+0.28 (+0.24)

Temporal 30º – Central, Near (Negative-shift versus Stable)

-0.15 (-0.10)

1.000 (1.000)

-0.41 (-0.50)

+0.11 (+0.31)

Nasal 10º – Central, Distance (Positive-shift versus Stable)

+0.12 (+0.39)

1.000 (1.000)

-0.31 (-0.27)

+0.55 (+1.04)

Nasal 10º – Central, Near (Positive-shift versus Stable)

-0.02 (+0.55)

1.000 (0.336)

-0.47 (-0.14)

+0.43 (+1.23)

Nasal 10º – Central, Distance (Negative-shift versus Stable)

-0.08 (-0.08)

1.000 (1.000)

-0.34 (-0.49)

+0.18 (+0.32)

Nasal 10º – Central, Near (Negative-shift versus Stable)

-0.16 (-0.18)

1.000 (1.000)

-0.42 (-0.59)

+0.10 (+0.23)

Nasal 30º – Central, Distance (Positive-shift versus Stable)

+0.36 (+0.36)

0.176 (1.000)

-0.05 (-0.29)

+0.78 (+1.02)

Nasal 30º – Central, Near (Positive-shift versus Stable)

+0.09 (+0.62)

1.000 (0.103)

-0.36 (-0.05)

+0.53 (+1.29)

Nasal 30º – Central, Distance (Negative-shift versus Stable)

+0.01 (-0.13)

1.000 (1.000)

-0.25 (-0.53)

+0.26 (+0.28)

*Nasal 30º – Central, Near (Negative-shift versus Stable)

-0.04 (-0.68)

1.000 (<0.001)

-0.30 (-1.09)

+0.22 (-0.28)

Table 54. The effect of eccentricity and fixation distance (distance, near) on the relative peripheral SER between the stable, negative- and positive-shift groups, whilst
controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold. Positive RelPRx
values indicate relative peripheral SER in the positive- or negative-shift groups were more hyperopic or less myopic than the stable group. Negative RelPRx
values indicate relative peripheral SER in the stable group was more hyperopic or less myopic than the positive- or negative-shift groups. Equivalent data for the left
eyes is shown in brackets. Asterisks highlight where p-value of the left eyes varied from that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note: (1)
at near, superior-10º (negative-shift versus stable), p-values differed between the two eyes but the difference in RelPRx was <0.25 D. (2) At the following eccentricities,
p-values are similar between the right and left eyes, but the difference in RelPRx is ≥ 0.25 D: inferior-10º at near (positive-shift versus stable), temporal-10º at near

(positive-shift versus stable), temporal-30º at distance (positive-shift versus stable) and near (positive-shift versus stable), nasal-10º at distance (positive-shift versus
stable) and near (positive-shift versus stable), and nasal-30º at near (positive-shift versus stable).

Table 55. Comparison of relative peripheral J180 between the stable, positive- and negative-shift groups, at distance and near
J180 RelPRx / D

P

RE (LE)

RE (LE)

95% Confidence Interval
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Superior 10º – Central, Distance (Positive-shift versus Stable)

-0.28 (-0.08)

0.265 (1.000)

-0.61 (-0.41)

+0.06 (+0.25)

Superior 10º – Central, Near (Positive-shift versus Stable)

-0.18 (-0.08)

1.000 (1.000)

-0.53 (-0.41)

+0.18 (+0.26)

Superior 10º – Central, Distance (Negative-shift versus Stable)

-0.03 (-0.10)

1.000 (1.000)

-0.23 (-0.31)

+0.18 (+0.10)

Superior 10º – Central, Near (Negative-shift versus Stable)

-0.05 (-0.07)

1.000 (1.000)

-0.26 (-0.28)

+0.16 (+0.13)

*Inferior 10º – Central, Distance (Positive-shift versus Stable)

-0.35 (-0.05)

0.027 (1.000)

-0.69 (-0.39)

-0.02 (+0.28)

Inferior 10º – Central, Near (Positive-shift versus Stable)

-0.34 (-0.20)

0.079 (1.000)

-0.69 (-0.54)

+0.02 (+0.13)

Inferior 10º – Central, Distance (Negative-shift versus Stable)

+0.14 (-0.18)

0.887 (0.129)

-0.07 (-0.38)

+0.34 (+0.02)

Inferior 10º – Central, Near (Negative-shift versus Stable)

+0.17 (-0.18)

0.294 (0.202)

-0.04 (-0.38)

+0.37 (+0.03)

Temporal 10º – Central, Distance (Positive-shift versus Stable)

+0.06 (+0.04)

1.000 (1.000)

-0.28 (-0.29)

+0.40 (+0.37)

Temporal 10º – Central, Near (Positive-shift versus Stable)

+0.04 (+0.02)

1.000 (1.000)

-0.31 (-0.32)

+0.39 (+0.35)

Temporal 10º – Central, Distance (Negative-shift versus Stable)

+0.03 (+0.05)

1.000 (1.000)

-0.18 (-0.15)

+0.23 (+0.25)

Temporal 10º – Central, Near (Negative-shift versus Stable)

-0.08 (+0.08)

1.000 (1.000)

-0.28 (-0.12)

+0.13 (+0.28)

Temporal 30º – Central, Distance (Positive-shift versus Stable)

+0.18 (+0.36)

1.000 (0.018)

-0.15 (+0.03)

+0.50 (+0.69)

Temporal 30º – Central, Near (Positive-shift versus Stable)

+0.07 (+0.27)

1.000 (0.353)

-0.29 (-0.07)

+0.42 (+0.60)

Temporal 30º – Central, Distance (Negative-shift versus Stable)

+0.11 (+0.20)

1.000 (0.047)

-0.10 (0.00)

+0.31 (+0.40)

Temporal 30º – Central, Near (Negative-shift versus Stable)

-0.05 (+0.14)

1.000 (0.698)

-0.26 (-0.06)

+0.15 (+0.35)

Nasal 10º – Central, Distance (Positive-shift versus Stable)

+0.04 (-0.23)

1.000 (0.778)

-0.31 (-0.56)

+0.38 (+0.10)

Nasal 10º – Central, Near (Positive-shift versus Stable)

+0.02 (-0.05)

1.000 (1.000)

-0.34 (-0.39)

+0.38 (+0.30)

Nasal 10º – Central, Distance (Negative-shift versus Stable)

+0.01 (-0.10)

1.000 (1.000)

-0.19 (-0.30)

+0.22 (+0.11)

Nasal 10º – Central, Near (Negative-shift versus Stable)

-0.04 (-0.14)

1.000 (0.882)

-0.24 (-0.35)

+0.17 (+0.07)

Nasal 30º – Central, Distance (Positive-shift versus Stable)

+0.03 (-0.09)

1.000 (1.000)

-0.30 (-0.42)

+0.36 (+0.24)

Nasal 30º – Central, Near (Positive-shift versus Stable)

-0.08 (+0.03)

1.000 (1.000)

-0.43 (-0.31)

+0.27 (+0.36)

Nasal 30º – Central, Distance (Negative-shift versus Stable)

+0.18 (-0.14)

0.184 (0.771)

-0.03 (-0.34)

+0.38 (+0.06)

Nasal 30º – Central, Near (Negative-shift versus Stable)

-0.10 (-0.07)

1.000 (1.000)

-0.30 (-0.27)

+0.11 (+0.14)
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Table 55. The effect of eccentricity and fixation distance (distance, near) on the relative peripheral J180 between the stable, negative- and positive-shift groups, whilst
controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold. Positive RelPRx
values indicate that the positive- or negative-shift groups show more with-the-rule or less against-the-rule astigmatism compared with the stable groups. Negative
RelPRx values indicate that the positive- or negative-shift groups show less with-the-rule or more against-the-rule astigmatism compared with the stable groups.
Equivalent data for the left eyes is shown in brackets. Asterisks show where p-value of the left eyes varied from that of the right eyes and the difference in the RelPRx
is ≥ 0.25 D. Note: (1) at the following eccentricities p-values differed between the two eyes but the RelPRx are <0.25 D: temporal-30º at distance (negative-shift versus
stable and positive-shift versus stable). (2) At the following eccentricities, p-values are similar between the right and left eyes, but the RelPRx is ≥ 0.25 D: inferior-10º
at near (negative-shift versus stable), nasal-10º at distance (positive-shift versus stable), nasal-30º at distance (negative-shift versus stable).

Table 56. Comparison of relative peripheral J45 between the stable, positive- and negative-shift groups, at distance and near

Superior 10º – Central, Distance (Positive-shift versus Stable)

J45 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

+0.01 (-0.08)

1.000 (1.000)

-0.25 (+0.34)

+0.28 (+0.18)

Superior 10º – Central, Near (Positive-shift versus Stable)

+0.06 (+0.04)

1.000 (1.000)

-0.22 (+0.23)

+0.34 (+0.30)

Superior 10º – Central, Distance (Negative-shift versus Stable)

-0.09 (+0.03)

1.000 (1.000)

-0.25 (+0.13)

+0.07 (+0.19)

Superior 10º – Central, Near (Negative-shift versus Stable)

-0.05 (+0.08)

1.000 (1.000)

-0.21 (+0.08)

+0.12 (+0.24)

Inferior 10º – Central, Distance (Positive-shift versus Stable)

-0.07 (+0.19)

1.000 (0.562)

-0.33 (+0.07)

+0.20 (+0.46)

*Inferior 10º – Central, Near (Positive-shift versus Stable)

-0.08 (+0.30)

1.000 (0.011)

-0.36 (-0.04)

+0.21 (+0.56)

0.00 (-0.02)

1.000 (1.000)

-0.16 (+0.18)

+0.16 (+0.14)

Inferior 10º – Central, Near (Negative-shift versus Stable)

+0.07 (+0.09)

1.000 (1.000)

-0.09 (+0.07)

+0.23 (+0.25)

Temporal 10º – Central, Distance (Positive-shift versus Stable)

+0.03 (-0.15)

1.000 (1.000)

-0.24 (+0.41)

+0.30 (+0.11)

Temporal 10º – Central, Near (Positive-shift versus Stable)

+0.02 (-0.18)

1.000 (0.896)

-0.26 (+0.45)

+0.30 (+0.09)

Temporal 10º – Central, Distance (Negative-shift versus Stable)

+0.05 (-0.04)

1.000 (1.000)

-0.12 (+0.20)

+0.21 (+0.12)

Temporal 10º – Central, Near (Negative-shift versus Stable)

+0.06 (+0.02)

1.000 (1.000)

-0.10 (+0.14)

+0.22 (+0.18)

*Temporal 30º – Central, Distance (Positive-shift versus Stable)

+0.17 (-0.30)

1.000 (0.008)

-0.09 (+0.56)

+0.43 (-0.04)

Temporal 30º – Central, Near (Positive-shift versus Stable)

+0.21 (-0.25)

0.579 (0.072)

-0.08 (+0.52)

+0.48 (+0.01)

*Temporal 30º – Central, Distance (Negative-shift versus Stable)

+0.15 (-0.25)

0.093 (<0.001)

-0.01 (+0.41)

+0.31 (-0.09)

Temporal 30º – Central, Near (Negative-shift versus Stable)

+0.07 (+0.04)

1.000 (1.000)

-0.09 (+0.12)

+0.23 (+0.20)

Nasal 10º – Central, Distance (Positive-shift versus Stable)

-0.16 (+0.22)

1.000 (0.237)

-0.43 (+0.04)

+0.11 (+0.47)

Nasal 10º – Central, Near (Positive-shift versus Stable)

-0.06 (+0.02)

1.000 (1.000)

-0.34 (+0.25)

+0.23 (+0.29)

Nasal 10º – Central, Distance (Negative-shift versus Stable)

-0.10 (-0.05)

1.000 (1.000)

-0.26 (+0.21)

+0.06 (+0.11)

Nasal 10º – Central, Near (Negative-shift versus Stable)

-0.05 (+0.14)

1.000 (0.238)

-0.21 (+0.03)

+0.11 (+0.30)

Nasal 30º – Central, Distance (Positive-shift versus Stable)

+0.08 (-0.01)

1.000 (1.000)

+0.19 (-0.27)

+0.34 (+0.25)

Inferior 10º – Central, Distance (Negative-shift versus Stable)
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Nasal 30º – Central, Near (Positive-shift versus Stable)

+0.15 (+0.13)

1.000 (1.000)

+0.14 (-0.13)

+0.43 (+0.40)

Nasal 30º – Central, Distance (Negative-shift versus Stable)

-0.13 (-0.08)

0.339 (1.000)

+0.29 (-0.23)

+0.03 (+0.08)

Nasal 30º – Central, Near (Negative-shift versus Stable)

+0.04 (+0.17)

1.000 (0.020)

+0.12 (+0.01)

+0.20 (+0.33)

Table 56. The effect of eccentricity and fixation distance (distance, near) on the relative peripheral J45 between the stable, negative- and positive-shift groups, whilst
controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold. Positive RelPRx
values indicate more positive or less negative J45 value are found in the positive- or negative-shift groups compared with the stable group. Refer to Table 53 to
understand the direction of change. Equivalent data for the left eyes is shown in brackets. Where p-value of the left eyes varied from that of the right eyes and the
difference in the RelPRx was ≥ 0.25 D (asterisk). At the following eccentricities, p-values are similar between the right and left eyes, but the RelPRx s ≥ 0.25 D: inferior10º at distance (positive-shift versus stable), nasal-10º at distance (positive-shift versus stable) and temporall-30º at near (positive-shift versus stable).
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6.4.3 Categorising change in refraction in myopes, emmetropes and hyperopes
separately
For the following sections of the data analysis, the stable, negative- and positiveshift groups are re-categorised. The myopes, hyperopes and emmetropes were
categorised separately, based on change in central SER from the baseline to the
follow-up visits, at distance. Amongst the myopes, there were 13 stable and 10
negative-shift participants. There were 168 stable, 17 positive-shift and 22
negative-shift emmetropes. 45 of the hyperopes remained stable and 11 became
less hyperopic.

None of the tested eccentricities showed significant differences between stable
and negative-shift myopes in relative SER, J180 or J45 measures, at distance
(Figure 39a). Similarly, significant differences between stable and negative-shift
myopes in relative SER, J180 or J45 measures were not found any eccentricity,
at near, except for the relative SER measures at 10º superior (p=0.009, Figure
39b). Relative peripheral hyperopia (+0.15 D) and myopia (-0.28 D) were found
in the stable and negative-shift groups, respectively (Figure 39b).

Figure 39a. Relative peripheral SER, J180 and J45 in the negative-shift and
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Figure 39a. Relative (peripheral – central) SER, J180 and J45 across the horizontal and vertical
meridians in stable (n13) and negative-shift (n10) myopes at distance, in the right eyes. Standard
errors are illustrated by error bars. P-values for comparison of relative SER measures between
the groups: 0.389 superior-10º, 0.225 inferior-10º, 0.217 temporal-10º, 0.267 temporal-30º, 0.468
nasal-10º and 0.419 nasal-30º. P-values for comparison of relative J180 measures between the
groups: 0.414 superior-10º, 0.321 inferior-10º, 0.161 temporal-10º, 0.489 temporal-30º, 0.384
nasal-10º and 0.147 nasal-30º. P-values for comparison of relative J45 measures between the
groups: 0.281 superior-10º, 0.055 inferior-10º, 0.386 temporal-10º, 0.331 temporal-30º, 0.230
nasal-10º and 0.128 nasal-30º. Statistically significant p-values (<0.05) are shown by empty
marker circles. The lines are second-order polynomial fitted to the data. The trendline equation
and R2 values for the SER measures in the negative-shift and stable groups are y = 0.0005x2 0.0078x - 0.0107, R² = 0.9994 and y = 0.0001x2 - 0.0055x + 0.109, R² = 0.5315 across the
horizontal, and, y = 0.0001x2 - 0.0115x + 6E-17, R² = 1 and y = -0.0005x2 - 0.001x - 1E-16, R² =
1 along the vertical meridians, respectively. The trendline equation and R 2 values for the J180
measures in the negative-shift and stable groups are y = -0.0011x2 + 0.0146x - 0.1672, R² =
0.9703 and y = -0.0011x2 + 0.0212x - 0.1029, R² = 0.9714 across the horizontal, and, y = 0.0021x2
- 0.015x + 2E-16, R² = 1 and y = 0.0017x2 - 0.013x + 1E-16, R² = 1 along the vertical meridians,
respectively. The trendline equation and R2 values for the J45 measures in the negative-shift and
stable groups are y = 3E-05x2 - 0.0108x - 0.04, R² = 0.8291 and y = 0.0001x2 - 0.0014x + 0.0114,

R² = 0.1746 across the horizontal, and, y = -0.0014x2 + 0.03x - 2E-16, R² = 1 and y = 0.0007x2 +
0.021x + 3E-16, R² = 1 along the vertical meridians, respectively.

Figure 39b. Relative peripheral SER, J180 and J45 in the negative-shift and
stable myopes, at near
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Figure 39b. Relative (peripheral – central) SER, J180 and J45 across the horizontal and vertical
meridians in stable (n13) and negative-shift (n10) myopes at near, in the right eyes. P-values for
comparison of relative SER measures between the groups: 0.009 superior-10º, 0.336 inferior-10º,

0.398 temporal-10º, 0.201 temporal-30º, 0.240 nasal-10º and 0.145 nasal-30º. Significant
differences are shown by no-fill symbols. P-values for comparison of relative J180 measures
between the groups: 0.414 superior-10º, 0.118 inferior-10º, 0.405 temporal-10º, 0.257 temporal30º, 0.436 nasal-10º and 0.469 nasal-30º. P-values for comparison of relative J45 measures
between the groups: 0.393 superior-10º, 0.379 inferior-10º, 0.180 temporal-10º, 0.135 temporal30º, 0.394 nasal-10º and 0.459 nasal-30º. Statistically significant p-values (<0.05) are shown by
empty marker circles. The trendline equation and R2 values for the SER measures in the negativeshift and stable groups are y = 0.0007x2 - 0.0029x - 0.1208, R² = 0.9404 and y = 4E-05x2 - 0.0047x
- 0.0507, R² = 0.9138 across the horizontal, and y = -0.0012x2 - 0.0165x + 4E-17, R² = 1 and y =
0.0012x2 + 0.003x - 1E-16, R² = 1 along the vertical meridians, respectively. The trendline
equation and R2 values for the J180 measures in the negative-shift and stable groups are y = 0.0016x2 + 0.01x - 0.1634, R² = 0.9788 and y = -0.0016x2 + 0.0072x - 0.1756, R² = 0.9777 across
the horizontal, and y = -0.0255x + 0.05, R² = 0.972 and y = -0.0005x2 - 0.007x + 1E-16, R² = 1
along the vertical meridians, respectively. The trendline equation and R 2 values for the J45
measures in the negative-shift and stable groups are y = 0.0001x2 - 0.0035x - 0.0461, R² = 0.1833
and y = 1E-05x2 + 0.0021x - 0.0617, R² = 0.0756 across the horizontal, and y = 0.0001x2 + 0.0205x
- 5E-16, R² = 1 and y = 1E-04x2 + 0.026x - 6E-16, R² = 1 along the vertical meridians, respectively.

At distance, none of the tested eccentricities showed significant differences
between stable and negative-shift emmetropes in relative SER, J180 or J45
measures (Figure 40a). Similar results were found at near (Figure 40b), except
for the J45 measures at 10º superior (p =0.037). The stable emmetropes showed
more oblique astigmatism (+0.22 D) compared with the negative-shift
emmetropes (+0.06 D, Figure 40b).

Relative distance, SER measures between the positive-shift and stable
emmetropes were significantly (p= 0.041) different at 10º temporal (Figure 40a).
The stable emmetropes showed relative peripheral myopia (-0.21 D) and the
positive-shift emmetropes displayed little RelPRx (+0.04 D). None of the other
tested eccentricities showed significant differences between stable and positiveshift emmetropes in relative SER, J180 or J45 measures (Figure 40a). At near,
only at 10º temporal significant differences were found between the positive-shift
and stable groups (p= 0.036, Figure 40b). This significant finding was only for the
J45 measures (Figure 40b).
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Figure 40a. Relative peripheral SER, J180 and J45 in the negative-shift, positive-
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Figure 40a. Relative (peripheral – central) SER, J180 and J45 across the horizontal and vertical
meridians in stable (n168), positive-shift (n17) and negative-shift (n22) emmetropes at distance,
in the right eyes. P-values for comparison of relative SER measures between the negative-shift
and stable groups: 0.451 superior-10º, 0.180 inferior-10º, 0.274 temporal-10º, 0.235 temporal30º, 0.466 nasal-10º and 0.396 nasal-30º. P-values for comparison of relative J180 measures
between the negative-shift and stable groups: 0.218 superior-10º, 0.069 inferior-10º, 0.390
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temporal-10º, 0.266 temporal-30º, 0.307 nasal-10º and 0.463 nasal-30º. P-values for comparison
of relative J45 measures between the negative-shift and stable groups: 0.050 superior-10º, 0.469
inferior-10º, 0.051 temporal-10º, 0.178 temporal-30º, 0.468 nasal-10º and 0.385 nasal-30º. Pvalues for comparison of relative SER measures between the positive-shift and stable groups:
0.397 superior-10º, 0.069 inferior-10º, 0.041 temporal-10º, 0.249 temporal-30º, 0.362 nasal-10º
and 0.086 nasal-30º. P-values for comparison of relative J180 measures between the positiveshift and stable groups: 0.314 superior-10º, 0.134 inferior-10º, 0.414 temporal-10º, 0.451
temporal-30º, 0.406 nasal-10º and 0.395 nasal-30º. P-values for comparison of relative J45
measures between the positive-shift and stable groups: 0.276 superior-10º, 0.459 inferior-10º,
0.055 temporal-10º, 0.401 temporal-30º, 0.094 nasal-10º and 0.203 nasal-30º. Statistically
significant p-values (<0.05) are shown by empty marker circles. The trendline equation and R 2
values for the SER measures in the negative-shift, positive- shift and stable groups are y = 2E05x2 + 0.0009x - 0.1482, R² = 0.0413; y = 0.0004x2 - 0.0023x - 0.0682, R² = 0.8721 and y =
0.0001x2 - 0.0012x - 0.1333, R² = 0.3665 across the horizontal, and y = -0.0022x2 - 0.005x + 1E16, R² = 1; y = -0.0002x2 - 0.0255x + 5E-16, R² = 1 and y = -0.0016x2 - 0.0125x - 4E-16, R² = 1
along the vertical meridians, respectively. The trendline equation and R 2 values for the J180
measures in the negative-shift, positive- shift and stable groups y = -0.0012x2 + 0.0177x - 0.1512,
R² = 0.9747; y = -0.0013x2 + 0.0153x - 0.1208, R² = 0.9861 and y = -0.0012x2 + 0.0163x - 0.1219,
R² = 0.9808 across the horizontal, and y = 0.0029x2 - 0.0225x + 4E-16, R² = 1; y = 0.0036x2 0.0155x + 9E-16, R² = 1 and y = 0.0016x2 - 0.005x - 6E-17, R² = 1 along the vertical meridians,
respectively. The trendline equation and R2 values for the J45 measures in the negative-shift,
positive- shift and stable groups y = 2E-06x2 - 0.0066x - 0.077, R² = 0.5309; y = -0.0011x + 0.004,
R² = 0.143 and y = 2E-06x2 - 0.0066x - 0.077, R² = 0.5309 across the horizontal, and y = -0.0008x2
+ 0.011x - 2E-16, R² = 1; y = 0.001x2 + 0.0275x + 2E-16, R² = 1 and y = -1E-04x2 + 0.021x - 2E16, R² = 1 along the vertical meridians, respectively.

Figure 40b. Relative peripheral SER, J180 and J45 in the negative-shift, positive-
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Figure 40b. Relative (peripheral – central) SER, J180 and J45 across the horizontal and vertical
meridians in stable (n168), positive-shift (n17) and negative-shift (n22) emmetropes at near, in
the right eyes. P-values for comparison of relative SER measures between the negative-shift and
stable groups: 0.433 superior-10º, 0.363 inferior-10º, 0.484 temporal-10º, 0.450 temporal-30º,
0.360 nasal-10º and 0.324 nasal-30º. P-values for comparison of relative J180 measures between
the negative-shift and stable groups: 0.262 superior-10º, 0.444 inferior-10º, 0.185 temporal-10º,
0.218 temporal-30º, 0.321 nasal-10º and 0.479 nasal-30º. P-values for comparison of relative J45
measures between the negative-shift and stable groups: 0.037 superior-10º, 0.369 inferior-10º,
0.148 temporal-10º, 0.240 temporal-30º, 0.338 nasal-10º and 0.319 nasal-30º. Significant
differences are shown by no-fill symbols. P-values for comparison of relative SER measures
between the positive-shift and stable groups: 0.445 superior-10º, 0.090 inferior-10º, 0.406
temporal-10º, 0.330 temporal-30º, 0.166 nasal-10º and 0.201 nasal-30º. P-values for comparison
of relative J180 measures between the positive-shift and stable groups: 0.176 superior-10º, 0.121
inferior-10º, 0.084 temporal-10º, 0.351 temporal-30º, 0.148 nasal-10º and 0.284 nasal-30º. Pvalues for comparison of relative J45 measures between the positive-shift and stable groups:
0.050 superior-10º, 0.365 inferior-10º, 0.036 temporal-10º, 0.332 temporal-30º, 0.152 nasal-10º
and 0.079 nasal-30º. Significant differences are shown by no-fill symbols. Statistically significant
p-values (<0.05) are shown by empty marker circles. The trendline equation and R2 values for the
SER measures in the negative-shift, positive- shift and stable groups are y = 0.0003x2 + 0.0014x
+ 0.0392, R² = 0.9581; y = 0.0002x2 - 0.0068x - 0.0994, R² = 0.7713 and y = 0.0003x2 - 0.0008x

229

+ 0.0282, R² = 0.9655 across the horizontal, and y = 0.0009x2 - 0.0155x + 2E-16, R² = 1; y = 0.0013x2 - 0.0345x + 7E-16, R² = 1 and y = 5E-05x2 - 0.0165x + 2E-16, R² = 1 along the vertical
meridians, respectively. The trendline equation and R 2 values for the J180 measures in the
negative-shift, positive- shift and stable groups are y = -0.0012x2 + 0.0143x - 0.1623, R² = 0.9546;
y = -0.0013x2 + 0.0074x - 0.0514, R² = 0.9814 and y = -0.0013x2 + 0.0144x - 0.0636, R² = 0.9928
across the horizontal, and y = 0.0004x2 - 0.011x + 3E-17, R² = 1; y = 0.0034x2 - 0.0125x + 6E-16,
R² = 1 and y = 0.0007x2 - 0.0055x + 1E-16, R² = 1 along the vertical meridians, respectively. The
trendline equation and R2 values for the J45 measures in the negative-shift, positive- shift and
stable groups are y = 8E-06x2 + 0.0003x - 0.0933, R² = 0.0026; y = 0.0002x2 + 0.0062x - 0.0819,
R² = 0.9032 and y = 2E-06x2 - 0.0066x - 0.077, R² = 0.5309 across the horizontal, and y = 0.0009x2 + 0.0155x - 2E-16, R² = 1; y = 0.0013x2 + 0.0345x - 7E-16, R² = 1 and y = 0.0002x2 +
0.02x - 6E-16, R² = 1 along the vertical meridians, respectively.

At distance and near, the stable and negative-shift hyperopes showed significant
differences in relative SER measures at 30º temporal (p= 0.044 at distance, p =
0.029 at near, Figures 41a and 41b). The negative-shift hyperopes displayed
greater relative peripheral myopia at distance (-1.32 D) and near (-0.99 D),
compared with the stable hyperopes (-0.35 D at distance and +0.09 at near). The
locations showing significant differences in relative J180 measures between the
groups are 10º inferior at distance (p =0.011) and near (p =0.017), and 30º
temporal at near (p= 0.023, Figures 41a and 41b). None of the tested
eccentricities demonstrated significant differences in relative J45 measures
between the hyperopic groups (Figures 41a and 41b).

Figure 41a. Relative peripheral SER, J180 and J45 in the negative-shift and
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Figure 41a. Relative (peripheral – central) SER, J180 and J45 across the horizontal and vertical
meridians in stable (n45) and negative-shift (n11) hyperopes at distance, in the right eyes. Pvalues for comparison of relative SER measures between the groups: 0.438 superior-10º, 0.300
inferior-10º, 0.231 temporal-10º, 0.044 temporal-30º, 0.162 nasal-10º and 0.239 nasal-30º. Pvalues for comparison of relative J180 measures between the groups: 0.132 superior-10º, 0.011
inferior-10º, 0.375 temporal-10º, 0.112 temporal-30º, 0.106 nasal-10º and 0.094 nasal-30º. Pvalues for comparison of relative J45 measures between the groups: 0.171 superior-10º, 0.244
inferior-10º, 0.389 temporal-10º, 0.486 temporal-30º, 0.107 nasal-10º and 0.083 nasal-30º. The
trendline equation and R2 values for the SER measures in the negative-shift and stable groups
are y = -0.0009x2 + 0.0075x - 0.3326, R² = 0.7968 and y = -0.0002x2 - 0.0009x - 0.2118, R² =
0.3288 across the horizontal, and y= -0.0045x2 - 0.0115x - 2E-16, R² = 1= -0.0047x2 - 0.004x +
6E-16, R² = 1 along the vertical meridians, respectively. The trendline equation and R 2 values for
the J180 measures in the negative-shift and stable groups are y = -0.0015x2 + 0.0305x - 0.061,
R² = 0.9899 and y = -0.0014x2 + 0.0185x - 0.139, R² = 0.9815 across the horizontal, and y = 0.0004x2 + 0.007x - 3E-17, R² = 1 and y= 0.0031x2 - 0.007x + 4E-16, R² = 1 along the vertical
meridians, respectively. The trendline equation and R 2 values for the J45 measures in the
negative-shift and stable groups are y = 0.0001x2 - 0.0021x - 0.0202, R² = 0.5713 and y = -4E05x2 - 0.0059x - 0.0804, R² = 0.7058 across the horizontal, and, y = 0.0004x2 + 0.031x + 2E-16,
R² = 1 and y = -0.0004x2 + 0.0155x - 2E-16, R² = 1 along the vertical meridians, respectively.
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Figure 41b. Relative peripheral SER, J180 and J45 in the negative-shift and
stable hyperopes, at near
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Figure 41b. Relative (peripheral – central) SER, J180 and J45 across the horizontal and vertical
meridians in stable (n45) and negative-shift (n11) hyperopes at near, in the right eyes. P-values
for comparison of relative SER measures between the groups: 0.256 superior-10º, 0.412 inferior10º, 0.265 temporal-10º, 0.029 temporal-30º, 0.059 nasal-10º and 0.295 nasal-30º. P-values for
comparison of relative J180 measures between the groups: 0.283 superior-10º, 0.017 inferior-
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10º, 0.207 temporal-10º, 0.023 temporal-30º, 0.182 nasal-10º and 0.205 nasal-30º. P-values for
comparison of relative J45 measures between the groups: 0.010 superior-10º, 0.177 inferior-10º,
0.422 temporal-10º, 0.207 temporal-30º, 0.061 nasal-10º and 0.271 nasal-30º. The trendline
equation and R2 values for the SER measures in the negative-shift and stable groups are y = 0.0004x2 + 0.0122x - 0.2107, R² = 0.7488 and y = 0.0025x + 0.066, R² = 0.3007 across the
horizontal, and, y = -0.0029x2 - 0.02x - 1E-15, R² = 1 and y = -0.0012x2 - 0.008x + 8E-17, R² = 1
along the vertical meridians, respectively. The trendline equation and R 2 values for the J180
measures in the negative-shift and stable groups are y = -0.0016x2 + 0.0302x - 0.0488, R² =
0.9942 and y = -0.0013x2 + 0.0167x - 0.0716, R² = 0.9894 across the horizontal, and, y = 0.0006x2 + 0.014x - 2E-16, R² = 1 and y = 0.0026x2 - 0.0065x + 4E-16 along the vertical meridians,
respectively. The trendline equation and R2 values for the J45 measures in the negative-shift and
stable groups are = 6E-05x2 - 0.0017x + 0.0027, R² = 0.4086 and y = -9E-05x2 - 0.001x - 0.0583,
R² = 0.1192 across the horizontal, and, y = 0.0007x2 + 0.035x + 1E-15, R² = 1 and y = 0.0005x2
+ 0.0145x - 2E-16, R² = 1 along the vertical meridians, respectively.

6.4.4 Axial Length
Figure 42a shows that a negative shift in central refractive error was associated
with increase in axial length, in the full sample. The average change of axial
length in the full sample was +0.17 ±0.15 mm. Greater change in central SER
towrads myopia were found in individuals with larger axial lengths at baseline
(42b).

Figure 42a. Change in axial length in relation to change in central SER, in the
full sample
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Figure 42a. Change in axial length (visit 2 - visit 1) in relation to change in central SER at distance,
in the right eyes of the full sample. Positive values on the y-axis indicate a shift towards hyperopia
in dioptres (D). Positive values on the x-axis indicate increase in axial length of the eye in
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millimetre (mm). The trendline is linear fitted to the data set. The trendline equation and R2 value:
y = -0.5462x - 0.0667, R² = 0.0464.

Figure 42b. Baseline in axial length in relation to change in central SER, in the
full sample
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Figure 42b. Baseline axial length and its association with change in central SER at distance, in
the right eyes of the full sample. Positive values on the y-axis indicate a shift towards hyperopia
in dioptres (D). More positive values on the x-axis indicate larger axial length at baseline. The
trendline is linear fitted to the data set. The trendline equation and R2 value: y = -0.0454x + 0.8872,
R² = 0.0116.

Within the myopic group (n23), greater myopic shift was associated with shorter
baseline axial length (Figure 43a). Despite the small change of central SER in
the stable myopes (<0.50 D), baseline axial length varied between individuals
(43a). Basline axial length of the stable and negaive-shift myopes were not
significantly different (p = 0.268). The average change of central SER in the stable
and negative-shift myopic groups were -0.21 ±0.21 D and -0.73 ±0.24 D,
respectively. The change in refraction between the two groups were significantly
different (p < 0.001). The average baseline central refraction in the stable and
negative-shift myopic groups were -2.20 ±1.42 and -1.90 ±1.04, respectively.
Baseline central refraction in the negative-shift myopes were not significantly
different to the baseline central refraction of the stable myopic group (p =0.290).

Greater increases in axial length were found in individuals showing larger myopic
shifts (43b). Change in axial length between the two myopic groups were
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significantly different (p= 0.022), with the stable groups showing less change
(0.25 ±0.13) than the negative-shift myopes (0.36 ±0.13).
Figure 43a. Baseline axial length in relation to change in central SER amongst
the myopes
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Figure 43a. Baseline axial length and its association with change in central SER at distance, in
the right eyes. Negative values on the y-axis indicate a shift towards myopia in dioptres (D). The
trendline is linear fitted to the data set. The trendline equation and R2 value for the negative shift
myopes and the stable myopes are y = 0.0932x - 2.9604, R² = 0.1274 and y = -0.0381x + 0.7127,
R² = 0.0395 respectively.

Figure 43b. Change in axial length in relation to change in central SER amongst
the myopes
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Figure 43b. Change in axial length (visit 2 - visit 1) in relation to change in central SER at distance,
in the right eyes. Negative values on the y-axis indicate a shift towards myopia in dioptres (D).
Positive values on the x-axis indicate increase in axial length of the eye in millimetre (mm). The
trendline is linear fitted to the data set. The trendline equation and R2 value for the negative shift
myopes and the stable myopes are y = -0.8401x - 0.4278, R² = 0.213 and y = -1.1829x + 0.0799,
R² = 0.4787 respectively.

Longer baseline axial length were found amongst the emmetropes who became
myopic (n13, 23.44 ±0.78 mm), compared with the emmetropes who did not
(n194, 23.19 ±0.74 mm), although not statistically significant (p= 0.114). The
central refractive error of the emmetropes who became myopic were significantly
more myopic (-0.30 ±0.36 D, p <0.001), compared with the emmetropes who did
not (+0.23 ±0.267 D). Baseline axial length varied between individuals who
became myopic and those who did not ( Figure 44a). The correlation was weak
between baseline axial length and change in SER (Figure 44a). Change in SER
was associated with increase in axial length, although the relationship was weak
(Figure 44b).

Figure 44a. Baseline axial length in relation to change in central SER amongst
the emmetropes
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Figure 44a. Baseline axial length and its association with change in central SER at distance, in
the right eyes of emmetropes who stayed emmetropic (circle) and emmetropes at baseline who
became myopic at the follow-up visit (diamond). Negative values on the y-axis indicate a shift
towards myopia in dioptres (D). The trendline is linear fitted to the data set. The trendline equation
and R2 value for the became-myopic emmetropes and the rest of the emmetropes are y = 0.0385x
- 1.701, R² = 0.008 and y = -0.0574x + 1.242, R² = 0.0186, respectively.
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Figure 44b. Change in axial length in relation to change in central SER amongst
the emmetretropes
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Figure 44b. Change in axial length (visit 2 - visit 1) in relation to change in central SER at distance,
in the right eyes of emmetropes who stayed emmetropic (circle) and emmetropes at baseline who
became myopic at the follow-up visit (diamond). Negative values on the y-axis indicate a shift
towards myopia in dioptres (D). Positive values on the x-axis indicate increase in axial length of
the eye in millimetre (mm). The trendline is linear fitted to the data set. The trendline equation and
R2 value for the became-myopic emmetropes and the rest of the emmetropes are y = -0.565x –
0.6889, R² = 0.0555 and y = -0.2844x + 0.0422, R² = 0.0176, respectively.

7.4.5 Axial length to corneal radius of curvature
Figures 45a-c demonstrate the correlation between central SER at distance and
axial length, corneal radius of curvature and axial length to corneal radius of
curvature ratio (axial length (mm)/ mean corneal radius (mm), AL:CR). Average
AL:CR was 3.21 in myopic eyes <-4.00 D, which decreased to 2.85 in hyperopic
eyes >+4.00 D.
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Figure 45a. Correlation between central SER at distance and axial length, in right
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Figure 45b. Correlation between central SER at distance and corneal radius, in
right eyes
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Figure 45c. Correlation between central SER at distance and AL:CR, in right eyes
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Figure 45. correlation between central SER at distance and different ocular biometrics. The
equation of the linear trendlines are: Figure 45a, y = -0.5562x + 12.928, R² = 0.202; Figure 45b,
y= -0.3609x + 2.881, R² = 0.0071 and Figure 45c, y = -4.7046x + 14.07, R² = 0.1875.
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Associations between AL:CR and refractive status and progression was
investigated (Table 57). The AL:CR ratio between the emmetropes and myopes
were significantly different (p< 0.001). The AL:CR ratio between the stable and
negative-shift myopes were not significantly different (p= 0.086). Equally, the
AL:CR ratio between the stable and became-myopic emmetropes were not
significantly different (p= 0.078).

Table 57. AL:CR ratio
Participant Groups

AL:CR ±SD

Full sample

2.98 ±0.10

Emmetropes

2.98 ±0.08

Became-myopic

3.01 ±0.11

Did not become myopic

3.00 ±0.08

Myopes

3.11 ±0.14

Stable Myopes

3.08 ±0.14

Negative-shift myopes

3.18 ±0.10

Table 57. AL:CR ratio (± SD) for the sample as whole, emmetropes and myopes. The AL:CR ratio
for different sub-groups within the myopic and emmetropic groups are also shown.

6.5 Discussion
Although more recent studies (Lee and Cho 2013; Atchison et al. 2015; Rotolo et
al. 2017) have focused on measuring change in PRx over time in relation to
myopia onset and development, until 2011, only 4 studies were found examining
the temporal relationship between RelPRx and the central refraction in humans
(Hoogerheide et al. 1971; Mutti et al. 2007; Mutti et al. 2011; Sng et al. 2011b).
Longitudinal studies are required to confirm if RelPRx is a consequence or a
cause of the central refraction. This chapter examined the potential role of
RelPRx as a risk factor for central refractive error progression.

In the present study, there were no significant differences in baseline RelPRx
between the stable and negative-shift myopes, except at 10º superior for the SER
measures at near. At 10º superior, RelPM was observed in the negative-shift
myopes and RelPH was found in the stable myopes. This is in contradiction to
the RelPRx hypothesis that suggests larger RelPH at baseline will lead to faster
myopic progression. In common with the present study, greater RelPH at
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baseline have been reported in slow progressing myopes, compared with fast
progressing myopes across the horizontal meridian (Lee and Cho 2013). In the
present study, higher RelPH at baseline were found in the negative-shift myopes,
compared with the stable myopes, across the horizontal meridian but it was not
statistically significant. The study by Lee and Cho (2013) did not find RelPH to
predispose the eye to myopic progression, but failed to measure RelPRx across
the vertical meridian, did not take into consideration the possible effect of
spectacle lenses on PRx and assumed that the defocus at the peripheral retina
is the same when viewing a target at near or distance. The present study
measured RelPRx across the vertical and horizontal meridians, and took the
other factors into account, but still resulted in the same finding, firmly confirming
that RelPH at baseline does not induce faster myopic progression in myopic
children.

This finding is in common with a number of other longitudinal studies. For
example, Mutti and colleagues reported that RelPH had little consistent impact
on the risk of myopia onset and progression (Mutti et al. 2011). Although this
study only measured PRx at 30° temporal, it had a major advantage of following
the 9-year-old children for 5 years (Mutti et al. 2011). Sng and colleagues found
RelPM at baseline in a group of emmetropic children who became myopia in 15
months (Sng et al. 2011b). They found RelPH at the follow-up visit in these
children (Sng et al. 2011b), suggesting that RelPH is a consequence not a cause
of myopia onset. A more recent study, similarly found no statistically significant
influence of PRx on myopia onset in children, when followed for 18 months
(Rotolo et al. 2017). Equally, spectacles designed to reduce RelPH did not reduce
the rate of myopia progression (Sankaridurg et al. 2010).

However, there is strong evidence that PRx has significant impact on myopia
development in animal studies. For example, lens-induced RelPH was found to
result in myopia at the central retina in monkeys (Smith et al. 2009b). Similarly,
other studies have found altering the focus of the eye using negative or positive
lenses has also shown to influence axial growth; negative lenses increased axial
length, whereas positive lenses slow down axial growth (Schaeffel et al. 1990;
Irving et al. 1992; Irving et al. 1995). Hyperopic blur stimulates eye growth in order
to move the fovea towards the focus point (Graham and Judge 1999). In contrast,
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myopic blur appears to inhibit eye growth (Wallman et al. 1995; Wildsoet and
Wallman 1995).

Similarly, there are clinical studies that show reducing RelPH with the use of
contact lenses, in children can slow the rate of myopia progression (Sankaridurg
et al. 2011) by up to 50% in 2 years (Walline et al. 2013). OK lenses are also
found to reduce myopia from -2.59 ±1.66 D to -2.55 ±1.82 D in children (Kakita
et al. 2011). OK lenses have also been shown to slow myopia progression. For
example, after 6 months of lens wear, axial length had increased by 0.04±0.06
mm in children wearing gas-permeable lenses but axial length showed no change
in the children wearing OK lenses (Swarbrick et al. 2015). However, these studies
may be finding slower myopia progression because blur at the peripheral retina
is reduced. If hyperopes were also investigated, they may have found a slowing
in hyperopia progression with the reduction in RelPM that is commonly found in
hyperopes. Therefore, it may not be specifically RelPH stimulating myopia onset
and progression, rather blur of any direction may be inducing axial growth.

In contrast to the RelPRx hypothesis, the hyperopes who became less hyperopic
displayed significantly more RelPM compared with the stabe hyperopes at 30º
temporal, at both distance and near. It can be suggested from this that blur,
regardless of the sign, stimulates change in central refraction towards myopia.
The against-the-rule astigmatism was significantly greater in the negative-shift
hyperopes, compared with the stable hyperopes at 30º temporal, further
supporting the theory that blur can induce a shift in central refraction towards
myopia. This theory is supported by animal studies that demonstrate myopia can
develop due to degrading of the peripheral retinal image by diffuser lenses in
monkeys (Smith et al. 2005; Smith et al. 2009a). Early studies have shown that
axial growth can be induced by degrading image quality using diffuser lenses
(Wiesel and Raviola 1977; Wallman et al. 1978). In these animal studies that
show myopia development, RelPH is not induced, but rather the quality of the
peripheral retinal image is reduced. However, at distance and near, more J180
astigmatism were found in the stable hyperopes compared with the negative-shift
hyperopes at the inferior retina. Similarly, J180 measures were higher in the
stable emmetropes compared with the negative-shift emmetropes.
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The association between RelPRx and myopia onset and development started
from the interpretation of the Hoogerheide et al. (1971) study. However, recently
a few papers have argued against the common interpretations of this study that
RelPRx can predict the onset and progression of myopia (Atchison and Rosen
2016). For example, it is widely accepted that the peripheral refraction
measurements were taken at baseline thus providing evidence that relative
peripheral hyperopia causes myopia (Hoogerheide et al. 1971). However, Rosen
and colleagues noted that Hoogerheide et al. (1971) did not provide evidence
that PRx were measured before the changes in refraction were monitored (Rosen
et al. 2012). If PRx were measured at baseline and given the likely rates of
recruitment and successful completion of pilot training programmes, the study
must have taken place during a time frame of approximately 10 to 15 years. With
recent longitudinal studies following participants for a much shorter period of time,
it would make it difficult to make comparisons with recent studies with the
Hoogerheide et al. (1971) study. Given that it is much more plausible that
Hoogerheide et al. (1971) measured PRx in a much shorter time-period, the
baseline PRx data were likely to have been from previous medical history.
Therefore, Hoogerheide et al. (1971) does not provide evidence that PRx pattern
is indicative of the likely development of myopia (Rosen et al. 2012). These
thoughts were later echoed by Atchison et al. (2015).

Change in axial length is reported to be strongly correlated with progression of
myopia (Fulk et al. 2000; Gwiazda et al. 2003). Similarly, the present study found
greater changes in individuals who showed greater myopic progression. Although
not statistically significant, longer axial lengths at baseline were found amongst
the emmetropes who became myopic compared with the emmetropes who did
not. Significantly more negative refractive error (by -0.53 D) at baseline were
found amongst the emmetropes who became myopic. This is in common with
other longitudinal studies that examine emmetropes before they became myopic
(Zadnik et al. 1999a; Mutti et al. 2007). Therefore, central refractive error may be
a useful indicator to predict the onset of myopia. Due to the lack of a significant
finding, the current study cannot suggest that axial length can predict the onset
of myopia. Shorter eyes are just as likely to become myopic as longer eyes.
However, the lack of a significant finding may be due to the short period of time
the emmetropes were followed, compared to other studies (Mutti et al. 2007).
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Further studies that follow emmetropes for longer period of time than the current
study did are required, to confirm if axial length can predict the onset of myopia.

With regards to the progression of myopia in already myopic subjects, baseline
axial length and the baseline refractive error of the myopes who became more
myopic were not longer, or more negative than the myopes who remained stable.
The small number of the two myopic groups must be noted here (n10 versus
n13). Larger sample size may reduce the effect of individual variations. When no
association between baseline axial length and myopia are reported in other
studies, small sample size is usually found to also be a limiting factor (Goss and
Jackson 1996). Therefore, larger sample size is needed to confirm if baseline
axial length and refractive error is associated with increase in myopia. The
change in central refractive error and axial length are reported to be slowed the
year after onset, compared with the year before the onset of myopia (Mutti et al.
2007). This may also explain why baseline axial length and refractive error of the
stable and negative-shift myopes were not significantly different.
The correlation between change in axial length and corneal radius of curvature is
shown to be a more important factor in determining refractive error change, than
axial length alone (Grosvenor and Scott 1994). The average axial length to
corneal radius of curvature ratio ranges from 2.90 to 3.10 (Wong et al. 2001;
Mallen et al. 2005; Ojaimi et al. 2005; Hashemi et al. 2013). The average AL:CR
ratio for the full sample reported in this study, is in common with the findings of
other studies (Mallen et al. 2005; Ojaimi et al. 2005; Foster et al. 2010). As is
frequently reported (Gonzalez Blanco et al. 2008; Hashemi et al. 2013), the
present study found a linear increase in AL:CR ration from hyperopic to myopic
children. The association between central SER at distance and AL:CR ratio was
stronger than with axial length or corneal radius of curvature alone. This was
noted in the first study that suggested a link between refractive error and AL:CR
ratio (Grosvenor and Scott 1994) and in more recent studies (Hashemi et al.
2013).
To assess if RelPRx is associated with central refractive error progression,
RelPRx between subjects whose central refraction changed needed to be
statistically compared with subjects whose central refraction remained unaltered.
There were two main approaches of conducting this analysis. The first option was
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to re-group the participants into emmetropic or myopic based on the central SER
measured during the second visit. These new groups would be labelled as
remained-emmetropic, became-myopic and myopic-at-baseline. A longitudinal
study by Sng et al. (2011) used a similar method of categorising change in
refraction. However, categorising the participants this way would not have
identified the myopic subjects who were myopic at the baseline visit but became
more myopic at the follow-up visit. Furthermore, Sng et al. (2011) did not examine
any hyperopes and none of the hyperopes in the present study became myopes.
Therefore, categorising subjects this way alone, would not have allowed
examination of the hyperopic subjects. As a result, the following new categories
were assigned to the subjects: stable, positive and negative shift groups.
Analysing the full sample together has the advantage of analysing the data with
change of refraction as the primary focus. However, this method of categorising
does not differentiate between myopes, emmetropes or hyperopes. The grouping
takes into account change in central refraction but not the absolute refraction at
the baseline visit. To confirm the little evidence of significant differences in relative
SER, J180 and J45 measures between the stable, negative- and positive-shift
groups, the participants were re-grouped. The myopes, hyperopes and
emmetropes were categorised separately, based on change in central SER from
the baseline to the follow-up visits, at distance.

6.5.1 Limitations
Differences in RelPRx between the two eyes were discussed in the previous
chapter. However, there were larger differences between the two eyes in SER
measures compared with the previous chapter, mainly in the positive-shift group.
This is likely to have been caused by the sub-grouping. The size of the subgroups are similar in the two eyes, except for the positive-shift group. This group
was much smaller, especially in the left eyes (6 versus 17). In the previous
chapter, large individual variances in RelPRx were established. Similarly, the 95
% confidence intervals were larger in the positive-shift group. Therefore, large
differences between the two eyes were expected. Due to the small number of
participants in the positive-shift group of the left eyes, the result from one or two
subject largely skews the data. For example, right and left eyes show large
differences in SER measures at nasal 30º, at near (Table 51). However, when
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the result of one participant is removed, the RelPRx is halved in the left eyes,
making the difference between the two eyes not meaningful (<0.25 D). When the
result of the same participant was removed from the rest of the results highlighted
in red in Table 11, the difference between the two eyes was not meaningful. This
participant had relative peripheral hyperopia (reaching 2.45 D at 30° temporal
and 2.90 at 30° nasal).

Ethnicity information was not available for all the participants. The children whose
ethnicity information were gathered belonged to 22 different ethnicity groups,
which lead to some ethnicity groups containing very few participants. Therefore,
further research is required to understand how PRx varies in different ethnicities.
Collecting ethnicity data by observation would have increased the ethnicity data
and likely to have enabled a detailed analysis of PRx in different ethnic groups.

Collecting information on the amount of close work the children took part in was
part of the planned data analysis by collecting target reading scores set by the
teachers for the children. However, it was difficult to analyse these due to
variations in the meaning of the scores from different schools and not all
schools/teachers were able to provide this data set (see Appendix B). Using
nationally agreed reading and writing school scores may be a productive way of
investigating the association between near work and myopia in the future.
Although how reading and writing school scores relate to the actual amount of
near work regardless of performance or activity, such as playing video games
versus reading, is unclear.

Information about the refractive corrections between visits or compliance with
regards to wearing the spectacles prescribed were not known. Understanding
how the refractive correction between visits may have changed and information
on compliance (perhaps through a questionnaire) is likely to have contributed to
the analysis of the data set. For example, if a participant is prescribed spectacles
but rarely wears them, they may be categorised as not having specs, and near
refractive may have been more useful to collect without the spectacles on. The
present used the understanding that if the child brought spectacles to school, and
brought it with them to the research room, they are likely to wear spectacles most
of the time (i.e. highly complaint spectacle wears).
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One of the major limitations of the longitudinal study was the high drop-out rate
due to limited time at the schools (the secondary schools mainly). It was possible
to collect data on selected participants based on baseline data. For example,
collecting data from myopes only. It may also help to arrange and specify specific
dates for longitudinal data correction in the future, at the same time the baseline
data collection dates are being arranged.

6.5.2 Conclusion
The present study was unable to find strong evidence to support the hypothesis
that suggest baseline relative peripheral hyperopia is a causative factor in the
onset and progression of myopia in school-aged children. This finding suggests
that attempts to reduce rate of myopia progression using contact lenses,
spectacle lenses or other alternative methods that induce relative peripheral
myopia is unlikely to be successful. However, the role of visual feedback
mechanisms, guided by the peripheral retina, in stimulating central refraction
cannot be disregarded. All conclusions must be considered alongside the
limitations of the study such as the large drop-out rate of the secondary school
children, small number of myopes, short gap between visits, narrow range of
refractive error and the influence of accommodation on the repeatability of the
data (discussed further in Section 6.5.1 and 5.5.1). The possible role of peripheral
blur, regardless of the direction, in effecting central refractive error development
needs further investigation. A more negative refractive error may be useful in
predicting the onset of myopia, but not myopia progression. Axial length was not
found to help predict the onset or the progression of myopia.

246

Chapter 7
Conclusion and Future Work

The prevalence of low (Tables 2-3) and high (Table 4) myopia was discussed as
well as its social, economic and pathologic consequences (section 1.8). Genetic
and environmental factors associated with myopia onset and progression
(section 1.9) were also discussed. Both high prevalence (Saw et al. 2002) and
incidence (French et al. 2013b) of myopia are reported with increased near work
activities. The varied interventions currently available for myopia control are
presented. There are evidence for the role of retinal blur on eye growth in animal
(Schaeffel et al. 1988; Shen and Sivak 2007; Tkatchenko et al. 2010) and human
studies (Charman and Radhakrishnan 2010; Rotolo et al. 2017). How the sign
and level of blur is used by the eye to guide growth towards emmetropia (Wildsoet
and Wallman 1995; Smith and Hung 1999) was also considered.

The present study was able to answer the following question:
•

What is the profile of PRx in myopic, emmetropic and hyperopic children,
based on SER measures?

The present study was able to establish that myopes have RelPH, whereas
hyperopes and emmetropes were observed to have RelPM, in common with
previous studies (Millodot 1981; Seidemann et al. 2002; Stone and Flitcroft 2004;
Atchison et al. 2005a; Charman 2005; Sng et al. 2011a; Shen et al. 2018).
•

What is the level of habitual blur at distance and near?

Along with spherical blur, there were significant astigmatic blur at the peripheral
retina of myopic, emmetropic and hyperopic eyes. The main astigmatic blur was
caused by J180. By comparison to SER and J180, the amount of J45 blur at the
peripheral retina was small. Across the horizontal meridian, against-the-rule
astigmatism was observed in all three refractive groups, at distance and near. All
three refractive groups show with-the-rule astigmatism along the vertical
meridian, at both distance and near.
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•

How RelPRx changes from distance to near? How accommodation may
alter the profile of refractive error at the peripheral retina in different
refractive groups?

The myopes showed significantly less RelPH at near across the horizontal and
vertical meridians, in common with other studies (Calver et al. 2007; Whatham et
al. 2009). In contrast to the myopes, the emmetropes and hyperopes showed
significant shifts towards RelPH across the horizontal and vertical retina.
Compared to changes in SER, all three refractive groups showed less changes
in peripheral astigmatism from distance to near.
•

Is RelPRx, at distance or near, a risk factor for the onset or progression of
myopia?

None of the tested eccentricities showed significant differences between stable
and negative-shift myopes in relative SER, J180 or J45 measures, at distance.
Similarly, significant differences between stable and negative-shift myopes in
relative refractive error measures were not found any eccentricity at near, except
for the relative SER measures at 10º superior. Relative peripheral hyperopia
(+0.15 D) and myopia (-0.28 D) were found in the stable and negative-shift
groups, respectively.

At distance, none of the tested eccentricities showed significant differences
between stable and negative-shift emmetropes in relative refractive error
measures. Similar results were found at near, except for the J45 measures at 10º
superior. The stable emmetropes showed more oblique astigmatism (+0.22 D)
compared with the negative-shift emmetropes (+0.06 D).

Therefore, it is concluded that baseline RelPRx does not serve as a significant
risk factor in myopia onset or progression. The findings suggest that attempts to
reduce rate of myopia progression using ophthalmic lenses that induce RelPM
are unlikely to be successful, and the PRx hypothesis that RelPH induces myopia
onset and progression is rejected. Studies that show successful reduction in
myopia progression using interventions that reduce RelPH, may be reducing blur.
A possibly of blur, regardless of the direction, driving myopia progression is
discussed in this study, but requires further research is required at further
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eccentricities with larger sample size, wider range of refractive error and longer
gap between visit one and two.
•

Are changes in SER associated with change in axial length? Is baseline axial
length or central SER at distance a risk factor for myopia onset or progression?

It is well established that axial length changes are reflected in SER changes
(McBrien and Adams 1997; Foster et al. 2010; Bhardwaj and Rajeshbhai 2013).
Similarly, the present study found that change in central refractive error towards
myopia was associated with increase in axial length, in the full sample. Greater
change in central SER towards myopia were found in individuals with larger axial
lengths at baseline, but not statistically significant. Therefore, longer eyes may
be more prone to developing myopia. However, myopic eyes with larger axial
length at baseline were not more likely to progress. As a result, it may be
suggested that shorter myopic eyes are just as likely to become more myopic as
longer eyes.
•

What is the axial length to corneal curvature ratio in different refractive
groups?

The average AL:CR ratio was 3.21 in myopic eyes <-4.00 D, which decreased to
2.85 in hyperopic eyes >+4.00 D. Similarly, higher AL:CR ratio are reported for
myopic, compared with hyperopic eyes (Hashemi et al. 2013). The average
AL:CR ratio found in this study is in common with the findings of other studies
(Mallen et al. 2005; Ojaimi et al. 2005; Foster et al. 2010).
•

Is the axial length to corneal curvature ratio a predicter of myopia onset or
progression?

The association between central SER at distance and AL:CR ratio was stronger
than with axial length or corneal radius of curvature alone, as is often reported
(Grosvenor and Scott 1994; Hashemi et al. 2013). However, AL:CR ratio was not
found to predict the onset or the progression of myopia; the AL:CR ratio was not
significantly different between stable and progressive myopes, or between stable
and negative-shift emmetropes.
The present study was able to answer the above questions for low myopes only.
Research similar to the currents study, but with moderate to high myopic
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participants will enable examination of how PRx may change with different levels
of myopia. Perhaps PRx plays an important role in progression of high myopes
only. Equally, PRx may behave differently in very young children (< 6 years old)
or adults. The age range of children in this study was narrow, which is likely to
explain why age was not found to be a significant factor in RelPRx. However,
studying PRx in participants of varied age groups (e.g. children versus adults or
very young children versus older children) will enable a better understanding of
how PRx may vary with age groups. Other possibilities for future are discussed
throughout this thesis.
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Appendix A
Research Ethics Application Form
(for the main study)
This form has been approved by the Committee for Ethics in Research

A1.

Title of Research Project:

Peripheral refractive error and its association with myopic distance refractive
development and progression in children
A2.

Contact person (Principal Investigator, in the case of a staff-led research
project, or the Principal Supervisor in the case of a student research
project):
Title: Professor

First Name/Initials: Edward

Last Name: Mallen

Post: Head of Bradford School of Optometry and Vision Science, Professor of
Physiological Optics
School/Department: Bradford School of Optometry and Vision Science
Email: e.a.h.mallen@bradford.ac.uk

Telephone: 01274 236231

Title:

Last Name: Barrett

Professor

First Name/Initials: Brendan

Post: Professor of Visual Development
School/Department: Bradford School of Optometry & Vision Science
Email: b.t.barrett@bradford.ac.uk
A2.1.

Telephone: 01274 235589

Is this a student research project?
If yes, please provide the student’s contact details and course:

Title:

Miss

First Name/Initials: Heshow

Last Name: Jamal

Post: PhD student / BSc MCOptom
School/Department: Bradford School of Optometry & Vision Science

Email: H.Jamal@bradford.ac.uk
A2.2. Other key
applicable:

Telephone: 07450 299064

investigators/co-applicants

(within/outside

Please list all (add more rows if necessary)
Title Full Name
Post
Responsibility
in project
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University),

Organisation

where

Department

Mr

A2.3

John
Bradbury

Consultant
Ophthalmologist

Consult
Bradford
regarding
Royal
Paediatric
Infirmary
Ophthalmic
queries should
they arise

Paediatric
ophthalmology,
paediatric and
adult strabismus
and cataract
surgery

Name of body funding the project (if appropriate) and any other declarations of
interest: (NOTE: Only projects with the funding confirmed need approval)

University of Bradford
A3.

Proposed Project Duration:
Start date: 2015

End date: 2017*

* Following approval by ethics committee, we estimate to start data collection
from 23rd Feb (start of a new school term). Data will be gathered for 1 year
(beginning of 2015 to beginning of 2016) and repeated the following year
(beginning of 2016 to beginning of 2017). After this time period, the collected data
will be analysed.
Complete this form if you are a member of staff or a student who plans to
undertake a research project which will not involve the NHS but which will involve
people participating in research either directly (e.g. interviews, questionnaires
and/or clinical studies not involving NHS patients) and/or indirectly (e.g. people
permitting access to data and/or tissue). Ultimate responsibility for gaining ethical
approval lies with the Principal Investigator or Principal Supervisor of the project.
Documents to enclose with this form, where appropriate:
This form should be accompanied, where appropriate, by an Information Sheet /
Covering Letter / Written Script which informs the prospective participants about
the proposed research, and by a Consent Form. Applicants should also attach
any unvalidated Questionnaires, Interview Guides and the full research proposal.

Further guidance on how to complete this application form is available in the
document Guidelines for Completing the Research Ethics Application form and
this can be found at : http://www.bradford.ac.uk/rkts/research-support-foracademics/ethics/ResearchEthicsApprovalProcess/
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It is essential that this form is completed with reference to the information in the
application form guidance document.

Please pay particular attention to

completing the form in sufficient detail to allow reviewers to judge ethical issues
raised by this study. The form is intended to expand to allow as much space as
is needed.
For University staff and students working with NHS patients or staff, or working
on NHS premises, research ethics applications should be made through an NHS
Research Ethics Committee: NHS Research Ethics Committee (REC)
Travel Overseas to High Risk Areas: if you are planning to travel overseas to
high risk areas, as advised by the Government’s Foreign and Commonwealth
Office, you should read the guidelines and complete the Risk Assessment form
to be submitted to Finance. A signed copy of the Risk Assessment form should
also accompany this form when applying for Research Ethics Approval.
Once you have completed this research ethics application form in full, and other
documents where appropriate, check that your name, the title of your research
project and the date appears on the first page and email it to the Research
Support Unit Ethics Administrator. Please keep a copy and note that the original
signed and dated version of ‘Part B – the Signed Declaration’ of the application
form should also be provided to the Research Support Unit Ethics Administrator
in hard copy.

Attachments
Please confirm that you have included the following documentation with your
submission:
Information Sheet

Yes ✓

No 

Consent Form

Yes ✓

No 

Research Proposal

Yes ✓

No 

Unvalidated Questionnaires

Yes 

No ✓

Interview Guidelines

Yes 

No✓

Risk Assessment Form
(only required when involving travel Yes 
to high risk areas)

No ✓

288

Part A
Mark ‘X’ in one or more of the following boxes if your research:

A4.

A5.

X

involves children or young people aged under 18 years



involves using samples of human biological material collected before
for another purpose*

Briefly summarise the project’s aims, objectives and methodology
(this must be in language comprehensible to a lay person)

Title of the Project:
Peripheral refractive error and its association with myopic distance refractive
development and progression in children

Aims of the Project:
1. We propose to measure the central and peripheral defocus at distance
and near, of approximately 300 children aged 7-9 years and 300 children
aged 11-13 years.
2. We will search for an association between peripheral refractive error at
near with myopic distance refraction. We hypothesise that peripheral
refractive error, during near-work, is a factor in myopic distance refractive
error onset and progression.
3. If an association is found, and our hypothesis is found to be true, we will
investigate if there is a particular location on the retina where the relative
peripheral refraction, at near, has a stronger association with the distance
myopic prescription.
4. Depending on the results of the project, the data collected will be used to
initiate a longitudinal study where the children will be followed through
primary and secondary school to investigate the influence of peripheral
refraction on myopic the onset and progression of myopia.
5. The final aim of the project is to propose possible managements that could
be introduced in optometric practices to control myopic onset and reduce
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myopic progression. In addition, it would provide more information for
Optometrists managing children with rapid myopic progression. This could
decrease myopia prevalence and severity.

Methodology
The study will consist of gathering refractive data from 2 groups of children,
approximately 300 children aged 7-9 years (Year 3-5) and 300 children aged 1113 years (Year 7-9). It is unlikely that we will gather sufficient data on children
with significant refractive error from school alone, therefore children will also be
recruited from optometric practices. Two cohorts of children are chosen to be
studied to enable comparison in refractive development in the two different age
groups. Pilot data have been collected on two participants, aged 5 and 11 years,
indicating that children are able to easily understand and follow the instructions
of the proposed method. Furthermore, the selection of these school years allows
a potential longitudinal study where these two cohorts are followed through
primary and secondary school. A power calculation resulted in our aim of
examining a sample larger than 300 in each group (600 in total). The power
calculation is based on the spread of peripheral refractions in adults, and the
variability inherent in the experimental method, estimated from pilot data. The
details of the pilot data results can be found in the attached research proposal.

Following careful calculations, we are confident that the proposed sample size is
feasible within the length of the project. Gathering refractive data from 600
children over two school terms (about 24 weeks), four hours a day, four days a
week, allows about 40 minutes per child. Following pilot data collection, we
estimate data collection will take approximately 20 minutes per child.
Furthermore, data can be collected from optometric practices outside of school
terms. These considerations ensure that the proposed sample size is possible
within the time period of the project despite any difficulties that we may encounter
e.g. some children being excluded from the study due to poor VA, the school may
not want us gathering data 4 days a week/ 4 hours a day or there might be delays
caused by difficulties recruiting schools/optometric practices.
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Firstly, we will assess monocular visual acuity (VA) habitually (that is with
spectacles or contact lenses if the child currently uses a form of refractive error
correction, and unaided if they do not wear a form of refractive error correction).
A Bailey Lovie logMAR chart is already available to measure the visual acuity. If
the child fails to achieve VA that is better or equal to 6/9.5 in both eyes and ≤ 1
line inter-ocular difference, a pinhole VA assessment will take place (that is VA
will be repeated with a pinhole in front of the eye). If the child still fails to achieve
VA that is better or equal to 6/9.5 in both eyes and ≤1 line inter-ocular difference,
they will be eliminated from the study. If the child achieves VA that is better or
equal to 6/9.5 in both eyes and ≤1 line inter-ocular difference with or without
pinhole, they will be recruited into the study.
Autorefractor measurements will then be taken centrally and peripherally at 15˚
and 30˚ nasally, temporally, superiorly and inferiorly at distance (approximately
4.5 meters away). We have calculated the exact location of these fixation targets
and are well into the process of completing its construction. These distant
measurements will be taken without the child’s correction in place, as the central
refractive error that may be associated with relative peripheral refractive error.
The relative peripheral refraction, at distance, will be worked out by subtracting
the central refractive error from the peripheral refractive error.

Similarly, using near fixation targets, autorefractor measurements will be taken
centrally and peripherally at 15˚ and 30˚ nasally, temporally, superiorly and
inferiorly at near. The distance to the near target will be pre-determined by
averaging measurements of working distance during brief periods of reading and
writing tasks. The near refractive errors will be measured with the child’s
refractive correction in place, as a measure of the defocus they usually
experience during near tasks. With a near target, autorefraction readings minus
stimulus vergence tell us the refractive errors at near. The relative peripheral
refraction, at near, will be worked out by subtracting the central refractive error
from the peripheral refractive error. All fixation targets will be appealing to the
child to help maintain fixation. To eliminate anomalous results caused by blinking
or fixation losses, several repeats of each measurement will be taken.
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Following this, we will work out the average relative peripheral refraction, at
distance and near, for each child by integrating the relative peripheral refraction
over the peripheral retina. We will look for an association between this average
relative peripheral defocus and the distance refraction in each cohort. We
hypothesise that peripheral refractive error, during near-work, is a factor in
myopic distance refractive error onset and progression. If an association is found,
we will investigate if there is a particular location on the retina where the relative
peripheral refraction, at near, has a stronger association with the distance myopic
prescription. These values will be related to the axial length of the eye. We
hypothesis that the higher the degree of myopia, the higher the relative peripheral
hyperopia and the longer the axial length. An IOL Master is already available to
measure axial length. The data collection will be repeated the following year,
using the same methodology to evaluate any changes in distant refractive error
in relation to relative peripheral refractive error.

These refractive measurements will be taken with an adapted open-view autorefractor. A Shin-Nippon NVision-K 5001 is already available for this project and
has been used in pilot data collection using prototype frame and targets.
Therefore, the equipment needed to complete the project is almost all in place. A
moveable stand will be built to enable movement of the target towards and away
from the child, and away from the auto-refractor axis.
The school will be asked for the participants’ name, gender, DoB, ethnicity and
national curriculum reading level following permission from parents. These details
will be asked from the parents/guardians of the participants recruited from
optometric practices. Based upon pilot data on two children, we have estimated
that the study will take 20 min per child, but upon further pilot data collection we
will be able to give a more precise time frame to the schools, optometric practices,
parents/guardians and the participants. Data collection will take place only
following completion and analysis of thorough pilot data collection.
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Summary of the methodology:

Assess monocular visual acuity (VA)
(visual acuity will be assessed habitually, that is with spectacles or contact lenses if the child currently uses a form
of refractive error correction, and unaided if they do not wear a form of refractive error correction).
A Bailey Lovie logMAR chart will be used to measure visual acuity.

VA better or equal to 6/9.5 in both eyes
and
≤ 1 line inter-ocular difference

VA worse than 6/9.5 in either eye or
>1 line inter-ocular difference

1mm pinhole

Measure using a Shin-Nippon NVision-K
5001 autorefractor:
•

VA worse than 6/9.5 in
either eye or >1 line
difference inter-ocular
difference

A letter will be given to the child
to take home to inform parents/
guardians that their child was
eliminated from the study due to
poor visual acuity (VA worse
than 6/9.5 in either eye or >1 line
difference
inter-ocular
difference).
An eye examination will be
advised at an optometric practice.
A copy of this letter is attached
to this form.

Distant unaided central (i.e. on axis)
refraction
(which will also assess corneal refractive
curvature simultaneously)

•

Distant Peripheral unaided refraction at
15,30deg inferiorly, superiorly, nasally
and temporally

•

Near central refraction (whilst the child
wears their spectacles or contact lenses
if they have a form refractive error
correction)
(with spectacles or contact lenses if they
currently use a form of refractive error
correction, and unaided if they do not wear a
form of refractive error correction)

Measure Axial Length in both eyes using
Near Peripheral refraction at 15,30deg
IOL•Master
inferiorly, superiorly, nasally and
temporally habitually

A letter will be given to the child to take home
to inform parents/ guardians that either:

or

•

no significant refractive error was
found (˂ ±2.00DS and/or ˂ 1.50DC)

•

a significant refractive error has been
noted through the study (≥ ±2.00DS
and/or ≥ 1.50DC)

However, it will be made clear again that this
does not constitute an eye examination.
Annual eye examinations at optometric
practices are advised to confirm these
findings.
A copy of this letter is attached to this form.
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The data collected will be recorded in tables shown below:
Name

DoB

R
Periphera
l D RE
15deg N

L
Centr
al
Near
RE

Gender

R
Periphera
l D RE
15deg T

L
Periphe
ral Near
RE
15deg I

Ethnicity

Reading
score

R
Periphera
l D RE
30deg I

L
Periphe
ral Near
RE
15deg S

L
Periphe
ral Near
RE
15deg N

R
VA

R
Periphera
l N RE
30deg S

R
Pinhole
VA

R
Periphera
l D RE
30deg N

L
Periphe
ral Near
RE
15deg T

L
Periphe
ral Near
RE
30deg I

R
Central
D RE

R
Peripheral
D RE 15
deg I

R
Periphera
l D RE
30deg T

R
axial
lengt
h
(mm)

L
Periphe
ral Near
RE
30deg S

L
Periphe
ral Near
RE
30deg N

R Peripheral
D RE 15deg S

L
V
A

L Pinhole
VA

L
Periphe
ral Near
RE
30deg T

L
Axial
Leng
th
(mm)

Key Words:
R – Right Eye
L – Left Eye
D- Distance
VA- Visual Acuity
A6.

I- Inferior
S- Superior
T- Temporal
N- Nasal

Is there any potential for physical and/or psychological harm / distress to

participants?
No.
None of the tests that our research requires us to take will involve direct contact
with the eyes i.e. all the tests are non-invasive and painless. The tests will be
conducted in school premises or optometric practices. Furthermore, all the tests
will resemble standard optometric examinations, which the children may have
already experienced if they have had their eyes tests at an Optician’s. No eye
drops will be used.

There are two routes by which we will recruit participants:
Schools:
With the children recruited through schools, we will ensure a member of staff from
the school is present with each child during the research sessions. The child will
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be more familiar with the member of staff and more likely to raise any concerns
they may have during the research sessions. However, if this proves impossible,
we propose that the research should take place in a room within viewing distance,
allowing the child to see their teacher throughout the research session. This will
give the child an opportunity to withdraw from the study, even during the study
session and ensures the child feels comfortable at all times.

Optometric practices:
With the children recruited through optometric practices, a parent/guardian will
be present in the consulting room where data collection will take place. This will
be a standard optometric practice room.

The information sheet which we will provide to all the children (recruited through
schools or optometric practices) and parents/ guardians, will clearly inform the
participants that participation in the study does not constitute an eye examination
at an optometric practice. They will also be informed that the NHS provides free
annual sight tests to children under the age of 16. If any previously undetected
refractive error and poor vision are noted through our research, the children’s
parents/ guardians will be informed of the requirement of a routine sight
examination with their local Optometrist. Although it will be made clear that our
intention is not to screen the participants and the study must not be viewed as a
replacement for any normal ocular screening tests which may already be in place
for the schools.

A7.

Does your research raise any issues of personal safety for you or other
researchers involved in the project and, if yes, explain how these issues
will be managed? [especially if taking place outside working hours, off
University premises or outside the UK]

No, because all the data collected in the schools and optometric practices.

A8.1 Explain how the potential participants in the project will be:
(i)

Identified:

(ii)

Approached:

(iii)

Recruited:
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There are two routes by which we will recruit participants:
Schools:
Various head-teachers, of primary and secondary schools, around the Bradford
area will be approached to find out if they are agreeable to recruiting their year 35 and year 7-9 pupils into the study. The study will be discussed in detail with the
head-teacher and an information sheet will be provided. The head teacher must
sign a consent form to indicate his/ her permission for the school to take part in
the study (‘opt-in’ method). The head-teacher will be informed clearly that our
intention is to start a longitudinal study and plan to return the following year to
test the same children again using the same methodology. However, before any
data collection is repeated, the schools will be given the opportunity to ‘opt-out’
of the study should they wish.

If the school head-teacher agrees to the study, an information sheet will be sent
home with each pupil in year 3-5 and year 7-9 asking for parents/guardians to
‘opt-out’ if they do not want their child to take part in the study. A time frame of at
least 2-3 weeks will be given. This time frame can be extended upon discussion
with each head-teacher. Also, the participants can withdraw themselves or be
withdrawn by their parents/guardians at any time throughout the project, even if
they did not ‘opt-out’ originally. This will be made clear in the information sent out
to parents/guardians via the children. Also, verbal consent will be gained from the
children with their teacher as a witness. However, if individual schools prefer an
‘opt-in’ system of consent then we will employ this method. It will be made clear
to the parents/guardians that our intention is to start a longitudinal study and plan
to return the following year to test the same children again using the same
methodology.

However,

before

any

data

collection

is

repeated,

the

parents/guardians will be given the opportunity to ‘opt-out’ of the study should
they wish. It will also be made clear to the schools, parents/guardians and
children through the information letter sent out that opting out of the study at any
stage does not incur any penalty.

The member of the research study who will be going to the schools to gather the
data, is a fully qualified Optometrist with over 3 years of experience in testing
children’s eyes. Therefore, the researcher will be able to communicate effectively
with the children. However, we suggest introducing the researcher to the class
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before any data is gathered, to ensure all participants become familiar with the
researcher and express any concerns/questions they may have about the study.
This can be done through a brief introduction if the school does not have much
time. However, ideally we suggest that the researcher can give a short
presentation on children eye health and the importance of eye examination. This
will be followed by a concise explanation of the study in a language that is easy
to understand by the pupils. The presentation will conclude with a 5 minute
question and answer session. The presentation slides are attached to this form
and will be shown to the head-teachers to ensure their approval is gained. An
information sheet will also be handed to the participants before any data are
collected, explaining simply what the study involves and informing them that they
can withdraw themselves from the study at any time. The presentation and
information sheet will be amended if the head-teacher feels it needs to be more
detailed for the older cohort of children.

Furthermore, we will ensure a member of staff from the school is present with
each child during the research sessions. The child will be more familiar with the
member of staff and more likely to raise any concerns they may have during the
research sessions. However, if this proves impossible, we propose that the
research should take place in a room within viewing distance, allowing the child
to see their teacher throughout the research session. This will give the child an
opportunity to opt-out of the study, even during the study session and ensures
the child feels comfortable in the environment.

Firstly, we will assess monocular visual acuity (VA) habitually (that is with
spectacles or contact lenses if the child currently uses a form of refractive error
correction, and unaided if they do not wear a form of refractive error correction).
If the child fails to achieve VA that is better or equal to 6/9.5 in both eyes and ≤ 1
line inter-ocular difference with or without a pinhole they will be eliminated from
the study. A letter at this point will be provided to the parents informing them their
child has been eliminated from the study and recommending an eye examination
at an optometric practice; they may need spectacles. Only if the child achieves
VA that is better or equal to 6/9.5 in both eyes and ≤ 1 line inter-ocular difference
with or without pinhole, will be recruited into the study.
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Upon completion of all the tests, a letter will be given to the child to take home to
inform parents/ guardians that either:
•

no significant refractive error was found according to this project’s
guidelines (˂ ±2.00DS and/or ˂ 1.50DC)

or
•

a significant refractive error has been found according to this project’s
guidelines (≥ ±2.00DS and/or ≥ 1.50DC)

However, it will be made clear once again that this does not constitute an eye
examination. Annual eye examinations at optometric practices are advised to
confirm these findings.

Optometric practices:
7-9 and 11-13 year old children, who live in Yorkshire, will be identified from
Optical Express (multiple optician’s practices) or other optometric practices’ data
base. So far only Optical Express have been approached and they have agreed
to support the project. Other optometric practices may be approached. Only if the
child’s previous records show that they achieve VA that is better or equal to 6/9.5
in both eyes and ≤ 1 line inter-ocular difference with or without pinhole, will be
asked to take part in the study. The VA measurements will already be available
from previous records. However, it is possible for the VA to have dropped since
last visit. Therefore, VA will still need to be measured on the same day as the rest
of the study tests are conducted.

Information and consent letters will be sent to the parents/guardians of children
whose previous record show that they have achieved the visual requirements set
by the study. They will be asked to ring and book an appointment if they agree to
take part in the study. They will be recruited using an ‘opt-in’ basis. This is
because it is the only way to ensure they have received the information letter and
unlike the children recruited from the schools where the head-teacher provides a
written consent, they do not have a responsible authority figure giving consent on
their behalf. An information sheet and a copy of the presentation slides will be
provided to the children. A presentation cannot be given to these children, but 510 minutes will be spent with these children (with the parent/ guardian present)
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going through the information sheet, presentation slides and answering any
questions they may have. All efforts will be made that both groups of children will
be treated equally.

A parent/guardian will be present in the consulting room where data collection
will take place. This will be a standard optometric practice room. It will be same
researcher described above who will collect the data from this group of children
too. Verbal consent will be gained from the children with the parents/guardians
as witnesses before any data collection takes place. It will be made clear to the
parents/guardians that they will be asked if they want their child to participate in
the study the following year; our intention is to start a longitudinal study and plan
to test the children again using the same methodology the following year.
However, before any data collection is repeated, the parents/guardians will be
asked to ‘opt-in’ to the study should they wish. It will be made clear to the parents
and children that they can withdraw from the study at any time without any
penalty.

Upon completion of all the tests, a letter will be given to the child to take home to
inform parents/ guardians that either:
•

no significant refractive error was found according to this project’s
guidelines (˂ ±2.00DS and/or ˂ 1.50DC)

or
•

a significant refractive error has been found according to this project’s
guidelines (≥ ±2.00DS and/or ≥ 1.50DC)

However, the above prescription may have already been identified and managed
by an Optometrist. Therefore, the above recommendation will not be relevant.
This will be made apparent upon discussion with the parents/guardians.

Disclosure and Barring Service (DBS) check will be conducted on the member of
the research team gathering the data.

A8.2 Please give rationale for sample size (as appropriate):
A power calculation leads us to propose examining a sample larger than 300 in
each cohort (i.e. 600 overall). The power calculation is based on the spread of
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peripheral refractions in adults, and the variability inherent in the experimental
method, estimated from pilot data.

A9.Will informed consent be obtained from the participants?

Yes No ✓

If informed consent or consent is not to be obtained please explain why:
There are two routes by which we will recruit participants:

Schools:
Informed consent will be gained from the head-teacher of each participating
school. If the school head-teacher has agreed to the study, a letter/information
sheet will be sent home with each pupil asking for parents/guardians to ‘opt-out’
if they do not want their child to take part in the study. This is common practice
for our proposed method of study. However, if individual schools prefer an ‘optin’ system of consent then will employ this method. Informed consent will not be
gained from the children themselves because we believe due to their young age,
the responsibility lies with the parents to make the decision. However, verbal
consent from the participants will be gained with the parents/ guardians as
witnesses. The participants can withdraw themselves or be withdrawn by their
parents/guardians at any time throughout the project, even if they agreed to
participate originally. This will be made clear in the information sent out to
parents/guardians. Also, during the short presentation or introduction of the
researcher to the class, the participants will have opportunity to refuse to take
part in the study. We will make it clear that the children can refuse to continue to
take part in the study, even during the study session. The children can inform the
researcher or the teacher present during the study session that they do not want
to take part/ continue with the study. It will be made clear to the participants that
there will be no penalty for doing so. The same method of recruitment will be
repeated the following year when we plan to ask the schools and
parents/guardians if they wish for their children to take part in the study again.

Optometric practices:
With the participants recruited through optometric practices, informed consent
will be gained from the parents/guardians before any data collection takes place.
Similarly, informed consent will not be gained from the children themselves
300

because we believe due to their young age, the responsibility lies with the parents
to make the decision. However, verbal consent from the participants will be
gained with the parents/ guardians as witnesses. The participants can withdraw
themselves or be withdrawn by their parents/guardians at any time throughout
the project, even if they agreed to participate originally. This will be made clear in
the information sent out to parents/guardians.

A9.1.

If you are planning to obtain informed consent, please explain the

proposed process:
There are two routes by which we will recruit participants:

Schools:
Informed consent will be gained from the head-teacher of each participating
school. An ‘opt-out’ system of gaining consent will be employed with the
parents/guardians. This is common practice for our proposed method of study.
However, if individual schools prefer an ‘opt-in’ system of consent then will
employ this method by providing consent forms to the parents/guardians via the
pupils and unless a response is received, no data will be collected. This will be
discussed and approved by each individual head-teacher.
Optometric practices:

With the participants recruited through optometric practices, informed consent
will be gained from the parents/guardians before any data collection will take
place. 7-9 and 11-13 year old children, who live in Yorkshire, will be identified
from Optical Express data base and send information and consent letters. They
will be advised to ring and book an appointment if they agree to take part in the
study. They will be recruited using an ‘opt-in’ basis. This is because it is the only
way to ensure they have received the information letter and unlike the children
recruited from the schools where the head-teacher provides a written consent,
they do not have a responsible authority figure giving consent on their behalf. No
data collection will take place without first receiving the informed consent letter
back signed by one parent/ guardian.
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A9.2 If you have obtained informed consent, what arrangements are in place to
ensure participants receive on going relevant information about the study and the
opportunity to withdraw consent if required?

To ensure participants receive on going relevant information about the study, at
the end of the first year a report will be provided to the school including analysis
of the data collected. Following the 2nd year, another report explaining our
findings in detail will be provided. Similarly, any children taken part in the study
via optometric practices will be posted a report following the first and last data
collection.

The informed consent letter will clearly state that all participants can choose to
withdraw from the study or be withdrawn by parents/guardians regardless of
consent given originally. It will be made clear to the participants that there will be
no penalty for doing so.

A9.3 If you have obtained informed consent, how long will the participants have
to decide whether to take part in the study? (If less than 24 hours, please
justify)
Once the head-teach agrees to the study, an ‘opt-out’ method will be employed
following provision of detail about the study to the parents/ guardians. Data
collection will take place approximately 2-3 weeks after information letter is sent
out. This time frame can be extended upon discussion with each individual headteacher.

A similar time scale is to be expected from the participants recruited from
optometric practices. It will be stated in the information letter that a reply within 23 weeks is ideal. However, time taken for the parents/guardians to receive the
posted information letter and for the consent form to be posted back must be
taken into account.

A9.4 Will informed consent be obtained from participants from one of the
following groups?
•

Children under 18 ✓
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•

People with learning disabilities

•

People with a terminal illness

•

People with mental health problems

•

People with dementia

•

Asylum seekers

•

Those with a particularly dependent relationship with the
researcher

•

Other potentially vulnerable groups (please specify)

If yes, please state what special arrangements have been made to deal with the
issues of obtaining consent from the participants above?
Informed consent will be gained from the head-teacher of each participating
school and the parents/ guardians of all the participants recruited through
optometric practices. Each child will be informed they can choose to withdraw at
any stage during the study or be withdrawn by parents/ guardians. Verbal consent
will be received from all the children with either parents/ guardians or a teacher
as witnesses.

A10. What special arrangements have been made for participants for whom
English is not a first language? (If there are no arrangements, please
explain why)
Our study does not depend on being able to speak English fluently. All the tests
being conducted are objective, and hence will not depend on the response of the
participants.

For the school participants, the children are taught in English schools. Therefore,
even if English is not their first language, it is extremely likely that their English
language will be adequate to understand the basic instructions of the tests.
For the optician practices’ participants who may not be able to speak English, the
tests can easily be demonstrated by the researcher. Furthermore, the fact that
these children have been contacted means they must have had their eyes tested
previously which indicates that language barrier did not prevent an eye
examination. Our tests resemble tests carried out during a routine examination,
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which indicates that it very likely that the children will be able to follow the
instructions of the tests.

A11. What steps have been taken to ensure participants have not been involved
in similar studies (in order to prevent over exposure) where this may be an issue?
Although the participants may have had routine eye examination at their local
opticians, it is extremely unlikely the participants have been involved in similar
studies. However, no harm will be caused to the participants or the data of the
research if the children have been involved in similar studies.

A12. Could this project potentially disadvantage any group of persons not
included in the research?
There is no particular advantage to be gained by taking part and no disadvantage
to not taking part. Therefore, the project will not potentially disadvantage any
groups of persons not included in the research. This is a descriptive study where
only data are gathered, no experiments is being conducted.

A13.

What measures will be put in place to ensure confidentiality and/or

anonymity of personal data, where appropriate?
As stated previously, the aim of our study is to start a longitudinal study. For this
reason, we will have to be able to track the participants through school. The
names of the children will, therefore, need to be recorded on the result sheets.
We will be evaluating variations in the data collected with different ethnicity,
gender and amount of close work. Therefore, we will ask the schools for gender,
ethnicity and reading score (national curriculum reading level from school)
information. This will be made clear in the information to the parents. It must be
made clear, none the less, that only the research team will have access to these
details. Each name will be substituted with a specific code. Only the research
team will be aware which code represents which particular participant. No names
will appear in the published data. Similarly, names of the schools involved will be
kept confidential and anonymous. All data analysis will take place at the
University of Bradford. All the data will be held securely on a password protected
disk drive.
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A14. Will financial / in kind payments (other than reasonable expenses and
compensation for time) be offered to participants? (Indicate how much and
on what basis this has been decided)
Yes  No ✓

A15. Will the research involve the production of recorded media such as audio
and/or video recordings?
Yes  No ✓

A15.1. This question is only applicable if you are planning to produce recorded
media:
How will you ensure that there is a clear agreement with participants as to
how these recorded media may be stored, used and (if appropriate)
destroyed?
No recorded media will be produced.

A16. Which institution has agreed to act as research sponsor for the project? (If
you are conducting the research as either a student of the University of
Bradford or as a researcher working on a University of Bradford research
project, the University of Bradford will normally act as research sponsor. If
you are conducting the research as a student or employee of another
university, that institution should normally sponsor the research.)
The University of Bradford; the research is being conducted by a student of the
University of Bradford, working on a University of Bradford research project.

A17. Please confirm that the research sponsor has provision in place for
indemnifying the researcher for negligent or non-negligent harm to
participants?
(If you are conducting the research as either a student of the University of
Bradford or as a researcher working on a University of Bradford research
project, such indemnity is in place. If you are conducting the research as
a student or employee of another university, that institution should
normally provide indemnity.)
Indemnity is in place; the research is being conducted by a student of the
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Consent form for the head teachers:
University of Bradford
Richmond Rd
Bradford
BD7 1DP
E-mail:
h.jamal@bradford.ac.uk
Tel: 07413 474351
01274 234649
Date:
Dear Sir/Madam,
We are writing to ask your permission for your school to participate in a University of
Bradford research study on the development and progression of short-sightedness. The
research will be conducted on the school premises, in one of the classrooms and will require
less than 20 minutes of time out-of-class. The project is anticipated to be an enjoyable and
informative experience for the pupils. The tests will resemble examinations carried out during
routine a sight test at local opticians and no eye drops will be used. There are no expected
risks associated with involvement in this project.
We are interested in identifying the risk factors for developing short sightedness. Shortsightedness prevalence and severity has become increasingly more common, but there is a
major lack of understanding of how to control the onset and the progression of short
sightedness.
The project involves determining any error the eye may have in focusing light on the retina.
This involves your child putting his/her chin on a chin rest attached to an instrument which
measures the child’s prescription as they simply look straight ahead and to the sides. The
instrument asses how light changes as it enters a person's eye in seconds. The same
measurements will be repeated as the child reads. The school will be asked for the pupils’
name, DoB, ethnicity, gender and their national curriculum reading level.
All children’s results will be treated as confidential. Only children who have parental
permission will be involved in the study. The project is designed to test the children annually
for 2 years, but the schools can withdraw from the project at any stage. We would like to
clarify that parents can withdraw the participation of their child and you can similarly
withdraw your permission for the school to participate in this project at any time during the
study without any penalty. This project does not constitute a vision screening programme.
We would like to assure you that this project has full ethics approval through the University
of Bradford Ethics Committee.
If you have any questions or concerns about the project, or if you would like any additional
information, please do not hesitate to contact us at the University Bradford.
Thank you in advance for your interest and support of this project
Yours faithfully,

Professor Edward Mallen, Professor Brendan Barrett and Heshow Jamal
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Your signature below indicates that you have read the information provided with this consent
form and that you agree for your school to participate in the project.
_________________________________
Name of School
_________________________________
Signature of head-teacher

_________________
Date

_________________________________

_________________

Signature of Researcher

Date
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Information and consent letter for the parents/ guardians during visit one:
University of Bradford
Richmond Rd
Bradford
BD7 1DP
E-mail: h.jamal@bradford.ac.uk
Tel: (01274) 234649
Date:
Dear Parent(s) or Guardian(s):
We are writing to ask your permission for your child to participate in a University of Bradford
study on the development and progression of short-sightedness. The research will be conducted
in one of the consulting rooms at the practice with you present and will last no longer than 20
minutes. We hope that the project will be an enjoyable and informative experience for your child.
The tests will be similar to examinations carried out during routine sight test at your local
optician’s. There are no known or expected risks associated with involvement in this project. If
you would like your child to participate in this project, please book an appointment for when you
want your child to participate in the study and bring the signed consent form overleaf to the
appointment. You can do this in person or by telephone. You can do this at the same time as
booking a routine sight test for your child.
What is the purpose of the study?
We are interested in finding out what factors cause short-sightedness. Short-sightedness has
become increasingly more common, but there is a major lack of understanding of how to control
its onset and progression.
What will the project involve?
The project involves your child looking at different cartoon characters e.g. Lego men whilst an
instrument measures the power of their eyes. If your child is to participate in the study, we will
ask you for their name, DoB, gender, ethnicity and their national curriculum reading level. No
eye drops will be used, and nothing will come in contact with the eyes.
All children’s results will be treated as confidential. Because we are looking at progression of
short-sightedness, we will return to test the children in 1 year. At that point, you will again be
given the opportunity to withdraw your child’s participation in the study. We would also like to
clarify that you can withdraw your child’s participation in the study at any time during the study
without any penalty. Please note participation in the study does not constitute an eye examination
at an optician. The NHS provides free annual sight tests to all UK citizens under the age of 16.
We would like to assure you that this project has full ethics approval through a University of
Bradford Ethics Committee.
If you have any questions or concerns about the project, or if you would like any additional
information, please do not hesitate to contact us at the University Bradford.
Thank you in advance for your interest and support of this project.
Yours faithfully,

Professor Edward Mallen, Professor Brendan Barrett and Heshow Jamal

Please turn over
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Consent form
Your signature below indicates that you have read the information provided with this
form and that you do NOT agree for your child to participate in the project.
If you are happy for your child to participate, you do not need to sign or return this
letter.

_________________________________
Name of Child

Class

_________________________________
_________________
Signature of Parent(s) or Legal Guardian

Date
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Information and consent letter for the parents/ guardians during visit two:

University of Bradford
Richmond Rd
Bradford
BD7 1DP
E-mail: h.jamal@bradford.ac.uk
Tel: (01274) 234649
Date:

Dear Parent(s) or Guardian(s):
We are writing to thank you for your support of this project and to ask your permission for your
child to participate in the project again. We believe your child’s participation in the project will
give us further insight into the development and progression of short-sightedness. The project has
the support of your school’s head-teacher and will begin on Monday 14th of November 2016. The
research will be carried out on the school premises, in one of the classrooms and will take less
than 15 minutes out-of-class. We hope that the project will continue to be enjoyable and
informative for your child. The tests will be similar to examinations carried out during routine
sight test at your local optician’s. There are no known or expected risks associated with
involvement in this project and it is anticipated that the whole class will take part. However, if
you do not want your child to participate, please sign overleaf and return it to school by Friday
11th November 2016.
What is the purpose of the study?
We are interested in finding out what factors cause short-sightedness. Short-sightedness has
become increasingly more common, but there is a major lack of understanding of how to control
its onset and progression.
What will the project involve?
The project involves your child looking at different cartoon characters e.g. Lego men whilst an
instrument measures the power of their eyes. No eye drops will be used, and nothing will come
in contact with the eyes.
All children’s results will be treated as confidential. Please note participation in the study does
not constitute an eye examination at an optician. The NHS provides free annual sight tests to all
UK citizens under the age of 16 (18, if in full time education). We would like to assure you that
this project has full ethics approval through a University of Bradford Ethics Committee.
If you have any questions or concerns about the project, or if you would like any additional
information, please do not hesitate to contact us at the University Bradford.
Thank you in advance for your interest and support of this project.
Yours faithfully,

Professor Edward Mallen, Professor Brendan Barrett and Heshow Jamal

Please turn over
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Consent form
Your signature below indicates that you have read the information provided with this
form and that you do NOT agree for your child to participate in the project.
If you are happy for your child to participate, you do not need to sign or return this
letter.

_________________________________
Name of Child

Class

_________________________________
_________________
Signature of Parent(s) or Legal Guardian

Date
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Report given to the participants at the end of the research:
University of Bradford
Richmond Rd
Bradford
BD7 1DP
E-mail: h.jamal@bradford.ac.uk
Tel: (01274) 234649
Date:
Dear Parent(s) or Guardian(s):
We are writing to thank you for your interest and support of this project. Your child
participated in all the tests set by the project. We believe your child’s participation in the
study will give us valuable insight into the development and progression of shortsightedness.
As you are aware, participation in the study does not constitute an eye examination at an
optician’s but we have briefly summarised (below) the outcome of the study for your
child. An eye examination at an optician’s is advisable to confirm the outcomes. Please
note the NHS provides free eye examination for all children under the age of 16 annually
(sooner if your child is having any problems or upon recommendation of an
Optometrist/Doctor).
This box will be ticked if a significant refractive error was found:
1.
≥ +2.00DS
2.
< -1.00DS and VA worse than 6/9.5 in either eye or >1 line inter-ocular
difference
3.
and/or ≥ 1.50DC

Following participation in the project, we conclude that your child:
1.

may need spectacles according to this project’s guidelines

2.

does not appear to have a significant prescription according
to this project’s guidelines
This box will be ticked if no significant refractive error was found:
1. ˂ +2.00DS
2. < -1.00DS and VA better or equal to 6/9.5 in both eyes and ≤ 1 line interocular difference. The VA chosen are based on national school vision
screening guidelines.
3. and/or ˂ 1.50DC
.

If you have any questions or concerns, please do not hesitate to contact us at the
University Bradford.
Yours sincerely,

Professor Edward Mallen, Professor Brendan Barrett and Heshow Jamal
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Form for Eye clinic staff:
Heshow Jamal PhD Project
07450 299064
h.jamal@bradford.ac.uk
If any parent(s) and/or guardian(s) contact the Eye Clinic wanting to discuss the project
or have any questions, please take their details and inform me so that I can contact
them.
You do not have to answer any of their questions. Many thanks for this.

Name of parent(s) and/or guardian(s):
Date:
Reasoning they are contacting:
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Poster created to distribute to headteachers/ teachers:

University of Bradford Vision Research Project

The University of Bradford has started a new project looking at
how and why children become short sighted. The project is
designed to be fun and exciting for the children, as well as giving
every child a thorough eye test.
Is it educational?
Yes
The project brings science into life, giving the children an insight
into research and Higher Education.
We can get involved with the science department to produce
exciting and informative presentations for the children and the
parents.
Is it safe?
Yes. No eye drops will be used, and all the tests are non-invasive,
resembling tests carried out at an opticians.
The project will only take place upon full ethical approval.
Letters will be sent to parents explaining the project in detail.
Who is involved in the project?
Professor Edward Mallen: Head of Bradford School of Optometry and
Vision Science, Professor of Physiological Optics
Professor Brendan Barrett: Professor of Visual Development

Heshow Jamal: BSc (Hons) MCOptom PhD Student
The vision assessment tests will be carried out by Miss Jamal, who
has over 3 years of experience as an Optometrist working with
children and is a member of the General Optical Council and
College of Optometrists.
Time Scale?
•
•
•

We hope to start the project around March (this can be
amended upon discussion with each school).
The days and times we attend the schools will be arranged upon
discussion with each school.
The tests are very quick and designed so that the children are
out of class for very short periods of time (20min at the very
maximum).
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If you would like further
information, please
contact:
Heshow Jamal
University of Bradford
Richmond Road
Bradford
Yorkshire
BD7 1DP
h.jamal@bradford.ac.uk
07450299064

Presentation for potential participants , presented in schools:

Fun facts about your eyes
Heshow Jamal
Optometrist

•Babies
•They

can’t produce tears until 4-13 weeks.

make crying sounds only.

You blink about 12 times a minute.
You blink more when you talk.
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Dogs can’t tell the
difference between red
and green.

Why have your eyes tested
It’s easy for us to ignore our eyes because they
don’t usually hurt when there is something
wrong.

Having your eyes tested
•You go with your parents to the optician’s.
•The Optometrist is the person who tests you eyes.
•You will be asked lots of easy questions like your name, age,

hobbies…

•They will place difference lenses in front of your eyes to find out of

A camel’s eyelashes can measure up to
10cm long.

Anyone can have eye problems.

they can improve your sight.

•The Optometrist will look inside your eyes by shinning a light into

your eyes.

All children have free eye tests

•The Optometrist will make sure you can see all of the colour

properly.

•Your 3D vision will also be checked.

Why are we here today?
•Some

people are short sighted and have to
wear spectacles .
•Being

short sighted means you find it hard to
see things clearly when they are far away.
•It

often runs in families so if you parents or
brother/ sisters are short sighted, you might be
too.

Why are we here today?
But we are still not sure exactly what causes people
to be short sighted.
So we are trying to find out what causes people to
be short sighted.
We also want to find out if there is a way we can
stop people being short sighted.
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Outcome of the ethics approval- approved but response to the following
queries were required:

Review 1:
•

The flow chart on page 6 says ± 2DS will be used as the cut-off for a
significant refractive error, but bottom of page 10 says it will be >+2.00 and
<-1.00D. Please standardise.

This is the cut-off for significant refractive error in this project:

no significant refractive error:
➢ ˂ +2.00DS
➢ < -1.00DS and VA better or equal to 6/9.5 in both eyes and ≤ 1 line
inter-ocular difference. The VA chosen are based on national
school vision screening guidelines.
➢ and/or ˂ 1.50DC
or
•

significant refractive error:
➢ ≥ +2.00DS
➢ ≥ -1.00DS and VA worse than 6/9.5 in either eye or >1 line interocular difference
➢ and/or ≥ 1.50DC

•

Also, A6 / page 8: “we will ensure a member of staff from the school is
present with each child during the research sessions” Is this feasible? Will
schools have a free member of staff who is available to chaperone
participants for up to four hours?

We have discussed this project with a number of schools, and it appears that
schools will be able to provide a member of school staff to be present throughout
the testing period. For example, Buttershaw Business and Enterprise College
suggested the school nurse can be present and Wellfield Methodist and Anglican
Church School informed us that they can get the PTA (Parent- teacher
Association) to help collect the children from class to the testing room and for a
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member of the PTA to be present during the testing period. However, we have
also considered that this may prove impossible in other schools, hence we
propose that the research should take place in a room within viewing distance,
allowing the child to see their teacher throughout the research session. The
available rooms that the schools have shown us, where they want us to test the
children, all have large windows facing wide open corridors where members of
staff and pupils constantly walk past. The doors will be open during testing. We
have discussed this set up with 5 head-teachers and they all agree that it is very
appropriate and feasible.
•

A9 page 11: it has been ticked that informed consent will not be gained
from the participants. It appears that informed consent will be gained from
the participants, along with parent/ guardians. (“However, verbal consent
from the participants will be gained with the parents/guardians as
witnesses”). This should be clarified.

We meant that written consent will not be gained from the participants but verbal
consent from the participants will be gained with the parents/guardians (for the
children recruited through optometric practices) or a member of school staff (for
the children recruited through schools) as witnesses.
•

Page 11: “Also during the short presentation or introduction of the
researcher to the class, the participants will have opportunity to refuse to
take part in the study.” Will participants be given the opportunity to consent
away from their peers, so not to be influenced by class-mates?

Yes. Each child will be asked whether they consent to take part in the study in
the testing room where no other child will be present.
•

A10: Is it worth asking the head-teacher about how they best communicate
with parents? In some areas, many of the participants will speak English
as a second language and English may not be spoken/ read by the
parents. If you are operating an opt-out system you need to make sure
that all the parents adequately understand what it is that their children are
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being enrolled into. The parents may well need the information sheet
translated.

We did discuss this with the head-teachers we have spoken to so far and they
believe that the information and consent paper in English should be sufficient
because they send their own documents in English. Only one School has the
majority of its students from Kurdistan and the head-teacher suggested that a
copy of the information and consent paper translated in Kurdish would be
appropriate. The head-teacher speaks Kurdish fluently, therefore he offered to
translate the information and consent paper.

Reviewer 2
•

There are spelling errors on results explanation and language is ‘scary’ –
e.g. ticket rather than ticked; use of red font; use of’ significant error’ as a
term – to a layman this could be very concerning language. This needs
addressing.

We should have clarified that the red writing (which includes the term “significant”)
was for the purpose of this ethics application: to explain in what circumstances
we would tick each box. Therefore, once the letters go out to parents, the red
writings will not be included. We have attached the letter that will go out to
parents. We showed this to the head-teachers of the schools we have discussed
this project with, and they all agreed that it was easy to read and understand.
•

The power point design is confusing with words in blue over lapping
template pattern of similar colour – not clear for presenting to children or
to people with potential visual impairment. Suggest this is changed.

We have amended the power point as suggested and a new copy is attached.
•

There is confusion in the application regarding informed consent and this
is repetitive in response. The head teacher is giving consent to recruit
participants from the school intake. It is the parent who is providing
informed consent, but more worrying is the lack of opportunity for child to
provide informed consent even though you state that they can withdraw
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from the study. This requires careful thought. It is ethical to ensure that
both child and parent consent and are provided with age appropriate
information

We have amended the application form: informed consent will be gained from
each participant (verbal). Our application form was not clear: We meant that
written consent will not be gained from the participants but verbal consent from
the participants will be gained with the parents/guardians (for the children
recruited through optometric practices) or a member of school staff (for the
children recruited through schools) as witnesses.
The head teacher is giving written consent for the school to take part in this project
i.e. for information and consent forms to be posted to the parents of the school
children.

Information and consent forms are posted out to parents have opportunity to optout of the project. The schools we have spoken to so far (5 schools in total) agree
that an `opt-out` method of recruitment is appropriate. To ensure parents receive
the information and consent forms, we suggested posting it rather than giving it
to the children to take home. 4 out of the 5 schools we have spoken to thought
this was not necessary. However, one school thought it was the best way to
ensure parents receive the consent documents.

An information sheet for the children is given out to each child. We have shown
this information letter to the teachers of the schools we have approached so far,
and they believe the language is appropriate. This information sheet will be given
out in class and the teachers will ask if anyone has any questions about the
project or/and if there is anything they like clarifying.
•

Testing will only commence once each child gives verbal consent in front
of a member of staff away from their peers, so not to be influenced by
class-mates. This will be feasible; we have discussed this project with a
number of schools, and it appears that schools will be able to provide a
member of school staff to be present throughout the testing period. For
example, Buttershaw Business and Enterprise College suggested the
school nurse can be present and Wellfield Methodist and Anglican Church
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School informed us that they can get the PTA (Parent- teacher
Association) to help collect the children from class to the testing room and
for a member of the PTA to be present during the testing period.
Buttershaw Business and Enterprise College informed us that they will
also discuss the project in an assembly with the children to inform them of
the details of the project and that they do not have to take part. The reading
age of parental information requires reviewing as language level is quite
advanced and should be aimed at reading age of 12 to ensure accessibility
particularly given the diversity of Bradford population.

We have amended the letter as suggested. We have shown this new version to
2 schools and they both agree the language is clear to understand.

Further comments:
We have discussed this project with the UoB Eye Clinic director and manager,
and they are happy for us to provide their number to the parents. The reception
staff can then direct the parents to a member of our research team.

We will be proving the College of Optometrists leaflets to parents explaining the
importance of eye test and explaining common ocular conditions (e.g. shortsightedness and long-sightedness) in terms that are accessible to the diverse
Bradford population. A similar leaflet designed by the College of Optometrists
specifically for children, explaining eye health and proving interesting ocular facts.
The schools we have discussed this project with, especially Ley Top Primary
School, believe the leaflets are a great way of educating parents about the
importance of taking their children to regular eye tests.
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Research Ethics Application Form
(for cycloplegic Chapter in Appendix C)

A1.

Title of Research Project:

Peripheral refractive error and its association with myopic distance refractive
development and progression in children
A2.

Contact person (Principal Investigator, in the case of a staff-led research
project, or the Principal Supervisor in the case of a student research
project):

Title: Professor First Name/Initials: Edward

Last Name: Mallen

Post: Head of Bradford School of Optometry and Vision Science, Professor
of Physiological Optics
School/Department: Bradford School of Optometry and Vision Science
Email: e.a.h.mallen@bradford.ac.uk
236231

Title:Professor

Telephone: 01274

First Name/Initials: Brendan

Last Name: Barrett

Post: Professor of Visual Development
School/Department: Bradford School of Optometry & Vision Science
Email: b.t.barrett@bradford.ac.uk

A2.1.

Telephone: 01274 235589

Is this a student research project?
If yes, please provide the student’s contact details and course:

Title:

Miss

First Name/Initials: Heshow

Last Name: Jamal

Post: PhD student / BSc MCOptom
School/Department: Bradford School of Optometry & Vision Science

Email: H.Jamal@bradford.ac.uk

Telephone: 07577 999131

A2.2. Other key investigators/co-applicants (within/outside University), where
applicable:
Please list all (add more rows if necessary)
Title

Full
Name

Post

Responsibi
lity in
project
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Organisatio
n

Department

Mr

John
Bradbury

Consultant
Ophthalmologist

Consult
Bradford
regarding
Royal
Paediatric
Infirmary
Ophthalmic
queries
should they
arise

Paediatric
ophthalmology,
paediatric and
adult
strabismus and
cataract
surgery

A2.3 Name of body funding the project (if appropriate) and any other
declarations of interest: (NOTE:

Only projects with the funding

confirmed need approval)
University of Bradford

A3.

Proposed Project Duration:

Start date: 2015

End date: 2017*

* Following approval of our project by the ethics committee, we started data
collection from Jan 2015 (start of a new school term). Data were gathered for
approximately 1 year (beginning of 2015 to beginning of 2016) and will be
repeated at the end of 2016. After this time period, the collected data will be
analysed. Following approval of this subset of data collection by the ethics
committee, we estimate to collect all the data within a few months. The subset of
data is the repetition of the original method but with the use of cycloplegic eye
drops.
Complete this form if you are a member of staff or a student who plans to
undertake a research project which will not involve the NHS but which will involve
people participating in research either directly (e.g. interviews, questionnaires
and/or clinical studies not involving NHS patients) and/or indirectly (e.g. people
permitting access to data and/or tissue). Ultimate responsibility for gaining ethical
approval lies with the Principal Investigator or Principal Supervisor of the project.
Documents to enclose with this form, where appropriate:
This form should be accompanied, where appropriate, by an Information Sheet /
Covering Letter / Written Script which informs the prospective participants about
the proposed research, and by a Consent Form. Applicants should also attach
any unvalidated Questionnaires, Interview Guides and the full research proposal.
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It is essential that this form is completed with reference to the information in the
application form guidance document.

Please pay particular attention to

completing the form in sufficient detail to allow reviewers to judge ethical issues
raised by this study. The form is intended to expand to allow as much space as
is needed. For University staff and students working with NHS patients or staff,
or working on NHS premises, research ethics applications should be made
through an NHS Research Ethics Committee: NHS Research Ethics Committee
(REC)
Travel Overseas to High Risk Areas: if you are planning to travel overseas to
high risk areas, as advised by the Government’s Foreign and Commonwealth
Office, you should read the guidelines and complete the Risk Assessment form
to be submitted to Finance. A signed copy of the Risk Assessment form should
also accompany this form when applying for Research Ethics Approval.
Once you have completed this research ethics application form in full, and other
documents where appropriate, check that your name, the title of your research
project and the date appears on the first page and email it to the Research
Support Unit Ethics Administrator. Please keep a copy and note that the original
signed and dated version of ‘Part B – the Signed Declaration’ of the application
form should also be provided to the Research Support Unit Ethics Administrator
in hard copy.

Attachments
Please confirm that you have included the following documentation with your
submission:
Information Sheet

Yes ✓

No 

Consent Form

Yes ✓

No 

Research Proposal

Yes ✓

No 

Unvalidated Questionnaires

Yes 

No ✓

Interview Guidelines

Yes 

No✓

Risk Assessment Form
(only required when involving travel Yes 
to high risk areas)

No ✓
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Part A
A4. Mark ‘X’ in one or more of the following boxes if your research:
X involves children or young people aged under 18 years
 involves using samples of human biological material collected
before for another purpose*
A5.

Briefly summarise the project’s aims, objectives and methodology
(this must be in language comprehensible to a lay person)

Title of the Project:
Peripheral refractive error and its association with myopic distance refractive
development and progression in children
Aims of the Project:
1. We propose to measure the central and peripheral defocus at distance
and near, of approximately 300 children aged 7-9 years and 300
children aged 11-13 years.
2. We will search for an association between peripheral refractive error at
near with myopic distance refraction. We hypothesise that peripheral
refractive error, during near-work, is a factor in myopic distance
refractive error onset and progression.
3. If an association is found, and our hypothesis is found to be true, we
will investigate if there is a particular location on the retina where the
relative peripheral refraction, at near, has a stronger association with
the distance myopic prescription.
4. The project is designed to test the children annually for 2 years, but the
schools can withdraw from the project at any stage. However,
depending on the results of the project, the data collected will be used
to initiate another longitudinal study where the children will be followed
through primary and secondary school to investigate the influence of
peripheral refraction on myopic the onset and progression of myopia.
5. Another aim of the project is to propose possible managements that
could be introduced in optometric practices to control myopic onset and
reduce myopic progression. In addition, it would provide more
information for Optometrists managing children with rapid myopic
progression. This could decrease myopia prevalence and severity.
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6. The final aim is to examine if the refractive measures we take in
individual children depend on whether or not the accommodation is
active (via the use of cycloplegic eye drops).

Methodology
The study consists of gathering refractive data from 2 groups of children,
approximately 300 children aged 7-9 years (Year 3-5) and 300 children aged 1113 years (Year 7-9). Two cohorts of children were chosen to be studied to enable
comparison in refractive development in the two different age groups. Pilot data
was collected on two participants, aged 5 and 11 years, indicating that children
are able to easily understand and follow the instructions of the proposed method.
Furthermore, the selection of these school years allows a potential longitudinal
study where these two cohorts are followed through primary and secondary
school. A power calculation resulted in our aim of examining a sample larger than
300 in each group (600 in total). The power calculation is based on the spread of
peripheral refractions in adults, and the variability inherent in the experimental
method, estimated from pilot data. The details of the pilot data results can be
found in the attached research proposal.

Following careful calculations, we were confident that the proposed sample size
was feasible within the length of the project. Gathering refractive data from 600
children over two school terms (about 24 weeks), four hours a day, four days a
week, allows about 40 minutes per child. Following pilot data collection, we
estimate data collection will take approximately 20 minutes per child. These
considerations ensured that the proposed sample size was possible within the
time period of the project despite any difficulties that we may encounter e.g. some
children being excluded from the study due to poor VA, the school may not want
us gathering data 4 days a week/ 4 hours a day (for example, they may prefer 3
days a week over 30 weeks, still allowing the study to meet the target sample
size) or there might be delays caused by difficulties recruiting schools.

Firstly, we assessed monocular visual acuity (VA) habitually (that is with
spectacles or contact lenses if the child currently uses a form of refractive error
correction, and unaided if they do not wear a form of refractive error correction).
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A Bailey Lovie logMAR chart is already available to measure the visual acuity. If
the child failed to achieve VA that is better or equal to 6/9.5 in both eyes and ≤ 1
line inter-ocular difference, a pinhole VA assessment took place (that is VA will
be repeated with a pinhole in front of the eye). This was to determine if the child
is amblyopic or has poor VA due to uncorrected refractive error. No child was
excluded from the study.
Autorefractor measurements were then taken centrally and peripherally at 10˚
and 30˚ nasally, temporally, superiorly and inferiorly at distance (approximately
4.5 meters away). We calculated the exact location of these fixation targets and
are well into the process of completing its construction. These distant
measurements were taken without the child’s correction in place, as the central
refractive error may be associated with relative peripheral refractive error. The
relative peripheral refraction, at distance, will be worked out by subtracting the
central refractive error from the peripheral refractive error.

Similarly, using near fixation targets, autorefractor measurements were taken
centrally and peripherally at 10˚ and 30˚ nasally, temporally, superiorly and
inferiorly at near. The distance to the near target was pre-determined by
averaging measurements of working distance during brief periods of reading and
writing tasks. The near refractive errors were measured with the child’s refractive
correction in place, as a measure of the defocus they usually experience during
near tasks. With a near target, autorefraction readings minus stimulus vergence
tell us the refractive errors at near. The relative peripheral refraction, at near, will
be worked out by subtracting the central refractive error from the peripheral
refractive error. All fixation targets were appealing to the child to help maintain
fixation. To eliminate anomalous results caused by blinking or fixation losses,
several repeats of each measurement were taken.

Following this, we will work out the average relative peripheral refraction, at
distance and near, for each child by integrating the relative peripheral refraction
over the peripheral retina. We will look for an association between this average
relative peripheral defocus and the distance refraction in each cohort. We
hypothesise that peripheral refractive error, during near-work, is a factor in
myopic distance refractive error onset and progression. If an association is found,
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we will investigate if there is a particular location on the retina where the relative
peripheral refraction, at near, has a stronger association with the distance myopic
prescription. These values will be related to the axial length of the eye. We
hypothesis that the higher the degree of myopia, the higher the relative peripheral
hyperopia and the longer the axial length. An IOL Master was already available
to measure axial length. The data collection will be repeated the following year,
using the same methodology to evaluate any changes in distant refractive error
in relation to relative peripheral refractive error.

These refractive measurements were taken with an adapted open-view autorefractor. A Shin-Nippon NVision-K 5001 was already available for this project
and was used in pilot data collection using prototype frame and targets. A
moveable stand was built to enable movement of the target towards and away
from the child, and away from the auto-refractor axis.
The schools were asked for the participants’ name, gender, DoB, ethnicity and
national curriculum reading level following permission from parents.
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Summary of the methodology:
Assess monocular visual acuity (VA)
(visual acuity was assessed habitually, that is with spectacles or contact lenses if the child currently uses a form of
refractive error correction, and unaided if they do not wear a form of refractive error correction).
A Bailey Lovie logMAR chart will be used to measure visual acuity.

VA worse than 6/9.5 in either eye or
>1 line inter-ocular difference

VA better or equal to 6/9.5 in both
eyes and
≤ 1 line inter-ocular difference

1mm pinhole

Measure using a Shin-Nippon NVision-K 5001 autorefractor:
•

Distant unaided central (i.e. on axis) refraction
(which will also assess corneal refractive curvature simultaneously)

•
•

Distant Peripheral unaided refraction at 10,30deg inferiorly, superiorly, nasally
and temporally
Near central refraction (whilst the child wears their spectacles or contact lenses if
they have a form refractive error correction)
This will be conducted with spectacles or contact lenses if they currently use a form of refractive
error correction, and unaided if they do not wear a form of refractive error correction.

•

Near Peripheral refraction at 10,30deg inferiorly, superiorly, nasally and
temporally habitually

Measure Axial Length in both eyes using IOL Master

A letter will be given to the child to take home to inform parents/ guardians that either:
no significant refractive error according to this project’s guidelines:
➢ Hyperopia ˂ +2.00DS
➢ Myopia < -1.00DS and VA better or equal to 6/9.5 in both eyes and ≤ 1
line inter-ocular difference. The VA chosen are based on national school
vision screening guidelines.
➢ and/or astigmatism ˂ 1.50DC
or

•

significant refractive error according to this project’s guidelines:
➢ Hyperopia ≥ +2.00DS
➢ Myopia ≥ -1.00DS and VA worse than 6/9.5 in either eye or >1 line interocular difference
➢ and/or astigmatism ≥ 1.50DC

However, it will be made clear again that this does not constitute an eye examination.
An eye examination at an optometric practice will be advised to confirm these
findings.
A copy of this letter is attached to this form.
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The above is a summary of our methodology, but we need to ensure that the data
collected does not vary significantly with the use of cycloplegic eye drops i.e.
accommodation (the focusing power of the eyes) does not significantly alter the
results. Therefore, we will conduct the above tests (but without axial length
measurements) and repeat it approximately 30minutes after insertion of a
cyclopentolate drop in one eye.
As part of our study (outlined above), we need to collect some additional data on
a subset of participants to look at the effect of cycloplegia on the results.
Cycloplegic eye drops are a standard eye drop used routinely in optometric
practices. It relaxes accommodation. The researchers working on this study use
cycloplegic drugs routinely in optometric practices to determine the full refractive
error in children. We also have ethics approval for the use of cycloplegia on
another project but not this one.

Our study consists of participants aged between 7 and 13 years old. The
accommodation in children is very active. In a recent presentation of our work,
we were questioned about the accuracy and reliability of our refractive data
without the use of cycloplegic drugs. In order to show that our data is valid and
can be repeated, we need to demonstrate that accommodation does not
significantly alter the refractive error measured at distance by the autorefractor
and that relative peripheral refraction remains indifferent with and without
cycloplegia.

Cycloplegia Mechanism
The high amplitude of accommodation in children and their inability to give
reliable responses during subjective refraction makes cycloplegic refraction an
important part of a child’s eye examination (Farhood 2012). Cycloplegic eye drops
block the action of parasympathetic nervous system. They are also indicated for
the use of Fundus Photography, view of the peripheral fundus and the treatment
of anterior uveitis. When the ciliary muscle contracts, the ciliary body moves
forward which relieves the tension in the suspensory ligaments. This results in
the crystalline lens becoming more convex and increasing the refractive power of
the eyes. This is known as accommodation. This occurs when we focus on near
objects and in patients with uncorrected hyperopic refractive error. Cycloplegic
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eye drops temporarily blocks the contraction of the ciliary muscle resulting in
loss/reduction of accommodation temporarily in order to determine the full
refractive error of the eye. The iris sphincter muscle is also relaxed, leading to
dilation of the pupil.

Pre-instillation tests
•

A detailed ocular examination will be conducted before the instillation of
the cycloplegic eye drop:

•

a detailed case history including ocular and general health, allergy,
medication and family ocular and general history

•

distance and near VA

•

pupillary reflexes

•

retinoscopy

•

subjective refraction

•

slit lamp examination including conduction of Van Herrick’s test

•

Fundus Assessment using either Ophthalmoscopy or a Volk lens

Tonometry has been suggested to be conducted if the patient is at risk of angle
closure glaucoma (Eperjesi and Jones 2005). Therefore, if a child has narrow
anterior angles, is a high hyperope (>+6.00DS BVS) or has a family history of
glaucoma, then non-contact tonometry will be conducted.

Parental or participant consent has been recommended before the instillation of
cycloplegic drops (Barlett 1978). This can be a verbal or written consent (Eperjesi
and Jones 2005). We will obtain written consent from parents and verbal consent
from the participants.

Dosage
This study will ensure that the dosage for the cycloplegic eye drop will be the
minimal concentration that will result in temporary loss of accommodation. This
is because over medical can increase the probability of systemic absorption and
excessive use of medication has been identified as poor practice many years ago
(Amos 1978). If the eyelid puncta is occluded by gently pressing down on the
nasal edge of the eye for a few seconds, the chances of systemic side of effects
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can be reduced (Chang 1978). This will be encouraged, but may not always be
possible with children (Eperjesi and Jones 2005).

How to determine when cycloplegia is complete
It is important for the Optometrist to determine when adequate cycloplegia has
been reached before refractive error measurement takes place. Mydriasis does
not indicate when adequate cycloplegia has been reached (Eperjesi and Jones
2005); it determines that the cyclopentolate has reached the iris and not the ciliary
muscles. The retinoscopy reflex, assessed with a retinoscope, is the best
indicator of when the full degree of cycloplegia has taken place. A non-fluctuating
retinoscopy will be observed, despite the participant changing fixation from a
distant to near target or vice versa, when adequate cycloplegia has taken place
(Eperjesi and Jones 2005).

If accommodation is still active, another drop of cyclopentolate can be instilled or
the practioner can wait a few more minutes before checking retinoscopy reflex
again (Moore 1997). Participants with heavily pigmented irises are more likely to
need another drop or take longer for full cycloplegia to be achieved. This study
will only use one drop per eye. Therefore, if adequate cycloplegia has not been
reached in 30-40minutes following the instillation of the cycloplegic eye drop, we
will wait a few more minutes instead of administering another eye drop. Another
method to determine whether adequate cycloplegia has been reached is by
asking the participants about the clarity of targets at near e.g. small print text.
However, subjective methods do not tend to be reliable in children. Therefore,
this study will check the retinoscopy reflex to determine if adequate cycloplegia
had been achieved 30-40 minutes after instillation of the drops.

Types of Cycloplegic Eye Drops
There are a number of cycloplegic eye drops with varied action and duration time,
strengths, and possible adverse reactions, but cyclopentolate is the drug that is
used regularly in practice i.e. it is an established not an experimental drug. All
standard protocols will be followed in relation to the use of cyclopentolate eye
drops.
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Cyclopentolate is an antimuscarinic prescription-only medicine (POM). An
optometrist is qualified to use and supply cyclopentolate in the course of their
professional practice and in an emergency (exemption level 1). Cyclopentolate
will be used in this study because cycloplegia is achieved rapidly (maximum
cycloplegia is reached Cyclopentolate between 15-60 minutes after installation)
and its effect last between 8 and 24 hours (Chang 1978). The rapid action time,
short duration time and minimal side effects compared with other cycloplegic eye
drops have made this type of cycloplegic agent the most popular for cycloplegic
refraction (Shah et al. 1997). Cycloplegic has been reported to be the most
appropriate cycloplegic agent(Eperjesi and Jones 2005). The drops will be kept
in the fridge in the Eye Clinic, between 2 ˚C and 8˚C. It is available in 0.5% and
1% strengths in Minim forms and 2% strength in a dropper bottle form. 2%
strength cyclopentolate will not be used in this study to avoid increasing the
probability of adverse reactions. Children under 1 year old have been suggested
not to be given a stronger dose than 0.5% to reduce the likelihood of systemic
adverse reactions (Aller and Wildsoet 2008). However, the youngest participant
in this study will be 6 years old.

Cycloplegic Refraction
The primary use of cycloplegic eye drops clinically is to determine an accurate
assessment of the refractive error in children. Children have a large amount of
active accommodation, which can influence the result of subjective, autorefractor
and retinoscopy assessment of the refractive error without the use of cycloplegic
agents. This is because accurate refractive error is more likely to be achieved
and for latent hyperopia to be identified with the aid of cycloplegic agents.
Therefore, cycloplegic refraction is viewed as a vital part of a child’s eye test
(Shah et al. 1997). Also, the mydriasis induced by cycloplegia will enhance the
view of the fundus. This will increase the chances of peripheral retinal lesions to
be detected. Another advantage of cycloplegic refraction is that accurate fixation
is less important and poor fixation is very in children. There are also a number of
disadvantages with the use of cycloplegic agents such as photophobia (light
sensitivity) caused by mydriasis, reduced ability to read up close, distress to the
patient during instillation of the drops and a risk of ocular and systemic side
effects and adverse reactions. Ocular side effects include lacrimation (watering),
conjunctival hyperaemia (redness), irritation and raised intraocular pressures.

333

The systemic adverse reactions include restlessness, ataxia, incoherent speech,
hallucinations, hyperactivity or drowsiness, seizures, disorientations (Bartlett and
Jaanus 2013). The adverse reactions occur between 15 to 60 minutes after the
instillation of the eye drop and subsiding within 2 to 6 hours with no permanent
sequelae (Lahdes et al. 1993).

Sunglasses or a brimmed hat can help reduce the symptoms of photophobia. All
patients will be informed that their ability for near-work tasks will be reduced until
the effects of the drops have worn off.
The following steps will be taken to reduce the risk of adverse reactions (Barlett
1978):
•

The cyclopentolate eye drops will be kept out of the reach of children. It
will be kept in a fridge (between 2˚C and 8˚C) in a separate room to where
the participant and his parents will be.

•

The lowest concentration of cyclopentolate will be used (0.5%). This is
because most adverse reactions reported have followed the use of higher
dosage than recommended.

•

Any participant with conjunctival hyperaemia will be eliminated from the
study; systemic absorption can be increased with the presence of
conjunctival hyperaemia.

•

The child will be advised to gently press on the inner edge of the eyelid
(eyelid puncta) for a few seconds after the administration of the eye drop.
This is to reduce the chance of systemic absorption. Also, any excessive
eye drop will be wiped away.

The College of Optometrists guidelines on the general use of drugs in the UK
The following are the principles for the use of drugs and medicines set by the
College of Optometrists. We will use information sheets on cycloplegic eye drops
provided by the College of Optometrists and adapt these into consent forms, as
suggested (Eperjesi and Jones 2005). This study will adhere to all the following
guidelines:
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Checking risks
•

You should consider the cautions and contraindications for each drug you
use in practice.

•

There is potential for interaction with some systemic drugs, in particular
phenylephrine may interact with systemically administered monoamineoxidase inhibitors and anti-hypertensive drugs.

Making the appointment
•

Suggest that they bring sunglasses with them.

Administering drugs
•

When you use drugs that dilate the pupil, you should consider whether
to:
check the depth of the anterior chamber, for example using the van
Herrick technique, for the possibility of angle closure, and measure intraocular pressures as appropriate, for example before and/or after dilation

•

You should check corneal integrity, if appropriate.

•

You should ask the patient if they: have experienced adverse reactions
to eye drops in the past, have a history of drug-induced adverse
incidents, have any relevant medical conditions or take any systemic
drugs.

•

You should check for possible interactions with any systemic medication
the patient may be taking.

•

You should check that you are administering the correct drug and dosage,
and the expiry date.

•

You should record all drugs used, including the batch number and expiry
date, on the patient record

•

You may keep a logbook of which drugs are used on each patient. This
may help you if you need to recall patients.

•

You should explain to the patient:
▪

why you are instilling the drug

▪

what effects the drops might have

▪

how long the effects might last

▪

the side effects they might experience
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▪

if you are dilating their pupils, that they might not be able to drive and
must not undertake any activity which is not advised after dilation, and
for how long

▪

what to do if they experience an adverse reaction.

•

You may give the patient an information sheet.

•

You should instruct the patient to attend the local Accident and
Emergency department if you are not available to deal with any
emergency or adverse reaction that may arise following the instillation of
the drug.

•

You should inform the patient’s GP of any suspected adverse reaction.

Storage and disposal of drugs
•

You should store all diagnostic and therapeutic drugs according to the
manufacturer’s instructions and keep drugs out of patients’ reach

•

You must follow the current legislation on the disposal of hazardous
waste(Hunt 1991). You must ensure drug waste is disposed of in
accordance with the regulations. See attached document (College of
Optometrists (2014). Guidance on the disposal of waste).”

A6.

Is there any potential for physical and/or psychological harm / distress to
participants?

No.
The tests will be conducted with the parent(s)/guardian(s) present at all times.
We are using the Bradford University Eye Clinic premises to conduct all the tests.
The clinic is a friendly environment and full of qualified optometrists. All the tests
will resemble standard optometric examinations, which the children may have
already experienced if they have had their eyes tests at an Optician’s.

A7.

Does your research raise any issues of personal safety for you or other
researchers involved in the project and, if yes, explain how these issues
will be managed? [especially if taking place outside working hours, off
University premises or outside the UK]

No, because all the data are collected in the Bradford University Eye Clinic
premises.
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A8.1 Explain how the potential participants in the project will be:
(iv)

Identified

(v)

Approached:

(vi)

Recruited:

Unfortunately, it is not practical to use cycloplegic agents on children whilst they
are at school. This is because using cycloplegic agents will involve taking the
children out of class twice (to put the drops in, then about half an hour later to
collect the data) and they will struggle to continue with their schoolwork for the
rest of the day because of the blurred vision. Therefore, children needed to be
recruited for this subsection of the project outside of school.

We will approach the staff of the optometry department in the University of
Bradford via email explaining the project briefly and offering a chance to reply to
the email of they were interested and wanted further information. We invite the
staff to bring their children/family members to take part in the project. The staff
are either optometrists or closely work with optometrists, which means they have
deep understanding of the action and effects of cycloplegic eye drops. This
enables the staff to make an informative decision if they want children/family
members to take part in the project.

The project will be discussed in detail with any members of staff agreeable to
recruiting their children/family members and information sheets will be provided.
The parent/guardian must sign a consent form to indicate his/ her permission for
the child to take part in the study (‘opt-in’ method). Also, the participants can
withdraw themselves or be withdrawn by their parents/guardians at any time
throughout the project, even if they opted-into the project originally. Verbal
consent will be gained from the children with their parent/guardian as a witness.
An information sheet will also be handed to the participants before any data are
collected, explaining simply what the study involves and informing them that they
can withdraw themselves from the study at any time.

The member of the research study who will be gathering the data, is a fully
qualified Optometrist with over 3 years of experience in testing children’s eyes.
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Disclosure and Barring Service (DBS) check is conducted on the member of the
research team gathering the data. Therefore, the researcher will be able to
communicate effectively with the children. However, the parent/guardian will also
be present throughout the project time because the child will be more likely to
raise any concerns they may have during the research sessions.

Upon completion of all the tests, the parent/guardian will be given a summary of
the all the data collected including the health of the fundi, cover test results and
if a significant or an insignificant refractive error have been found:
no significant refractive error according to this project’s guidelines:
➢ Hyperopia ˂ +2.00DS
➢ Myopia < -1.00DS and VA better or equal to 6/9.5 in both eyes
and ≤ 1 line inter-ocular difference. The VA chosen are based on
national school vision screening guidelines.
➢ and/or astigmatism ˂ 1.50DC
or
•

significant refractive error according to this project’s guidelines:
➢ Hyperopia ≥ +2.00DS
➢ Myopia ≥ -1.00DS and VA worse than 6/9.5 in either eye or >1 line
inter-ocular difference
➢ and/or astigmatism ≥ 1.50DC

A8.2 Please give rationale for sample size (as appropriate):
In an ideal world we would use cycloplegic eye drops in the entire sample.
However, this is not practical. Hence we need to recruit as large a sample as
possible in order to establish the effect that cycloplegic eye drops have upon
peripheral refraction measures. As we do not know the average size of the effect
of cycloplegia on the measures, and more importantly, the variability from
individual to individual in the effect of cycloplegia, we intend to recruit as many
as possible within the time frame available (2-3months). We would ideally like to
recruit approximately 25-30 participants. In this period, however, we accept that
we may get fewer participants. It is important to stress that if we only get 10
participants in this phase of the project we will still have gathered very useful
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information that will help us greatly in our interpretation of the main results where
cycloplegic eye drops will not have been used.

A9.

Will informed consent be obtained from the participants?

Yes ✓No 

If informed consent or consent is not to be obtained please explain why:
Written informed consent (‘opt-in’ method of recruitment will be employed) will
be gained from the parents/guardians of each participating child after providing
detailed written information sheets. This is common practice for our proposed
method of study.

Each participant will be provided with an information letter. Informed consent
(verbal) from the participants will then be gained with the parents/guardians as
witnesses. Each child will be asked whether they consent to take part in the study
in the testing room where no other child will be present so not to be influenced by
class-mates. The participants can withdraw themselves or be withdrawn by their
parents/guardians at any time throughout the project, even if they agreed to
participate originally. This will be made clear in the information given to the
parents/guardians.

A9.1.

If you are planning to obtain informed consent, please explain the
proposed process:

Informed consent will be gained from the parents/guardians of each participating
child. An ‘opt-in’ system of gaining consent will be employed with the
parents/guardians. This is common practice for our proposed method of study.
Following detailed discussion about the project, answering any questions they
may have and providing detailed information sheets, the parents/guardians will
be asked to sign a consent form agreeing for the participant to take part in the
project. No data collection will take place without first receiving the informed
consent letter back signed by one parent/ guardian.

A9.2 If you have obtained informed consent, what arrangements are in place to
ensure participants receive on going relevant information about the study and the
opportunity to withdraw consent if required?
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To ensure participants receive on going relevant information about the study, at
the end of the project a report will provided to the parents/guardians including
analysis of the data collected. Following the completion of the whole study,
another report explaining our findings in detail will be provided.

The informed consent letter will clearly state that all participants can choose to
withdraw from the study or be withdrawn by parents/guardians regardless of
consent given originally. It will be made clear to the participants that there will be
no penalty for doing so.

A9.3 If you have obtained informed consent, how long will the participants have
to decide whether to take part in the study? (If less than 24 hours, please
justify)
Data collection will take place at least 2-3 weeks after the information email is
sent out. This time frame can be extended upon discussion with each individual
head-teacher. Also, each parent/participant can choose the day and time they
can bring their children/family members into the university.

A9.4 Will informed consent be obtained from participants from one of the
following groups?
•

Children under 18 ✓

•

People with learning disabilities

•

People with a terminal illness

•

People with mental health problems

•

People with dementia

•

Asylum seekers

•

Those with a particularly dependent relationship with the
researcher

•

Other potentially vulnerable groups (please specify)

If yes, please state what special arrangements have been made to deal with the
issues of obtaining consent from the participants above?
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Informed consent will be gained from the parents/ guardians of all the
participants. Each child will be informed they can choose to withdraw at any stage
during the study or be withdrawn by parents/ guardians. Verbal consent will be
received from all the children with either parents/ guardians as witnesses.

A10. What special arrangements have been made for participants for whom
English is not a first language? (If there are no arrangements, please
explain why)
Our study does not depend on being able to speak English fluently. All the tests
being conducted are objective, and hence will not depend on the response of the
participants.

However, the children are taught in English schools. Therefore, even if English is
not their first language, it is extremely likely that their English language will be
adequate to understand the basic instructions of the tests. Furthermore, the
parents/guardians work at the university in the optometry department, so they are
likely to fully understand the project and the information sheets.

A11. What steps have been taken to ensure participants have not been involved
in

similar studies (in order to prevent over exposure) where this may be an

issue?
Although the participants may have had routine eye examination at their local
opticians, it is extremely unlikely the participants have been involved in similar
studies. However, no harm will be caused to the participants or the data of the
research if the children have been involved in similar studies.

A12. Could this project potentially disadvantage any group of persons not
included in the research?
There is no particular advantage to be gained by taking part and no disadvantage
to not taking part. Therefore, the project will not potentially disadvantage any
groups of persons not included in the research. This is a descriptive study where
only data are gathered, no experiments is being conducted. Furthermore, free
eye examination is available for all under 16 children in the UK.
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A13.

What measures will be put in place to ensure confidentiality and/or

anonymity of personal data, where appropriate?
As stated previously, the aim of the study is to start a longitudinal study. However,
this sub-section of the study is not longitudinal. For this reason, we will not need
to track the participants. The names of the children will, therefore, not need to be
recorded on the result sheets. We will be evaluating variations in the data
collected with different ethnicity, gender and age. Therefore, we will ask the
parents/guardians for gender, ethnicity and date of birth information. This will be
made clear in the information to the parents. It must be made clear, none the
less, that only the research team will have access to these details. Each name
will be substituted with a specific code. Only the research team will be aware
which code represents which particular participant. No names will appear in the
published data. All data analysis will take place at the University of Bradford. All
the data will be held securely on a password protected disk drive.

A14. Will financial / in kind payments (other than reasonable expenses and
compensation for time) be offered to participants? (Indicate how much and
on what basis this has been decided)
Yes  No ✓

A15. Will the research involve the production of recorded media such as audio
and/or video recordings?
Yes  No ✓

A15.1. This question is only applicable if you are planning to produce recorded
media:
How will you ensure that there is a clear agreement with participants as to
how these recorded media may be stored, used and (if appropriate)
destroyed?
No recorded media will be produced.

A16. Which institution has agreed to act as research sponsor for the project?
The University of Bradford; the research is being conducted by a student of the
University of Bradford, working on a University of Bradford research project.
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Information for the parents and children :
Cyclopentolate eye drops
What are Cyclopentolate eye drops?
Cyclopentolate eye drops are used to dilate (enlarge) the pupil of the eye, and to
temporarily stop the eye from focusing.
Why are the drops required?
It is necessary to enlarge the pupils to allow the eye care practitioner to carry out
an accurate eye examination. This includes checking to see if glasses are needed
and that the eyes are healthy.
Do the drops sting?
Drops may cause a stinging sensation as they are put in, but this will quickly
disappear.
How are the drops put in?
The eye care practitioner will put the drops into your child’s eyes at the clinic.
However, you may like to put the drops in at home. If this is the case please put
one drop in each of your child’s eyes a minimum of 30 minutes before your
appointment time. You should gently pull down the lower eyelid and put the drop
into the space between the lid and the eye.
How will I know the drops have worked?
Close work/reading will be difficult and blurred as the eye will not be able to focus.
While the pupil is enlarged more light will enter the eye, which may cause some
discomfort in bright light or sunshine. If sunny, a hat or sunglasses will help this.
The pupil (black central part of the eye) will be enlarged.
How long will the effects last?
Focusing ability usually returns within 4-6 hours. Recovery from light sensitivity
and the enlarged pupil may take up to 24 hours.
What precautions should I take while the drops are effective?
An adult should supervise the child. If your child returns to school, the teacher
should be informed that he/she has had eye drops and may be unable to read or
write as well as normal.
Adverse reactions
A small percentage of people may notice an adverse reaction to the drops – such
as a change in heart rate, flushing of the skin, dryness of the mouth, or giddiness/
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light headedness. If you notice any of these symptoms while in the clinic, speak
to your eye care practitioner.
It is unlikely that these symptoms will arise after leaving the clinic – but if so,
consult your own GP.
Who are we?
My name is Heshow Jamal and I am an Optometrist. I am also a research student
at the University of Bradford.
Why are we doing this study?
We want to find out what how short sightedness develops.
What will happen to you if you are in the study?
•

You will ask you to have a guess at reading some letters on a chart.

•

Then we will measure the power of your eyes as you ask you to put your
chin on a chin rest. You will look straight ahead and to the sides whilst
we take a few measurements (it is almost like taking a picture of your
eyes).

•

It will take you about 20 minutes to do these activities.

•

Your teacher or someone else that you know who also works at the school
will be with you whilst we take these measurements.

Are there good things and bad things about the study?
What we find in this study will be used to reduce the number of people wearing
spectacles.
Being in this study will not harm you in any way.
Do you have to be in the study?
You do not have to be in the study. You can tell me, your teacher or your parent
if you don’t want to be in the study.
And remember, if you choose to be in the study to begin with, you can always
change your mind after and tell us you do not want to be in the study anymore.
You will not make anyone upset or angry not wanting to be in this study.
Do you have any questions?
You can ask questions at any time. You can ask me or your teacher.
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Consent Form

University of Bradford
Richmond Rd
Bradford
BD7 1DP
E-mail: h.jamal@bradford.ac.uk
Tel: (01274) 234649
Date: 25/08/2016
Dear Parent(s) or Guardian(s):
We are writing to ask your permission for your child to participate in a University of Bradford
study on the development and progression of short-sightedness. The research will be carried out
at the university. We hope that the project will be an enjoyable and informative experience for
your child. The tests will be similar to examinations carried out during routine sight test at your
local optician’s. There are no known or expected risks associated with involvement in this project.
What is the purpose of the study?
We are interested in finding out what factors cause short-sightedness. Short-sightedness has
become increasingly more common, but there is a major lack of understanding of how to control
its onset and progression.
What will the project involve?
The project involves your child looking at different cartoon characters e.g. Lego men whilst an
instrument measures the power of their eyes. If your child is to participate in the study, we will
ask the school for their name, DoB, gender and ethnicity.
All children’s results will be treated as confidential. We would also like to clarify that you can
withdraw your child’s participation in the study at any time during the study without any penalty.
Please note participation in the study does not constitute an eye examination at an optician’s. The
NHS provides free annual sight tests to all UK citizens under the age of 16. We would like to
assure you that this project has full ethics approval through a University of Bradford Ethics
Committee.
If you have any questions or concerns about the project, or if you would like any additional
information, please do not hesitate to contact us at the University Bradford.
Thank you in advance for your interest and support of this project.
Yours faithfully,

Professor Edward Mallen, Professor Brendan Barrett and Heshow Jamal
Please turn over
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Consent form
Your signature below indicates that you have read the information provided with this
form and that you agree for your child to participate in the project.

_________________________________
Name of Child
_________________________________
_________________
Signature of Parent(s) or Legal Guardian

Date
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Appendix B
Raw reading scores of the primary school children

Reading
Early
Years
Foundation
Stage
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7
6
7
8

Reading
Year 1
Summer
Term 2

Reading
Year 2
Summer
Term 2

1a
1a
1a
2c

2a+
2b+
2a+
2a
2c
2b

5 1b

Reading
Key
Stage 1
Validated
Result

2A
2B
2B
2A

Phonic
Check
Year 1

33

1

Phonic
Check
Year 2

Reading
Target
Year 3
Summer
Term 2

3c+

32 2a

Reading
Year 3
Autumn
Term 2

2b+

2c

Reading
Year 3
Spring
Term 2

Reading
Year 3
Summer
Term 2

Reading
Key
Stage 2

Reading
Target
Year 4
Summer
Term 2

Reading
Target
Year 4
Autumn
Term 2

Reading
Target
Year 4
Spring
Term 2

3b

5.4 4c+

3a

3a+

3c+
3c+

5 4c
5.4 3a+

3b+
3b

3a
3b+

2b+

4.8 3c+

2a

3c

Spring
Term
15
Teacher
Assmt
based
on QCA
levels

2a+

2c+

2B

3A
3A

4c
4A
1c+
6 1b+
5 Wa+
2 Wb

2c+
2b
1b+
1b

2C
2B
1
1

29
36
6

35 2a+
3c
12 2c+

2c+
2b
1b+

2b+
2b+
1b+
1a

3.6 2a

2c+

2b

3c
7 1b+
5 1a

2a
2b+

2A
2C

35

3b

2a

3c
3c

4.7 3a

3c+

3b

9 2c

3c

3

3b+

5.6 4b

3a+

3a+

4a
7 1b+

2b

2C

28

37 3c

2b

2a

3c
8
8
6
7
6

1a
2c
1a
1a
1b

2a+
3c
2a
3c
2a+

2A
3
2A

39

3b

2a

3b
3b+

5.4 4b
5.6 4b

3a+
3a+

3a+
3a+

3b+
3b

5.5 4b
4.9 4c

3a+
3b

3a+
3b+

2a+

3
2A

4b
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6 Wa+
8 2c
2 Wa
4 1c+
Wa

1a+
2a
1b+
2c+
2c+

1

29

33 2b+

1a+

2c+

2A
1
2C
2C

12

37 2a+

2c+

3c
2c

5.3 4c
3.6 2a+

3b+
2c+

3a
2b

2b+

4.4 3b

2a+

3c

2b+

4c
4c
2B

3b
3
8
6
8

Wa
1a
1c
1a

1a+
2a
2c
2a+

1

10

11 2b+

1a+

2A

2c+
3c
2b+
3c+

1
2A

5.2 3a
4.1 3c+
5.3 4c+

3b
2a
3b+

3b+
2a+
3a

2a
7 1c
8 1a

2c+
2a

2C
2B

2b+
3b

348

4.8 3c+
5.1 4c

2a
3b+

3c
3a

8 1a

2a+

2A

3c+

5.6 4c

3b+

3a
4C

5
4
6
6
9
7
8

Wa
Wb
1c+
1c+
2b
1b
2c

2c+
2c+
2b+
2a+
3c
2a+
3c

2C
2C
2B
2A

12
11
21
36

36 2a+
35 2a+
37 3c+
3b+

2c+
2c+
2b+
2a+

2b+
2c+
2a+
3c+

3

3b+
3b
3b+

2A
3

5.4 4b+
5.1 4c
5.4 4b

4c
3b+
3a+

4c
3a
4c
2B
3A
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3A

3c
3b
3a
6
4 Wb+
6 1b+
Wc
5

2b
1b+
2b
1a+
2b

2C
1
2C

9
22

1

18 2c+
36 3c
32 2b+

1b+
2b
1a+

2a+

4.7 3b+

3c

3c

2a

4.8 3b

2a+

3c+

1b+
3b+
2c

2B

2A
2B

3c
3C
3C

6 1b+
8 2c

3c
2a+

3
2A

26
40

39 3a
3b+

3c
2a+

349

3b
3c

3
8 2c
9 2c+

2c+
3c
3c+

2A
3
3

2b
3b+
37

3a+

3c+

4.7 3c+
5.6 4b

2a
3a

2a+
3a+

3b+

3a
8 1b
7 2c

2a+
3c

2A

3b
3

38

3a

3c

5.2 3b+

3b+

3a

3b

3b
8 Wa
7 1b

2b+
2a

2C
2B

2a
3c+

5.1 3b+
4.9 4c

3c
3b+

3c+
3a

2c
4a

350

3A

6
6
9
7

1c
1c+
2c
2c+
Wb

2c+
2b
2a+
3c+
1c+

2C
2C
2A
3
1

25
30
35
37

35 2a+
35 3c
3b+
3a+

2b
2b+
2a+
3c+

2b+
2a
3c+
3b+
1a

4.1 2b+

2c+

2b
2A
2C
3A

4c
3C

6 1b
9 2c

2b
2b

2B
2B

39

3c

2b

2b+
2a+

5.2 3a

3c+

3b

3a
4b

350

Wb

Wa

3 1a

1c+

1b

3c
4b
6
8
6
7

1b+
1b
1c+
1a

2b
2a+
2c+
2a

2C
2A
2C
2B

26
20

35 3c
33 2a+

2b
2c+

2b+
3c+

5.2 4c

3b+

3a

3b

4.9 4c

3b+

3a

1c

2.9 1a

1c+

1b

2b
2B
3C
3A
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6 1b
5 Wa+

2a+
1a
1b

2A

35
1
1

25

3b+
24 2b
33 2c

2a+
1a
1b

3c+
2c
1a
3A

7 1b

3c

4.8 3a+

3b

3b+

2B
6 1c+

2c+

2C

32

2a+

2c+

2b+

3c
7

3c

8 2c

3c+

2A

3b+
3

38

3a+

3b

5.2 4b+

3a+

4c

3c+

4a
2B
3B

7 Wa

2b
2b

2B

36 3c

2b

1

2a
2b+
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4.6 3c+

2a

2a+

3a
5
6 2c
8 1a

1a+
3c
2a+

1
2A
2A

38

12 2b+
3a

1a+
3c+

2c
3c+
3b

5.2 4c+

3a

3a+

The primary schools only provided reading scores for the above 127 primary children. The reading scores for some of the classes were not available. The
secondary schools were not able to provide such information.
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Appendix C
Comparison of noncycloplegic and cycloplegic autorefraction

1.1 Introduction, aim and hypothesis
The use of cycloplegia is thought to be the gold standard in measuring
refractive error in children, producing the most repeatable results (Zadnik et
al. 1992). However, cycloplegia is an invasive method. It was not possible to
use cycloplegia in the main study (Chapters 6 and 7) because it would have
resulted in huge inconvenience for the children and the schools that
participated (Sankaridurg et al. 2017). The children needed to return to class,
some of them had to attend an exam, straight after their participation in this
research. The extra time associated with cycloplegic refraction and the need
for large scale studies to use a safe, efficient and rapid method have previously
been documented (Krantz et al. 2010). The potential difficulty caused by
cycloplegia is likely to have resulted in massive reduction in the number of
schools agreed to participate in this project, which was confirmed during the
initial discussions with the headteachers. For such reasons, refractive error
measurement under non-cycloplegic conditions are often used in studies
(Williams et al. 2008; Vitale et al. 2009; Williams et al. 2015a; Rim et al. 2016).
The refractive readings of the main study were also taken without cycloplegia.
Without cycloplegia, however, the autorefractor may overestimate the
prevalence of myopia, and underestimate emmetropia and hyperopia
prevalence (Zhao et al. 2004; Choong et al. 2006; Fotedar et al. 2007; Hu et
al. 2015). Therefore, it was important to analyse the influence of cycloplegia
on central and peripheral refractive error measurements.

It is well documented that non-cycloplegic autorefraction provides accurate
refractive readings and can be used as a useful starting point for subjective
refraction (Kinge et al. 1996; Mallen et al. 2001; Davies et al. 2003). However,
change in SER is reported with the use of cycloplegia for central vision, with
cycloplegic results being more hyperopic. Studies with children have found a
SER difference of -0.78 ±0.79 D between cycloplegic and non-cycloplegic
refraction for central vision, at distance (Hu et al. 2015). If accommodation
influences the results centrally, it will also do so peripherally because the
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accommodative state of the eye is the same when measuring central and
peripheral refractions, out to 30º (Liu et al. 2016).

The induced high order aberration associated with the increase in the pupil
size with cycloplegia may change astigmatism with the use of cycloplegia
(Asharlous et al. 2016). There is evidence to suggest that J180 measurements
can alter with cycloplegia, compared without, centrally (Jorge et al. 2005;
Asharlous et al. 2016). The induced oblique astigmatism as a result of tilting
of the lens about the horizontal axis during accommodation has been reported
to be the most important factor in bringing about a shift in with-the-rule
astigmatism (Mutti et al. 2001; Radhakrishnan and Charman 2007). If it is
established that accommodation may be a source of astigmatism, the absence
of it may affect the measured astigmatic power of the eye compared to when
the accommodation is active for central measurements (Asharlous et al. 2016).
Equally if accommodation can be a source of astigmatism centrally at distance
as, it will likely to also affect the measured astigmatism peripherally and at
near.
Consequently, it is expected that the central and peripheral refractive
measures with and without cycloplegia will be different, at distance and near,
centrally and peripherally. Both central and peripheral SER difference between
cycloplegic and non-cycloplegic is hypothesised to be greater at near
compared with distance. However, it is anticipated that the variability between
the SER measurements at distance and near will not be significantly different.

Therefore, there is a predictable difference between cycloplegic and noncycloplegic refractive measures, at both distance and near. The main reason
for this experiment was in comparing the 95% confidence interval (CI) for
distance and near cycloplegic and non-cycloplegic SER, J180 and J45
measures. If the non-cycloplegic results are more variable at distance then the
case could be made that the main data should have been taken under
cycloplegia. In contrast, gathering the main data set without cycloplegia would
be justified if the non-cycloplegic data are not more variable (95% CI are not
wider) than cycloplegic data.
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1.2 Methods
Following a detailed explanation of the study (including the use of cycloplegia),
the staff at the University of Bradford , School of Optometry and Vision
Science, were asked if they could bring their child(ren)/ younger siblings /
family friends, to the university’s Eye Clinic, to take part in the study. Nine
participants (7 females, 2 males) aged between 6 and 15 (average, 10.89 ±
3.48 years) were recruited. Observational ethnicity distribution: 5 Caucasian,
1 Black and 3 South-East Asian. A consent form, detailing the nature of the
project, was given to the parents of each participant asking for
parents/guardians to give consent for their child to take part in the study. It was
an opt-in method of recruitment. Ethics approval was granted for this opt-in
study by the Chair of the Biomedical, Natural, Physical and Health Sciences
Research Ethics Panel at the University of Bradford. Each child was also
provided with an information letter explaining the study and the following points
were explained:
▪

what effects the drops are expected to have

▪

how long the effects are expected to last

▪

the side effects they are expected to experience

▪

what to do if they experience an adverse reaction

▪

why the drug was instilled

Prior to any data collection taking place, it was ensured that each participant
gave verbal informed consent. All of the testing was conducted by the same
researcher carrying out data collection for the main study (Chapters 5 and 6).

A detailed ocular examination was conducted before the instillation of the 1%
cyclopentolate eye drop, including a detailed case history regarding ocular and
general health, allergy, medication and family ocular and general history.
Pupillary reflexes were assessed. Slit lamp examination was conducted to
check integrity of the cornea. The anterior was angle was checked via the Van
Herrick’s test. Fundus assessment was conducted using either a direct
Ophthalmoscope or a Volk lens. Non-contact tonometry was also conducted.
Monocular visual acuity was assessed with spectacles or contact lenses if the
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child used a form of refractive error correction and unaided if not, using a
Bailey Lovie logMAR chart, from a distance of 4 meters. All participants
achieved a score of +0.20 logMAR units or better (-0.09 ±0.09). The ethnicity
distribution consisted of two Asian-Kurdish, six Caucasians and one AsianPakistani participants. The participants attended 9 different schools: 5
secondary and 4 primary schools. None of the participants wore spectacles or
contact lenses. Cover test was performed to look for heterotropia at distance
(4 metres) and near (30 cm). All the eyes were free from ocular diseases,
heterotropia and amblyopia. No participant was excluded from the study.

The cyclopentolate eye drops were kept out of the reach of children in the staff
room fridge (between 2˚C and 8˚C). The drug was instilled according to the
College of Optometrists guidelines. The eyelid puncta was occluded by gently
pressing down on the nasal edge of the eye for a few seconds to reduce the
chances of systemic side effects (Chang 1978). Retinoscopy was conducted
after half an hour and then after every 10 minutes to ensure total paralysis of
ciliary muscles before repeating the measurements. The autorefractor
measurements were taken before cycloplegia and after full achievement of
cycloplegia, from right eyes. Procedures of refractive measurements taken
with the autorefractor are in main method (Chapter 3). The distance refractive
measurements were not compensated for by 0.25 D although the fixation
target was at 4 metres, as in the main study.

1.2.1 Determining adequate cycloplegia
It was important for the secondary set of autorefractor data to be taken once
adequate cycloplegia was reached. Mydriasis does not indicate when
adequate cycloplegia has been reached (Eperjesi and Jones 2005;
Laojaroenwanit et al. 2016); it determines that the cyclopentolate has reached
the iris and not the ciliary muscles. The retinoscopy reflex is likely to be the
best indicator of when the full degree of cycloplegia has taken place. A nonfluctuating retinoscopy will be observed, despite the participant changing
fixation from a distant to near target or vice versa, when adequate cycloplegia
has taken place (Eperjesi and Jones 2005).

356

Another method to determine whether adequate cycloplegia has been reached
is by asking participants about the clarity of targets at near e.g. small print text.
However, subjective methods do not tend to be reliable in children. Therefore,
in this study, only the retinoscopy reflex was checked after instillation of the
drops to determine if adequate cycloplegia had been achieved. If cycloplegia
was not reached, more time was given and then the retinoscopy reflex was
checked again.

1.3 Statistical analysis
See section 3.8 for data entry, outlier identification and removal. The BlandAltman plots were used to show the difference between the cycloplegic and
non-cycloplegic refractive measurements, plotted against the mean of the two
sets of measurements (Bland and Altman 1986b). The plots were drawn for
distance and near SER, J180 and J45 to enable a visual representation of the
agreement between the cycloplegic and non-cycloplegic measurements at
each retinal location. See section 4.3 for further detail on Bland-Altman plots.
Linear regression analysis was conducted using SPSS (version 24) to
determine if there was a significant (non-zero) slope to the mean versus
difference data in the plots.
As with the repeatability data set, this section of the data set involves repeated
continuous measures per child. Therefore, Stata v.14.1 (StataCorp.
2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp
LP.) was used to conduct a multivariate linear mixed effects multilevel
modelling with child as a random effect was used and response variables as
repeated measures nested within each child. The three outcome variables
were SER, J180 and J45. An identity covariance structure with robust standard
errors to mitigate the impact of heteroskedasticity from skewed outcome
variables was assumed. All models were controlled for the following factors:
gender, age, and left versus right eye status. P-values of < 0.05 were defined
as statistically signiﬁcant.
1.4 Results

357

Results were obtained from all 9 recruited children with a mean (± SD) age of
10.89 3.48 (range, 6 – 15) years. 7 (78 %) of the participants were female.
Central and peripheral autorefraction results with and without cycloplegia are
shown in Tables 1 and 2 for distance and near vision, respectively. Before
cycloplegia, all of the participants were emmetropic (SER between <-0.75 and
>+0.75 D). Following cycloplegia, four of the total number of participants (44
%) were hyperopic (SER ≥ +0.75 D), and the rest remained emmetropic. All
four of the participants were female. Thus, classifications of the central distant
refractive error changed with the use of cycloplegia. Hyperopic participants in
this sub-section of the study is almost four times as prevalent compared with
the number of prevalence of hyperopes in the main study (44 % versus 13.83
%). The 95% CI were narrower or similar for the non-cycloplegic compared
with the cycloplegic SER measurements centrally and peripherally at distance,
except at 30º nasal (Tables 1). The 95% CI for cycloplegic and non-cycloplegic
astigmatic vectors were similar, compared with the SER measures, at both
distance and near (Tables 1 and 2).
Table 1. Mean ± SD (range) and 95% confidence intervals for central and
peripheral

cycloplegic

and

non-cycloplegic

SER,

J180

and

J45

measurements, at distance.
Eccentricity

Central

SER

J180

J45

Superior 10º

SER

Non-cycloplegic
Refraction:
Mean ±SD
(range)
95% CI

Cycloplegic
Refraction:
Mean ±SD
(range)
95% CI

-0.03 ±0.31
(+0.53 to -0.55)
+0.58 to -0.65
-0.16 ±0.60
(-1.49 to +0.43)
-1.34 to +1.01
-0.02 ±0.18
(-0.33 to +0.31)
-0.37 to +0.33
-0.27 ±0.48
(+0.63 to -0.83)
+0.68 to -1.21

+0.55 ±0.48
(+1.21 to -0.38)
+1.48 to -0.39
-0.08 ±0.51
(-1.25 to +0.39)
-1.08 to +0.92
-0.10 ±0.07
(-0.20 to -0.01)
-0.24 to +0.04
+0.38 ±0.71
(+1.58 to -0.73)
+1.77 to -1.02
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Difference in
CI between
the noncycloplegic
and
cycloplegic
refractions
-0.64

0.34

0.42

-0.90

J180

J45

Inferior 10º

SER

J180

J45

Temporal 10º

SER

J180

J45

Temporal 30º

SER

J180

J45

Nasal 10º

SER

J180

J45

Nasal 30º

SER

J180

J45

+0.13 ±0.67
(-1.07 to +1.09)
-1.17 to +1.43
+0.24 ±0.24
(-0.18 to +0.57)
-0.23 to +0.71
-0.22 ±0.69
(+0.48 to -1.42)
+1.13 to -1.57
+0.15 ±1.02
(-2.01 to +1.20)
-1.84 to +2.15
-0.46 ±0.43
(+1.25 to 0.01)
-1.30 to +0.39
+0.05 ±0.22
(+0.30 to -0.43)
+0.49 to -0.39
-0.60 ±0.49
(-1.39 to +0.08)
-1.57 to +0.36
+0.12 ±0.52
(-0.31 to +1.32)
-0.90 to +1.15
+0.31 ±0.43
(+1.23 to -0.13)
+1.15 to -0.53
-1.18 ±1.02
(-2.44 to +0.75)
-3.18 to +0.82
+0.14 ±0.21
(-0.16 to +0.55)
-0.28 to +0.55
-0.20 ±0.32
(+0.20 to -0.83)
+0.42 to -0.81
-0.20 ±0.53
(-1.33 to +0.54)
-1.24 to +0.85
-0.13 ±0.44
(-1.13 to +0.32)
-1.00 to +0.73
+0.17 ±0.57
(+0.88 to -0.90)
+1.29 to -0.95
-0.95 ±0.60
(-1.89 to +0.02)
-2.13 to +0.23
+0.11 ±0.62

359

+0.38 ±0.67
(-0.83 to +1.66)
-0.93 to +1.69
+0.34 ±0.37
(-0.02 to +0.95)
-0.38 to +1.06
+0.26 ±0.81
(+1.48 to -1.03)
+1.84 to -1.32
+0.09 ±1.33
(-3.28 to +1.25)
-2.52 to +2.70
-0.46 ±0.37
(-0.91 to +0.04)
-1.18 to +0.27
+0.60 ±0.47
(+1.46 to +0.03)
+1.51 to -0.32
-0.42 ±0.69
(-1.41 to +1.01)
-1.77 to +0.93
+0.10 ±0.44
(-0.38 to +1.09)
-0.76 to +0.96
+0.79 ±0.41
(+1.35 to +0.20)
+1.61 to -0.02
-1.47 ±0.92
(-3.02 to -0.47)
-3.28 to +0.32
-0.12 ±0.45
(-0.99 to +0.54)
-1.01 to +0.77
+0.39 ±0.57
(+1.17 to -0.58)
+1.51 to -0.72
-0.23 ±0.63
(-1.60 to +0.47)
-1.46 to +1.00
-0.36 ±0.55
(-1.31 to +0.14)
-1.44 to +0.72
+0.85 ±0.44
(1.43 to +0.35)
+1.71 to -0.01
-0.63 ±0.69
(-1.91 to +0.17)
-1.98 to +0.72
+0.07 ±0.32

-0.02

-0.50

-0.46

-1.23

0.24

-0.95

-0.77

0.33

0.05

0.40

-0.95

-1.00

-0.37

-0.43

0.52

-0.34

1.21

(-0.43 to +1.63)
-1.11 to +1.34

(-0.44 to +0.69)
-0.55 to +0.69

Table 1. Mean ± SD (range) and 95 % CI (confidence interval) for central and peripheral
cycloplegic and non-cycloplegic autorefraction measurements (in dioptres, D) at distance. The
difference in CI (non-cycloplegic – cycloplegic CI) the non-cycloplegic and cycloplegic
measures are also shown: negative values indicate cycloplegic CI are larger than CI for the
non-cycloplegic measures.

Table 2. Mean ± SD (range) and 95% confidence intervals for central and
peripheral

cycloplegic

and

non-cycloplegic

SER,

J180

measurements, at near.
Eccentricity
Central

SER

J180

J45

Superior
10º

SER

J180

J45

Inferior 10º

SER

J180

J45

Temporal
10º

SER

J180

J45

Non-cycloplegic
refraction
-2.83 ±0.43
(-1.75 to -3.13)
+1.99 to -3.67
-0.07 ±0.52
(-1.25 to +0.74)
-1.09 to +0.94
0.00 ±0.07
(-0.11 to +0.11)
-0.14 to +0.14
-2.84 ±0.54
(-1.68 to -3.25)
-1.79 to -3.89
-0.15 ±0.49
(-0.95 to +0.83)
-1.11 to +0.81
+0.08 ±0.31
(-0.31 to +0.72)
-0.53 to +0.70
-2.84 ±0.53
(-2.35 to -3.75)
-1.79 to -3.88
-0.01 ±0.77
(-1.90 to +0.69)
-1.51 to +1.49
-0.24 ±0.37
(-1.03 to +0.10)
-0.96 to +0.49
-2.87 ±0.19
(-2.58 to -3.13)
-2.51 to -3.24
-0.40 ±0.49
(-1.25 to +0.37)
-1.35 to +0.55
0.00 ±0.14

360

Cycloplegic
refraction
+0.40 ±0.61
(+1.13 to -0.88)
+1.59 to -0.80
-0.12 ±0.48
(-1.25 to +0.37)
-1.06 to +0.82
0.00 ±0.16
(-0.31 to +0.28)
-0.32 to +0.32
+0.19 ±0.70
(+1.38 to -0.85)
+1.55 to -1.18
+0.11 ±0.75
(-1.25 to +1.36)
-1.36 to +1.57
+0.14 ±0.27
(-0.34 to +0.57)
-0.38 to +0.67
+0.25 ±0.78
(+1.28 to -1.38)
+1.79 to -1.29
+0.02 ±0.99
(-2.35 to +0.94)
-1.93 to +1.96
-0.30 ±0.36
(-0.86 to +0.28)
-1.00 to +0.40
+0.36 ±0.66
(+1.38 to -0.75)
+1.65 to -0.94
-0.28 ±0.43
(-1.22 to +0.29)
-1.13 to +0.56
-0.08 ±0.25

and

J45

Temporal
30º

SER

J180

J45

Nasal 10º

SER

J180

J45

Nasal 30º

SER

J180

J45

(-0.23 to +0.15)
-0.28 to +0.27
-2.80 ±0.55
(-1.48 to -3.25)
-1.73 to -3.88
-1.47 ±0.78
(-2.48 to -0.04)
-2.99 to +0.06
-0.03 ±0.36
(-0.63 to +0.57)
-0.73 to +0.67
-3.03 ±0.29
(+2.60 to -3.35)
-2.46 to -3.60
-0.21 ±0.57
(-1.39 to +0.73)
-1.33 to +0.90
-0.25 ±0.41
(-1.08 to +0.17)
-1.06 to +0.56
-3.29 ±0.76
(-1.95 to -4.20)
-1.80 to -4.79
-0.97 ±0.93
(-2.01 to +1.06)
-2.80 to +0.85
+0.20 ±0.42
(-0.46 to +0.76)
-0.63 to +1.03

(-0.39 to +0.35)
-0.57 to +0.41
+0.81 ±0.78
(+2.35 to -0.30)
+2.34 to -0.72
-1.53 ±0.84
(-2.63 to -0.13)
-3.18 to +0.12
-0.21 ±0.47
(-0.85 to +0.64)
-1.13 to +0.72
+0.44 ±0.56
(+1.25 to -0.45)
+1.53 to -0.64
-0.20 ±0.63
(-1.50 to +0.70)
-1.43 to +1.02
-0.06 ±0.37
(-0.59 to +0.65)
-0.79 to +0.67
+0.71 ±0.91
(+2.23 to -0.30)
+2.49 to -1.07
-0.70 ±0.74
(-1.75 to +0.65)
-2.14 to +0.75
+0.14 ±0.43
(-0.41 to +0.83)
-0.70 to +0.99

Table 2. Mean ± SD (range) and 95 % CI for central and peripheral cycloplegic and noncycloplegic autorefraction measurements (in dioptres, D) at near.

1.4.1 Bland-Altman Plots
In the Bland-Altman plots for the SER measures at distance (Figure 1), the line
of equality (zero line) is within the confidence interval of the mean difference
for central and peripheral vision, except at 30º nasal. However, the line of
equality is not within the confidence interval of the mean difference at any of
the near locations (Figure 1). Linear regression analysis showed that the
gradient of the slope was not significantly different from zero for the SER
measurements (Figure 1), at any locations at distance (all p > 0.05, Table 3).
Similarly, there were no significant slope to the mean versus difference in the
near SER measurements (all p > 0.05, Table 3), except at 10[HJ4]º temporally
(p<0.001, Table 3).
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The line of equality of the Bland-Altman plots are within the confidence interval
of the mean difference for the astigmatic vectors J180 (Figure 2) and J45
(Figure 3) centrally and peripherally, at distance and near. Linear regression
analysis showed the gradient of the slope was not significantly different from
zero for the J180 measurements, at any locations at distance (all p > 0.05,
Table 23). Similarly, the gradient of the slope was not found to be significantly
different from zero for the near J180 measurements (all p > 0.05, Table 3),
except inferiorly (p= 0.04, Table 3). The linear regression analysis showed that
the gradient of the slope was significantly different from zero for the J45
measures centrally at distance and near, and 30º nasal and temporal (Table
3) at near. However, these significant findings were due to the results of one
subject. Without the result of this subject, no significant outcome was found in
linear regression analysis. The distance locations showing the largest
difference between cycloplegic and non-cycloplegic readings were at 30°
nasal for both J180 and SER measures and nasal 10° for J45 measures.

Figure 1. Bland -Altman plots for SER measurements at distance and near
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Figure 1. Bland-Altman plots for central, superior 10º, inferior 10º, temporal 10º, temporal 30º,
nasal 10º and nasal 30º SER measures at distance and at near. The mean refraction measured
at both sessions with the Shin-Nippon NVision-K 5001 autorefractor is represented on the x-axis,
in dioptres (D). The difference between the cycloplegic and non-cycloplegic measures are shown
on the y-axis (non-cycloplegic – cycloplegic), in dioptres. The mean difference is represented by
the middle black solid line. The 95% limits of agreement are shown by the black upper and lower
lines. Where there was a significant (p<0.05) finding from the linear regression analysis (Table
3), a linear trend line is drawn to show the pattern of the relationship. Note the difference in the
scale of axes between distance and near, to allow easier visual representation of the data.

Figure 2. Bland -Altman plots for J180 measurements at distance and near
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Figure 2. Bland-Altman plots for central, superior 10º, inferior 10º, temporal 10º, temporal 30º,
nasal 10º and nasal 30º J180 measures at distance and at near. The mean refraction measured
at both sessions with the Shin-Nippon NVision-K 5001 autorefractor is represented on the x-axis,
in dioptres (D). The difference between the cycloplegic and non-cycloplegic measures are shown
on the y-axis, in dioptres. The mean difference is represented by the middle black solid line. The
95% limits of agreement are shown by the black upper and lower lines. Where there was a
significant (p<0.05) finding from the linear regression analysis (Table 3), a linear trend line is
drawn to show the pattern of the relationship.

Figure 3. Bland -Altman plots for J45 measurements at distance and near
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Figure 3. Bland-Altman plots for central, superior 10º, inferior 10º, temporal 10º, temporal 30º,
nasal 10º and nasal 30º J45 measures at distance and at near. The mean refraction measured at
both sessions with the Shin-Nippon NVision-K 5001 autorefractor is represented on the x-axis, in
dioptres (D). The difference between the cycloplegic and non-cycloplegic measures are shown
on the y-axis, in dioptres. The mean difference is represented by the middle black solid line. The
95% limits of agreement are shown by the black upper and lower lines. Where there was a
significant (p<0.05) finding from the linear regression analysis (Table 3), a linear trend line is
drawn to show the pattern of the relationship.

Table 3. Linear regression analysis of the Bland-Altman plots

Distance
R Central

R Superior

R Inferior

R Temporal 10

R Temporal 30

R Nasal 10

R Nasal 30

SER
J180
J45
SER
J180
J45
SER
J180
J45
SER
J180
J45
SER
J180
J45
SER
J180
J45
SER
J180
J45

Near

0.27
0.21
0.02
0.23
0.96
0.18
0.41
0.19
0.55
0.06
0.06
0.23
0.94
0.70
0.04
0.05
0.20
0.35
0.32
0.51
<0.001
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0.35
0.53
0.05
0.50
0.03
0.68
0.18
0.04
0.93
<0.001
0.58
0.15
0.28
0.73
0.43
0.10
0.47
0.71
0.59
0.55
0.96

Table 3. Linear regression analysis to determine if there is proportional bias in the data set. P
values <0.05 are highlighted in bold.

1.4.2 The mixed-effects regression analysis
Taking into account eccentricity, viewing distance, age and gender, the overall
SER difference between with and without cycloplegia measures were found to be
significant (p<0.01, Table 4). The cycloplegic measurements were found to be
1.94 D more positive than the non-cycloplegic measurements (Table 4). This
difference includes distance and near SER measurements, which explains the
large difference of nearly two dioptres between cycloplegic and non-cycloplegic
measurements. The overall J180 and J45 bias were not significant, whilst taking
into account all other factors (p>0.05, Table 24).

Table 4. The impact of cycloplegia on SER, J180 and J45 measurements
Vectors

Cyclo – Non-cyclo (D)

P

95% Confidence Interval

SER

+1.94

0.00

+1.68

+2.20

J180

-0.10

0.09

-0.21

+0.02

J45

+0.04

0.21

-0.02

+0.11

Table 4. ‘Cyclo – non-cyclo’ is the difference between non-cycloplegic and cycloplegic SER, J180
and J45 in dioptres (D), when controlling for all other factors. Positive values indicate a more
positive value with cycloplegia compared with no cycloplegia. Statistically significant p values
(<0.05) are highlighted in bold.

The mixed-effects regression analysis showed that there was no significant
difference in cycloplegic and non-cycloplegic SER and J180 measures for males
versus female participants (p>0.05, Table 5), whilst controlling for age,
eccentricity and fixation distance. The difference in cycloplegic and noncycloplegic SER, J180 and J45 measurements did not vary significantly with age,
taking all the other factors into account (p>0.05, Table 5).

The impact of gender was significant on J45 (p<0.01, Table 5). J45 was more
positive by 0.26 D in males, when controlling for all other factors. However, since
there were only two males and seven females, the findings of a gender difference
have to be viewed with suspicion.
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Table 5. The effect of gender and age on the difference between cycloplegic and
non-cycloplegic SER, J180 and J45
Cyclo – Non-cyclo (D)

P

95% Confidence Interval

Gender

+0.02

0.91

-0.25

+0.28

Age

-0.01

0.78

-0.07

+0.05

Gender

+0.30

0.41

-0.41

+1.02

Age

-0.09

0.05

-0.17

0.00

Gender

+0.26

<0.001

+0.18

+0.34

Age

0.00

0.80

-0.01

+0.02

Vectors

SER

J180

J45

Table 5. The effect of gender and age on the difference between cycloplegic and non-cycloplegic
SER, J180 and J45 measurements (cyclo – non-cyclo ) is considered separately whilst controlling
for all other factors. Positive values indicate a more positive value with cycloplegia compared with
no cycloplegia. Statistically significant p values (<0.05) are highlighted in bold.

When assessing distance and near bias separately, but taking all other factors
into account, the SER bias is found to be statistically significant at distance and
near (both, p< 0.001; Table 6). The difference between the non-cycloplegic and
cycloplegic SER measures were also clinically meaningful. Cycloplegic
measurements were more hyperopic by 0.54 D at distance and 3.33 D at near,
compared with non-cycloplegic measurements (Table 6). The 95% CI were wider
for the near SER measurements compared to the distance readings (Table 6).

Table 6. The impact of cycloplegia on SER measures at distance and near.
SER

Cyclo – Non-cyclo (D)

P

95% Confidence Interval

Distance

+0.54

<0.001

+0.34

+0.74

<0.001

+2.99

+3.67

Near

+3.33

Table 6. The effect of fixation distance (distance, near) on the difference between cycloplegic and
non-cycloplegic SER measurement (cyclo – non-cyclo) is considered separately whilst controlling
for all other factors including age, ethnicity, gender and eccentricity. Positive values indicate more
hyperopic refraction with cycloplegia. Statistically significant p values (<0.05) are highlighted in
bold.

The central, distance cycloplegic SER measures were significantly (p<0.001)
more hyperopic (by 0.53 D) compared to the non-cycloplegic SER measures
(Table 7). The near cycloplegic SER measures were also significantly (p<0.001)
more hyperopic (by 3.18 D, Table 7). Similarly, all the peripheral cycloplegic SER
measures were more hyperopic compared to the non-cycloplegic SER measures,
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at distance and near (Table 7). The distance and near SER bias were clinically
(>0.25 D) and statistically (all p< 0.05) significant (Table 7), at all tested
eccentricities. The 95% CI were wider for the near SER measurements compared
to the distance readings at all peripheral locations (Table 7). Compared to the
central location, the 95% CI of the differences remained widened with increase
in eccentricity at distance and near, but more so at near. The 95% CI at near
were widest at 30º nasal (Table 7).

Table 7. The impact on cycloplegic on central and peripheral SER measures at
distance and near, centrally and peripherally.
SER

Cyclo –

P

95% Confidence Interval

Non-cyclo (D)
Central at distance

+0.53

<0.001

+0.26

+0.81

Central at near

+3.18

<0.001

+2.78

+3.57
+0.89

Superior-10º at distance

+0.58

<0.001

+0.28

Superior-10º at near

+2.95

<0.001

+2.49

+3.41
+0.73

Inferior-10º at distance

+0.47

<0.001

+0.22

Inferior-10º at near

+3.04

<0.001

+2.72

+3.37

Temporal-10º at distance

+0.53

<0.001

+0.27

+0.79

Temporal-10º at near

+3.17

<0.001

+2.77

+3.57

Temporal-30º at distance

+0.44

<0.001

+0.17

+0.71
+3.98

Temporal-30º at near

+3.58

<0.001

+3.17

Nasal-10º at distance

+0.55

<0.001

+0.33

+0.77
+3.76
+0.86

Nasal-10º at near

+3.43

<0.001

+3.10

Nasal-30º at distance

+0.65

<0.001

+0.43

Nasal-30º at near

+3.47

+3.99
<0.001
+4.51
Table 7. The effect of eccentricity and fixation distance (distance, near) on difference between
cycloplegic and non-cycloplegic SER measurement (cyclo – non-cyclo) are displayed separately
whilst controlling for all other factors including age, ethnicity, gender. Positive values indicate
more hyperopic refraction with cycloplegia. Statistically significant p values (<0.05) are highlighted
in bold.

Agreement between cycloplegic and non-cycloplegic refraction astigmatic
vectors were better compared with SER measures, centrally and peripherally.
Similar results were found both at distance and near. This can be seen in Table
6, 8a and 8b, where the bias is smaller for J180 and J45, compared with SER.
When assessing distance and near bias separately, but taking all other factors
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into account, the J180 bias is not statistically significant at distance or near (Table
8a).
At distance, the difference between the cycloplegic and non-cycloplegic J45 were
found to be significant (p= 0.01, Table 8b) but not clinically so (0.07 D). In
contrast, the J45 bias was not significant at near (p=0.76, Table 8b). The near
95% CI were similar for the J180 and J45 vector components compared to the
distance readings (Tables 8a and 8b).

Table 8a. The impact of cycloplegia on J180 measures at distance and near.
J180

Cyclo – Non-cyclo (D)

P

95% Confidence Interval

Distance

+0.08

0.24

+0.21

-0.05

Near

+0.11

0.05

+0.23

0.00

Table 8b. The impact of cycloplegia on J45 measures at distance and near.
J45

Cyclo – Non-cyclo (D)

P

95% Confidence Interval

Distance

-0.07

0.01

-0.02

Near

-0.12

+0.08

-0.02
0.76
-0.12
Table 8. The effect of fixation distance (distance, near) on the difference between cycloplegic and
non-cycloplegic J180 (a) and J45 (b) measures (cyclo – non-cyclo) is considered separately whilst
controlling for all other factors including age, ethnicity, gender and eccentricity. Statistically
significant p values (<0.05) are highlighted in bold.

At distance, the difference between cycloplegic and non-cycloplegic J180
readings were not significant centrally or peripherally except at 10º superior and
30º nasally (both p<0.001, Table 9a). The significant differences between
cycloplegic and non-cycloplegic readings at both locations were small (both
<0.50 D), but clinically meaningful (>0.25 D, Table 9a).
Similar to the distance findings, the near difference between cycloplegic and noncycloplegic J180 readings were not significant centrally or peripherally except,
except at 10º superior (p= 0.01, Table 9a). The significant differences between
cycloplegic and non-cycloplegic readings were small (<0.50 D), but clinically
meaningful (>0.25 D, Table 9a).
At distance, only at 10º nasal the difference between cycloplegic and noncycloplegic J45 were found to be significant (p= 0.03, Table 9b), which was not
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clinically meaningful. At near, the difference between cycloplegic and noncycloplegic J45 were found to be significant centrally or peripherally.
The 95% CI for the distance and near J180 measurements were wider to that of
the J45 (Table 9a and 9b), except at 10º nasal where the confidence intervals for
the J45 were wider, at both distance and near (Table 9a and 9b). The 95% CI for
the distance J180 J45 were similar to that of the equivalent near measurements.
Measuring refraction away from the centre, resulted in wider 95 % CI.
Table 9a. The impact on cycloplegic on central and peripheral J180 measures at
distance and near, centrally and peripherally.
J180

Cyclo

–

95% Confidence Interval

Non-cyclo

P

(D)
Central at distance

+0.02

0.64

+0.12

-0.07

Central at near

-0.05

0.39

+0.06

-0.16

Superior-10º at distance

+0.25

<0.001

+0.41

+0.09
+0.06

Superior-10º at near

+0.29

0.01

+0.51

Inferior-10º at distance

-0.01

0.98

+0.39

-0.40
-0.15

Inferior-10º at near

+0.05

0.62

+0.25

Temporal-10º at distance

+0.20

0.07

+0.41

-0.02

Temporal-10º at near

+0.12

0.20

+0.31

-0.06

Temporal-30º at distance

-0.24

0.26

+0.18

-0.67

Temporal-30º at near

-0.06

0.75

+0.30

-0.41
-0.15

Nasal-10º at distance

-0.02

0.73

+0.11

Nasal-10º at near

+0.02

0.82

+0.11

-0.15
-0.13
+0.14

Nasal-30º at distance

+0.35

<0.001

+0.16

Nasal-30º at near

+0.42

0.15

+0.56

Table 9b. The impact on cycloplegic on central and peripheral J45 measures at
distance and near, centrally and peripherally.
J45

Cyclo

–

95% Confidence Interval

Non-cyclo

P

(D)
Central at distance

-0.08

0.27

-0.06

-0.23

Central at near

0.00

0.94

-0.11

-0.12

Superior-10º at distance

+0.10

0.32

-0.30

-0.10

Superior-10º at near

+0.04

0.74

-0.30

-0.21
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Inferior-10º at distance

0.00

0.98

-0.21

-0.20

Inferior-10º at near

-0.06

0.69

-0.24

-0.36

Temporal-10º at distance

-0.03

0.65

-0.24

-0.36

Temporal-10º at near

-0.07

0.46

-0.11

-0.24

Temporal-30º at distance

-0.22

0.05

0.00

-0.43

Temporal-30º at near

-0.16

0.29

-0.13

-0.44

Nasal-10º at distance

-0.24

0.03

+0.03

-0.45

Nasal-10º at near

+0.17

0.09

-0.36

-0.03

Nasal-30º at distance

-0.05

0.73

-0.21

-0.29

Nasal-30º at near

-0.04

0.80

-0.23

-0.30

Table 9. The effect of eccentricity and fixation distance (distance, near) on difference between
cycloplegic and non-cycloplegic J180 (a) and J45 (b) measures (cyclo – non-cyclo) are displayed
separately whilst controlling for all other factors including age, ethnicity, gender. Positive values
indicate more hyperopic refraction with cycloplegia. Statistically significant p values (<0.05) are
highlighted in bold. Positive values indicate more positive refraction with cycloplegia, compared
to without cycloplegia.

1.5 Discussion
The antimuscarinic agent, cyclopentolate 1% was the chosen cycloplegic agent
in this experiment because cycloplegia is achieved rapidly (maximum cycloplegia
is reached between 15-60 minutes after installation) and its effects last between
8 and 24 hours (Chang 1978). The rapid onset and fast recovery, coupled with
minimal adverse reactions, has made cyclopentolate hydrochloride as the drug
of choice for routine cycloplegic refractions (Ingram and Barr 1979; Shah et al.
1997; Yazdani et al. 2018).

Cycloplegic eye drops block the action of parasympathetic nervous system
(Ishikawa et al. 1998). When the ciliary muscle contracts, the ciliary body moves
forward which relieves the tension in the suspensory ligaments. This results in
the crystalline lens becoming more convex and increasing the refractive power of
the eyes. This is known as accommodation (Liu et al. 2016). This occurs when
near objects are focused and in patients with uncorrected hyperopic refractive
error. Cycloplegic eye drops temporarily blocks the contraction of the ciliary
muscle resulting in loss/ reduction of accommodation in order to determine the
full refractive error of the eye (Zhao et al. 2004). The iris sphincter muscle is also
relaxed, leading to dilation of the pupil.
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1.5.1 SER
The results of the current experiment show that the autorefractor produces
significantly more myopic (or less hyperopic) non-cycloplegic SER, compared
with cycloplegic SER for central vision by approximately half a dioptre, at
distance. This is in alignment with previously published data (Choong et al. 2006;
Jankov et al. 2006; Hu et al. 2015; Asharlous et al. 2016; Sankaridurg et al. 2017)
and as hypothesised. The difference in SER with and without cycloplegia
centrally and across the periphery has previously been reported to be
approximately 0.25 D, at distance (Queirós et al. 2009). This study was
conducted on 18 to 28 (mean 21.5 ± 2.3) year old adults (Queirós et al. 2009).
The participants of the current study were children. Therefore, we anticipate a
greater dioptric difference in SER with and without cycloplegia centrally and
peripherally. When the difference between central cycloplegic and noncycloplegic SER is investigated in children, a bias of 0.50 D is also reported, at
distance (Hiraoka et al. 2014; Bakaraju et al. 2016). The difference between
cycloplegic SER and non-cycloplegic SER found in the current study, however,
is smaller than some of the previous studies of cycloplegia in children, at distance
(Choong et al. 2006; Hu et al. 2015; Asharlous et al. 2016; Sankaridurg et al.
2017).

There are only a few studies on the difference in SER with and without cycloplegia
across the peripheral retina, and the results tend to vary from approximately 0.25
D (Queirós et al. 2009) to 1.00 D (Bakaraju et al. 2016). Most likely reason for
this is the eccentricity of the peripheral location that is studied. When peripheral
refraction is measured further into the periphery, a greater difference in SER with
and without cycloplegia is reported (Bakaraju et al. 2016). In the present study,
the more myopic peripheral bias between non-cycloplegic and cycloplegic SER
was approximately by half a dioptre, reaching a maximum at 30º nasal (0.65 D).
Perhaps this is because, the present study measured peripheral refraction out to
30º, whereas the other studies either measured out to 20º (Queirós et al. 2009)
or 50º (Bakaraju et al. 2016) of eccentricity in the horizontal meridian. Similar to
the horizontal meridian, approximately half a dioptre of SER bias was also found
across the vertical meridian in the present study, at distance. No previous studies
were found assessing the difference in non-cycloplegic and cycloplegic refraction
across the vertical meridian, to compare to the findings of the present study.
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The presence of pseudo-myopia associated with the use of autorefractors were
considered

in

this

study.

Pseudo-myopia

can

result

from

proximal

accommodation and ineffective auto-fogging systems (Mallen et al. 2001; Davies
et al. 2003). The problem of pseudo-myopia can be overcome by the use of
cycloplegia. However, time restrictions set by the schools make the use of
cycloplegic not practically possible. The use of a cycloplegic agent would have
meant each child leaving the classroom at least twice, which would have been of
greater inconvenience to the school. Furthermore, the side-effects of cycloplegic
agents would disrupt the children’s schoolwork beyond their period of
participation. This is likely to have resulted in fewer schools supporting the
project.

The risk of proximal accommodation is reduced with the NVision-K 5001
autorefractor as a result of binocular viewing and an absent internal fixation target
or enclosed viewing as discussed by Mallen et al. (2001). This also allows the
observation of real-world fixation targets in a variety of different surroundings,
which enabled us to measure refraction at different retinal locations and viewing
distances in different environments.

Although a closed-view auto-refractor format with an enclosed fixation target use
convex lenses to relax accommodation and place the target at optical infinity prior
to the objective refractive error assessment, proximal accommodation can still be
induced due to the participants being aware of the enclosed environment (Hung
et al. 1996). Accommodation can still fluctuate despite fogging the eyes, by up to
0.50 D (Charman and Heron 1988) in a non-cycloplegic eye. Mallen et al. (2001)
suggested that the participants in whom refractive error were found to be less
hyperopic with the autorefractor than subjective refraction were likely to have
been fixating on a fixation target closer than the instrument’s set distance target.
Although fogging lenses can be used to relax accommodation, it would lead to
disruption of the binocular view of the natural environment. Therefore, fogging
lenses were not used, but the experimenter repeatedly asked the participants to
the look at the fixation target to minimise the influence of accommodation on the
measurements. Fixation accuracy was monitored through the viewing screen of
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the Shin-Nippon device to try to ensure fixation was maintained, and to only take
readings when fixation was accurate.

Relaxation of tonic accommodation is suggested to explain the SER difference
between non- and cycloplegic refraction, at distance (Hiraoka et al. 2014). When
assessing refraction at distance, the visual target is placed at optical infinity.
Therefore, accommodation should be fully relaxed. However, a small amount of
accommodation, approximately between a quarter to half a dioptre, is reported to
be present because of the interaction between sympathetic and parasympathetic
innervation (Gilmartin 1986). Under cycloplegia, with the ciliary muscles relaxed,
the eye’s normal physiological state for distance vision is relaxed (Hiraoka et al.
2014).

Agreement between cycloplegic and non-cycloplegic SER has previously been
reported to be better for myopes than for emmetropes or hyperopes, at distance
(Chat and Edwards 2001; Asharlous et al. 2016; Lin et al. 2017). However, in the
current experiment, differences between cycloplegic and non-cycloplegic SER
did not vary with the magnitude of refractive error at distance. This may have
been due to the small range of refraction studied. When it is reported that
cycloplegia influences refractive readings differently based on the magnitude of
refraction, a much larger range of refraction is studied (-1.04 ± 2.48; range, -19.13
to +8.38 D) (Krantz et al. 2010).

At near, as hypothesised, the cycloplegic SER were significantly more hyperopic
compared with the non-cycloplegic SER readings centrally and peripherally, by
approximately three dioptres. This was to be expected given the near fixation
target of 30 cm. The 95% CI were wider at near compared with distance and
increased with eccentricity. Despite the significantly more myopic non-cycloplegic
SER, which indicates the influence of accommodation on the refractive
measurements, the 95% CI were larger for the cycloplegic measurements at
distance, centrally and peripherally at a number of the tested retinal locations
(Table 1). The degree of cycloplegia achieved is known to vary based on the
characteristics of the eye receiving the cycloplegia, such the level of pigmentation
of the iris (Kleinstein et al. 1999; Sankaridurg et al. 2017). This may explain the
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increased variation observed with the cycloplegic measurements at both distance
and near.

1.5.2 Astigmatic vectors
At distance, the differences between cycloplegic and non-cycloplegic J180 and
J45 did not vary with the magnitude of refractive error, except for J45 centrally,
30º nasally and temporally. At near, the differences between cycloplegic and noncycloplegic J180 and J45 did not vary with the magnitude of refractive error,
expect for J45 centrally and J180 inferiorly. The significant findings of the linear
regression were due to the results from one subject, without which no significant
proportional bias would be found. The results from this subject, may have arose
due the participant’s poor head posture (Asharlous et al. 2016). It is likely that
one outlier result was able to influence the results due to the small number of
participants. Therefore, increasing the sample size may reduce the chances of
statistical tests swaying so significantly by individual outliers, and hence
increasing the power of the statistical analysis.

Change in on-axis astigmatic vectors with the use of cycloplegia is not always
reported (Zhao et al. 2004; Fotedar et al. 2007; Virgili et al. 2007; Krantz et al.
2010) and when it is, small differences are documented (mean J180 and J45
differences were -0.08 ±0.13 D and -0.01 ±0.09 D, respectively), at distance
(Zhao et al. 2004). A more recent study similarly reported small differences in
J180 and J45 with and without cycloplegia for central vision (mean J180 and J45
differences were -0.01 ±0.12 D and -0.00 ±0.01 D, respectively), at distance
(Asharlous et al. 2016). These values are comparably small to the findings of the
present study, in most locations for J180 and all J45 locations.

There were no clinically and statistically significant differences in J45 measures
with and without cycloplegia centrally or peripherally, at distance or near. This is
in agreement with previously published data when refraction was assessed
centrally, at distance (Jorge et al. 2005; Asharlous et al. 2016). Equally, no
statistically significant difference with and without cycloplegia are reported across
the horizontal periphery for the J45 out to 20º, at distance (Queirós et al. 2009).
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There are variations in the results from previous studies with regards to changes
in J180 with the use of cycloplegia, at distance. In previous literature, for central
vision, J180 is reported to be influenced by cycloplegia significantly, at distance
(Jorge et al. 2005; Asharlous et al. 2016). However, no statistically significant
difference in J180 measurements with and without cycloplegia were reported by
another study, centrally or across the horizontal meridian out to 20º, at distance
(Queirós et al. 2009). The significant change in J180 centrally, at distance, is not
reported to be clinically significant (Asharlous et al. 2016). In the present study,
the difference in J180 with and without cycloplegia were not significantly different
centrally and peripherally, except at 10º superior at distance and near and 30º
nasal at distance.

Accommodative astigmatism is reported to be the main cause of the reported
significant change in J180 with cycloplegia (Asharlous et al. 2016). Astigmatism
has been observed to alter with accommodation (Asharlous et al. 2016). J180 is
shown to alter significantly in hyperopes,

with greater likelihood of

accommodation during autorefraction without cycloplegia in hyperopic compared
with emmetropic or myopic participants (Asharlous et al. 2016). Without
cycloplegia, the accommodation is active. With cycloplegia, accommodation is
reduced drastically or eradicated. As the accommodation can be a source of
astigmatism in the eye, the absence of it may affect cylindrical power of the eye
proportional to non-cycloplegic status. The crystalline lens tilt changes has been
suggested as a possible reason to explain change in astigmatism with change in
accommodation (Radhakrishnan and Charman 2007). Tilt of the crystalline about
the horizontal axis may explain a shift in with-the-rule astigmatism during the
accommodation process (Radhakrishnan and Charman 2007).

It is important to note that the accommodative astigmatism have been offered as
an explanation for change in astigmatism centrally (Asharlous et al. 2016), where
this study did not find a significant shift in J180. If accommodation were to affect
astigmatism, then the central J180 would have also been significantly different
post cycloplegia. Also, cycloplegic J180 would have significantly differed from the
non-cycloplegic J180 measurements at all retinal location at near.
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Therefore, other factors are likely to have influenced the peripheral change in
J180 reported in the present study, such as the head position of the participants
or higher order aberrations of the dilated pupil. Care and attention were taken to
ensure that the forehead bar and chin-rest of each subject were adjusted
appropriately, and the position of the head was monitored by the examiner
throughout the measurement of the refraction. However since J45 were not
affected clinically by the cycloplegia, only J180, it suggests that head positioning
factor is likely to have had lesser impact (Asharlous et al. 2016).

Another cause for the differences between J180 (as well as SER) measurements
before and after cycloplegia may be caused by measurement error in the
autorefractor. When the same eye is tested by the same autorefractor and the
same examiner, under the same conditions on two separate occasions, a certain
amount of variability in the measurements is usually reported (Davies et al. 2003).
Therefore, a portion of the differences observed between refraction with and
without cycloplegia may simply be due to measurement error. However, as
discussed in Chapter 4, the autorefractor is highly repeatable and unlikely to
explain clinically significant differences between with and without cycloplegic
measurements.

Higher order aberration may explain the differences reported between noncycloplegic and cycloplegic J180 measurements at both distance and near.
Higher order aberration is reported to significantly increase after cycloplegia in
both children (Hiraoka et al. 2014) and adults (Carkeet et al. 2003) centrally and
peripherally (Bakaraju et al. 2016) due to the larger pupil size in cycloplegic eyes.

In addition, pupil size is reported to influence refraction. Atchison and colleagues
measured refraction out to 40º in the nasal and temporal retina and found that
pupil size influenced their results, with larger pupils showing a more myopic shift,
which was more apparent in the central than in the peripheral refraction. They
also reported that for 6 mm pupil diameters, there was a significant impact of
higher order aberrations in comparison with the 3mm pupils (Atchison 2003).
Therefore, it was important to compare cycloplegia and non-cycloplegia
measurements to find out how much of a compromise it was, if any, to not use
cycloplegia in the main study. However, it is important to note that the pupils will
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look oval as the eye turns, so there will be an effective reduction in pupil diameter,
even with a dilated pupil. Therefore, cycloplegia will not ensure the same pupil
size across the retina, whilst measuring peripheral refraction.

1.5.3 Findings of this research in relation to the rest of the study
One main reason for not using cycloplegia in this study, was that there was a
strong need to preserve accommodation for the near vision measurements,
which followed straight after the distance measurements. Other studies
examining peripheral refraction during near vision, have also not used cycloplegic
refraction at distance either (Calver et al. 2007).

It was not the purpose of this study to fully relax accommodation, but rather to
determine the level of habitual defocus centrally and peripherally, at distance and
near. The aim of the main research was to understand the natural state of the
eye, to investigate if it is related to myopia. Under cycloplegia, the eye is not
considered to be in its normal physiological state (Sankaridurg et al. 2017). Whilst
cycloplegic refraction may be considered as the standard (Morgan et al. 2015),
cycloplegia changes the optical state of the eye such as peripheral aberrations
caused by a larger pupil (Hiraoka et al. 2014). Therefore, to assess the refractive
error of the eye under normal physiological conditions, non-cycloplegic refraction
is required (Sankaridurg et al. 2017). The near refraction in the main project would
also be of no value if accommodation was not active. Therefore, the role of
accommodation is important to this project. It was anticipated that the
autorefractor would measure accommodation as well as the true refraction.

In a recent detailed review, it was accepted that when myopia is the primary
endpoint measure of a study, non‐cycloplegic refractions are likely to provide
useful results (Morgan et al. 2015). Although it is well recognised that the
increased variability in the estimation of myopia is likely to make it harder to find
associations, it is not expected to lead to false associations (Morgan et al. 2015).
This is especially true if other gold standard techniques are used to confirm the
refractive changes such as axial length (Guo et al. 2013). This study measured
central axial length. Myopia progression and change in axial length was
investigated (Chapter 6).
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Furthermore, the VA of the myopes were examined in the present study. All
myopes were found to have an uncorrected VA of +0.20 logMAR or worse
(Chapter 5). This was to avoid misclassification of refractive error that is reported
in children when cycloplegia is not used (Hu et al. 2015). Uncorrected visual
acuity (VA) of 6/9.5 or less has been found to provide a reliable estimation of
myopic refractive error reliably (Leone et al. 2010). It has been demonstrated that
80% of eyes were correctly categorised with the aid of uncorrected VA (of <6/6)
(Sankaridurg et al. 2017). When VA cut-off point was raised to 6/18, 97.5% of
eyes were found to be correctly categorised (Sankaridurg et al. 2017),
demonstrating that with the aid of uncorrected VA a more accurate estimation of
refractive error can be made.

Krantz and colleagues discuss that the importance of cycloplegia depends highly
on the aim of the study (Krantz et al. 2010). If the aim of the study is to measure
the prevalence of hyperopia under the age of 50 years, then cycloplegia is
important. On the other hand, if the primary interest of the study is the prevalence
of myopia, the autorefractor is likely to provide suitable readings without
cycloplegia. Katz and colleagues (2010) also suggest that if the study is carried
out in a setting where the risks of cycloplegia may outweigh the greater accuracy,
the error in refractive measure associated with hyperopia may be acceptable. It
is also accepted that large-scale studies, as in the current research, a method of
refraction is required that is rapid and safe (Krantz et al. 2010). Cycloplegia adds
time to the to the measurement of refraction (Krantz et al. 2010).

The studies that have concluded non-cycloplegic refractions to be inaccurate,
have found greater differences between cycloplegic and non-cycloplegic
measures compared to this study. For example, a mean SER difference of 0.78
±0.79 D (-1.00 to +10.75D) between cycloplegic and non-cycloplegic refractive
error was reported in a recent study (Hu et al. 2015). Choong and colleagues
evaluated the mean SER difference measured with and without cycloplegia,
using three different types of autorefractors in children (Choong et al. 2006). The
mean SER difference in refraction measured with the Retinomax K plus 2 (-1.55
±2.37 D), Canon RF10 (-1.11 ±2.61 D) and Grand Seiko WR5100K (-0.79 ±2.40
D) autorefractor (Choong et al. 2006) were all greater than the difference found
using the Shin-Nippon NVision-K 5001 (0.58 ±0.49 D) in this experiment. Another
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similar study found the SER mean difference to be -0.85 D, using the Nikon model
NRK-8000 autorefractor, in children. Only studies of adult participants (22 to 84
years) have found smaller SER difference between non and cycloplegic
measures (0.29 D; 95% confidence interval, 0.28-0.31 D) (Katz et al. 2010). A
decline in the influence of accommodation on the refractive error estimates
without cycloplegia is well documented, with minimal differences in refraction with
and without cycloplegia (0.15 D) reported in participants 50 years and older (Katz
et al. 2010). This is due to a reduction in the ability to accommodate with age,
and even reaching the presbyopic age (Katz et al. 2010).

To avoid the use of cycloplegia, the use of fogging lens has been suggested to
relax accommodation. The use of +1.00 D fogging lenses have been shown to
not completely relax accommodation (Bakaraju et al. 2016). However, a +2.00 D
fogging spectacle lens have been shown to relax accommodation fully when
measuring central and peripheral refraction, without significantly impacting
peripheral astigmatism (Queiros et al. 2008). Conversely, a closer look at the
study (Queiros et al. 2008) reveals that the emmetropes and hyperopes showed
no significant difference between refraction measured under cycloplegia and
fogging lens conditions. Amongst their myopic subjects, the accommodation
appeared to be more relaxed with the use of the fogging lenses as opposed to
the cycloplegia, centrally and across the horizontal meridian. No explanation was
provided for this outcome. However, it highlights that perhaps the use of fogging
lenses to relax accommodation is not appropriate for use in the present study. It
would result in the refractive measurements being taken whilst the eye was not
in its natural physiological state and the impact of fogging lenses on the refractive
readings is not fully known yet.

1.5.4 Future work
The main limitation of this section of the study was in the narrow range of
refractive error studied, leading to under-representation of high myopes and
hyperopes. Having a larger range of refraction would enable better comparison
between the cycloplegic and non-cycloplegic refraction in myopes, emmetropes
and hyperopes. Similarly, the prevalence of hyperopia in this sub-section did not
reflect the amount of level of hyperopia in the main study. For a better
understanding of how cycloplegics may influence the results of the main study, it
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may have been more applicable if the prevalence of refractive error in this section
reflected that of the main research.

Pupil size was not measured. With reports that diameter of the pupil is likely to
affect refraction (Atchison 2003, and as previously discussed in Section 1.5.2),
pupil size measurements might have been useful in determining its associated
with change in refraction. No data were collected on iris colour and time for the
onset of cycloplegia. Darker iris colour may have demonstrated less pupil dilation
and slower onset of cycloplegia. Whether these associations might have affected
the shift in refraction post cycloplegia were not investigated. However, post
cycloplegic refractive measurements were made after full cycloplegia was
achieved (see methods) and pupil dilation is not reported to be dependent on iris
colour (Dillon et al. 1977).

In addition, for true assessment of validity of the autorefractor, comparison
between the data set in this experiment needs to be made with cycloplegic
subjective refraction (Chat and Edwards 2001). This would enable a firm
assessment of the influence of accommodation on the autorefractor readings
when taken without cycloplegia. Increasing the sample size may also allow better
evaluation of the spread of variation in the agreement between cycloplegic and
non-cycloplegic refractive data and increase the power of the statistical analysis.
Further studies are required to investigate the difference in refraction between
cycloplegic and non-cycloplegic measurements in the peripheral retina, to
compare to the findings of the current study.

1.5.5. Conclusion
The current experiment found that under non-cycloplegic conditions, the
autorefractor provides a more myopic (less hyperopic) reading, compared with
cycloplegic conditions at distance and near. The SER difference was
approximately by half a dioptre and increased towards the periphery but not
reaching 0.75 D at distance. At near, with a stimulus to accommodation, it was
anticipated that a significant difference between cycloplegic and non-cycloplegic
SER would be observed. Given that refraction is measured in 0.25 D steps
clinically, these changes in refraction may be regarded as a clinically significant
shift in refractive status. However, at the majority of tested locations, the 95 % CI
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for cycloplegic SER measures were wider compared with the non-cycloplegic
SER measures, at distance and near. Also, for the purposes of this study, where
the habitual level of defocus is of interest, non-cycloplegic refraction was needed
to allow analysis of PRx in relation to central refractive development with the eye
in its natural habitual state.
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Appendix D
The SER, J180 and J45 measures in the hyperopes and emmetropes are compared at equivalent eccentricities and fixation distances in
Tables 10-12. The SER measurements amongst the emmetropes compared to the hyperopes, vary at all tested peripheral locations, at
distance (Table 10). The refractive distribution is more similar at near between the refractive groups, however there were still significant
differences at 30° temporal and nasal (Table 10). The largest difference in SER measurements were at 30º temporal at both distance and
near. There were no significant differences in the J180 measures between the emmetropes and hyperopes which were ≥0.25 D, at any of
the eccentricities, at distance or near (Table 11).

Table 10. Comparison of relative peripheral SER between the hyperopes and emmetropes, at distance and near
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SER RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

Superior 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.20 (+0.25)

0.066 (<0.001)

-0.01 (+0.07)

+0.42 (+0.43)

Superior 10º – Central, Near (Emmetrope versus Hyperopes)

+0.09 (+0.02)

0.193 (0.561)

-0.22 (-0.62)

+0.41 (+0.64)

Inferior 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.47 (+0.45)

<0.001 (<0.001)

+0.27 (+0.25)

+0.67 (+0.65)

Inferior 10º – Central, Near (Emmetrope versus Hyperopes)

+0.34 (+0.27)

0.070 (0.549)

-0.02 (-0.17)

+0.70 (+0.71)

Temporal 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.41 (+0.50)

<0.001 (<0.001)

+0.21 (+0.30)

+0.61 (+0.70)

Temporal 10º – Central, Near (Emmetrope versus Hyperopes)

+0.34 (+0.18)

0.070 (0.549)

-0.02 (-0.35)

+0.70 (+0.71)

Temporal 30º – Central, Distance (Emmetrope versus Hyperopes)

+0.90 (+1.09)

0.001 (<0.001)

+0.52 (+0.87)

+1.28 (+1.31)

Temporal 30º – Central, Near (Emmetrope versus Hyperopes)

+0.62 (+0.78)

0.019 (0.021)

+0.21 (+0.40)

+1.03 (+1.17)

*Nasal 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.13 (+0.45)

0.353 (<0.001)

-0.15 (+0.27)

+0.40 (+0.63)

Nasal 10º – Central, Near (Emmetrope versus Hyperopes)

+0.15 (+0.18)

0.901 (0.536)

+0.03 (-0.01)

+0.29 (+0.36)

Nasal 30º – Central, Distance (Emmetrope versus Hyperopes)

+0.69 (+0.80)

0.010 (<0.001)

+0.13 (+0.49)

+0.95 (+1.24)
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Nasal 30º – Central, Near (Emmetrope versus Hyperopes)

+0.36 (+0.47)

0.760 (0.006)

-0.06 (+0.04)

+0.78 (+0.90)

Table 10. Comparing the effect of eccentricity and fixation distance (distance, near) on the change in SER from the central to the peripheral retina between the
hyperopes and emmetropes, whilst controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are
highlighted in bold. RelPRx represents the dioptric difference between the central and peripheral SER measurements. The 95% confidence intervals can also be
observed for each location at both fixation distances. Equivalent data for the left eyes is shown in brackets. Asterisk show where p-value of the left eyes varied from
that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note: at the following eccentricities, p-value differed between the two eyes but the RelPRx was
<0.25 D: superior-10º at distance, inferior-10º at distance and nasal-30º at near. (2) At the following eccentricities, the p-values were similar between the right and left
eyes, but the RelPRx were ≥ 0.25 D: nasal-30º at distance.

Table 11. Comparison of relative peripheral J180 between the hyperopes and emmetropes, at distance and near
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J180 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

Superior 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.04 (+0.18)

0.131 (0.032)

-0.04 (+0.02)

+0.32 (+0.34)

Superior 10º – Central, Near (Emmetrope versus Hyperopes)

+0.18 (+0.22)

0.004 (0.059)

-0.02 (-0.28)

+0.38 (+0.72)

Inferior 10º – Central, Distance (Emmetrope versus Hyperopes)

-0.06 (+0.01)

0.606 (0.049)

-0.28 (-0.20)

+0.17 (+0.21)

Inferior 10º – Central, Near (Emmetrope versus Hyperopes)

+0.08 (+0.08)

0.502 (0.794)

-0.15 (-0.12)

+0.31 (+0.38)

Temporal 10º – Central, Distance (Emmetrope versus Hyperopes)

-0.13 (-0.03)

0.006 (0.112)

-0.34 (-0.29)

+0.07 (+0.03)

Temporal 10º – Central, Near (Emmetrope versus Hyperopes)

-0.08 (-0.01)

0.069 (0.040)

-0.27 (-0.13)

+0.10 (+0.12)

*Temporal 30º – Central, Distance (Emmetrope versus Hyperopes)

-0.24 (-0.10)

0.040 (0.136)

-0.57 (-0.61)

+0.09 (+0.40)

Temporal 30º – Central, Near (Emmetrope versus Hyperopes)

-0.13 (+0.07)

0.153 (0.712)

-0.54 (-0.58)

+0.34 (+0.72)

Nasal 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.07 (+0.18)

0.263 (0.208)

-0.19 (-0.06)

+0.33 (+0.42)

Nasal 10º – Central, Near (Emmetrope versus Hyperopes)

+0.08 (+0.14)

0.043 (0.702)

+0.01 (-0.17)

+0.35 (+0.24)

Nasal 30º – Central, Distance (Emmetrope versus Hyperopes)

+0.16 (-0.01)

0.267 (0.964)

-0.13 (-0.30)

+0.45 (+0.29)

Nasal 30º – Central, Near (Emmetrope versus Hyperopes)

+0.22 (-0.11)

0.124 (0.961)

-0.06 (-0.30)

+0.49 (+0.24)
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Table 11. Comparing the effect of eccentricity and fixation distance (distance, near) on the change in J180 from the central to the peripheral retina between hyperopes
and emmetropes, whilst controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold.
RelPRx represents the dioptric difference between the central and peripheral J180 measurements. The 95% confidence intervals can also be observed for each
location at both fixation distances. Equivalent data for the left eyes is shown in brackets. Asterisk show where p-value of the left eyes varied from that of the right eyes
and the difference in the RelPRx is ≥ 0.25 D. Note: (1) at the following eccentricities p-values differed between the two eyes but the RelPRx are <0.25 D: superior-10º
at distance and near, inferior-10º at distance, temporal-10º at distance and near, nasal-10º at near. (2) At temporal-30º and Nasal-30º at near, the p-values were similar
between the right and left eyes, but the RelPRx was ≥ 0.25 D.

Table 12. Comparison of relative peripheral J45 between the emmetropes and hyperopes, at distance and near
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J45 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

Superior 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.03 (-0.08)

0.702 (0.624)

-0.11 (-0.29)

+0.17 (+0.13)

Superior 10º – Central, Near (Emmetrope versus Hyperopes)

+0.04 (-0.14)

0.250 (0.523)

-0.10 (-0.58)

+0.18 (+0.30)

Inferior 10º – Central, Distance (Emmetrope versus Hyperopes)

-0.06 (-0.10)

0.480 (0.384)

-0.24 (-0.27)

+0.12 (+0.17)

Inferior 10º – Central, Near (Emmetrope versus Hyperopes)

+0.04 (-0.01)

0.661 (0.437)

-0.14 (-0.34)

+0.23 (+0.33)

Temporal 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.01 (-0.07)

0.879 (0.353)

-0.13 (-0.23)

+0.15 (+0.08)

Temporal 10º – Central, Near (Emmetrope versus Hyperopes)

+0.04 (-0.09)

0.538 (0.516)

-0.10 (-0.43)

+0.18 (+0.25)

Temporal 30º – Central, Distance (Emmetrope versus Hyperopes)

-0.02 (+0.04)

0.592 (0.763)

-0.32 (-0.24)

+0.29 (+0.32)

Temporal 30º – Central, Near (Emmetrope versus Hyperopes)

-0.09 (-0.03)

0.469 (0.583)

-0.34 (-0.58)

+0.16 (+0.33)

Nasal 10º – Central, Distance (Emmetrope versus Hyperopes)

+0.01 (-0.04)

0.898 (0.567)

-0.16 (-0.18)

+0.19 (+0.10)

Nasal 10º – Central, Near (Emmetrope versus Hyperopes)

+0.08 (-0.01)

0.756 (0.938)

-0.13 (-0.15)

+0.18 (+0.14)

Nasal 30º – Central, Distance (Emmetrope versus Hyperopes)

-0.12 (+0.16)

0.327 (0.196)

-0.37 (-0.08)

+0.13 (+0.34)

Nasal 30º – Central, Near (Emmetrope versus Hyperopes)

-0.12 (-0.02)

0.297 (0.861)

-0.35 (-0.23)

+0.11 (+0.20)
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Table 12. Comparing the effect of eccentricity and fixation distance (distance, near) on the change in J45 from the central to the peripheral retina between myopes
and emmetropes or hyperopes, whilst controlling for all other factors. Statistically significant p-values (<0.05) are highlighted in bold. Equivalent data for the left eyes
is shown in brackets. Note at nasal-30º at distance, the p-values were similar between the right and left eyes, but the dioptric difference in RelPRx was ≥ 0.25 D.

The positive- and negative-shift groups are compared to the stable group at equivalent eccentricities and fixation distances in Tables 1315. There is little evidence of significant differences in relative SER, J180 and J45 measures between groups (Tables 13-15). Where
significant findings are found, they are only reported in one of the eyes (Table 13).

Table 13. Comparison of relative peripheral SER between the positive- and negative-shift groups, at distance and near
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SER RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)

Superior 10º – Central, Distance (Positive-shift versus Stable)

-0.02 (-0.32)

0.182 (0.173)

-0.42 (-0.80)

+0.38 (+0.15)

*Superior 10º – Central, Near (Positive-shift versus Stable)

-0.32 (-0.42)

0.173 (0.043)

-0.72 (-0.84)

+0.08 (+0.01)

Inferior 10º – Central, Distance (Positive-shift versus Stable)

-0.05 (-0.21)

0.318 (0.634)

-0.49 (-0.56)

+0.40 (+0.15)

Inferior 10º – Central, Near (Positive-shift versus Stable)

+0.11 (-0.30)

0.634 (0.320)

-0.36 (-0.98)

+0.58 (+0.38)

Temporal 10º – Central, Distance (Positive-shift versus Stable)

-0.14 (-0.28)

0.160 (0.197)

-0.55 (-0.89)

+0.27 (+0.33)

*Temporal 10º – Central, Near (Positive-shift versus Stable)

+0.03 (-0.62)

0.197 (0.004)

-0.50 (-1.03)

+0.57 (-0.22)

Temporal 30º – Central, Distance (Positive-shift versus Stable)

-0.21 (-0.70)

0.587 (0.067)

-1.24 (-1.89)

+0.82 (+0.49)

Temporal 30º – Central, Near (Positive-shift versus Stable)

-0.30 (-0.71)

0.606 (0.056)

-1.19 (-2.01)

+0.59 (+0.59)

Nasal 10º – Central, Distance (Positive-shift versus Stable)

-0.20 (-0.47)

0.746 (0.572)

-0.62 (-0.99)

+0.22 (+0.05)

*Nasal 10º – Central, Near (Positive-shift versus Stable)

-0.14 (-0.42)

0.572 (0.001)

-0.84 (-0.80)

+0.56 (-0.04)

Nasal 30º – Central, Distance (Positive-shift versus Stable)

-0.36 (-0.50)

0.632 (0.469)

-1.12 (-1.44)

+0.40 (-0.44)

390

Nasal 30º – Central, Near (Positive-shift versus Stable)

-0.13 (-1.29)

0.469 (0.031)

-0.90 (-1.46)

+0.63 (-1.12)

Table 13. The effect of eccentricity and fixation distance (distance, near) on the relative peripheral SER between the negative- and positive-shift groups, whilst
controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold. Equivalent data for the
left eyes is shown in brackets. Asterisks highlight where p-value of the left eyes varied from that of the right eyes and the difference in the RelPRx is ≥ 0.25 D. Note
that at the following eccentricities, p-values are similar between the right and left eyes, but the difference in RelPRx is ≥ 0.25 D: superior-10º at distance, inferior-10º
at near, temporal-30º at near, nasal-10º at near and nasal-30º at near.

Table 14. Comparison of relative peripheral J180 between the positive- and negative-shift groups, at distance and near
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J180 RelPRx / D

P

RE (LE)

RE (LE)

95% Confidence Interval

Superior 10º – Central, Distance (Positive-shift versus Stable)

+0.24 (+0.02)

0.123 (0.163)

-0.07 (-0.32)

+0.54 (+0.35)

Superior 10º – Central, Near (Positive-shift versus Stable)

+0.13 (+0.05)

0.163 (0.750)

-0.22 (-0.27)

+0.49 (+0.37)

Inferior 10º – Central, Distance (Positive-shift versus Stable)

+0.50 (-0.13)

0.684 (0.964)

-0.39 (-0.59)

+1.39 (+0.33)

Inferior 10º – Central, Near (Positive-shift versus Stable)

+0.43 (+0.03)

0.964 (0.427)

-0.43 (-0.50)

+1.29 (+0.56)

Temporal 10º – Central, Distance (Positive-shift versus Stable)

-0.04 (+0.02)

0.359 (0.141)

-0.38 (-0.37)

+0.30 (+0.40)

Temporal 10º – Central, Near (Positive-shift versus Stable)

-0.13 (+0.10)

0.051 (0.467)

-0.49 (-0.21)

+0.23 (+0.41)

Temporal 30º – Central, Distance (Positive-shift versus Stable)

+0.07 (+0.15)

0.621 (0.523)

-0.63 (-0.20)

+0.78 (+0.50)

Temporal 30º – Central, Near (Positive-shift versus Stable)

-0.12 (-0.12)

0.523 (0.708)

-0.49 (-0.77)

+0.26 (+0.53)

Nasal 10º – Central, Distance (Positive-shift versus Stable)

-0.03 (+0.13)

0.387 (0.744)

-0.57 (-0.21)

+0.51 (+0.47)

Nasal 10º – Central, Near (Negative-shift versus Stable)

-0.06 (-0.10)

0.744 (0.098)

-0.49 (-0.50)

+0.36 (+0.30)

Nasal 30º – Central, Distance (Positive-shift versus Stable)

+0.21 (-0.10)

0.354 (0.509)

-0.25 (-0.46)

+0.67 (+0.26)

Nasal 30º – Central, Near (Positive-shift versus Stable)

-0.01 (-0.06)

0.354 (0.797)

-0.67 (-0.56)

+0.66 (+0.44)
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Table 14. The effect of eccentricity and fixation distance (distance, near) on the relative peripheral J180 between the negative- and positive-shift groups, whilst
controlling for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold. Equivalent data for the
left eyes is shown in brackets. Note that at the following eccentricities, p-values are similar between the right and left eyes, but the RelPRx is ≥ 0.25 D: inferior-10º at
distance and near and nasal-30º at distance.

Table 15. Comparison of relative peripheral J45 between the positive- and negative-shift groups, at distance and near
J45 RelPRx / D

P

95% Confidence Interval

RE (LE)

RE (LE)

RE (LE)
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Superior 10º – Central, Distance (Positive-shift versus Stable)

-0.10 (+0.10)

0.617 (0.618)

-0.20 (-0.19)

+0.33 (+0.39)

Superior 10º – Central, Near (Positive-shift versus Stable)

-0.10 (+0.04)

0.618 (0.441)

-0.59 (-0.19)

+0.07 (+0.42)

Inferior 10º – Central, Distance (Positive-shift versus Stable)

+0.07 (-0.21)

0.252 (0.143)

-0.11 (-0.51)

+0.38 (+0.10)

Inferior 10º – Central, Near (Positive-shift versus Stable)

+0.16 (-0.21)

0.143 (0.111)

-0.18 (-0.47)

+0.49 (+0.05)

Temporal 10º – Central, Distance (Positive-shift versus Stable)

-0.04 (+0.10)

0.184 (0.955)

-0.35 (-0.16)

+0.30 (+0.36)

Temporal 10º – Central, Near (Positive-shift versus Stable)

+0.04 (+0.20)

0.955 (0.501)

-0.23 (-0.18)

+0.30 (+0.59)

Temporal 30º – Central, Distance (Positive-shift versus Stable)

-0.02 (+0.05)

0.517 (0.884)

-0.35 (-0.34)

+0.18 (+0.39)

Temporal 30º – Central, Near (Positive-shift versus Stable)

-0.13 (+0.28)

0.884 (0.367)

-0.43 (-0.13)

+0.18 (+0.60)

Nasal 10º – Central, Distance (Positive-shift versus Stable)

+0.05 (-0.23)

0.934 (0.209)

-0.26 (-0.41)

+0.28 (+0.05)

Nasal 10º – Central, Near (Positive-shift versus Stable)

+0.02 (+0.12)

0.209 (0.583)

-0.23 (-0.25)

+0.27 (+0.39)

Nasal 30º – Central, Distance (Positive-shift versus Stable)

-0.20 (-0.08)

0.536 (0.166)

-0.54 (-0.54)

+0.13 (+0.34)

Nasal 30º – Central, Near (Positive-shift versus Stable)

-0.10 (+0.04)

0.536 (0.390)

-0.44 (-0.28)

+0.24 (+0.46)

Table 15. The effect of eccentricity and fixation distance (distance, near) on the relative peripheral J45 between the negative- and positive-shift groups, whilst controlling
for all other factors including age, spectacle use, ethnicity, gender. Statistically significant p-values (<0.05) are highlighted in bold. At the following eccentricities, pvalues are similar between the right and left eyes, but the RelPRx s ≥ 0.25 D: superior-10º at near, inferior-10º at near and temporal-30º at near.
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Appendix E

Figure 4. Peripheral baseline J180 distribution at distance, in the right eyes
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Figure 4. Histograms of the peripheral distribution of the absolute J180 measures in the right eyes, at distance. Refraction values are given in dioptres (D). The black
solid curved line is normal Gaussian distribution curve.
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Figure 5. Peripheral baseline J45 distribution at distance, in the right eyes

395
394
395

396
Figure 5. Histograms of the distribution of the absolute central and peripheral J45 measures in the right eyes, at distance. Refraction values are given in dioptres (D).
The black solid curved line is normal Gaussian distribution curve.
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