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Abstract

Blur induced by uncorrected astigmatism during early development can result in amblyopia, as
evidenced by reduced best-corrected vision relative to normal, in measures of grating acuity, vernier
acuity, contrast sensitivity across a range of spatial frequencies, recognition acuity, and stereoacuity.
In addition, uncorrected astigmatism during early development can result in meridional amblyopia
(MA), or best-corrected visual deficits that are greater for, or are present only for, specific stimulus
orientations. Astigmatism-related amblyopia can be successfully treated with optical correction in
children as old as school age, but the amblyopia may not be completely eliminated with optical
treatment alone, and the age at which optical treatment is most effective has yet to be determined.
Future research on determining the period of susceptibility of the visual system to negative effects
of uncorrected astigmatism and exploration of alternative or complimentary treatment methods, in
addition to optical correction, are warranted.
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Classic animal studies have demonstrated that deprivation of visual experience for stimuli of
certain orientations during a critical period of development results in reduced response for
stimuli of those orientations that persists after the deprivation is eliminated.1:2 A similar
phenomenon, clinically referred to as meridional amblyopia (MA), occurs in humans. Research
conducted primarily in the 1970s and ‘80s demonstrated that orientation-dependent blur
induced by uncorrected astigmatism during early development results in orientation-dependent
visual deficits that persist despite optical correction or emmetropization of the astigmatism.
3-11 The orientation for which subjects demonstrate poorer acuity is typically consistent with
the stimulus orientation for which they experienced greater visual degradation when
astigmatism was uncorrected.3=6;

Few studies were added to the literature on MA after these early studies,12-14 presumably
due to the low prevalence of astigmatism in the general population, until recent years when
partnership with the Tohono O’odham Nation, a Native American tribe with a high prevalence
of high bilateral with-the-rule as;tigmatism,15‘20 allowed researchers to conduct large-scale
studies of preschool- and school-aged children with high astigmatism.21‘26 These studies
evaluated the effects of bilateral astigmatism on visual development, as well as the
effectiveness of optical treatment of astigmatism-related deficits, utilizing reliable and valid
methods of measuring refractive error2” and an age-matched non-astigmatic control group of
children with which to compare best-corrected monocular visual performance in bilaterally
astigmatic children. The present paper summarizes what we have learned from these and
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previous studies of astigmatism-related amblyopia. In the summary that follows, reduced best-
corrected vision relative to normal is referred to as amblyopia, and best-corrected visual deficits
that are greater for, or are present only for, specific stimulus orientations is referred to as
meridional amblyopia (MA).

Patterns of Blur and Uncorrected Astigmatism

Mitchell and colleagues asserted that the pattern of MA shown by an astigmatic adult could be
predicted from the astigmatic focal plane that is most often out of focus.4 Figure 1 illustrates
the differential focusing of vertical and horizontal stimulus orientations, presented at distance,
in non-astigmatic eyes and in eyes with different types of uncorrected with-the-rule
astigmatism when the eyes are in their unaccommodated state. In non-astigmatic eyes (Figure
1A-C), focal planes of all stimulus orientations come into focus at the same location, but in
uncorrected astigmatic eyes (Figure 1D-H), orthogonal focal planes come into focus at
different locations. When viewing stimuli at distance, the more myopic focal plane is most out
of focus for myopic astigmats (Figure 1D-E), and the myopic focal plane is likely to be most
out of focus for mixed astigmats (Figure 1F) because they can accommodate to focus the
hyperopic, but not the myopic, focal plane. When viewing stimuli at near, myopic and mixed
astigmats may be to accommaodate to either focal plane, depending on viewing distance and
amount of myopia. However, it is likely that the myopic and mixed astigmats illustrated in
Figure 1 experience more frequent degradation of input for horizontal stimuli, and would show
meridional amblyopia for horizontal stimuli.

Predictions are more complicated for hyperopic astigmats (Figure 1G—H), as they are typically
capable of accommaodating to bring either focal plane into focus. However, it is most likely
that they either accommodate to bring the less hyperopic focal plane into focus, since it requires
the least effort, or that they accommodate between the two focal planes, so that both are equally
out of focus. Data from small samples of subjects indicate that hg/peropic astigmats tend to
accommodate to bring the less hyperopic focal plane into focus. 28 However, there is also
data to suggest that when performing a task that requires good acuity (reading an eye chart),
some hyperopic astigmats accommodate between the two extreme focal planes.28 Thus,
depending on patterns of accommodation, hyperopic astigmats may experience the more
hyperopic focal plane most often out of focus and therefore show meridional amblyopia for
stimuli corresponding to the more hyperopic focal plane,4 or they may often experience both
focal planes equally out of focus, in which case they may not be at risk for developing
meridional amblyopia (reduced vision for one orientation relative to the orthogonal
orientation), but they may be still be at risk for developing amblyopia (i.e., vision that is not
necessarily reduced for a specific stimulus orientation, but is reduced relative to normal).

Meridional Amblyopia

Grating Acuity

Early studies found MA for grating stimuli that was consistent with the predictions outlined
above, i.e., best-corrected (BC) grating acuity for the stimulus orientation that is likely to be
most out of focus when the astigmatism is uncorrected tended to be reduced relative to grating
acuity for the orthogonal orientation.3410 Recent studies of Tohono O’odham children
showed the predicted patterns of MA for myopic and mixed astigmats, but they did not find
evidence of MA in hyperopic astigmats (relative to meridional differences in grating acuity in
age matched non-astigmatic control groups), 21,22,25 However, BC grating acuity was not
normal for children with any type of astigmatism. For myopic/mixed and hyperopic astigmats,
grating acuity was reduced for both stimulus orientations relative to grating acuity in the non-
astigmatic control group.21’22'25 One possible reason for the discrepancy between studies in
terms of observing MA in hyperopic astigmats is that there may be individual differences in
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accommodation patterns, and thus differences in patterns of blur experienced by hyperopic
astigmats. Some uncorrected hyperopic astigmats may tend to bring the less hyperopic
meridian into focus and others may accommodate to focus between the two focal planes,
leaving both stimulus orientations out of focus. Alternatively, it is possible that there are
differences between myopic/mixed and hyperopic astigmats in this population with respect to
changes in refractive error, and therefore changes in patterns of astigmatic blur experienced,
during development. Predicted patterns of meridional deficits were based on refractive error
at the time of testing, which may or may not have been the same throughout development.
However, longitudinal data on refractive error throughout early development was not available
on the children in these studies, and therefore we cannot be certain that patterns of blur
experienced were consistent throughout early development.

Vernier Acuity

Early studies reported that astigmatism in infancy or early childhood can lead to MA for vernier
stimuli. 410 However, recent studies of astigmatic Tohono O’odham school-age children
showed that, relative to an age matched non-astigmatic control group, there was no significant
MA for vernier stimuli, although there was amblyopia for vernier acuity as BC vernier acuity
was reduced relative to normal across stimulus orientations.21:25 The finding of significant
MA for grating stimuli, but no MA for vernier stimuli in myopic/mixed astigmats, is of
particular interest as it suggests that the meridional deprivation that results in MA for grating
acuity does not have the same orientation specific effects on the neural mechanisms responsible
for vernier acuity, but does nonetheless influence development of vernier acuity, since vernier
acuity was reduced relative to normal in children with myopic/mixed astigmatism.

The reason for the discrepancy across studies with regard to observing MA for vernier acuity
in astigmatic subjects is not clear. It is possible that stimulus differences across studies may
account for differences in findings with regard to observing MA in measurements of vernier
acuity. Our studies used stationary single line vernier stimuli with no gap at the vernier offset,
whereas studies in which MA was observed in measurements of vernier acuity differed in that
they used stimuli with a gap at the vernier offset,4 or included motion in the vernier stimuli.
10 study of vernier acuity performance for different forms of vernier stimuli under conditions
of induced astigmatic blur would allow us to determine if meridional blur is sufficient to
induced meridional differences in vernier acuity, and to determine if stimulus variables might
have been the cause of differences in findings of MA across studies. Such studies may also
provide us with further insight into the mechanisms involved with vernier acuity.

Another interpretation of the data is that MA for vernier stimuli may have been present in the
Tohono O’odham children earlier in development but later resolved via mechanisms similar
to those responsible for improvements in vernier acuity through perceptual learning once the
children reached an age at which they began to read and spend more time performing fine
perceptual tasks. Research has shown that development of vernier acuity continues later into
childhood than grating acuity,29 and is amenable to improvement through alterations in visual
experience, i.e., perceptual learning, into adulthood in amblyopes.30’3 Independence of
grating acuity and vernier acuity deficits might be assessed in future studies by determining if
grating acuity deficits and MA for grating acuity stimuli persist when vernier acuity deficits
are reduced or eliminated through perceptual learning

Contrast Sensitivity

Early studies of adult astigmats found MA in contrast sensitivity for grating stimuli.3=" MA
was present across a range of spatial frequencies, with more prominent deficits for high spatial
frequency stimuli.> 7 Recent studies of Tohono O’odham school-age children found reduced
BC contrast sensitivity across stimulus orientations for middle and high spatial frequency
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stimuli (6.0 and 18.0 cy/deg) in astigmats relative to a non-astigmatic control group, but not
for low spatial frequency stimuli (1.5 cy/deg). MA was not observed for low, middle, or high
spatial frequency contrast sensitivity stimuli.21.23 The finding of no MA for high spatial
frequency grating contrast sensitivity stimuli in children in whom MA for grating acuity was
observed (myopic/mixed astigmats) suggests that the meridional deprivation does not have the
same orientation specific effects on development of contrast sensitivity that is does on
development of grating acuity, although it does appear to influence development of contrast
sensitivity, relative to normal, in astigmatic children, as high spatial frequency contrast
sensitivity was reduced across stimulus orientation, relative to the non-astigmatic control

group.

Astigmatism and Recognition Acuity Deficits

Several studies of members of the Tohono O’odham Nation have reported reduced recognition
acuity in adults32 and in children,15’21!22v25’32 including children as young as 3 to 5 years
of age.22 In school-age children with > 1.00 diopter of astigmatism, mean BC letter acuity was
reduced by approximately 2 logMAR lines relative to BC letter acuity in an age matched group
on non-astigmatic children from the same population (mean logMAR acuity was 0.27 for
myopic/mixed astigmats, 0.25 for hyperopic astigmats, and 0.04 for non-astigmats), with a
reduction of almost one 0.1 logMAR for each diopter of astigmatism.25

Astigmatism and Stereoacuity Deficits

There are data indicating that astigmatic blur reduces stereoacuity,?’3 suggesting that bilateral
astigmatic blur may be sufficient to disrupt normal stereoacuity. However, the available data
on the relation between uncorrected astigmatism and the development of stereoacuity are
limited to an early case study4 and a more recent study of Tohono O’odham children which
are limited to children with bilateral with-the-rule astigmatism. 21,25 The study of Tohono
O’odham school-age children reported reduced BC stereoacuity (measured with the Randot
Preschool Stereoacuity Test) in astigmatic children without strabismus or anisometropia,
relative to a non-astigmatic control group.21'25 Itis likely that these BC stereoacuity deficits
are the result of reduced high spatial frequency input (due to presence of amblyopia) to
stereoacuity mechanisms. However, it is also possible that some of the stereoacuity deficits
observed may have been an artifact of meridional magnification caused by the optical
correction.

Sensitive Period for Development of Astigmatism-related Amblyopia

As summarized above, uncorrected astigmatism in early childhood is associated with a wide
range of visual deficits, including resolution acuity for grating stimuli, recognition acuity,
contrast sensitivity, vernier acuity, and stereoacuity. However, there is relatively little direct
evidence documenting the sensitive period for development of these deficits, i.e., the period
of time during infancy or childhood when the presence of uncorrected astigmatism leads to the
development of astigmatism-related amblyopia. Two studies failed to find astigmatism-related
MA for grating stimuli in myopic and hyperopic astigmatic infants less than one year of age,
suggesting that MA does not develop prior to age one year.34'35 Given the grating acuity limits
of infants, these results are consistent with studies of older astigmatic children and adults in
which there was less prominent or no MA observed for mid to low spatial frequency stimuli.
5,7,21,25 | addition, failure to observe MA in infants less than one year of age does not
necessarily mean that astigmatism in infancy does not lead to the later appearance of
astigmatism-related amblyopia. For example, a study that followed children longitudinally
from infancy to school age found MA for vernier stimuli in non-astigmatic children that was
associated with their astigmatism at age six to 24 months, but not with astigmatism present
before or after this age range.10 Several studies have shown that MA and deficits for grating
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stimuli® 11,22 and deficits for recognition acuity22 are present by the time astigmatic children
reach three to five years of age, and deficits for vernier stimuli, contrast sensitivity for grating
stlmull and stereoacuity stimuli are present by the time astigmatic children reach five years of
age 25 Thus, the available data suggest that the sensitive period for development of
astigmatism-related amblyopia begins between 6 months and some time prior to three to five
years of age. Data are not available to indicate the timing of the end of the sensitive period.
Longitudinal studies of refractive error and BC acuity are needed to allow us to define more
specifically when the visual system is susceptible to the detrimental effects uncorrected
astigmatism.

Treatment of Astigmatism-Related Amblyopia

In current clinical practice, astigmatism-related amblyopia in the absence of anisometropia,
strabismus, and other ocular abnormalities is treated by providing the individual with clear
visual input through optical correction of the astigmatism. Until recently, there was little
prospective research on the sensitive period for successful optical treatment of astigmatism-
related amblyopia. Early retrospective studies reported that astigmatic adults who received
optical correction prior to seven years of age did not show evidence of MA, 4,8 suggesting that
the sensitive period for successful treatment is prior to age seven years. These findings are
supported by the results of a case study in which MA in a 34-month-old astigmatic child was
eliminated after three months of optical correction,9 and by the results of a prospective study
in which the majority of the children in the sample who had astigmatism (> 1.00 D) that had
resolved by age two years did not show evidence of MA when tested at age four years.11
However, data indicating that MA was present in 5- to 11-year-old children in whom
astigmatism had emmetropized by age two years suggests that the sensitive period for
successful treatment may end even earlier, i.e., prior to age two years.

A prospective study of three to five-year-old astigmatic Tohono O’odham children revealed
no significant improvement in grating acuity or recognition acuity and no significant reduction
in MA, relative to a change in a non-astigmatic control group, after four months of spectacle
correction, supporting the hypothesis that the sensitive period for successful treatment ends by
age three years.=° However, a recent study found that astigmatic kindergarten children who
received optical correction in preschool had significantly better BC recognition acuity than did
astigmatic kindergarten children who did not receive optical correction prior to kindergarten,
suggesting that initiating optical treatment in preschool can reduce astigmatism-related
amblyopia.36 Furthermore, several recent studies have provided evidence that astigmatism-
related amblyopia can be successfully treated beyond age 3 years. A prospective study of older
(school-aged) Tohono O’odham children found that six weeks of spectacle correction resulted
in a reduction in astigmatism-related amblyopia, measured by BC grating acuity, recognition
acuity, vernier acuity, contrast sensitivity, and stereoacuity, and that the reduction Was similar
in younger children (4 to 7 years of age) and older children (8 to 13 years of age)

However, even after a full year of spectacle correction, visual function in astigmatic children
still did not reach normal levels, as defined b BC vision in a group of non-astigmatic age-
matched children from the same populatlon Flnally, a study of treatment of bilateral
refractive amblyopia in 3-to 10-year-old chlldren, most of whom received optical treatment
only, reported that for the children in their sample with bilateral astigmatism, binocular acuity
improved by an average of 3.5 to 5.4 lines after one year of treatment.37

Given these fmdmgs of s%;mflcant reduction in amblyopia following optical treatment in
school-age children, 2 it is likely that failure to find a reduction in amblyopia in the 3-
to 5-year-old Tohono O’odham children?3 was due factors other than lack of plasticity. For
example, variability in treatment compliance across studies and across age groups (i.e., poorer
compliance with spectacle wear in younger children) may have contributed to the failure to
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see a treatment effect in the preschool children with just four months of treatment. It is also
possible that there are differences in short-term treatment effectiveness due to differences in
typical visual experience and visual tasks performed by younger and older children (i.e., older
children performing more demanding near tasks may have increased treatment effectiveness).

Unanswered Questions

Over the past 35 years, much has been learned about the developing visual system as a result
of studies of astigmatism-related amblyopia. However, many questions remain regarding the
specific mechanisms and timing of the development and successful treatment of astigmatism-
related amblyopia. Several areas of research remain open, including:

1. Sensitive period for development of astigmatism-related amblyopia and the complex
interactions between development of MA and refractive error changes during
development Existing studies suggest that MA can develcg) if astigmatism is present
some time between age six months and three years.g‘lll 2,35,36 More detailed
longitudinal studies examining refractive error and BC acuity will provide us with the
necessary data to more clearly define the sensitive period of susceptibility to the
detrimental effects of uncorrected astigmatism on visual development, and will allow
us to determine the appropriate timing for astigmatism screening and for spectacle
prescribing for astigmatic children.

2. Conditions necessary for development of MA. Some studies reported MA in hyperopic
astigma’[s,?”dﬁ10 but others reported e%ually reduced acuity across stimulus
orientation in hyperopic astigmats.zz’ 5 Studies examining individual differences in
patterns of accommodation in uncorrected astigmatism along with longitudinal data
on refractive error might provide further insight into the varying results in the existing
literature, and the conditions necessary for development of MA.

3. Effects of interocular differences in meridional blur on development. Much of the
data summarized here are from members of a specific population in which high
astigmatism, when it occurs, is almost always with-the-rule and essentially equal in
amount and type of astigmatism between eyes. However, there are data that suggest
that much could be learned from studies that might examine the effects of interocular
differences in meridional blur on visual development in children with astigmatism.
For example, Hirsch and Spinelli found that when the two eyes of a kitten had
exposure to stimuli of different orientations (horizontal versus vertical), each eye
could only activate cortical units with receptive fields of the stimulus orientation that
it had experienced during development, whereas in a normally reared cat, receptive
fields of all orientations could be activated by each eye.2 Abrahamsson and Sjostrand
found an increased risk for amblyopia in children with oblique astigmatism, most of
whom had differences in axis between eyes of about 90 degrees (i.e., forming an A
or V pattern) and suggested that the increased risk for amblyopia may be related to
the dissimilarity of input to the two eyes.14

4. Methods of improving effectiveness of treatment of astigmatism-related amblyopia.
Existing prospective studies indicate that optical correction results in reduction in
amblyopia over time in astigmatic school-aged children,24!26’37 but even after a full
year of optical correction, meridional differences in vision are not reduced and vision
does not reach normal levels.2426 These findings suggest that exploration of
alternative or complementary treatments of astigmatism-related amblyopia and
studies that more closely examine treatment compliance are warranted. For example,
a common and effective treatment for unilateral amblyopia penalizes the fellow eye,
forcing the amblyope to use the amblyopic eye. For meridional amblyopes, it is
conceivable that optical penalization of the less amblyopic stimulus orientation could
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produce some improvement over time in BC vision for the more amblyopic orientation
(K. Tarczy-Hornoch, personal communication, 2005). Another possible treatment for
the residual astigmatism-related amblyopia that persists after a period of optical
correction is perceptual learning. Recent studies have shown that perceptual learning,
in which the ability to discriminate fine differences between visual stimuli improves
a result of practice or experience, can improve visual performance in adult and child
amblyopes.?’8 MA may prove to be an interesting model with which to examine the
effects of targeting specific patterns of amblyopic deficits for treatment through
perceptual learning.

5. Determining the most effective ages for successful prevention and optical treatment
of astigmatism-related amblyopia. Little is known about treatment of astigmatism-
related amblyopia prior to age three years, by which time astigmatism-related
amblyopia has developed.g‘lll22 Would earlier optical correction avert the
development of astigmatism-related amblyopia, and result in better outcome than
providing treatment once a child develops amblyopia?

CONCLUSIONS

In summary, the existing literature on development of astigmatism-related amblyopia has
provided us with insight into how patterns of early visual input, often fairly subtle, are reflected
in the developing visual brain. Studies of treatment of astigmatism-related amblyopia have
allowed us to better understand how altering patterns of visual input through optical correction
can result in changes in neural responsiveness to visual stimuli, and how this responsiveness
varies across age and across different visual functions.

It has been 35 years since Mitchell, Freeman, and their colleagues first documented their cases
of meridional amblyopia in astigmatic adults.34 Since then, several research groups have
focused on the study of this phenomenon, and have provided valuable information about the
effect of early astigmatism on visual deveIopment.5‘14121’22’25'34'35 As a result of recent
collaboration with the Tohono O’odham Nation, the first large-scale cross-sectional and
prospective studies of astigmatic children aimed at better understanding the nature and
treatability of astigmatism-related amblyopia have been conducted.?1-26 These studies have
significantly increased our understanding of astigmatism-related amblyopia, but are limited to
a specific population of individuals with bilateral with-the-rule astigmatism. Further research
on astigmatism-related amblyopia can provide insight in terms of our basic understanding of
normal development and capacity for plasticity across age, will allow development of treatment
guidelines that are based on controlled clinical studies, and may lead to improvement in
treatment success through the introduction and evaluation of new treatment options.
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Figure 1.

[llustration of the location relative to the retina that horizontal and vertical line stimuli come
into focus when accommodation is relaxed in non-astigmatic eyes (A—C) and in astigmatic
eyes with with-the-rule astigmatism (greatest curvature in the vertical meridian, plus cylinder
axis 90°, minus cylinder axis 180°) (D-H) (From Harvey et al., 2007).22
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