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Abstract

Purpose: There is currently great interest in comparing data for the prevalence of

myopia in different parts of the world, particularly in view of the suggestion that,

in recent decades, marked increases have occurred in prevalence among children

and young adults in some areas. This work investigates the factors that affect the

comparison and interpretation of sets of myopia prevalence data for different age

groups, locations and dates.

Recent findings: Using data from the literature, the problems caused by the effect

of the reliability and validity of the method used to measure refraction, the

threshold chosen to define an eye as myopic are discussed. The influence of slow

drifts in refraction with age is considered and it is recommended that if mean

refractions at different ages are to be compared, the interpretation of the results

should take account of the normal age-dependent trends in refraction. The value

of specifying the distribution of refractive errors, rather than simply their mean

and standard deviation, is emphasised and possible parametric fits to describe

these distributions are reviewed.

Summary: There remains a need for greater standardisation in sampling strate-

gies, refractive measurement procedures and definition of myopia in prevalence

studies. The use of an ex-Gaussian or other approximations to describe the refrac-

tive error distribution appears to give useful insights into the nature of the

changes that may occur with age and other factors.

Introduction

It is widely suggested that marked increases in the preva-

lence of myopia among children and young adults have

occurred in recent decades, particularly in the Far East.1–6

Although the refractive changes underlying this increased

prevalence have been followed longitudinally for several

years in substantial groups of subjects, as yet there are no

data on individual changes over a lifetime, so that discus-

sions of age differences must still largely rely on cross-sec-

tional studies. In particular, such cross-sectional studies are

often used to compare the prevalence of myopia in younger

and older age groups, on the assumption that the appar-

ently higher prevalences in today’s younger generation

reflect new environmental factors which were not present

during the childhood of today’s older populations. Figure 1

shows an early example of such a comparison.7 Mean

refractions were more myopic and myopia prevalence was

much higher in young adults as compared with older mem-

bers of the Inuit community involved: myopia was taken as

a refraction ≤�0.25 D. The authors therefore argued that

new environmental factors were affecting the refraction of

the younger generation. Numerous studies have since been

undertaken at many different locations and dates in

attempts to clarify the extent to which the prevalence of

myopia might be changing, and to identify the possible eth-

nic, environmental or other factors which might be respon-

sible for any such changes. It is obviously desirable that it

should be possible to directly compare the data produced

by these various studies.

Sorsby8 criticised several aspects of the work of Young

et al.7, pointing out in particular that the large, unusual

increase in mean myopia in the 20–25 group might suggest

that the volunteer subjects were self-selected on the basis of
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known visual problems. Although Young9 mounted a vig-

orous defence against Sorsby’s criticisms, several other

authors10–13 have since suggested that at least some of the

evidence for very marked changes in the prevalence of myo-

pia obtained in the many different studies may be weaker

than many have suggested. For example, they note that

problems in interpreting apparent differences in prevalence

might arise:

(1). In comparisons of studies at a single location but at

different points in time, or results from different loca-

tions. Any refractive differences might be caused, at

least in part, by such factors as variations in method-

ology used (e.g. the refractive technique, use of cyclo-

plegia, testing distance, use of refractions at the

spectacle plane, i.e. spectacle refractions, rather than

the refractions at the corneal plane, i.e. the ocular

refractions), the nature of the population sampled

(e.g. ethnicity, parental background, sex ratio) or the

criterion used to define “myopia”.

(2). In cross-sectional studies at a fixed point in time at a

single location, as illustrated in Figure 1. Refractive

changes with age might reflect normal physiological

changes in the eye, rather than changes in such factors

as lifestyle, the environment or nutrition.11 Again

there might be differences in the composition of the

sample in each age group, for example in its sex ratio

or ethnicity.

Some aspects of this more cautious approach to the com-

parison of different sets of myopia prevalence or other

related data are considered further here. It should be em-

phasised, however, that we are not denying the existence of

an increase in the prevalence of myopia in some parts of

the world, since this is supported by several studies in

which a standardised methodology has been used to track

refraction over time in groups of similar age, ethnicity and

sex ratio at a single site14, although more recent data sug-

gest that in some Asian locations prevalence has remained

stable, though high, over the last two decades.15

We argue first that the distribution of refractive errors is

likely to be such that care must be exercised in inferring too

much from simple measures of prevalence and mean

refractive error, particularly when the threshold criterion

used for defining myopia is set at a low value, and that, as

recently emphasised by Flitcroft16,17, the distribution of

errors is of much greater significance for the understanding

of the nature of any refractive changes that might be occur-

ring. Further, when comparing effects in different age

groups, allowance must be made for any gradual refractive

changes, which may be an intrinsic part of the ageing pro-

cess.11 Finally, we consider how frequency distributions for

refractive error might be compared and suggest a useful

novel approximation for the distributions that are com-

monly observed.

Measurements of the distribution of refractive errors and

the criterion used to define “myopia”

To illustrate the basic problems under consideration, we

take the cycloplegic refractive distribution found by Sorsby

et al.,18 for a single eye of each of 1033 unselected young,

male, military recruits from the United Kingdom (mostly

aged 19–21 inclusive, total range 17–27). The full curve of

Figure 2 gives the distribution of mean spherical equivalent

ocular refractions found, and the dashed curve the cumula-

tive distribution. The data in Figure 2 are quantised in 1 D

intervals (0 to +0.9, �0.1 to �1.0, �1.1 to �2.0 D etc). As

is well known, this and similar refractive error data for the

period,19,20 are not normally distributed but show a lep-

tokurtic distribution, with most subjects being low hype-

ropes. Sorsby et al.’s data show little skewness but many

measured distributions are strongly skewed in the negative

direction.

Factors affecting the observed distribution

We note first that any measured distribution of this type

represents the true distribution of errors modified by

(convolved with) the measurement uncertainties of the

Figure 1. (Top) Cross-sectional data for the mean right eye mean

spherical equivalent (MSE) refractive errors for different Inuit age groups

at Barrow Point, Alaska. (Bottom) The percentage of myopic eyes in

each age group (after Young et al. 1969)7. Myopia is defined as a

refractive error ≤�0.25 D. The study involved the right eyes of 508 indi-

vidual volunteers.
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refractive technique employed. Most studies of the reliabil-

ity of refractive methods conclude that the standard devia-

tion of repeated measurements is around 0.30 D21–23 so

that the measured distribution, particularly any central

peak, is slightly broadened by the limited reliability of the

refractive results. To take an extreme, if highly improbable

case, if all eyes were truly emmetropic and measurement

errors were normally distributed with a standard deviation

of 0.3 D, the apparent prevalence of myopia at the level

≤�0.25 D would be about 20%. Although these effects are

less striking with real refractive distributions similar to

those of Figure 2, where pooling into 1 D frequency bins

itself distorts the distribution, their result is that some of

the large proportion of true emmetropes and low hype-

ropes may be measured as low myopes in the range �0.25

to �0.50 D inclusive.

A further consequence of the marked central peak of

most refractive distributions and the steep gradient of the

cumulative distribution near emmetropia (Figure 2) is that

the proportion of low myopes may be markedly influenced

by details of the refractive technique used. This is particu-

larly the case when younger subjects are refracted with or

without cycloplegia, since any accommodation will move

the peak in the myopic direction. Systematic differences

may also arise from other causes, such as the use of differ-

ent objective or subjective techniques and endpoints, or

different testing distances.

The form of the distribution may also alter with the way

in which the “refractive error” is defined. While it is usual

to use the mean spherical equivalent (MSE, i.e. sphere

+ 0.5 * cyl) to specify the error, this is not always the case.

It appears that the data of most authors are now usually

presented in terms of spectacle refractions, rather than ocu-

lar refractions, but this, like the vertex distance at which the

measurements were made, is not always clearly stated.

Although this has negligible effect upon low values of error,

higher negative errors are decreased when spectacle correc-

tions are converted to ocular refractions, while positive

errors are increased. (e.g. with a 10 mm vertex distance, an

ocular refraction of �5.00 D would become a spectacle

refraction of �5.26 D, and +5.00 D would become +4.76
D). Stenstrom20 noted that use of ocular refractions

reduced the skewness of his data. Sorsby et al.18 used ocu-

lar, rather than spectacle, refractions and noted, somewhat

challengingly, “the marked degrees of myopia in previous

studies are to some extent illusory, as the ocular refraction is

much less than the spectacle refraction in these high myopes”.

On the other hand, it could reasonably be argued that spec-

tacle refractions are of greater practical interest.

Prevalence values

It is evident from the cumulative distribution (Figure 2)

that any figure for the prevalence of myopia will depend

upon the criterion used to define “myopia” and that esti-

mated prevalence rises as the magnitude of the chosen neg-

ative threshold refractive error decreases.12,13,24 Figure 3

reproduces some cumulative distributions for United

States children of different ethnicities but similar age

(5–17 years).24 It can be seen that both the absolute and

relative prevalences for the different groups will depend

upon the cut-off value chosen to define “myopia”, with the

prevalences falling as the cut-off criterion is made more

negative. The impact on prevalence value of any change in

threshold obviously depends upon the local gradient of the

cumulative frequency distribution.

In practice, in spite of many pleas for standardisa-

tion,12,25–27 there is still no agreement on what the value of

the cut-off point should be. Some examples of the values

used in studies over the last 50 years are shown in Table 1,

which also indicates the diversity of several other important

Figure 2. The distribution of mean equivalent spherical refractive

errors found by Sorsby et al. (1960)18 (filled bars) and the correspond-

ing cumulative distribution (dashed curve).

Figure 3. Cumulative frequency of mean spherical error for different

ethnic groups aged 5–17 years in the USA (redrawn from Kleinstein

et al.24).
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measurement conditions. There appears to be a tendency

for more recent investigators to converge towards a thresh-

old value of MSE < �0.50 D. We suggest that a slightly

higher value, MSE ≤ �0.75 D, might be a reasonable com-

promise, since at this level myopia has a marked effect on

e.g. visual acuity, which is reduced to around 6/12. This is

close to the limits required to meet typical standards of

vision for driving,41,42 and a correction would be recom-

mended by practitioners.

Age-dependent refractive changes

The further important issue affecting interpretation of

changes in prevalence is the question of normal changes

in refraction with age.11 It is known that there are age-

dependent changes in several of the biometric parameters

affecting the MSE of the eye, particularly the lens. Numer-

ous European and North American authors have compared

overall mean refractions at different ages, usually in cross-

sectional studies but occasionally longitudinally43–50 (Fig-

ure 4). While, as might be expected from the differences in

the patient selection criteria and refractive methods

employed in the different studies, the results do not agree

exactly, they show broad agreement regarding the general

nature of the trends involved. Overall mean MSE becomes

more myopic until the age of about 30, when it reaches

about �0.50 D. It then drifts back in the direction of hyper-

opia to reach around +1.50 D at about 70 years i.e. a

change of about +2.00 D. Thereafter the individual results

seem to be strongly influenced by the effects of any pathol-

ogy, such as cataract. Note that the studies span many dec-

ades and that the age trends appear to remain consistent

over this period.

What causes these changes in overall mean refraction?

The hyperopic shift in later life could either be due to a

hyperopic shift in the whole population, so that while the

Table 1. Some examples of measurement conditions and threshold criteria used in different studies of myopia prevalence

Study Method Cycloplegia

MSE

used

Myopia

threshold

Sorsby et al. (1960)18 Ret + Subj Yes Mainly ≤�0.10 D

Young et al. (1969)7 Subj Yes Yes ≤�0.25 D

Framingham Offspring Study Group (1996)28 Auto No Yes ≤�1.00 D

Katz et al. (1997)29 Subj No Yes <�0.50 D

Lin et al. (1996)30 Autorefrator + Ret Yes Yes ≤�0.25 D

Lin et al. (1999)2 Auto Yes ? <�0.25 D

Kinge & Midelfart (1999)31 Auto + Subj Yes Yes ≤�0.25 D

Lithander (1999)32 Auto + Ret Yes Yes ≤�1.00 D

Montes-Mico & Ferre-Blasco (2000)33 Ret + Subj No Yes <�0.25 D

Loman et al. (2002)34 Auto No Yes ≤�0.50 D

Kleinstein et al. (2003)24 Auto Yes No ≤�0.75 Da

Quek et al. (2004)35 Auto No Yes ≤�0.50 D

Eye Diseases Study Group (2004)36 Auto + Subj No Yes ≤�1.00 D

Onal et al. (2007)37 Auto + Subj Yes Yes ≤�0.75 D

Vitale et al. (2009)6 Obj, existing spectacles No Yes <0.00 D

Lam et al. (2012)15 Auto No Yes <�0.50 D

French et al. (2012)38 Auto Yes Yes ≤�0.50 D

Pan et al. (2013)4 Auto + Subj No Yes <�0.50 D

Lv & Zhang (2013)39 Auto + Subj Yes Yes <�0.50 D

Pan et al. (2015)40 Auto or Subj No Yes <�0.50 D

Subj, subjective; Obj, objective; Auto, autorefraction; Ret, retinoscopy; MSE, Mean spherical equivalent.
aIn each principal meridian.

Figure 4. A selection of Western Caucasian data for the changes in

mean equivalent spherical refractive error with age in Western popula-

tions.43–50 The green curves show multi-ethnic Singapore data from Pan

et al.4 in its original form (dotted, dark green) and shifted upwards by

1.5 D (continuous, pale green).
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mean became more hyperopic the shape of the distribution

of errors was unchanged, or to a larger hyperopic shift in

those eyes which were originally more myopic, with

changes being smaller or absent in eyes which started em-

metropic or hyperopic, thus narrowing the error distribu-

tion. In the former case the standard deviation would be

unchanged; in the latter it would be reduced. Where avail-

able, the data suggest that after the age of 30 the shape of

the distribution as indicated by its standard deviation or

percentiles does not change greatly,43,48 so that age-related

ocular changes common to all eyes, such as those in the

crystalline lens,11 may be largely responsible for the hyper-

opic trend.

The hyperopic trend in later adult life implies that cau-

tion must be exercised before it is claimed that novel envi-

ronmental conditions have caused higher levels of myopia

in the younger age group (e.g. Figure 1). It is also of inter-

est that the slow drift with age means that the distribution

of adult refractive errors will be broadened when the sub-

ject group contains individuals covering a wider range of

ages than those in e.g. the studies by Stromberg19 or Sorsby

et al.18 Mutti & Zadnik11 consider the question of natural

physiological change from a slightly different viewpoint,

the prevalence of myopia at different ages, but their basic

argument is essentially similar to that offered here.

In fact, insofar as it is valid to compare data for Asian

eyes with the progression data obtained in Europe and

North America, there is strong evidence that Asian data are

different. The dark-green dotted curve in Figure 4 shows a

synthesis by Pan et al.4 of various data from recent studies

in Singapore. While the general shape is similar to the ear-

lier Western data, the refractions are generally more myo-

pic at all ages. If the curve is translated upwards by +1.50 D
to obtain rough agreement with western data in the youn-

gest age groups (continuous, pale-green curve), young

adults are still more myopic, although the older adults

come into agreement with the earlier data. This implies that

genetically the infant Asian eye may be more myopic and

that the rate at which myopia develops through childhood

and adolescence is faster than was historically the case in

the West. The cross-sectional changes in later life can be

interpreted as either supporting the view that older genera-

tions developed less myopia or that there has always been a

more rapid drift in the hyperopic direction in older Chi-

nese eyes (see below).

It is also of interest that it is not possible to explain the

age changes in the cross-sectional data of Young et al.7 for

Inuits (Figure 1) simply in terms of changes comparable to

those for Caucasian eyes as illustrated in Figure 4. Figure 5

gives a comparison of the Young et al.’s refractive data with

mean data from the cross-sectional43 and longitudinal45

Caucasian studies of Saunders. The changes are markedly

larger in the Inuits, mainly because the older eyes are more

hypermetropic. Also shown in Figure 5 is a smoothed cur-

vilinear fit to cross-sectional data for a similar group of 133

Alaskan Inuits obtained some 30 years later by Wojcie-

chowski et al.51: the curve appears to be shifted along the

age axis with respect to the earlier data of Young and his

colleagues by about the amount that might be expected on

the basis of the dates of the two studies and a cohort effect.

Unfortunately the later study did not include ages younger

than 40 years.

Summarising the distribution of refractive errors

The foregoing has largely been concerned with factors

affecting the comparability of prevalence data. The prob-

lems of a patient with low myopia are, however, very differ-

ent from those of a high myope and the full frequency

distribution of refractive error offers much more informa-

tion than does a single prevalence value extracted from it.

To allow prevalences with different cut-offs to be com-

pared, it would be helpful if MSE frequency distribution

data was specified in intervals of 0.25 D or even 0.12 D,

even though it might be grouped into larger intervals for

graphical display. The relative complexity of the full fre-

quency distribution of ametropia, however, raises its own

problems when different distributions are to be compared,

rather than simple prevalences. Some simplification of the

task of comparing different distributions could be achieved,

however, if it were possible to adequately describe them by

a limited set of parameters. How might this be done?

Mean and standard deviation

In many studies, data on the distributions of refractive

errors for the populations considered are not given in full

Figure 5. Comparison of the changes in mean refractive error with

age from the data of Young et al. (1969)7 for Inuits and Caucasian data

from Saunders (1981, cross-sectional data43; 1986 longitudinal data45).

The error bars for the Young data correspond to +1 standard errors.

The continuous and dotted curves are 5th-order polynomial fits to the

data points. The dashed green curve is a smoothed fit for Inuit data, as

found by Wojciechoski et al. (2003).51
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but are summarised in terms of their arithmetic means and

standard deviations. It is clear that the latter two parame-

ters alone are of limited value, since the distributions of

refractive errors are unlikely to be normal. Although a few

authors17,20,38,52,53 quote values for the skewness and kurto-

sis of some of their error distributions, in addition to the

mean and standard deviation, this suggestion has not been

widely adopted, perhaps because it it is difficult to visualise

the shape of the distribution from the values of the four

parameters.

Nevertheless some useful inferences can be drawn from

comparisons of standard deviations. A uniform shift of the

refractions of all individuals in the negative direction will

affect the means but not the standard deviations. In the

much more realistic case where only some individual

refractions become more negative, the distribution of errors

will broaden and its standard deviation will increase. As an

example, consider the data of Lin et al.14 for myopia in Tai-

wanese school children over the period 1983–2000 inclu-

sive: these data include both mean MSE and its standard

deviation for yearly cohorts, as collected in different years.

A consistent measurement and analysis method was applied

throughout the study, minimising the effects of most of the

problems discussed earlier. Figure 6a replots the refraction

data. It can be seen that at each date the mean refraction of

each year group becomes more negative with age and that,

as the date advances from 1983 to 2000, it appears that

overall refractions become more negative. If we look at the

corresponding standard deviations (Figure 6b), we can see

that both at each fixed date and across dates, the standard

deviation tends to increase as the myopia increases, imply-

ing that the distributions of refractive error are becoming

broader with age, rather than simply shifting in the myopic

direction.

The general relationship between mean refractive error

and its standard deviation is illustrated in more detail in

Figure 7. This shows the standard deviations for each year

group at each date, plotted as a function of the correspond-

ing mean refractive error. Rather remarkably, it is evident

that standard deviations increase systematically as the mean

refractive error becomes more negative, irrespective of the

year in which the data were obtained or the year group.

Unfortunately, as noted earlier, the distributions of error

corresponding to each point are almost certainly never nor-

mal, so that their standard deviation gives an incomplete

indication of the nature of the distribution. Thus the inter-

pretation of this result is somewhat limited. Nevertheless,

the broad implication is that any changes with age or date

are not simple myopic shifts of the refractive characteristics

of all members of the group, but must involve a larger

spread of errors within the distribution i.e. that the errors

of some individuals must change more than those of others.

We can also infer that, since standard deviations are essen-

tially the same at any level of mean refraction, irrespective

of the date, in Figure 6a the same general refractive changes

may be occurring at progressively earlier ages (i.e. at an

accelerated rate) over the period 1983–2000.
We can take these arguments a little further by consider-

ing the slope and intercept parameters for the regression

line fits to the refractive changes of Figure 6a. These are

plotted in Figure 8 as a function of date.

(a)

(b)

Figure 6. (a) Data on the mean refractions of different age groups of

Taiwanese schoolchildren at various dates (b) The corresponding stan-

dard deviations (replotted from table 2 of Lin et al.14). The continuous

lines correspond to least square regression fits.

Figure 7. Relationship between the mean refractive error and its stan-

dard deviation for each combination of age group and date (plotted

using data for 1983–2000 from Lin et al.14). As the mean error

becomes more myopic, the spread of the distribution of errors appears

to increase.
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The slopes appear to become increasingly negative as the

dates advance i.e. the rates at which myopia develops

become higher. However, the intercept does not change sig-

nificantly, remaining at around 3.0 D. Although dependent

on a slightly dubious extrapolation to age zero, the latter

result suggests that the refractions in infancy may not have

changed over the period of study. Thus, the overall implica-

tion is again that the distribution of refractive trends

amongst individuals is essentially the same but that all the

individual rates of change have been accelerated by a con-

stant factor as the date has advanced.

A similar tendency for the standard deviation of the MSE

to increase with age during later childhood was found by

Fan et al.54 in a longitudinal study of a group of 108 Hong

Kong Chinese primary school children at five and 10 years.

When the distributions of MSE were described in terms of

means and their standard deviations, at 12 years the mean

refraction was more myopic and had a larger SD (mean

and SD �0.44 � 1.72 D compared with +0.77 � 0.80 D

for the 6-year-olds. In fact, the distribution of errors once

the children were older (2000) was broader and less lep-

tokurtic (Figure 9): indeed, it may be bimodal. It is clear

that the refractive errors have changed only for a subset of

the children, rather than the whole group. If they were

available, it would obviously be instructive to plot the dis-

tribution of the individual rates of myopia progression to

explore these inter-subject differences in more detail.

Parametric description of distributions of refractive error

Bigaussian fits

It is clear from the foregoing that, as many others have

noted, the use of a mean and a standard deviation to

describe the refractive characteristics of a group at any age

usually gives an incomplete description of the associated

frequency distribution of refractive errors.

In an important article, Flitcroft16 has pointed out

recently that the observed distributions appear to be the

result of two main conflicting mechanisms, the first con-

trolling eye growth in infancy so that refraction tends

towards emmetropia or low hyperopia, the second during

later childhood which leads towards myopia. He gives

details of a model of refractive development based on these

mechanisms, which, with appropriate adjustment of

parameters, leads to good simulations of the observed dis-

tributions at different ages. In a further paper, Flitcroft17

suggests that the failure of some eyes to emmetropise in

early childhood, allied to the failure of some emmetropic

eyes to maintain emmetropia in later childhood and the

teenage years, leads at any age to two distinct populations

of eyes. The “emmetropised” population is characterized by

a relatively narrow Gaussian (normal) distribution, peaking

near emmetropia. In contrast, the “dysregulated” popula-

tion has a much broader Gaussian distribution and a myo-

pic mean. This model is characterized by five parameters: a

mean and a standard deviation (D) for each Gaussian and a

figure giving the proportion of individuals contributing to

each Gaussian mode.

Rozema and Tassignon52 recently found, in a non-cyclo-

plegic, cross-sectional study of 1136 healthy, white Euro-

pean eyes, that refractive distributions could be

satisfactorily modelled in these terms, with about 60% of

the eyes falling into the emmetropic group and 40% in the

(a)

(b)

Figure 8. The slope and intercept of regression line fits to the mean

refraction/age data of Figure 6a (Lin et al.14) as a function of the year in

which the data were obtained.

Figure 9. Changes in the refractive error distribution over a 5-year

time interval for the same group of Hong Kong children with an initial

mean age of 5 years (after Fan et al.53).
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dysregulated group (Figure 10a): the fit to the observed dis-

tributions was not improved by increasing the number of

component Gaussians. When subjects are divided into age

groups by decade, the slope of the regression line fit of the

percentage of eyes in the “emmetropic” group as a function

of age does not differ significantly from zero (Figure 10a),

so that these proportions change little throughout adult

life. Although caution must be exercised when interpreting

cross-sectional data, this may imply that there is little inter-

change between the two groups throughout adult life. Fig-

ure 10b plots the means and Figure 10c the standard

deviations of the two component Gaussians as a function

of age. As would be expected from their Figure 4, the slopes

of the regression lines showing the change in means with

age in Figure 10b differ significantly from zero (p < 0.05)

but those for the standard deviations (Figure 10c) do not.

This suggests that although the refractive distribution tends

to move in a hyperopic direction in later life, the spread of

the errors does not change greatly. Thus the refractions of

all eyes must experience broadly similar refractive shifts

with age. The hyperopic shift in the means of both compo-

nents of about 1.6 D over 40 years in Figure 10b is compat-

ible with the MSE/age data of Figure 4, although Rozema &

Tassignon52 suggest that their cross-sectional data may

reflect an “increased prevalence of myopia in young people

over the past few decades”.

The Ex-Gaussian model

As an alternative to the biGaussian approach, with its five

fitting parameters, we have found it useful to fit the empiri-

cal distributions, where available, with simpler ex-Gaussian

functions. The ex-Gaussian, which is often used in the

analysis of response times and fixation durations in read-

ing,55,56 represents the convolution of a Gaussian (normal)

and an exponential function.54,55 MATLAB-based

approaches to determining the relevant parameters using

maximum likelihood methods are available.57 Ex-Gaussian

analysis uses only three parameters. These correspond to

the location/mean (l) and the standard deviation (r) of

the Gaussian (normal) distribution, and the mean and the

standard deviation (both s) of the exponential component,

which has a rate k = 1/s. The overall mean of the ex-Gauss-

ian is l + s, and the overall standard deviation is (r2 +
s2)½. The skewness is 2s3/(r2 + s2)3/2 and the excess kurto-

sis is [2(r2 + 2s2 + 3s4/q2)/(r2 + s2) � 3].

While caution should be used in attributing physiological

meaning to this description, it is tempting to suggest that,

in relation to Flitcroft’s model,17 the Gaussian component

is related to the underlying distribution of errors left after

emmetropisation, having a mean that may be age-depen-

dent, and that the exponential may be related to the proba-

bility of a particular myopic shift occurring as a function of

the magnitude of that shift, although in practice it is known

that this is related to the previous refractive history of the

individual. By fitting the ex-Gaussian distribution to the

distributions of refractive error data, and then comparing

the parameter values across conditions (e.g. age groups),

we can establish whether differences in overall means are

due to a shift in the Gaussian component (l) and/or to a

specific difference in the “myopic tail” (exponential com-

ponent) of the distribution (s).
To illustrate this approach, Figure 11 applies ex-Gauss-

ian fits to data from Kamiya58 for Japanese boys. It can be

seen that in general the fits are reasonable, in spite of the

fact that the use of the exponential implies that any refrac-

tive shifts are always in the same direction (i.e. that there

(a) (b) (c)

Figure 10. Changes in (a) the percentage of eyes in the “emmetropised” group (b) the means and (c) the standard deviations of the two Gaussians

(Mode 1, “emmetropised” and Mode 2, “dysregulated”) in the biGaussian approximation to the observed distribution of refractive errors, plotted for

10-year age-groups (i.e. 20–30 years, 30–40 years etc). The blue squares refer to the Mode 1 “emmetropised population”. The red circles refer to

the Mode 2 “dysregulated” population. The continuous and dashed lines correspond to least square regression fits. Plotted from the data of Rozema

& Tassignon52.
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are no hyperopic shifts in these cases). While it is obvious

that the distributions become broader and that the mean

refraction becomes more myopic as the age increases, the

changes in fitting parameters give greater insight (Fig-

ure 12). The underlying Gaussian parameters (l, r) show
little change with age, but the mean (s) of the exponential,
whose magnitude is related to the extent of the myopic

changes in refraction for some individuals, becomes more

negative, shifting the overall mean (l + s) in the negative

direction and making the distribution more skewed in the

negative direction.

The weakness of the ex-Gaussian model is that, in con-

trast to the biGaussian, it can only approximate refractive

distributions with a single peak and hence is a less useful

descriptor of bimodal distributions.

Conclusion

There remains a need for greater standardisation in sam-

pling strategies, refractive measurement procedures and

definition of myopia in prevalence studies. In both cross-

sectional and longitudinal studies of changes in refraction

with age, it is desirable that the distributions of refractive

error be considered, together with the distribution of

individual rates of refractive change, rather than just the

means and standard deviations. If mean refractions at

different ages are to be compared, the interpretation of

the results should take account of the normal age-depen-

dent trends in refraction. The use of bi-Gaussian or ex-

Gaussian fits may be helpful when considering changes

in the form of the distribution of refractive errors with

age.

Figure 11. Ex-Gaussian fits to refractive error distributions for Japanese boys of different ages, as found by Kamiya58 Ex-Gaussian represents the con-

volution of a Gaussian (normal) and an exponential function and can be characterized by three parameters: the mean (l) and the standard deviation

(r) of the Gaussian component, and the mean/standard deviation (s) of the exponential component. A fitting algorithm that minimizes x2 was used

(profit 6.2, Quantom Soft, Switzerland).

Figure 12. Ex-Gaussian fitting parameters l (red), r (black) and

s (blue) from Figure 11, plotted as a function of age. The regression-line

fits to l and r show little change with age but the exponential parame-

ter s changes systematically during adolescence (>12 years). The contin-

uous lines correspond to least-square regression fits except for s, where

the data are fitted with two lines over different age intervals.
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