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Abstract
Studies of animal models have demonstrated that abnormal visual experience can lead to abnormal
visual development. The provision of normal optical experience for human infants and children
requires an understanding of their typical retinal image quality in the natural dynamic environment.
The literature related to this topic is reviewed.
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A large literature now suggests that abnormal visual experience leads to abnormal visual
development in animal models. Visual experience can influence both the refinement of
synapses in visual cortex1, 2 and the growth of the eye3–5. The manipulations of visual
experience used in these experiments cannot be implemented in studies of human development
and therefore direct evidence of the impact of abnormal visual experience on otherwise
typically-developing infants and young children is much harder to gather. Infants receiving
abnormal experience are typically only identified if the cause is detected easily (e.g. ptosis,
cataract or strabismus6–9). We have only minimal evidence from humans regarding the natural
history of other conditions, such as anisometropic amblyopia 10, 11, where the signs of abnormal
experience are less obvious. As a result, approaches to prescribing spectacles for apparently
asymptomatic infants and young children have primarily been derived from a combination of
clinical consensus12, 13, the typical distribution of refractive errors during infancy and early
childhoode.g.14, and the refractive error found at the diagnosis of an apparent consequence (e.g.
amblyopia)15, 16. The goal of this perspective is to review our current understanding of the
retinal visual experience of human infants and young children, and to pose questions that need
to be answered if we are to promote normal visual development by providing ‘normal’ visual
experience to young patients.

Much public effort in research, screening and healthcare is currently aimed at detecting and
treating the apparent consequences of abnormal visual experience – primarily amblyopia and
some forms of strabismus17–20. However, studies of form-deprivation and chronic defocus in
animal models suggest it may instead be possible to prevent these consequences in humans
with appropriate intervention at an earlier point. In attempts to explore this possibility and
provide normal visual experience there have been three large-scale human population studies
of randomized spectacle correction for hyperopia in infancy, with differing outcomes. These
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studies have suggested that it may be possible to reduce the prevalence of amblyopia at age
three or four years with preventative use of spectacles21–23, but the results with regard to the
incidence of strabismus are not consistent. Ingram’s group, who included infants aged 6 months
with 4D of hyperopia or more in any one meridian, corrected one group with 2D less than their
cycloplegic refraction and left another group untreated. They found that the prevalence of
strabismus at age 3.5 years was the same in the treated and untreated groups (24% with
treatment and 26% with no treatment)21. Atkinson’s group, however, found there was a
reduction in the prevalence of strabismus in the treated group in their first programme, in which
infants of six to eight months of age with more than 3.5 D of hyperopia in any meridian were
randomized to glasses or no treatment (the initial spectacle corrections consisted of 1D less
than the least hyperopic meridian, plus approximately half of the astigmatic correction). The
prevalence of strabismus at four years was 6.3% in the group that were prescribed glasses and
21% in the untreated group22. The prevalence of strabismus was not significantly different in
the two groups in their second programme however (20% of the treated group and 11% of the
untreated group)23, which compared spectacle-treated and untreated hyperopes who had
undergone uncyclopleged videorefraction screening at around 8 months of age and then
cycloplegic retinoscopy follow-up (the prescribing approach was the same as used in the first
programme, although the criterion for hyperopia was 4D or greater in any meridian).
Abrahamsson and Sjostrand24 also assessed the success of preventative spectacle correction
for a single group of anisometropes. They provided full anisometropic correction at two to
three years of age to infants who had been found to have anisometropia of between 3 and 5.5D
at 1 year. These children were found to have mixed outcomes at 10 years of age even with the
correction and equal reported compliance. Some of the subjects lost their anisometropia while
others retained it, and some of the subjects developed amblyopia and strabismus while others
did not. Overall, while confirming that high refractive error is a risk factor for further abnormal
visual development, these trials of prevention have been somewhat inconclusive.

If we are to make progress in understanding the parallels between experience-dependent
development in animal models and clinical management of visual development for children it
appears that we need to better define and quantify the parameters of ‘abnormal’ visual
experience in humans. Without this understanding, we cannot clearly identify the children who
are destined for abnormality and then target them for future large-scale tests of preventative
intervention.

In an attempt to understand abnormal visual experience, we would first like to characterize our
understanding of normal visual experience.

Quantifying Visual Experience Using Retinal Image Quality
It is not currently possible to measure visual experience at the critical pre-synaptic inputs in
plastic visual cortex or at the final step in the pathway controlling eye growth, but it is possible
and logical to quantify visual experience at the start of neural processing common to both
pathways, the retinal image. It is the retinal image that would be manipulated with any form
of preventative optical correction.

The quality of the image formed on the retina depends on the optical properties of the eye, eye
size, and the neural control of accommodation. In the adult eye, higher order aberrations and
chromatic aberration have been shown to reduce image quality of an optimally focused
eye25–27. The impact of accommodation therefore depends on the relative importance of
defocus compared with the other optical properties of the eye in disrupting the immature retinal
image.

A fundus examination of even a premature infant suggests that the optical quality of the
newborn eye is relatively good. The major landmarks, the vascular system and optic nerve
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head, are easily visible with only a correction for defocus. This qualitative impression has been
confirmed by careful study of the transmission properties28 and aberrations (both higher-order
monochromatic29 and chromatic30) of the young eye (see also31). The data suggest that these
combined aberrations are within a factor of two of those of an adult within weeks after birth,
as illustrated in Figure 1, and are close to predictions based on relatively simple optical models
of infant and adult eyes29, 32. Figure 1 simulates the combined effects of higher-order
monochromatic aberrations, chromatic aberration and diffraction on the retinal image of a point
source for an infant of approximately 2 months of age (Panel A) and an adult (Panel B)27. The
circles at the top of the images illustrate the size of the foveal photoreceptor inner segments in
each case33, 34 and therefore the scale at which these images are sampled. Although the infant
point spread function (PSF) in panel A is comparable in angular size to the adult version in
panel B, the infant PSF would extend over fewer photoreceptors and be sampled more coarsely.

These aberrations have a small effect (equal to less than a diopter of equivalent defocus based
on Figure 1) relative to the typical amounts of hyperopia at birth (the population mean is around
+2D with a standard deviation of approximately 2D14, 35). Thus defocus and, if present,
astigmatism logically become significant factors in infants’ retinal image quality. This is
illustrated in Figure 1, panels C and D, where the mean value of 2 D of hyperopic defocus has
been added to the infant PSF in panel C and 0.5D of astigmatism has been added in panel D.
In turn, therefore, the control of retinal defocus by accommodation becomes a central factor
in retinal image quality and postnatal visual experience. This is discussed in the following
section.

The Role of Accommodation in Postnatal Visual Experience
Infants’ ability to eliminate defocus with accommodation has been studied by a number of
groups, primarily since the mid 1960’s36–42. The consensus from these studies of
accommodative accuracy to static targets as a function of viewing distance is that infants less
than approximately 3 months of age tend to over-accommodate for distant objects and exhibit
a low accommodative response function gain. At around three months, however, their gain
increases and the mean population accuracy as measured with retinoscopy is around half a
diopter of error (e.g. Banks38, Figure 5), which is similar to the accuracy of young adults as
reviewed by Ciuffreda43.

Habitual visual experience in a dynamic environment also depends on the dynamics of
accommodation. Delayed or slow velocity responses would lead to poor tracking of stimuli
and additional retinal defocus. The first evidence regarding the dynamics of infants’ responses
to step stimuli was provided by Howland, Dobson & Sayles40. In their Figure 5 they present
data from a 4.5-month-old and a 9-month-old as they change fixation between targets at 1m
and 25cm. In both cases the infants make rapid accommodative responses lasting
approximately one second, after a latency of less than a second. We have recently examined
infants’ ability to track moving stimuli and the latency after which they can initiate a
response44, 45. We found that by the earliest age tested, 8 weeks, many infants can track
accommodative stimuli moving at velocities between 50 and 5 cm/s at viewing distances of
less than a meter, and initiate a response after less than a second. This compares well with
typical adult responses and latencies of 300 to 400 ms46–48. We have also studied the stability
of infants’ steady-state responses to static targets49. Adults exhibit microfluctuations of
accommodation50 with an RMS on the order of 0.1 to 0.2 D and a temporal power spectrum
containing most of the energy at lower temporal frequencies, below 3 Hz. Infants of eight to
thirty weeks of age also exhibited microfluctuations. They had an RMS three to four times
greater than the adults, but a power spectrum with a similar shape49.
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In combination this literature suggests that most typical infants are not experiencing chronic
bilateral retinal defocus equivalent to their isometropic hyperopic refractive error, and that they
are in fact accommodating with an almost adult-like accuracy within the first months after
birth. Thus normal postnatal visual experience is likely to consist of a relatively well-focused
retinal image for a large proportion of an infant’s waking hours. Although this is consistent
with the theoretical requirements for normal activity-dependent synaptic refinement in visual
cortex, it suggests that any activity-dependent signal for emmetropization is more subtle than
simple retinal defocus equal to the current refractive error. Thus, while the animal models of
refractive development incorporating chronic anisometropic defocus may be an appropriate
model for human anisometropia during infancy51, they are unlikely to reflect the retinal
experience of a relatively symmetric bilateral hyperope who emmetropises during the first
years after birth14, 52–54. How might retinal visual experience be influencing emmetropization
in typical hyperopic human infants?

Emmetropization in Human Infants
In thinking about human emmetropization, there are currently data available from two large-
scale prospective studies. A graph based on Figure 4 from Atkinson’s study described
above53 is shown here in Figure 2, panel A. The graph plots change in cycloplegic hyperopia
between 9 and 36 months of age as a function of the amount of hyperopia in the most hyperopic
axis at 9 months of age. A similar graph based on Figure 2, panel A from the BIBS study54 is
shown here in Figure 2, panel B. This graph plots change in cycloplegic refractive error between
three and nine months of age for infants with no optical correction, as a function of refractive
error at three months. The dashed lines have been added to each graph. In both cases the
horizontal line represents the prediction if the infants showed no change in refractive error over
the study period, no emmetropization, and the lines of slope −1 illustrate the prediction if the
infants fully compensated for their initial refractive error, full emmetropization. The trend in
the variance in both data sets is for increasing variance with increase in baseline refractive
error. This suggests that the infants fall fairly evenly between the two predictions and that
infants with equal initial refractive errors undergo different proportions of emmetropization.
In other words, the initial refractive error may be predictive of the dioptric range of changes
in refractive error (anything between approximately zero and approximately 100%
compensation for initial hyperopia), rather than the exact value represented by the mean. This
additional alternative interpretation of the data was not discussed in either study.

Why might some infants emmetropise fully and others not? Family history appears to play a
role in the development of refractive or accommodative strabismus with hyperopia 55–57, but
we have very little evidence to help make concrete predictions regarding emmetropization for
individuals. The only prospective evidence relating accommodation, emmetropization and
strabismus in human infants also suggests that bilaterally hyperopic human infants do not
replicate the animal models of emmetropization58. Ingram, Gill and Goldacre58 found that
infants who accommodate well to eliminate their retinal defocus were the ones who
emmetropised and developed normally. Those who did not accommodate well and presumably
experienced chronic defocus did not emmetropise.

Summary
If normal visual experience in the infant retinal image incorporates close to adult-like
aberrations and accommodative accuracy within months after birth and leads to both normal
cortical development and emmetropization, it appears that defining and detecting abnormal
visual experience for symmetric refractions will be more complicated than measuring refractive
error. Typical spherical refractive errors during infancy are greater than habitual
accommodative errors and therefore an estimate of accommodative accuracy would be central
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to understanding habitual visual experience59. Which aspect or aspects of accommodative
performance could be relevant? There is now evidence to suggest that the temporal structure
of visual experience impacts development60–64. Perhaps we also need to study how well
accommodation can be sustained? The peripheral retina is also now implicated in refractive
error development65–67. Should we be studying peripheral refractions during accommodation?
Is astigmatism an important factor in accommodative accuracy40? It appears that there are
significant questions to be answered before we can define exactly what we mean by abnormal
visual experience in human infants and children and before we can generate evidence-based
guidelines for any preventative spectacle correction that will encourage both emmetropization
and optimal cortical development.
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Figure 1.
Retinal images of point light sources (PSFs) simulating the combined effects of diffraction
from the pupil, longitudinal chromatic aberration30 and higher order monochromatic
aberrations (3rd to 6th order Zernike polynomials)29. The effect of longitudinal chromatic
aberration was calculated every 10 nm, for wavelengths from 400 to 700nm, including the
effect of Vλ and assuming 555 nm is in focus on the retina. The PSFs were then summed to
demonstrate the size of the white light PSF, but not the chromatic content. The age appropriate
photoreceptor inner segment diameters are illustrated in the top left corner of panels A and B,
to demonstrate the spacing at which the PSF would be neurally sampled (neonate = 2.6
arcmin33, 34 & adult = 0.49 arcmin68). PANEL A: a young infant with a pupil size of 3mm29

(average monochromatic aberrations of a six-week-old & average chromatic aberration of a
three-month-old). PANEL B: an adult with a pupil size of 4.5mm29. PANEL C: the infant with
an additional 2D of hyperopic defocus. PANEL D: the infant with 0.5D of astigmatism and
one meridian in focus. At three months of age, approximately 50% of infants have more than
0.75 D of astigmatism69 and therefore it has the potential to disrupt the retinal image in
significant cases.
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Figure 2.
Data from two studies of emmetropization during infancy. PANEL A presents the data of
Atkinson, et al53. The filled triangles were hyperopes who did not wear glasses, the open circles
were hyperopes who were compliant with glasses, the circles with crosses in them are the
hyperopes who were not compliant with their glasses and the squares were high hyperopes
excluded from the spectacle trial. The filled circles are the control group of low hyperopes.
PANEL B presents the data of Mutti et al54, from uncorrected infants whose refractions were
measured at three and nine months of age. The added horizontal dashed lines demonstrate the
prediction for no change in refractive error over time, and the added dotted lines represent the
prediction for full emmetropization for the initial refractive error. A color version of this figure
is available online at www.optvissci.com.
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