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Abbreviations

ACD anterior chamber depth
AL axial length
ARC anomalous retinal correspondence
ATR against-the-rule astigmatism
D diopter
ENT ear, nose & throat
IOL intraocular lens
K                                corneal keratometer reading in diopters
LTH lens thickness
N number
SE                              spherical equivalent
VCH vitreous chamber
WTR with-the-rule astigmatism
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1. Introduction

The role of refractive errors has been repeatedly stressed among the variety of etiologic factors of
strabismus.    Amblyopia is also considered to be caused by a refraction anomaly even in the
absence of strabismus (von Noorden 1990).   A quite novel approach is to ponder whether refraction
of the eye during its postnatal maturation can be affected by disturbed binocularity (Abrahamsson &
Sjöstrand 1996).

Growth of the axial length is considered to be a determinator in the process of emmetropisation
which tends to counteract the hyperopia of the newborn period.   Evaluation of the early
development  of animal eyes since the 1970´s suggests that stimulation of the bulbar overgrowth
leading to myopia may be caused by total form deprivation (among others, Wiesel & Raviola 1977,
von Noorden & Crawford  1978), or by artificially poor retinal image projected on the retina of
young animals (among others, Wallman & Adams 1987).   Form deprivation has also led to
hyperopia and diminished axial length described among others by von Noorden & Crawford (1978),
Troilo & Wallman (1991) and Repka & Tusa (1995).   The involvement of the brain in controlling
the bulbar growth has been discussed by Troilo & Wallman (1991) among others.   If this is true, it
can be asked whether the “wrong projection” of the retinal image in the strabismic eye could disturb
the emmetropisation process.

When refractive errors are studied, and especially in the discourse of emmetropisation, it is essential
to evaluate the conditions of the refractive components in order to describe the nature of the
refractive aberrations.   To my knowledge, a comprehensive analysis of the refractive components in
strabismic and amblyopic patients has not been previously undertaken.

Having the opportunity to examine the refractive components also in young children (in anesthesia
prior to squint operation), an attempt was made to evaluate the refractive components in patients
with varying squint condition and age, with amblyopia, and in controls.
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2. Review of the literature

2.1. Topography of the refractive elements of the eye and development of
        visual functions

The human eye grows extensively after birth.   The full-term newborn eye has a mean axial length
of  16 - 18 mm, a mean corneal power of 51 - 52 D (spherical equivalent), mean anterior chamber
depth 1.5 – 2.9 mm, mean lens thickness 3.5 - 4 mm, mean vitreous depth 10 - 11 mm and
hyperopic refractive error (mean;  +0.4 - +2.6 D) (Sorsby et al.1957, Sorsby et al. 1963,
Goldschmidt 1969,  Blomdahl 1979, Fulton et al.1980, Banks 1980a, Sampaolesi & Caruso 1982,
Gordon & Donzis 1985, Donzis et al. 1985, Hirsch & Weymouth 1991a, Fledelius 1992, Whitmore
1992, Isenberg et al. 1995, Hellström et al. 1997).   The mean adult values for axial length are 22 -
25 mm, for corneal power 43 - 44 D and for mean refractive power –2.0 - +1.0 D (Stenström 1948,
Sorsby et al. 1957, Sorsby et al. 1963, Gordon & Donzis 1985, Whitmore 1992).   The mean depth
of the anterior chamber in an adult emmetropic eye is 3 - 4 mm but is also subject to considerable
variation.   In an unaccommodated eye the average thickness of the lens is less than five mm.   The
vitreous chamber depth in an emmetropic eye is about 16 mm. (Sorsby et al. 1957, Sorsby et al.
1963)

The axial length of the eye grows fast until two to three years of age (Sorsby et al. 1961).
According to some authors, the growth slows down notably but still continues until 9 to 15 years of
age (Gordon & Donzis 1985, Hirsch & Weymouth 1991b), at a rate of about 0.2 – 0.3 mm per year
according to Sorsby et al. (1957) who also suggest that the increase in the depth of the anterior
chamber is about 0.05 mm per year and increase in thickness of the lens is about 0.3 mm per year.
By ultrasound measurements it has been shown that the lens grows steadily in thickness throughout
life and that this is associated with a reduction in depth of the anterior chamber.   In other series it
has been demonstrated that the thickness of the lens does not increase during childhood and
adolescence (reviewed by Brown et al. 1999);  Fledelius (1982) found the mean changes in the
anterior lens radius and lens thickness between the ages of 10 and 18 years not to be significantly
different from zero.

Contrary to the changes in axial length, corneal refractive power does not change significantly after
six months to three years of age (Sorsby et al. 1961, York & Mandell 1969) and by Fledelius &
Stubgaard (1986) the mean corneal power variation between the ages five and 16 years is no greater
than about 0.50 D.   Also Goss & Jackson (1993) reported that the change in corneal power as a
function of age is not significantly different from zero, whereas mean increase in vitreous depth is
0.17 – 0.20 mm  per year in the age group of seven to 12 years.

Several evaluations have been presented considering the relationship between the refractive
components.   Garner et al. (1992) demonstrated a relationship between lens power and axial length,
McBrien & Millodot (1987), on the other hand, showed in myopes thinner lenses and a deeper
anterior chamber, which reduces the lens effectivity.   Greene (1990) demonstrated in his work that
refraction is strongly correlated with both axial length and vitreous cavity depth but is essentially
independent of lens power, corneal power and total optical power.   Koretz et al. (1995) compared
the correlations of different parametres of emmetropic eyes showing that: refraction correlated
significantly negatively with vitreous cavity and globe length;  refraction decreased significantly
with increasing anterior segment length;  total refraction and corneal refrative power are not
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correlated;  but with increasing globe length the corneal refractive power significantly decreased;
globe length and vitreous cavity length correlated positively;  anterior segment length increased
significantly with increasing globe length.   In ametropic eyes some of the correlations were
different:  refraction did not decrease with increasing anterior segment length, increasing globe
length decreased only weakly the corneal refractive power, anterior segment length did not react to
increasing globe length and anterior segment length and vitreous cavity length were negatively
correlated.

The interpretation of a visual image depends on the perfect co-operation of the optics, the retina,
activity of the visual pathways and several cortical areas.   It has been proposed by Atkinson (1984,
1992) that a few months after birth the subcortical visual system is the principal pathway, however
different cortical mechanisms start to function postnatally in a specific order.   Visual development
is susceptible to disturbances during the so-called critical period, or better still, periods of the
different visual qualities.   During a limited interval after the critical period some restoration or,
conversely, weakening occurs because of the plasticity of the visual system.  The treatment of
amblyopia is based on this knowledge.

Visual acuity measures the capacity of distinguishing details with high contrast.   At the retinal level
the highest discrimination is represented by the fovea which continues to mature through the first
four years of age (Hendrickson & Yuodelis 1984).   Grating acuity improves slowly reaching the
adult level at around the age from three to five years (Dobson & Teller 1978).   Optotype acuity can
be tested either by single or linear symbols.   “Crowded”-optotype-acuity does not become adult-
like until about age ten (Atkinson & Braddick 1982).   The mean linear optotype acuity in Snellen
fraction of 0.48 at the age of two and 0.77 at the age of four years has been presented by Lithander
(1997) and 0.8 at the age of four years and adult level 1.0 at eight years by Friendly (1980).
According to some authors  however, the highest visual acuity is recorded in young adults (among
others, Frisén & Frisén 1981).   Normal grating acuity is no guarantee of normal optotype acuity,
whereas the finding of a low grating acuity implies reduced optotype acuity (Kushner et al. 1995,
Rydberg 1997).

Ciner et al. (1991, 1996) suggest that there is a critical period for the development of binocularity
during the first 24 months of life and that stereoacuity possibly emerges at approximately three to
four months of age (also Banks et al. 1975, Hohmann & Creutzfeldt 1975, Fox et al. 1980, Braddick
& Atkinson 1983).   According to Hainline et al. (1992) binocular function is obtained by the age of
six months after gradual improvement, Thorn et al. (1994) likewise state that binocularity normally
develops between two and six months.  Also Atkinson (1992) suggests that development of
binocular functions depend on cortical mechanisms and are therefore first detected around three to
four months of age on average.    She claims also that there are evidently separate critical periods for
the development of resolution acuity and stereopsis.   The presence of constant strabismus during
the first year of life disrupts the normal course of development of binocularity.   There is a strong
relation between visual acuity and stereoacuity during the first five years of life (Ciner et al. 1996).

The ability to at least somehow appropriately accommodate is present at three to four months of age
(Haynes et al. 1965, Banks 1980b, Brookman 1983).   The vergence system also starts to function
within the very first months of life with a coupling to the accommodative activity (Aslin & Jackson
1979, Braddick 1996, Judge 1996).
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2.2. The normal course of refraction and its aberrations

Accumulating evidence from both human and animal studies point out that both heredity and the
environment contribute to the refractive power of the eye.   It has been shown in several studies that
the newborn and infants exhibit considerable refractive errors which then, by an emmetropisation
process, decrease as the child grows older (Gordon & Donzis 1985, Ingram et al. 1986,
Abrahamsson et al.  1988, Abrahamsson et al. 1989, Abrahamsson et al. 1990a,b, Hirsch &
Weymouth 1991a, Gwiazda 1991, Abrahamsson & Sjöstrand 1992, Whitmore 1992, Wood & Hodi
1992, Gwiazda et al. 1993a, Abrahamsson & Sjöstrand 1996).   After the emmetropisation process
until the years of presbyopia, stability in refraction is characteristic (Grosvenor 1987).

2.2.1. Emmetropisation

Duke-Elder (1949) credited Straub for coining, in 1893, the term “emmetropization” describing it as
“a regulating process which seeks to reproduce the theoretically perfect eye, by which an excess of
one constituent is balanced by moderation in another”.   With emmetropisation we frequently refer
to the reduction of neonatal refractive errors during eye growth.   Emmetropisation can be seen as a
change from a wide distribution of refractive errors at birth and during infancy to a predominantly
“leptokurtic” (a term used by Sorsby et al. 1961) distribution of adult refractions around emmetropia
defined between –0.50 and +0.50 D by Sorsby et al. (1957) or slight ametropia.

From birth to maturity the ocular refractive structures are growing and the relationship between
them must be coordinated so that emmetropia can be achieved and maintained.   Refractive changes
have been seen to occur very early in life.   Fabian (1966) emphasises that the main changes towards
emmetropia occur during the first two years of life, Ingram et al. (1991) claimed it to  happen before
the age of one year with some continuity after that.   It has been confirmed recently that there is
rapid emmetropisation from the age of nine months and during the following year (Ehrlich et al.
1997).   The plastic period for emmetropisation is estimated to end approximately at eight to nine
years of age.   What is unclear is whether vision is used to guide this shaping to emmetropia or
whether the non-visual developmental mechanisms that determine eye shape are adequate to ensure
emmetropia (Hofstetter 1969, Banks 1980a, Rabin et al. 1981, Wallman et al. 1981, Schaeffel et al.
1988a, van Alphen 1990, Troilo & Wallman 1991, Koretz et al. 1995).

According to Hirsch & Weymouth (1991a) and Gwiazda et al. (1993a) some children change in the
direction of hyperopia whereas others change in the direction of myopia during infancy and early
childhood.   In school years, the refraction of the majority of the children changes a little (Hirsch &
Weymouth 1991a).   The number of myopes and emmetropes increases while moderate hyperopes
manifest just a small decrease in hyperopia (Laatikainen & Erkkilä 1980, Grosvenor et al. 1987,
Gwiazda et al. 1993a).   Hirsch & Weymouth (1991a) state that for most people (more than half) the
refraction reaches adult values by the age of six years.   During the first few years of life, changes
occur also in astigmatism, mostly reduction (Mohindra et al. 1978, Atkinson et al. 1980, Fulton et
al. 1980, Abrahamsson et al. 1988, Abrahamsson et al.1990a,b, Gwiazda et al. 1993a).
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The theory of passive emmetropisation (e.g. Hofstetter 1969, Mark 1972, Sorsby 1979) based on
the genetics and the physical characteristics of the growing eye and on the demand of viewing
specific for each species.   A unified theory is lacking though, mostly because the genetics of ocular
development is likely to involve polygenic interactions where the phenotypic expression relies
heavily on environmental conditions (Sorsby & Benjamin 1973, Goss et al. 1988).

The idea behind passive emmetropisation is largely based on the fact that the optical components
lose refractive power as the eye enlarges (among others, Mark 1972; cornea, ACD, lens, Sorsby
1979;  cornea).   If the growth of the ocular components were exactly proportional, the refractions of
both myopic and hyperopic eyes would move toward emmetropia.

Troilo & Wallman (1991) introduce a mechanism of eye growth that is related to the shape of the
eye (any morphological change other than the visually guided change in vitreous chamber depth)
which results in changes toward normal size and shape.   It has more to do with changes in the
anterior segment of the eye than with axial length and vitreous cavity elongation and is probably
related to organogenesis because the tissues of the growing eye must continually be remodeled for
normal growth to occur.   Nevertheless, the writers emphasize visually guided or active mechanism
in emmetropisation.

Active emmetropisation (among others, Raviola & Wiesel 1985, Troilo & Wallman 1991) theory
is based on evidence of the effects of visual experience on eye growth.   This means that different
species should possess an actively regulated visual feedback mechanism to ensure survival required
matching between the focal length of the optics and the axial length of the eye.

2.2.2. Myopia

An assumption is made that low level myopia (that is to say more than –0.5 but less than -2 D)
occurs in 15  - 25 % of the population, moderate myopia (from about -2 or -3 D to -6 or -7 D) in
about 6 % of  the population, and higher myopes with degrees of myopia in excess of -6 or -7 D in
no more than 1 to 2 % of the population in the western industrialized countries (Hirsch &
Weymouth 1991b).   Most  studies agree that developmental myopia is axial (that is vitreous
chamber elongation) in origin and that after the normal development of the eye (described above) in
childhood, scant changes in the anterior part (here, changes in corneal curvature, anterior chamber
depth or lens thickness) do not remarkably influence the myopic progression.

Individuals with a myopia tendency of low-degree show differences in refraction based solely on
biologic variability.   According to Hirsch & Weymouth (1991b), these individuals have attained
myopia in childhood or puberty whereafter it stays stable for the most part.   The increase in axial
length is offset by changes in both the cornea and the lens.  Whitmore (1992) calls this type of
myopia “physiologic” or “simple” myopia and mentions its origin in a mismatch of the refractive
components.   In moderate myopes the axial length growth increases notably during puberty and at
this age the lens is seemingly no longer able to counteract such an increase resulting in a marked
myopia (also Grosvenor & Scott 1993).  An excessively long anteroposterior diameter and
patognomonic fundus changes are characteristic of high value myopes.   Whitmore (1992) calls this
“axial” myopia.   The reason for failure in emmetropisation and in growth counteracting phenomena
is unknown.
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2.2.2.1. Contributing factors

Associations between near work and development of myopia have been widely noted (Richler &
Bear 1980, Pärssinen et al. 1985, Adams & McBrien 1992, Simensen & Thorud 1994, McBrien &
Adams 1997, Kinge et al. 1998).   Many authors (Young 1965, Bedrossian 1971, Gimbel 1973,
Bedrossian 1979, Young 1977, Brodstein et al. 1984, Raviola & Wiesel 1985, Schaeffel et al.
1988a, Goldschmidt 1990, Goss 1991, Goss & Jackson 1996, Leat & Gargon 1996, Fong 1997) also
accept that this refractive error some way is affected by anomalous ocular accommodation and
because atropine, which is used clinically to paralyze accommodation, may influence myopia.   The
action of accommodation in inducing the development of myopia has also been found to be
unnecessary (Raviola & Wiesel 1985, Pärssinen et al. 1989, van Alphen 1990, Schaeffel et al. 1990,
Irving et al. 1991).   The above-mentioned factors are also very close to or as participants in the blur
hypothesis of myopia development presented by Fulton et al. (1982), Holden et al. (1988), Angi et
al. (1993), Gwiazda et al. (1993b), Fong (1997), Schmid & Wildsoet (1997).   It appears that some
blur must be present to produce normal elongation, but too much blur of too long duration, induces
excessive elongation.

Visual form deprivation prevents the formation of clear images on the retina.  Deprivation is a
strong  stimulus for myopia, as shown in many papers concerning animal models (Thorn et al. 1982,
Raviola &  Wiesel 1985, Smith et al. 1987, Raviola & Wiesel 1990, Rohrer & Stell 1994, Fujikado
et al. 1997) and different conditions in humans (Robb 1977, O´Leary & Millodot 1979, Merriam et
al. 1980,  Hoyt et al. 1981, Rabin et al. 1981, Johnson et al.1982, Nathan et al. 1985, von Noorden
& Lewis 1987, Gee & Tabbara 1988, Weiss & Ross 1992,Calossi 1994).

The general role of genetics in refractive error has been described by Sorsby & Benjamin (1973) and
concerning myopia by Goss et al. (1988).   Prematurity (Fledelius 1992), congenital or acquired
ocular (Goss 1990, Weiss & Ross 1992) and systemic diseases (Nathan et al. 1985, Whitmore
1992), and changes in biochemical components of the eye and the brain, which are currently under
research (Stone et al. 1989, Iuvone et al.1991, Rohrer et al. 1995), are known to interfere with
development of refraction resulting in myopia.

2.2.3. Hyperopia

Sorsby et al. (1957) called low levels of hyperopia (> +0.5 to +1.25 D) “para-emmetropic”.   These
low levels of hyperopes together with emmetropes constitute the majority of the population.
Moderate hyperopia (+1.50 - +2.5 D) is the norm in the infant population due to small globe size
(Hirsch & Weymouth 1991a, Gwiazda et al. 1993a).   In children under three years of age with no
ocular disorders, hyperopia of +2.5 D or more is seen in only 8.6 % (Fulton et al. 1980).  High
levels of  hyperopia (≥ +3.5 or +4.0 D) occurs at six-nine months in nearly 5 % of infants (Atkinson
et al. 1984), and by one year of age Ingram et al. (1986) report an incidence of 3.6 %.  The higher
degrees of hypeoropia present at birth have disappeared for the most part by the time the child has
reached the age of approximately six years.   In pre-school children a mean shift of about 1.0 D
toward less hyperopia has been seen (Hirsch & Weymouth 1991a).   In school years the decrease in
hyperopia towards  emmetropia  continues.   In the study by Laatikainen & Erkkilä (1980) the
frequency of eyes with  hyperopia of  + 2 D or more decreased  from 19.1 to 3.6 %  between the  age
groups of  seven - eight and 14 - 15 years of age.
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In the general population very high levels of hyperopia in excess of +4.0 or +5.0 D appears in 1 %
or less and it is characterized by a congenitally small globe (Hirsch & Weymouth 1991b).  These
patients have an axial length of about 20 or 21 mm and exhibit high levels of hyperopia throughout
life, which can be explained by the failure of the emmetropisation process.

2.2.4. Astigmatism

Prevalence of astigmatism of 1 D or more in children has been presented in estimations between 11
and 50 % (Howland et al. 1978, Mohindra et al. 1978, Ingram & Barr 1979, Fulton et al. 1980,
Gwiazda et al. 1984, Gwiazda et al. 1993a).   The broad range can possibly in part be explained by
the varying methods used in the measurements and different age ranges.   It is almost unanimously
agreed that astigmatism decreases remarkably by approximately 12 to 18 months of age, stabilizing
at a low level around the pre-school years (Hirsch 1963, Atkinson et al. 1980, Mohidra & Held
1981, Gwiazda et al. 1984).   One explanation is that infantile astigmatism is primarily corneal in
nature (Howland 1982, Howland & Sayles 1985) and so, through normal growth of the globe, the
cornea is flattening and diminishing its optical power.   Only very large infant astigmatisms are
never completely lost (Atkinson et al. 1980, Abrahamsson et al. 1990b).   Laatikainen & Erkkilä
(1980) found astigmatic errors of 1 D or more in only 1.7 % of 7 - 15-year-old school children.
However, Fulton et al. (1980) assume that 10 % of young adults have more than 1.0 D of
astigmatism.

The axes of astigmatism have also been considered.   Horizontal and vertical astigmatisms are more
common.   Obscure notions are made as to which type of astigmatism is most prevalent during the
first few years of life.   Some find the against-the-rule astigmatism to be the norm (Hirsch 1964,
Fulton et al. 1980, Dobson et al. 1984, Gwiazda et al. 1984, Abrahamsson et al. 1988) while others
report the with-the-rule astigmatism to prevail during early childhood (Woodruff 1971, Wood &
Hodi 1992).   In Abrahamsson´s and co-workers´ study (1990b) 90 % of astigmatic young children
had an against-the-rule astigmatism and 6.5 % with-the-rule astigmatism.   Oblique axes were rare,
detected only in 3.5 %.   WTR and oblique were more correlated to amblyopia than the against-the-
rule astigmatism.   An interesting thought was shown in the series of Hirsch (1964) and that is if in
infancy so common a type of astigmatism (against-the-rule) remains until school age, it becomes
predictive of later development of myopia and of faster progression of existing myopia (Grosvenor
et al. 1987).   Also Atkinson et al. (1980) observed in their series that oblique astigmatism is quite
rare but yet more harmful when amblyopia is considered.   Contradictory findings in astigmatic axes
lessen when older age groups are considered.   Lyle´s (1991) demonstration that the with-the-rule
astigmatism is the most common type in school-age children and adults (also McKendrick &
Brennan 1996) is agreed with in some studies mentioned above.

2.2.5. Anisometropia

Anisometropia is defined as a difference in refractive error (spherical or astigmatic or both) between
the two eyes.   It has been suggested that anisometropia is relatively common at birth but decreases
fairly rapidly thereafter, followed by an increase during and beyond adolescence.   The prevalence of
anisometropia (≥ 0.5 D sphere) has been estimated to be approximately 18 % in full-term infants
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(Fulton et al. 1980), around 8.5 – 9.0 % in pre-school children (Ingram & Barr 1979), and
approximately 3.5 % in older school children (Laatikainen & Erkkilä 1980).   It has been shown in
the works of Abrahamsson et al. (1990a) and Almeder et al. (1990) that most infantile
anisometropia (less than 3 D) is transitory and vanishes within a few years.   Anisometropic children
are notably more likely to be astigmatic (Ingram & Barr 1979, Abrahamsson et al. 1988,
Abrahamsson et al. 1990a).

2.3. Emmetropisation studies in animal models

An important advantage of using animal models is that manipulations can be made to one eye,
leaving the other eye as an untreated control.   Since the eyes are genetically identical, one can easily
presume that any changes in the treated eye, relative to the fellow control eye, may be attributed to
the experimental manipulation.

The above mentioned emmetropisation theories have been tested in many animal experiments.
Mostly myopia and axial elongation are considered.   The avian model (that is, mostly domestic
chickens) is commonly used due to easy availability, fast maturation and cost effectiveness.
Parallels to humans though are unproven.

On the other hand, primates are used sparingly due to the long development period (one year in a
monkey´s life is equivalent to about three years for a human according to Kiely et al. 1987 and to
about four years according to Boothe et al. 1985) and therefore slowly attainable results, difficulties
in obtaining adequate numbers of subjects for control material for the same reason, and high costs.
It has been shown, though that the monkey eye could serve as an excellent model for that of the
human in studies of growth of the eye (Boothe et al. 1985, Kiely et al. 1987).

Somewhere in between is a mammal, the tree shrew (tupaia glis belangeri), which is closely related
to primates but matures almost as rapidly as chickens.   Principles discovered in tree shrews may
apply to humans (reviewed in Norton & Siegwart 1995), because its eyes, and especially the sclera,
are anatomically similar to those of humans, and since the tree shrew shows a reasonable parallel
with humans in the overall development of the eye, and especially axial length.   Other animals used
are the pigeon, the domestic cat, the marmoset, the guinea pig and the rabbit.

2.3.1. Chicken experiments

Chicken eyes are extremely sensitive to the visual environment immediately upon hatching.
Chickens develop extreme myopia within a few weeks if they are deprived of form vision while less
than three months of age.   Both the equatorial diameter and the axial length of the treated eyes
increase (Yinon et al.1980).   Restoring a normal visual environment causes a rapid recovery as a
result  of cessation of growth of the vitreous chamber while the other ocular components continue to
grow in the direction of normal values, provided that this occurs within the first six weeks of life
(Wallman et al. 1978, Wallman & Adams 1987, Troilo & Wallman 1991).   If the optic nerve is cut,
visual deprivation still results in severe myopia, but the variance in the refraction is greater than in
chicks with intact optic nerves (Troilo et al. 1987, Wildsoet & Pettigrew 1988, Troilo & Wallman
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1991).   The degree of myopia is reduced if a period of normal vision is permitted daily or when
chicks are reared in abnormal light/dark cycles (Vingrys et al. 1991, Gottlieb et al. 1992).
Hyperopia induced by visual deprivation has seldom been reported but Gottlieb and co-workers
(1987) and Troilo & Wallman (1991) showed in their works that chicks living the first four weeks
after hatching in total darkness produced significant bilateral hyperopia.   Recovery was attained by
adjustment in vitreous chamber growth;  the increase in vitreous chamber depth occurred despite the
fact that at four weeks it was already significantly greater than normal.   Changes measured in the
anterior segment all reduce optical power, that is, increasing hyperopia, and so they could not play a
role in the recovery.   A totally opposite experimental setting was undertaken by Stone et al. (1995)
where chicks were kept under constant light for some hours per day for two weeks.   The most
pronounced effects were noted in the open eyes where clear hyperopia caused by shallow anterior
chamber and a likely flattend cornea were observed.   This and the previously mentioned studies
suggest that light/dark fluctuation is needed for normal emmetropisation in chicks´ eyes.

In order to show if manifest refractive errors are capable of modulating eye growth, retinal blur has
been produced with a wide range of plus and minus contact lens powers to make eyes artificially
myopic or hyperopic, respectively (Schaeffel et al. 1988a, Schaeffel et al. 1988b, Schaeffel et al.
1990, Irving et al. 1991, Irving et al. 1992, Wildsoet & Wallman 1992).   Compensatory changes
were seen only in the vitreous chamber;  neither the corneal curvature nor the lens were affected by
these manipulations (Pickett-Seltner et al. 1987, Schaeffel et al. 1988a, Irving et al. 1992).
Astigmatism  was also produced by using cylindrical contact lenses (Irving et al. 1991).   An attempt
to avoid bias caused by accommodation-effect was performed by using cycloplegia (Wildsoet &
Wallman 1992), by causing lesions to the Edinger-Westphal nucleus (Schaeffel et al. 1988b,
Scaheffel et al. 1990) and by cutting the optic nerve (Wildsoet & Wallman 1992).

Irving et al. (1992) noted that the amount of compensative capacity decreases as age increases.
Wildsoet & Wallman (1992) found that compensation for minus lenses (induced hyperopic blur) is
prevented by optic nerve section.   Similarly, compensation for minus lenses does not occur when
chicks are permitted brief periods of normal vision daily, even though compensation for plus lenses
still occurs (Schmid et al. 1993).   Wildsoet & Wallman (1995) noted in their study that when
chicks wore plus or minus contact lenses, a similar lengthening or shortening was observed in the
untreated fellow eye as in the treated eye although the effect on the untreated eye was small.  When
the contact lenses were removed, the untreated eyes again tended to shorten or lengthen similarly
with the recovering eye, thus reducing anisometropia.

A new emmetropisation mechanism “ choroidal emmetropisation” was introduced by Wallman et
al. (1992, 1995).   They showed that when chicks are recovering from deprivation-induced myopia,
a temporary increase in choroidal thickness ensues.   In avian eyes developing hyperopia the
choroidea thickens, which assists the development of hyperopia and in eyes developing myopia, the
choroid became thinner, which assists the eyes towards myopia.  The authors pointed out that
variation in choroidal thickness provides faster compensation for refractive error than the previously
indentified emmetropisation mechanisms.

Since the axial growth takes place even if the optic nerve is cut, that is in the absence of cortical
connection, suggestion of a sub-cortical control of growth is raised (Wildsoet & Pettigrew 1988).
Chicks with optic nerve section living in a normal environment end up with small and severly
hyperopic eyes (Troilo et al. 1987).   The use of optic nerve section does therefore have an effect
also on normal eye development.  The fact that the restriction of vision in certain axis of the eye
induces axial lengthening in the corresponding part of the retina suggests a retinal control
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mechanism (Wallman & Adams 1987, Wallman et al. 1987, Wildsoet & Pettigrew 1988).   Troilo &
Wallman (1991) suggest two different mechanisms for controlling the eye growth in chicks.   The
first is using the refractive error, which guides the growth of the vitreous chamber:  one at retinal
level and the other at a higher (brain) level.   The second is a nonvisual mechanism related to the
shape of the eye, which results in changes toward normal size and shape.  Hence, both the active
and the passive emmetropisation act together.   Compensation for toric lenses has been taken as
evidence of an anterior eye growth mechanism (Irving et al. 1992).

2.3.2. Tree shrew experiments

Visual regulation of eye growth in mammals is less obvious and the evidence of visual feedback
regulation is contradictory.   In a study by Siegwart & Norton (1993), tree shrew eyes were exposed
to both minus and plus lenses resulting in axial elongation due to growth in the vitreous chamber
(also Sherman et al. 1977, McBrien & Norton 1987, Siegwart & Norton 1990), or in reduction of
the  vitreous chamber elongation so that the eyes became shorter, respectively.   The corneal
curvature or lens thickness was not affected.

When tree shrew eyes were deprived very early in life (by the time the eyelids normally open), the
axial length initially increased at approximately the same rate as in normal animals.   As the
deprived eyes reached the period when their elongation rate would normally slow (as happens in
humans, too), they continued to elongate rapidly and the eyes became myopic.   Removal of the
visual deprivation induced a slowing of the rate of axial elongation (Siegwart & Norton 1990).
This active control of the elongation rate of the eye is thought to be an important emmetropisating
mechanism in the tree shrew (Norton 1990).

2.3.3. Monkey experiments

The pioneer in the field of primate animal models, Francis Young started his work in the early
1960´s with macaca-monkeys.   The importance of his work was the demonstration that myopia can
be induced experimentally in “higher” animals.

Deprivation myopia by a lid suture technique was induced in young macacies (Wiesel & Raviola
1977).   It is noteworthy that no changes occured in an adult monkey during similar deprivation.   A
positive correlation between the duration of treatment and amount of myopia was seen in the young
animals (also Raviola & Wiesel 1985, Smith et al. 1987).   Myopia was due to lengthening of the
posterior chamber and there were no significant corneal changes (also Raviola & Wiesel 1985,
Tigges et al. 1990).   Similar experimental designs were carried out in the studies by von Noorden &
Crawford (1978), Raviola & Wiesel  (1978), Thorn et al. (1982), Raviola & Wiesel (1985), Smith et
al. (1987), Guyton et al. (1989), Raviola & Wiesel (1990) and Tigges et al. (1990).   The amount of
myopia induced was highly variable, sometimes not at all expressed or the refraction was even
hyperopic.

If the monkey is reared in the dark, myopia does not occur suggesting that diffused light through the
translucent eyelid and, perhaps, excessive accommodation are necessary for the development of the
myopia (Raviola & Wiesel 1978, Guyton et al. 1989).   Removal of the striate cortex, dissecting
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opticus or paralysis of the ciliary muscle does not interfere with the development of deprivation
myopia in some macaca sub-species.   Surgically induced esotropia (without deprivation) resulted in
anisometropia with the treated eye being more myopic (Harwerth et al. 1983).

Wilson et al. (1987) reported reduced axial length in the unilaterally lensectomized eye when
compared to the control eye.   Chronic defocus initiated early in life led to an axial hypermetropia in
the rhesus monkey (Smith et al. 1994).   Von Noorden & Crawford (1978) noted that if ametropia
was induced, not all occluded eyes of rhesus monkeys became myopic, but indeed also hyperopic.
Complimentary results were obtained in the study of Repka & Tusa (1995), who attained a
pronounced difference in refractive errors between the affected and control eyes, the first mentioned
being much more hyperopic.   Even though the axial length was not statistically significantly
different between the eyes, it showed also some shortness in the affected eyes.  The experimental
arrangement differed from the others in that the monkeys were deprived by lid sutures the day they
were born and the duration of occlusion was shorter.   It is the timing of the occlusion (both age at
begining and total duration) that is thought to be responsible for the outcome of short and hyperopic
eyes instead of elongated and myopic.   Two different hypotheses for the axial growth have been
presented;  excessive accommodation and retinal control (Raviola & Wiesel 1990).

Successfully induced myopia did not decrease after re-opening of the lids during the period of
infantile eye development, thus leading to the belief that emmetropisation does not occur in
monkeys (Raviola & Wiesel 1985, Raviola & Wiesel 1990).   However, Hung and co-workers
(1994, 1995, 1996) have shown that the eyes of young monkeys do grow in response to
(contact)lens-induced blur.   Also Smith (1998) has demostrated the opposite, that is to say that
infant monkeys have an active emmetropisation process regulated by optical defocus.

Relationship between anisometropia and amblyopia was also pointed out in their work (Hung et al.
1995);  the monkeys with an anisometropia of about 3 D could adapt to the induced refractive error
but when anisometropia reached 6 D or more, the monkeys were unable to adapt and amblyopia
developed.   Similar results were observed by Smith et al. (1999) who showed that imposed
anisometropias that were within the operating range of the monkey´s emmetropization process were
eliminated by differential interocular growth and did not produce amblyopia.   On the other hand,
imposed anisometropias that failed to initiate compensating growth consistently produced
amblyopia;  the depth of the amblyopia varied directly with the magnitude of the imposed
anisometropia.   They concluded that as the anisometropia existed early in life before the infant
monkeys developed amblyopia;  it supported the view that anisometropia causes amblyopia.

2.4. Human studies associated with emmetropisation

Rabin et al. (1981) proposed that the emmetropisation process is a visually dependent mechanism
also in human.   This, which can be called active emmetropisation, involves the feedback of image
focus from the retina and consequent adjustment of globe length mainly by changing vitreous cavity
length. Prior to this, proportional enlargement of the eye in a child occurs due to normal
development regulated by inheritance (Sorsby & Benjamin 1973, Goss et al. 1988), which can be
called passive emmetropisation.  The visual environment then “tests” the capacity of the provided
functional mechanism.   The studies in children showing axial elongation and myopia in cases of
congenital cataract, ptosis or corneal opacities (von Noorden & Lewis 1987, Gee & Tabbara 1988)
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argue that the human eye is, indeed, sensitive to the visual environment.   If its capacity is exceeded
by an environmental factor, such as too much blur (among others, Norton & Siegwart 1995) or
possibly also disturbance in binocularity, failure in emmetropisation may occur.   The fact that the
fellow eye achieves emmetropia while the affected eye either becomes myopic or remains hyperopic
suggests that emmetropisation is a process that occures individially in each eye (Norton & Siegwart
1995).   The role of retinal neurotransmitters and growth factors as parts of the emmetropisation
mechanism remain to be seen (Stone et al. 1989, Iuvone et al. 1991, Rohrer & Stell 1994).

It has been suggested that an unclear retinal image during maturation could influence ocular growth
and lead to myopia also in human eyes.   Axial myopia has been reported in the affected eyes of
children over five years of age with congenital, unilateral cataract (Johnson et al. 1982, von
Noorden & Lewis 1987, Rasooly & BenEzra 1988, Lorenz et al. 1993), infantile traumatic cataract
(Calossi 1994), corneal scarring (Gee & Tabbara 1988), vitreous hemorrhage (Miller-Meeks et al.
1990), optic nerve hypoplasia (Weiss & Ross 1992) and ptosis (Hoyt et al. 1981, von Noorden &
Lewis 1987).

Von Noorden & Lewis (1987) also reported unpredictable shortness in axial length due to dense
congenital cataract and visual deprivation.   They assumed that the age at which the axial length
measurement was performed was critical, and that a thin lens or a postoperative aphakia may lead to
decreased eye growth, but the re-elongation later on could be due to visual deprivation and
amblyopia.   In agreement with their study, the work of Kugelberg et al. (1996) showed that all the
eyes of newborn and infants (mean age 103 days) with unilateral congenital cataract were shorter
than the normal fellow eye.   A third in their series developed secondary cataract and in those
subjects the difference between the length of the affected and the sound eye had increased.  It
remained unclear though, whether the increased difference was due to greater elongation in the
sound eye or to further diminution in the affected eye.   Contrary to von Noorden´s theory is that
possible additional deprivation due to secondary cataract did not elongate the eye, at least not within
the study period of 1.5 - 4 months.   Huber (1993) showed that in eyes with unilateral cataract and
IOL implantation the axial length of the implanted eye increased more rapidly than the axial length
of the contralateral phakic eye in children from three to 15 years of age.   When foveal vision was
primarly affected, as in association with ocular or general desease, the failure in emmetropisation
seems to result in a steady state of hyperopia (Nathan et al. 1985).

In the case of blur theory and the effect of ametropia treatment in the emmetropisation process,
Dobson et al. (1986) noted that spectacle wearing impeded reduction in hyperopia in strabismic eyes
since the reduction took place in untreated but non-strabismic eyes.   Ingram et al. (1990) were
inclined to support Dobson and co-workers conclusion because of the results in their own work.
Atkinson´s group (1996) however, suggests partial correction of hyperopic refractive errors in young
children as they did not find any affect on the emmetropisation process.   Full retinoscopic
correction, though, has to be prescribed in high-degree hyperopia (more than five to six D), even in
the absence of strabismus, even though a strong suggestion of impediment of emmetropisaton exists
in such a case.   Some studies imply that the optical correction of astigmatism in childhood does not
seem to have any effect on emmetropisation (Mitchell et al. 1973, Mitchell & Wilkinson 1974,
Cobb & MacDonald 1978, Mohindra et al. 1978), and some conclude the opposite (Ingram et al.
1991).

These theories attempt to explain how the eye maintains emmetropia and how myopia develops
when the emmetropisating mechanisms fail to operate.  After re-analysing Stenström´s data
(published in  German [1946] and in English [1948]), Hirsch & Weymouth (1947) proposed the
existence of two emmetropisating mechanisms;   one involving deepening of the anterior chamber
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and the other involving flattening of the cornea (both leading to hyperopia) as the eye grows in
length leading to myopia.   Sorsby et al. (1957) proposed that change in the refractive power of the
cornea (flattening) and the lens (curvature changes) could act as compensating mechanisms for
growth in maintaining emmetropia.   A new remark is proposed by Grosvenor (1987) after re-
analyzing Sorsby´s et al. (1957) data:  he suggests that the adult eye decreases in axial length with
increasing age, and that this decrease in axial length acts as an emmetropisating mechanism in
harmony with an increase in the refracting power of the eye, it self resulting from an increase in
corneal and lens refracting power and a decrease in anterior chamber depth.

2.5. Disturbances of binocularity

2.5.1. Strabismus

Strabismus means lack of binocular alignment.  In the general population in Central Europe the
prevalence of strabismus is considered to be 5-7 % (de Decker & Tessmer 1973, Haase & Mühling
1979).   Strong correlation with heredity and hypermetropia has been detected (Ingram et al.1986,
Aurell & Norrsell 1990).   Strabismus often occurs together with amblyopia, a 14.7-fold risk
indicated by Sjöstrand & Abrahamsson (1990).   In the Central European population 60-70 % of the
unilateral strabismics are amblyopic (Haase & Mühlig 1979).   Causality, though, has not yet been
definitely proved.

Due to strabismus, the visual system has two important problems to deal with:  diplopia and
confusion.   In case of immature binocularity suppression (an active cortical inhibition of impulses)
develops in order to avoid one of the diplopic images, and to prevent simultaneous perception of the
two different objects in a common visual direction (Ciuffreda et al. 1990, von Noorden 1990).   If
this situation is permanent, that is a fixation preference for one eye is adopted, as in constant
unilateral strabismus, a risk of amblyopia is obvious (see below).   According to de Decker (1995),
two thirds of the cases with strabismus convergens are monocular and amblyopic by the age of one
to three years, and for most of them, anomalous retinal correspondence (ARC) remains despite
treatment.   ARC is a sensory adaptation mechanism by which the affected eye functions together
with the fixating eye without diplopia and confusion by developing fixation point and foveal
suppression (Bagolini 1976 a,b).   Alternating fixation provides well-focused foveal images with
alternating suppression, which prevents the development of amblyopia.   Suppression even without
amblyopia causes disturbance;  feedback from the visual cortex does not function as it does with the
fixating eye (von Noorden 1990).  The earlier an ocular misalignment occurs the rougher the
binocularity disturbance that follows (Costenbader 1961).  In esotropias the binocularity is more
severely disturbed when compared to the exotropias presumably due to the later appearance of
exotropias (Campos & Chiesi 1982).

It is possible to predict the level of binocularity disturbance as a result of the cover test.   The more
constant the existing disturbance of binocular alignment the greater the affect on the development
and maintenance of the sensoric binocularity.   Suppression does not exist in phoria.   In unilateral
intermittent strabismus, suppression develops at least at some distance, and in constant unilateral
squint presumably suppression and possibly also ARC develop.



22

2.5.2. Amblyopia

By definition (mostly used in clinical work), amblyopia means reduced visual acuity with the best
optical correction with no organic lesion, with a new additional aspect, with one or more of the
following conditions occurring before the age of six years:  1) amblyogenic anisometropia, 2)
constant unilateral esotropia or exotropia, 3) amblyogenic bilateral isometropia, 4) amblyogenic
unilateral or bilateral astigmatism, 5) image degradation (Ciuffreda et al. 1990).

It has been estimated that 2 - 4 % of the non-strabismic Central European population (de Decker &
Tessmer 1973, Haase & Mühlig 1979) is amblyopic, and together with the strabismic amblyopes, a
total risk of 5-6 % for amblyopia exists.   A similar estimation of the amblyopia prevalence in the
general human population has been given by von Noorden (1985), Thompson et al. (1991) and
Vinding et al. (1991).   Amblyopia can develop only in infants or children less than from six to eight
years of age (von Noorden 1985, Keech & Kutschke 1995, Daw 1998).   Clinically, the impression
is clear that the younger the child the more dangerous any amblyogenic factor may be.   Undetected
human congenital cataracts have demonstrated that the period prior to three months of age is the
most critical when resistant amblyopia is considered (Schulz 1990).   In a paper by Haase & Wenzel
(1997) it is questioned whether visual acuity in the amblyopic eye may not deteriorate further during
adolescence.

There has been a gradual change in the classification of amblyopia over the years.   Von Noorden
(1967) proposed the following: strabismic, anisometropic, ametropic and ex anopsia (form
deprivation).  Strabismic amblyopia is associated with an early-onset (before age seven or so),
constant, unilateral deviation at distance and at near.   Strabismic amblyopia occurs as a result of
constant suppression.  Even though suppression is the causative factor also in both the
anisometropic and the ametropic amblyopia, the suppression characteristics differ significantly from
each other.   Von Noorden et al. (1983) suggest that anisometropia causes amblyopia by a dual
mechanism consisting of form vision deprivation and active inhibition secondary to abnormal
binocular interaction between birth and approximately 4.5 - 5 years of age (also von Noorden 1974).
Form deprivation amblyopia is caused by lack of normal retinal stimulation and not by inhibition
secondary to interference with normal binocular vision (Ciuffreda et al.1990).    Despite the cause of
amblyopia, similar neuro-physiological and morphological changes in the lateral geniculate nucleus
(LGN) have been pointed out in animal models of amblyopia (von Noorden 1988).

A variety of human clinical conditions, such as dense cataracts, ptosis, aphakia, refractive errors and
strabismus, create ocular problems that produce a disruption of normal visual input.   The severity
of the disruption is correlated with the degree of imbalance of the sensory input to the two eyes.   If
only one eye is deprived, as in congenital monocular cataract, severe effects are caused (Schulz
1990), whereas if both eyes are equally deprived the resulting deficits are thought to be less severe.
Hoyt (1980) reports that binocular occlusion of human newborns for less than two weeks during
phototherapy had not affected acuity when tested at age five. On the other hand, Awaya et al. (1973)
describe therapy resistant amblyopia in children below the age of one year, who were occluded for
as little as one week.

A commonly agreed hypothesis is that visual deprivation during an early sensitive period is one of
the primary factors responsible for amblyopia (Odom 1983).   Awaya et al. (1979) reported that all
patients who showed acuity deficits following short-term patching also showed a lack of
binocularity with eccentric fixation and no simultaneous perception.   Monocular form deprivation
thus inhibits also the development of normal binocular function.
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2.5.3. Refraction abnormalities in strabismus and amblyopia

The refractive errors, which exist during infancy and early childhood, appearing unchanged or
increased later in the first few years of life, associate strongly with both strabismus and amblyopia.
Ingram et al. (1986, 1990, 1991), Aurell & Norrsell (1990), Sjöstrand & Abrahamsson (1990) and
Abrahamsson et al. (1992) noted this to happen with high level hypermetropic (+3.5 D or more)
infants.   Nearly 50 % out of 500 children with infantile esotropia were +2.25 D or more hyperopic
in the series of Costenbader (1961) and 32 % in the series of von Noorden (1990).   Longitudinal
studies (Lepard 1975, Nastri et al. 1984) have shown that the eye with normal visual acuity becomes
significantly more myopic with time, and that no differences in refraction between the two eyes
developed in strabismic patients without amblyopia.

The distribution of refractive errors in exotropes resembles that in the nonstrabismic population and
the etiology of exotropia is usually unrelated to the underlying refractive error (von Noorden 1990,
Abrahamsson et al. 1992).   In a study by Goss (1990) it was noted that in children between 6 to 15
years of age, the amount of myopia progression in esophorics was on an average –0.50 D/year, in
exophorics up to 6 prD –0.39 D/year and in exophoria greater than 6 prD –0.45 D/year.

Astigmatism of 1 D or more is also common with squint (Abrahamsson et al. 1992).   Unchanged or
increasing astigmatism (between one and four years of age) have been shown to be risk factors for
amblyopia (Abrahamsson et al. 1990a, Sjöstrand & Abrahamsson 1990).   It has been mentioned
that the oblique axis has been considered as most amblyopiogenic

Anisometropia often occurs in conjunction with monocular vision deficit (among others, de Vries
1985).   It has been shown to appear with both strabismus (for example in approximately 40 % of
cases by Phelps & Muir 1977) and orthotropia together with amblyopia (present in 58 % of the
cases in the series of Abrahamsson & Sjöstrand 1996).   The prevalence of amblyopia increases with
an increasing amount of anisometropia (Tanlamai & Goss 1979), especially among hyperopes.   The
depth of amblyopia is found to be correlated to the degree of anisometropia in some studies (Kivlin
& Flynn 1981, Townshend et al. 1993) and not in others (Kutschke et al. 1991).  If the infantile
anisometropia exceeds a refractive error of 3 D, it seems persistent and presents a significant risk
factor for amblyopia (Abrahamsson et al. 1990a, Birch et al. 1995, Abrahamsson & Sjöstrand 1996).
Hyperopic anisometropes tend to have amblyopia with greater visual loss than the myopic
anisometropes.   According to Sjöstrand (1978, 1981) and Abrahamsson & Sjöstrand (1988), also
the contrast sensitivity of the amblyopic eyes of anisometropes is depressed.

Some authors imply that anisometropia is a secondary phenomenon of strabismus and amblyopia;
the emmotropisation of the affected eye is arrested but continuing in the fixing eye, thereby
subsequently developing anisometropia (Lepard 1975, Nastri et al. 1984, Almeder et al. 1990,
Aurell & Norrsell 1990, Abrahamsson et al. 1990a, 1992).   Seniakina (1979) found that the absence
of binocular vision favoured the maintenance of anisometropia in children refracted annually
between the ages of one and 18 years, whereas in the presence of binocular vision, anisometropia
decreased with age.

To the author´s knowledge, the existing refractive errors in strabismus and amblyopia, in different
types of strabismus, in different deviations and age groups, as well as evaluation of the nature of the
refractive aberrations (as corneal or as lenticular or as axial in origin) have not been studied before.
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2.5.4. Monkey experiments

Conditions such as strabismus, that are thought to cause specific kinds of amblyopia in humans,
have been produced experimentally in monkeys.  Such studies have been undertaken in order to
determine the time of onset of visual defects, and to monitor the short- and long-term effects of
optical and surgical treatment.   Studies made with animals support the hypothesis that strabismus
may be a primary causal factor leading to acuity defects.   Early in life surgically induced esotropia
leads to acuity and contrast sensitivity losses if a monocular fixation pattern is adopted, but vision
defects do not develop if the monkey adopts an alternating fixation pattern, as in human patients
(von Noorden & Dowling 1970, von Noorden 1973, Kiorpes & Boothe 1980).   Kiorpes et al.
(1989) revealed grating acuity and contrast sensivity loss and vernier acuity and grating acuity loss
(Kiorpes 1992) in strabismus induced in monkeys with neurotoxin.

In the series of Harwerth et al. (1983), monkeys with artificially induced strabismus (both unilateral
constant esotropic and exotropic) all showed a relative reduction in contrast sensitivity in the
affected eye, but it was most profound in esotropic monkeys and moderate in exotropic monkeys.
No binocular summation was noted in the same monkeys. Rearing young monkeys with prisms over
both eyes causes dissociation of binocular input to develop and the procedure mimics in some ways
the sensory input of comitant strabismus (Crawford & von Noorden 1980, Harwerth et al. 1983).
Harwerth et al. (1983) tested these monkeys behaviourally and found that their binocularity was also
deficient even though amblyopia was only mild.   The contrast sensitivity was reliably, but only
mildly depressed when compared to the above mentioned surgically treated monkeys.

Form deprivation by lid suture in newborn macaca monkeys has been shown to cause ocular
motility defects (exotropia) in addition to severe amblyopia (Tusa et al. 1991).



25

3. Aim of the study

The aim of this study was to evaluate the refractive conditions in strabismic and amblyopic patients
and to ponder whether refractive aberrations in the patients with strabismus and amblyopia may be
associated with a disturbed active emmetropisation process due to deficient binocularity.

In addition to the descriptive determinations of the means and ranges of total refraction in several
subgroups of strabismus and amblyopia and the controls, the study was to evaluate the background
of the refractive aberrations by simultaneous measurements of total refraction, total axial length,
corneal base curve, depth of the anterior chamber, thickness of the lens and size of the vitreous
cavity.

The specific topics were as follows:

-  to study the causality between binocularity disturbances and emmetropisation

-  to have a comparative study of the refractive conditions between the affected and the
   fellow eyes in strabismus and amblyopia.

-  to study the correlations between axial length and total refractive power or its
   components in the eyes of the strabismics, the amblyopics and the control group.
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4. Subjects and methods
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4.1. Subjects

The research plans were all accepted by the ethical committee of the Helsinki University Central
Hospital.   Each strabismic patient was carefully informed that the measurements to be undertaken
belong to a normal, although unlike to the usual practice, more thorough preoperative examination
routine.   According to Finnish regulations, no signed form of consent is requested from the patients
treated for therapeutic reasons in hospitals.

A signed consent was requested though from the parents of the children treated in the
Otorhinolaryngological Clinic.  They served as a control group.  The pleoptically treated adults
voluntarily joined the study.

4.1.1 Strabismic patients

Between April 1995 and February 1997, a total of 306 consecutive patients in the strabismological
unit who were operated on for strabismus were measured for this study.   Seven were excluded
because of paralytic strabismus and 132 because totally successful measurements could not be
achieved or the patients had a demonstrable other eye disease than strabismus which was thought to
interfere.   Of the 132 patients excluded, 87 had constant unilateral strabismus (44 exotropes, 32
esotropes and 11 with vertical strabismus), 11 had alternating strabismus (eight exotropes and three
esotropes), 21 had unilateral intermittent strabismus (17 exotropes and four esotropes) and 13 had
phoria (11 exophorias and two esophorias).

The patients included numbered 167, aged 3.1 - 62.6 years (mean 18.2 years) consisting of 107
females and 60 males.   The strabismological diagnosis was defined as the primary condition for
example consecutive deviations were not counted in the classification of the patients.   In order to
ascertain if the type of strabismus, the age or the direction of deviation matters, the subjects were
divided into different subgroups.

Unilateral strabismus was present in 116 of the subjects.   The right eye was affected in 48 cases, the
left in 68 cases.   Unilateral constant esotropia was seen in 32 eyes, exotropia in 16 eyes and pure
vertical deviation in 13 eyes (Figure 1).   Unilateral intermittent deviation was noted in 55 cases
with one esotropia and 54 exotropias.   Alternating esotropia was present in 16 subjects and
alternating exotropia in three.   Intermittent alternant deviations were present in nine patients; two
esotropias and seven exotropias, exophoria in 22 and esophoria in one of the operated patients. The
several strabismic subgroups studied in the present study represent variable states of disturbed
binocularity.

Among the strabismic patients, 46 (13.8 %) subjects had been treated for amblyopia in the affected
eye.   These patients were marked as “amblyopes” even though most of them had a good restitution
of the visual acuity by the occlusion therapy, which was undertaken pre-operatively.   If
maintenance occlusion therapy was needed, it was given until the age of nine to 12 years.   All the
patients wore adequate (full) optical correction during the amblyopia therapy.   Those adult
amblyopes in the strabismic series who were not been strabismic in childhood might have had
microtropia.   However, since most of them have not been followed up in our hospital when treated
for amblyopia, the exact number of microtropes cannot be given.
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In the statistical analyses the affected eyes of the unilateral cases were compared with their fellow
eyes.   In order to undertake the same comparisons in phoria, or alternating strabismus, one eye was
randomized to be the strabismic and the other one as the fellow.

4.1.2. Pleoptically treated amblyopes

This group consisted of 50 randomly selected young adults aged from 15.4 to 23.5 years (mean 18.7
years), who had received pleoptic treatment to their amblyopic eye 10 - 12 years ago in the Helsinki
University Eye Hospital.  By that time pleoptic treatment was given yearly to approximately 50
patients (population base 1.2 million).  The decision to undertake pleoptic treatment had been made
because of poor compliance or resistance to ordinary amblyopia treatment (patching), for example
because of permanent false fixation.   Patients with suspected partly organic amblyopia, for example
having high level congenital myopic anisometropia, or those who had undergone epikeratophakia
operation or had other corneal structural changes, or showed bilateral amblyopia, were excluded
from this study because it was felt that other conditions than amblyopia were present which could
interfere with the study-results.

Between March and December 1998 each of them paid a single visit to the strabismological
department and all the required measurements were undertaken.   Eighteen had been given treatment
in the right eye and 32 in the left.   By the time the pleoptic treatment was given ten (20 %) subjects
had anisometropia of 1 D or more and seven of them 2 D or more (14 % of the total number of
subjects).   Eighteen (36 %) had both strabismus and anisometropia.  In eight (44.5 %) of them the
anisometropia reached the absolute value of 2 D. Strabismus was considered as the only reason for
amblyopia in 22 (44 %) subjects.   Fifteen (37.5 %) out of the forty with strabismus had undergone
squint surgery.

4.1.3. Controls

The control group consisted of 50 children, aged from 4.9 to 11.4 years (mean 7.2 years) who were
treated under anesthesia for adenotomy, tonsillectomy or paracentesis membranae tympani, that is
for an ear, nose or throat disease, but had no ocular disorders other than perchance a refractive error.
This was  certified by the parents.   None of the diseases leading to those operations mentioned
above are known to be associated with squint or other ocular disorders.   Therefore, there is a good
reason to believe that the children belonging to the control series represented a normal population of
their age.    Both eyes were measured.   By randomization 20 right eyes and 30 left eyes were chosen
for statistical evaluations.  The ophthalmological measurements were performed when these
children underwent their surgical intervention in the Otorhinolaryngological Clinic between April
and October 1997.



30

4.2. Methods

All the patients in this study were examined either by the author, by an assistant nurse (ultrasound of
some of the controls), by the nurses in the strabismological unit (most of the refractokeratometric
values of the strabismic patients) or by the supervisor of  this study.

4.2.1. Total refraction, corneal refractive power, astigmatism, residual astigmatism
           and anisometropia

For these measurements a Canon automatic refractokeratometer (Canon RK-3) was used.
Cycloplegia was accomplished by instillation of two consecutive drops of 1 % cyclopentolate eye
drops five minutes apart.   Five consecutive measurements were performed 35 minutes after the
second instillation of the drops.  Refraction is expressed as spherical equivalents.   The corneal
refractive power is likewise expressed as a spherical equivalent of the keratometer reading in
diopters (K).   Astigmatism is described in the descriptive statistics and statistically dealt with in
comparisons as exactly measured values, but in some separately mentioned parts only astigmatism
of 1 D or more is considered significant.   The Canon RK-3 equipment calculates also the residual
astigmatism value, which characterizes the difference between total and corneal astigmatism that is
closest to the lens astigmatism.   However, the axis of residual astigmatism mostly differs from the
axis of the other two astigmatisms, therefore the values of total and corneal astigmatism are not to
be added together.  The axes of all the different types of astigmatism are divided into three and
expressed as:  with-the-rule (WTR) = plus cylinder lens with axis 90 ± 20 degrees, against-the-rule
(ATR) = plus cylinder lens with axis 0 ± 20 degrees and the remainder of the axis considered as
oblique.

Anisometropia was calculated by subtracting the value of the fellow eye from the value of the
affected eye (randomized in controls) and is expressed as absolute values in the tables. An
anisometropia of 2 D or more is considered significant.

The strabismic patients were measured during their outpatient visit before the operation and the
pleoptically treated amblyopes (here the amblyopes) after the ultrasound measurements during their
visit.   Only the control group made an exception as their ear, nose or throat operation began
immediately after the ultrasound measurements and instillation of the drops.   The children were
able to sit up and therefore able to be refracted only one to three hours after the operation.

4.2.2. Axial length, vitreous chamber depth, anterior chamber depth and lens
          thickness

All the ultrasonographic measurements were performed on the subjects in supine position.   Storz
Alpha 20/20 soft probe applanation a-scan ultrasound (velocity 1550 m/sec) was used throughout
the study to measure the anterior chamber depth (ACD), lens thickness (LTH), vitreous chamber
depth (VCH) and axial length (AL).
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The ultrasound equipment used had an automatic control system for successful measuring. The
Alpha 20/20 Probe Compression Index permitted monitoring applanation pressure.  It was
recommended in the manual of the equipment to apply enough pressure on the eye with the probe
indicated by values between +0.01 and +1.0 (mm of applanation of the probe) to assure proper
contact without corneal compression or intendation, therefore no compensation in measuring AL
was required.   Negative probe pressure index (= inappropriate probe tip filling) was guaranteed to
provide innaccurate measurements, thus only positive probe compression index ≤ 1.00 mm was
permitted.   For the success the automatic control system demanded deviation within the measuring
procedure to be ≤ 0.10 mm.

The accuracy of the measurements was to the nearest ten microns (0.01 mm).   Predestined were
also the acceptable AL values defined as two results differing only three hundredths;  the first one
was chosen.  All strabismic and control subjects were measured under anesthesia just before their
operation.   The third group, consisting of the amblyopes treated pleoptically ten years ago, were
measured under local anesthesia by oxibuprocain 4mg/ml eye drops.

4.2.3. Determination of the visual acuity and strabismus

The visual acuity (used as a variable only in the multiple regression analysis) with best optical
correction was measured monocularly by means of Snellen optotype lines with logarithmic units at
five metres distance from the chart.   The visual acuity was defined as the line at which 1/2 of the
optotypes were correctly indentified.

The type of strabismus was determined by means of cover test for near (33 cm) and for far (5 m)
using adequate optical correction, thus a possible accommodative element was taken into
consideration.   Alternating strabismus was defined as a result in cover-uncover test where fixation
alternatingly fully remains in the uncovered eye after removing the occlusion.  In esotropia a
simultaneous prism cover test was used in order to avoid the artificial enlargement of the deviation
angles by repeated occlusions.  The prism adaptation test was used with most of the strabismic
subjects to determine the treatable deviation angle, which was to be at least 15 prismdiopters.  In
principal, exodeviations were seldom operated on before the age of six years and esodeviations
seldom before the age of four years.

4.2.4. Methodological tests

In order to be sure of the methods used and to avoid statistical bias, two methodological tests, one
for the efficacy of the cycloplegia and the other considering the position of the patient during the
ultrasonographic measurements, were performed.

To confirm unchangeable cycloplegia for the measurements by the Canon RK-3 automatic
refractokeratometer, a drop of cyclopentolate (1%) was instilled into a volunteer´s eye twice at a
five minute interval.   Ten minutes after the last drop the refraction was measured every five
minutes until the values of the measurements were stable which took between 35 and 45 minutes to
achieve.  This was undertaken on an adult and on a ten-year-old in sitting-up position with equal
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results.  Therefore all the auto-refractions were performed at least 35 minutes after the last
instillation of the eye drops.
To decide whether the same supine position, compelled by the circumstances for the strabismic
children and the control group of children treated in the ENT department, would be appropriate also
for the rest of the subjects during the measuring procedure of the refractive components with the
ultrasound, 23 adult subjects were measured both in supine and in sitting-up position.   Significant
statistical difference between the measurements in the different positions was found in the values of
the left eyes considering ACD (p = 0.001) and LTH (p = 0.001).   ACD was 12.2 % shallower
and LTH was 10.8 % thicker in the supine position.  A decision was made to perform all
ultrasonographic measurements in the supine position to avoid a possible bias.

4.2.5. Statistical methods

Data was statistically analyzed by SPSS (Statistical Package for Social Sciences) for Windows -95
and grouped in many different ways, for example age ranges, to allow broad analysis.   Due to
possible bias caused by the age difference, the pleoptically treated amblyopics were not compared to
the controls. The same applied to the strabismics as a whole series, but when comparisons with the
controls were made, the age-matched subjects from the strabismics were chosen.

To test the normality of the distributions of the variables the Kolmogorov-Smirnov Test was used.
If the assumptions of a suitable parametric test were not valid, the corresponding nonparametric test
was used.

Differences in the mean values of continuous variables between the groups were analyzed by using
Independent Samples t-test (2-tailed) or the Mann-Whitney Test.  One-way Analysis of Variance
(ANOVA) or the corresponding nonparametric Kruskall-Wallis Test was used when multiple
groups were analyzed simultaneously.

Paired samples t-tests were used in comparing differences in the mean values of continuous
variables between the eyes of the same person.   An exception of the assumptions or a small sample
size changed the method to the Wilcoxon Signed Ranks Test.

A series of 2-tailed partial correlation tests controlling age between spherical equivalent, corneal
refractive power, lens thickness, anterior chamber depth, axial length, vitreous chamber depth,
astigmatism, corneal astigmatism and residual astigmatism were performed both between the
affected and the fellow eyes (paired-eyes) and separately intraocularly within different groups.
Statistical partial correlations model shows the degree to which different variables are linearly
related. Correlation yields an index (-1≤ r ≤ +1) designed to give an immediate picture of how
closely and to what direction (negative = opposite direction, positive = same direction) the values of
two variables behave.   For example VCH and AL are known to have a strong positive correlation
that is to say  when VCH lengthens the same happens with AL.   If the lens thickens, the anterior
chamber becomes shallower, that is to say the correlation is negative.

Multiple regression analyses with dummy variables were also performed.   Multiple regressions are
purely computed models which give a prognostication of the dependence of variables and how other
variables provide an explanation of the one variable chosen.   It also shows how the dependence of
variables will be changed in different patient groups by adding different coefficients for the
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independent variables, showing thereby how each group differs from each other regarding the
dependence structure of the variables.

The statistical methods used in this study followed the commonly accepted principles (Bethesda
1973, Ray & O´Day 1985, Newcombe & Duff 1987, Juzych et al. 1992). Statistically significant
values in the text are marked with p-values in parentheses.
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5. Results

5.1. Distribution of the measurements in the strabismic group

5.1.1. Strabismus, entire series
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Table 1  Descriptive statistics of the strabismic series, affected and fellow eyes

   Anisometropia in absolute values

The descriptive statistics are shown in Table 1.   In the affected eye (N=167) the mean refraction
expressed as a spherical equivalent was +0.98 D.   Anisometropia of 2 D or more was detected in 14
(8.4 %) subjects.   Only in three patients was the affected eye less hyperopic than the fellow eye.
The mean total astigmatic value was 0.71 D.   Significant astigmatism of 1 D or more was detected
in 24.6 % of the affected eyes (Figure 2).   Most of the oblique and all of the WTR-astigmatism
were corneal in origin.   Considering corneal astigmatism the mean was 0.97 D.   In residual
astigmatism 0.65 D was the mean.   The mean corneal keratometer values as spherical equivalent
was 43.79 D. AL was between 20.21 and 26.49 mm, mean value being 22.93 mm.   The mean value
for LTH was 4.38 mm, for ACD 3.08 mm and for VCH 15.47 mm.

Figure 2 Significant astigmatism, distribution of axes
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In the fellow eyes the mean spherical equivalent was +0.64 D and the mean total astigmatism was
0.62 D.   Astigmatism 1 D or more was seen in 18 % of the fellow eyes (Figure 2).   Corneal
astigmatism was 0.91 D and residual astigmatism 0.61 D in the mean.   Corneal K showed 43.84 D
as the mean value.   The AL ranged from 20.56 to 27.26 mm, average 23.06 mm.  The average value
for LTH was 4.44 mm, for ACD 3.01 mm and for VCH 15.60 mm.

The statistical evaluation showed in refraction (p = 0.006) a significant difference as the affected
eyes were more hyperopic (+0.98 vs +0.64 D) when the mean values of the affected and the fellow
eyes were compared.   The corneal K (p = 0.043) was flatter in the strabismic eyes (43.79 vs 43.84
D.   The affected eyes had shorter (22.93 vs 23.06 mm) total length (p = 0.009) as well as shorter
(15.47 vs 15.60 mm) VCH (p = 0.009) when the mean values were compared with the fellow eyes.

5.1.2. Strabismic subgroups

The descriptive statistics of the affected and the fellow eyes are shown in the Tables 2 and 3.
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Table 2  Descriptive statistics in unilateral constant and alternating strabismic subgroups

  Anisometropia in absolute values

5.1.2.1. Constant unilateral strabismus, all ages (N=61)

The mean refractive power as spherical equivalent was slightly hyperopic (+1.30 D).
Anisometropia of 2 D or more was detected in nine (14.8 %) subjects, only in one of them was the
strabismic eye less hyperopic than the fellow eye.   The mean total astigmatism was 0.99 D;
significant astigmatism was seen in 39.4 % of the affected eyes (Figure 3).  Most of the oblique and
all of the WTR astigmatism were corneal in origin.   The mean corneal astigmatism was 1.08 D.   In
AL the mean value was 22.80 mm.   Details in Table 2.



36

Figure 3 Significant astigmatism, distribution of axes

The measurements of the fellow eyes are shown in Table 2.   The statistical evaluation shows a
discernable difference between the means of spherical equivalent (p = 0.027), astigmatism
(p =0 .033), VCH (p = 0.018) and AL (p = 0.014) in the strabismic and fellow eyes (Figures 4 a-c).
The strabismic eyes are more hyperopic (+1.30 vs +0.65 D, mean values), shorter (mean AL 22.80
vs 23.09 mm) and more astigmatic (mean 0.99 vs 0.73 D).   The distribution of the axes of
astigmatism is shown  in Figure 3.
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 Figure 4 Distribution of the refraction as spherical equivalent (a), axial length (b) and total astigmatism (c) in the
                  eyes with constant unilateral strabismus and their fellow eyes

The picture shows the median, upper and lower quartiles and the whiskers (= the largest and the smallest value within the range of lower quartile
minus 1½ x inter quartile range and upper quartile plus 1½ x inter quartile range), o = outliers (values within 1½-3 x inter quartile range from the
nearest quartile), * = extreme- values (values more than 3 x inter quartile range)

5.1.2.2. Alternating strabismus, all ages (N=19)

The mean spherical equivalent of the strabismic eyes marked by randomization, was +1.78 D.
Anisometropia of 2 D or more was detected in two (10.5 %) subjects, one of them having a more
myopic affected eye when compared to its fellow.   Total and corneal astigmatism had the mean
values of 0.64 D and 1.00 D, respectively.    Significant astigmatism of 1 D or more was seen  in
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21.1 % of the randomized affected eyes and it was all corneal in origin (Figure 5).   AL measured
22.91 mm in the mean (21.31 – 24.98 mm).   Details in Table 2.

The fellow eyes are shown in Table 2.   When comparisons between the randomized strabismic and
fellow eyes were made, none of the means of the variables differed statistically significantly from
each other.

Figure 5 Significant astigmatism, distribution of axes
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5.1.2.3. Unilateral intermittent strabismus, all ages (N=55)

The refraction as a spherical equivalent was +0.92 D in the mean.   Anisometropia of 2 D or more
was not found in this group.   The mean astigmatism was 0.54 D.   Significant total astigmatism of
1 D or more was detected in 10.9 % of the affected eyes and all of it was corneal in origin (Figure
6).   The mean corneal astigmatism was 0.94 D.  AL was 22.92 mm on average (21.28 – 24.79 mm).
Details in Table 3.

The corresponding measurements of the fellow eyes are listed in Table 3.   Total astigmatism of 1 D
or more, of which WTR-astigmatism was corneal in origin, was detected in 12.8 % of the fellow
eyes.   No statistically significant difference is to be found between the means of the variables.

Figure 6 Significant astigmatism, distribution of axes
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5.1.2.4. Alternating intermittent strabismus, all ages (N=9)

In the by randomization chosen affected eyes the mean spherical equivalent was +0.67 D.
Anisometropia of 2 D or more was found in one (11.1 %) subject.   Astigmatism was at a low level
in all forms;  the mean total and the mean corneal being 0.35 and 0.67, respectively.   The mean AL
was 23.03 mm ranging from 21.77 to 24.48 mm.   Details in Table 3.

Measurements of the fellow eyes are shown in Table 3.   No statistically significant difference
between the means of any of the variables may be noticed.
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Table 3  Descriptive statistics in intermittent, alter. intermittent and phoria strabismic subgroups

  Anisometropia in absolute values
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5.1.2.5. Phoria, all ages (N=23)

The mean refractive power as spherical equivalent was –0.26 D in those eyes selected randomly and
defined as strabismic.   Anisometropia of 2 D or more was found in two (8.7 %) subjects.   In total
astigmatism the mean value was 0.55 D.   In the randomized strabismic eyes 30.4 % had significant
astigmatism (Figure 7).   Corneal astigmatism was 0.88 D on average.   AL was 23.25 mm on
average (21.35 – 26.24 mm).   Details in Table 3.

Measurements of the randomized fellow eyes are seen in Table 3.   In these eyes significant
astigmatism was detected in 21.7 %.   The statistical evaluation showed a significant difference
between the means of corneal K (p = 0.005).   In the eyes considered strabismic by randomization,
the value was lower, that is to say the cornea was less curved (44.11 vs 44.29 D).   All the other
variables showed no statistically significant difference.

Figure 7 Significant astigmatism, distribution of axes

5.1.2.6. Comparisons between the subgroups (unilateral, alternating, intermittent,
             alternating intermittent, phoria)

When comparisons between the strabismic subgroups (N=61/19/55/9/23) were made (all ages) a
statistically discernible difference in mean values was found in the spherical equivalent (p = 0.011)
and in astigmatism (p = 0.016) in the strabismic eyes and in the spherical equivalent (p = 0.043) in
the fellow eyes (Figures 8 a-c).   The greatest difference in spherical equivalent was between phoria
and alternating strabismus, -0.26 D and +1.78 D, respectively.   This is true even in the fellow eyes
(-0.23 vs +1.50 D).  In astigmatic measurements the difference was at most between the means of
alternating intermittent (0.35 D) and constant unilateral strabismus (0.99 D).
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Figure 8 Distribution of refraction as spherical equivalent in the strabismic (a) and in the fellow eyes (b) of the
              subgroups in the strabismus series, and total astigmatism (c) in the strabismic eyes of the subgroups in the
              strabismic series.
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5.1.3. Strabismic amblyopes, all ages (N=46)

46 46 46 46 46 46 46 46 46 46 46
16,70 1,41 1,38 1,12 1,11 ,67 43,91 4,38 3,07 15,24 22,70
3,68 -7,81 ,06 ,00 ,10 ,12 39,90 3,48 2,28 13,24 20,21

45,00 5,87 9,06 6,87 5,50 1,75 47,70 5,21 3,72 18,72 26,01

12,80 2,61 2,16 1,15 ,92 ,37 1,63 ,44 ,36 1,24 1,36

46 46 46 46 46 46 46 46 46
,67 ,77 ,97 ,66 43,87 4,39 3,03 15,59 23,01

-9,56 ,00 ,20 ,12 39,95 3,53 2,26 13,43 20,56
5,12 4,12 2,75 1,50 47,55 5,44 3,75 19,52 27,26

2,73 ,79 ,56 ,31 1,55 ,56 ,46 1,41 1,52

N
Mean
Minimum
Maximum
Std.
Deviation
N
Mean
Minimum
Maximum
Std.
Deviation

amblyopic

fellow

age
(years)

spherical
equivalent

(D)

aniso-
metropia

(D)

total
astigma-
tism (D)

corneal
astigma-
tism (D)

residual
astigma-
tism (D)

corneal
keratometry

(D)

lens
thickness

(mm)

anterior
chamber

depth (mm)

vitreous
chamber

(mm)

axial
length
(mm)

Table 4  Descriptive statistics of the amblyopes in the strabismic series and their fellow eyes

Anisometropia in absolute values

Those among the strabismus series who had been treated with patching for amblyopia were
separately classified and analyzed.   The mean spherical equivalent of the deviating eyes was +1.41
D (-7.81 - +5.87 D).   Anisometropia 2 D or more was detected in eight (17.4 %) subjects.   In one
patient the affected eye was more myopic than the fellow eye.   Astigmatism reached the maximum
value of 6.87 D, the mean being 1.12 D.   Total astigmatism of 1 D or more was found in 43.5 % of
the affected eyes (Figure 9).   Most of the oblique and all of the WTR–astigmatism were corneal in
origin.   Corneal astigmatism showed the mean value of 1.11 D and in residual astigmatism the
mean was 0.67 D.   Corneal K was 43.91 D, AL was 22.70 mm and LTH was 4.38 mm on average.
ACD reached the mean value of 3.07 mm and VCH the mean value of 15.24 mm.   Details in Table
4.

Details of the measurements in the fellow eyes are to be found in Table 4.   Significant astigmatism
was detected in 28.3 % of the fellow eyes (Figure 9).   When comparing statistically the strabismic
eyes treated for amblyopia and the fellow eyes, discernible differences were found in spherical
equivalent (p = 0.047), astigmatism (p = 0.010), AL (p = 0.038) and VCH (p = 0.017).   The
strabismic eyes were more hyperopic, were shorter and had more astigmatism.   The distribution of
axes is shown in Figure 9.

Figure 9 Significant astigmatism, distribution of axes
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5.1.4. Direction of the deviation

In order to ascertain if the direction of the deviation counts, unilateral esotropia, exotropia and pure
vertical strabismus were analyzed and are presented in Table 5.

32 32 32 32 32 32 32 32 32 32 32
16,07 1,97 ,99 1,10 1,28 ,60 44,03 4,41 3,00 15,05 22,46

4,03 -4,87 ,06 ,00 ,20 ,12 40,93 3,48 2,28 13,24 20,21
45,00 5,87 8,37 2,75 3,20 1,50 46,93 5,21 3,58 18,50 26,15

12,40 2,44 1,81 ,79 ,76 ,31 1,44 ,48 ,37 1,19 1,32

16 16 16 16 16 16 16 16 16 16 16
25,46 ,26 2,27 1,27 1,04 ,74 43,14 4,41 3,18 15,87 23,46

6,80 -7,81 ,13 ,37 ,20 ,25 39,90 3,91 2,50 14,47 21,84
43,72 4,50 9,06 6,87 5,50 1,75 45,50 5,05 3,72 18,72 26,01

14,07 3,05 2,61 1,64 1,25 ,47 1,43 ,35 ,34 1,18 1,20

13 13 13 13 13 13 13 13 13 13 13
13,29 ,92 ,24 ,38 ,63 ,53 43,01 4,36 3,01 15,47 22,84

3,13 -3,50 ,01 ,00 ,10 ,12 40,85 3,49 2,16 13,89 21,21
34,95 1,87 ,63 1,25 1,05 ,87 45,50 5,57 3,81 18,76 26,49

12,08 1,39 ,23 ,33 ,24 ,20 1,40 ,60 ,50 1,26 1,34

N
Mean
Minimum
Maximum
Std.
Deviation
N
Mean
Minimum
Maximum
Std.
Deviation
N
Mean
Minimum
Maximum
Std.
Deviation

eso

exo

vertical

age
(years)

spherical
equivalent

(D)

aniso-
metropia

(D)

total
astigma-
tism (D)

corneal
astigma-
tism (D)

residual
astigma-
tism (D)

corneal
keratometry

(D)

lens
thickness

(mm)

anterior
chamber

depth (mm)

vitreous
chamber

(mm)

axial
length
(mm)

Table 5  Descriptive statistics in different deviations in constant unilateral strabismus

  Anisometropia in absolute values

5.1.4.1 Esotropia (N=32)

The mean refraction of the deviating eyes expressed as spherical equivalent was +1.97 D.
Anisometropia of 2 D or more was detected in three (9.4 %) subjects.   In all of them the deviating
eye was more hyperopic than the fellow eye.   Mean total astigmatism was 1.10 D.  Significant
astigmatism of 1 D or more was detected in 50 % of the affected eyes (Figure 10), and most of the
oblique, and all of the WTR-astigmatism were corneal in origin.   Mean corneal astigmatism was
1.28 D.   Details in Table 5.

Figure 10 Significant astigmatism, distribution of axes
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In the age group of under six years (N= 4), the mean spherical equivalent was +1.45 D
(+0.31 - +2.00 D).   Anisometropia was below 1 D.   Astigmatism was measured up to 0.50 D
(mean 0.40 D) and corneal astigmatism up to 1.20 D (mean 0.90 D).   Residual astigmatism was
0.66 D in the mean (0.25 – 0.87 D).   Corneal K ranged between 43.35 and 45.90 D, the mean being
44.25 D.   AL was 22.06 mm, LTH was 4.22 mm, ACD was 3.16 mm and VCH was 14.68 mm in
avegare.

Among those aged from six to 12 years (N=14), the mean refraction was +3.24 D (+0.37 - +5.87 D).
No one had anisometropia of 2 D or more.   The mean astigmatism was 1.33 D (0.00 – 2.75 D), the
mean corneal astigmatism 1.45 D (0.20 – 3.20 D) and the mean residual astigmatism was 0.59 D
(0.12 – 1.25 D).   Corneal K ranged between 41.60 and 46.63 D, the mean being 44.20 D.   AL was
21.82 mm, LTH was 4.43 mm, ACD was 2.94 mm and VCH was 14.45 mm on average.

In the age group from 12 to 21 years (N=5), the mean spherical equivalent was +1.86 D                  (-
0.12 - +4.31 D).   Anisometropia was below 0.75 D.   Astigmatism reached to 1.75 D being 0.87 D
on average.   Corneal astigmatism and residual astigmatism were 0.98 D and 0.57 D in the mean,
respectively. Corneal K was 44.22 in the mean (43.60 – 46.00), AL was 22.79 in the mean
(21.62 – 23.63 D).   LTH was 4.27 mm, ACD 3.19 mm and VCH was 15.33 mm on average.

Among the oldest (over 21 years of age, N=9), the mean refraction was +0.26 D (-4.87 - +5.31 D).
Anisometropia 2 D or more was detected in three (33 %) subjects, in all of them the affected eye
was more hyperopic.   Astigmatism reached to 2.12 D, the mean being 1.17 D.   Corneal
astigmatism ranged between 0.50 and 2.35 D (mean 1.34 D), residual astigmatism ranged from 0.25
to 1.50 D (mean 0.59 D).   Corneal K was 43.57 D in the mean (40.93 – 46.93 D), AL was 23.44
mm in the mean (21.11 – 26.15 mm).   LTH was 4.54 mm, ACD was 2.92 mm and VCH was 15.97
mm on average.
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5.1.4.2. Exotropia (N=16)

The average spherical equivalent was +0.26 D.   Anisometropia of 2 D or more was found in six
(37.5 %) patients with only one subject having the affected eye more myopic than the fellow eye.
The mean astigmatism was 1.27 D.   Significant astigmatism was found in 43.7 % of the affected
eyes (Figure 11).   Average corneal astigmatism was 1.04 D.  The mean AL was 23.46 mm.  Details
may be found in Table 5.

Figure 11 Significant astigmatism, distribution of axes

5.1.4.3. Vertical (N=13)

The mean spherical equivalent was +0.92 D.   No one had anisometropia of more than 2 D.  The
average astigmatism was 0.38 D and corneal astigmatism 0.63 D.   AL ranged from 21.21 to
26.49 mm being 22.84 mm in the mean.   Details may be found in Table 5.

5.1.4.4.Comparisons

Including only the affected eyes in unilateral strabismus and considering the direction of deviation,
statistically significant differences in mean values of spherical equivalent, total astigmatism, corneal
astigmatism, corneal K and axial length were seen between esotropia, exotropia and vertical
strabismus (N=32/16/13).   The greatest difference in mean spherical equivalent (p = 0.032) was
seen between exotropia and esotropia, +0.26 vs +1.97 D (Figures 12 a-c).   AL (p = 0.049) was
shortest in esotropia (22.46 mm) and longest in exotropia (23.46 mm).   The smallest mean
astigmatism        (p = 0.006) was in vertical strabismus (0.38 D), the largest in exotropic eyes (1.27
D).   Corneal astigmatism (p = 0.023) differs mostly between vertical (0.63 D) and esotropic (1.28
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D) eyes.   Corneal K (p = 0.041) was steepest in the esotropic eyes (44.03 D) and flattest in the
vertical eyes (43.01 D).

Figure 12 Distribtuion of refraction as spherical equivalent (a),axial length (b) and total astigmatism (c) in
                 unilateral strabismus and different deviations in the affected eyes

5.1.4.4.1. Paired-eye comparisons

When the deviating eyes are compared to their fellow eyes, statistically significant differences
between the means of spherical equivalent (p = 0.041), axial length (p = 0.024), VCH (p = 0.015)
and corneal astigmatism (p = 0.030) were found in the esotropic subjects.   The deviating eyes were
more hyperopic (+1.97 vs +1.24 D), shorter (AL 22.46 vs 22.80 mm and VCH 15.05 vs 15.40 mm)
and had more corneal astigmatism (1.28 vs 1.05 D).
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As far as the bearing of age in the esotropic subjects, the youngest (under six years) demonstrated
no statistically significant difference between the means of the deviating and the fellow eyes.   In the
group of from six to 12 years, the mean spherical equivalent (p = 0.044), axial length (p = 0.019)
and VCH (p = 0.011) showed a statistical significant difference.  The strabismic eyes were more
hyperopic (+3.24 vs +2.89 D) and shorter ( AL 21.82 vs 22.03 mm and VCH 14.45 vs 14.69 mm).
Among those between 12 and 21 years of age, no statistically discernible difference between the
means was found.   In adults (over 21 years of age), mean total astigmatism (p = 0.024) and VCH
(p = 0.011) reached statistically significant difference, the affected eyes being more astigmatic
(1.17 vs 0.51 D) and their vitreous cavities were shorter (15.97 vs 16.98 mm).

In exotropia no statistical difference in 5 % error level was found between the deviating and fellow
eyes, even though the affected eyes were more hyperopic (+0.26 vs –0.65 D) and shorter (AL 23.46
vs 23.85 mm and VCH 15.87 vs 16.21 mm).   In vertical strabismus, corneal K (p = 0.005) reached
statistically meaningful difference when the two eyes were compared.   In the deviating eyes the
cornea was flatter (43.01 vs 43.28 D).

5.1.5. Strabismus in age groups

5.1.5.1. Under six years of age (N=19)

The affected eyes of all patients under six years displayed a spherical equivalent ranging from
+0.31 to +2.13 D, being +1.41 D in the mean.   Anisometropia of 2 D or more was not found in any
of the subjects.   Astigmatism extended to 1.25 D (mean 0.34 D), significant astigmatism of 1 D or
more was found in only 5.3 % of the affected eyes, all of it being WTR-astigmatism and corneal in
origin.  Corneal astigmatism extended to 1.55 D (mean 0.82 D) and residual astigmatism to 1.0 D
(mean 0.62 D).   Corneal K varied from 41.33 to 46.98 D;  44.19 D average.   The mean AL was
22.12 mm (21.21 – 23.65 mm).   The mean LTH was 4.24 mm (3.64 – 5.01 mm), the mean ACD
3.09 mm (2.21 – 3.66 mm) and the mean VCH 14.78 mm (13.89 – 16.48 mm).

In their fellow eyes the mean spherical equivalent was +1.33 D ranging from +0.25 to +2.25 D.
Total astigmatism, corneal astigmatism and residual astigmatism were 0.46 D, 0.90 D and 0.57 D,
respectively on average.   Astigmatism of 1 D or more was found in 5.3 %.   Corneal K reached
values between 41.55 and 47.10 D being 44.35 D on average.   AL reached the mean value of
22.05  mm rangeing from 21.29 to 23.51 mm.   The mean LTH was 4.32 mm (3.69 – 5.28 mm), the
mean ACD 3.06 mm (2.39 – 3.86 mm) and the mean VCH 14.70 mm (13.76 – 15.99 mm).

5.1.5.2. Six to twelve years of age (N=69)

The affected eyes had a mean spherical equivalent of +1.65 D (-7.81 - +5.87 D).   Anisometropia of
2 D or more was present in two (2.9 %) subjects and reached the highest absolute value of 9.06 D.
In one of them, the affected eye was less hyperopic than the fellow eye.   The maximum values for
total astigmatism, corneal astigmatism and residual astigmatism were 4.50 D (mean 0.69 D), 4.20 D
(mean 0.93 D) and 1.25 D (mean 0.59 D), respectively.   Significant astigmatism was detected in
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23.2 % of the affected eyes.   Oblique and WTR –astigmatism were corneal in origin.   Corneal K
ranged from 39.90 to 47.70 D, the mean being 43.92 D.   AL was between 20.21 and 26.01mm
(mean 22.57 mm).   The mean LTH was 4.30 mm (3.48 – 5.43 mm), the mean ACD 3.12 mm (2.28
– 4.07 mm) and the mean VCH 15.15 mm (13.24 – 18.72 mm).

The mean spherical equivalent in the fellow eyes was +1.59 D (-1.06 - +5.12 D).   The maximum
total astigmatism, corneal astigmatism and residual astigmatism were 4.50 D (mean 0.64 D), 4.45 D
(mean 0.89 D) and 1.37 D (mean 0.60 D), respectively.    Significant astigmatism was found in
18.8 % of the fellow eyes.   The mean corneal K was 43.95 D ranging from 39.95 to 47.78 D.   The
average AL was 22.58 mm ranging between 20.56 and 24.59 mm.   The mean LTH was 4.38 mm
(3.53 – 5.39 mm), the mean ACD was 3.05 mm (2.21 – 3.86 mm) and the mean VCH was 15.16
mm (13.43 – 16.98 mm).

5.1.5.3. Twelve to twenty-one years of age (N=21)

The affected eyes had the mean spherical equivalent of +0.77 D (-2.25 - +5.88 D).   In this group
anisometropia of 2 D or more was present in only one (4.8 %) subject, the affected eye being less
hyperopic than the fellow eye.   The mean astigmatism, corneal astigmatism and residual
astigmatism were 0.46 D (0.00 – 1.75 D), 0.90 D (0.45 – 1.55 D) and 0.71 D (0.25 – 1.37 D),
respectively. Astigmatism of 1 D or more was found in 9.5 % of the affected eyes, all of it being
corneal in origin. Corneal K ranged from 41.13 to 46.83 D being 43.86 D on average.   AL reached
the values from 21.62 to 24.63 mm (mean 23.14 mm).   The mean LTH was 4.41 mm (3.58 – 5.09
mm), the mean ACD was 3.06 mm (2.40 – 3.74 mm) and the mean VCH was 15.68 mm (14.30 –
17.32 mm).

The fellow eyes of these patients showed the mean spherical equivalent of +0.79 D
(-1.00 - +5.81 D).   The mean values for astigmatism, corneal astigmatism and residual astigmatism
were 0.43 D (0.00 – 1.12 D), 0.86 D (0.40 – 1.40 D) and 0.63 D (0.25 – 1.00 D), respectively.   Also
in these eyes the percentage of significant astigmatism was 9.5 %.   The mean value for corneal K
was 43.76 D (40.80 – 46.55 D).   The mean AL, LTH, ACD and VCH were 23.17 mm        (21.74 –
24.32mm), 4,35 mm (3.43 – 5.11 mm), 3,12 mm (2.51 – 3.75 mm) and 15.70 mm      (14.33 –
16.84mm), respectively.

5.1.5.4. Over twenty-one years of age (N=58)

The mean spherical equivalent in the affected eyes was +0.12 D ranging from –9.00 to +5.31 D.
Anisometropia of 2 D or more was present in 11 (19 %) subjects and it reached the highest absolute
value of 8.37 D.   In all but one subject the affected eye was more hyperopic.   Astigmatism was
measured up to 6.87 D, the mean being 0.94 D.   Astigmatism of 1 D or more was detected in
37.9 % of the affected eyes.   Most of the oblique and all of the WTR –astigmatism were corneal in
origin.   The maximum corneal astigmatism was 5.50 D, the mean being 1.11 D.   Residual
astigmatism ranged between 0.25 and 1.75 D, it being 0.70 D on average.   Corneal K was 43.47 D
on average varying between 40.30 and 46.93 D.    AL, LTH, ACD and VCH showed the mean
values of 23.55 mm (21.11 – 26.49 mm), 4.52 mm (3.82 – 5.70 mm), 3.02 mm (2.16 – 3.83 mm)
and   16.01 mm (13.77 – 18.76 mm), respectively.
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In the fellow eyes the mean spherical equivalent was –0.77 D (-9.56 - +2.81 D).   Astigmatism
reached a maximum value of 4.12 D, the mean being 0.73 D.   Significant astigmatism was found in
24.1 % of these fellow eyes.   Corneal astigmatism was found up to 2.75 D (mean 0.96 D) and
residual astigmatism up to 1.50 D (0.62 D in the mean).   The average value for corneal K was
43.58 D (40.18 – 47.60 D).   The mean AL, LTH, ACD and VCH were 23.91 mm                   (20.81
– 27.26 mm), 4.58 mm (3.63 – 5.44 mm), 2.92 mm  (2.21 – 3.94 mm) and 16.40 mm    (13.58 -
19.52 mm), respectively.

5.1.5.5. Paired-eye comparisons within the age groups

Statistical evaluation within age groups showed that patients under six years of age (N=19) had a
significant difference in astigmatism (p = 0.022), VCH (p = 0.049) and corneal K (p = 0.018).  The
affected eyes had longer vitreous cavity (14.78 vs 14.70 mm), flatter corneal K (44.19 vs 44.35 D)
and less astigmatism (0.34 vs 0.46 D).

In the groups of six to twelve years of age (N= 69) and of from 12 to 21 years of age (N=21), no
statistically significant difference in any of the variables between the eyes was noted.   Over 21
years of age (N=58) many variables showed a statistical difference in the mean values;  spherical
equivalent (p = 0.002), corneal K (p = 0.049), VCH (p = 0.001) and AL (p = 0.001).   The affected
eyes were more hyperopic (+0.12 vs –0.77 D), shorter (VCH 16.01 vs 16.40 mm and AL 23.55 vs
23.91 mm) and had flatter corneal K (43.47 vs 43.58 D).

5.1.5.5.1. Constant unilateral strabismus

In the age group of under six years (N=9), corneal K (p = 0.021) and VCH (p = 0.038) differed
significantly.   It was noted that the affected eye had larger VCH (14.64 vs 14.52 mm) at this period
of life and the corneal curvature was less (43.89 vs 44.16 D) than in the fixing eye.   In the next age
group (6-12 years, N=24), none of the variables showed a statistically significant difference between
the two eyes.   Nevertheless, in the age group of 12-21 years (N=5) no mean difference with a 5 %
error level was found between the eyes.   In adults (over 21 years, N=23), a significant difference in
means was found in spherical equivalent (p = 0.006), astigmatism (p = 0.028), VCH (p = 0.001) and
AL (p = 0.002).   The deviating eyes were more hyperopic (+0.14 vs –1.55 D), shorter (VCH 16.01
vs 16.77 mm and AL 23.53 vs 24.30 mm) and more astigmatic (1.28 vs 0.70 D).

5.1.5.5.2. Unilateral intermittent strabismus

In this strabismic subgroup, only in the age group of 12 to 21 years (N=8) was statistical difference
of 5 % error level found in one variable. The corneal K (p = 0.009) was steeper in the strabismic
eyes (43.71 vs 43.54 D).
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5.2.  Distribution of the measurements in the control group (N=50)

50 50 50 50 50 50 50 50 50 50 50
7,21 ,67 ,38 ,45 ,78 ,72 43,72 4,15 3,25 15,20 22,61
4,85 -7,62 ,00 ,00 ,15 ,25 40,70 3,33 2,46 12,78 20,50

11,37 2,25 3,13 3,75 2,15 1,75 46,93 5,10 4,15 17,98 24,99

1,78 1,35 ,50 ,57 ,41 ,34 1,44 ,42 ,42 ,90 ,80

N
Mean
Minimum
Maximum
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Deviation
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spherical
equivalent

(D)
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(D)

total
astigma-
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corneal
astigma-
tism (D)

residual
astigma-
tism (D)

corneal
keratometry

(D)

lens
thickness

(mm)

anterior
chamber

depth (mm)

vitreous
chamber

(mm)

axial
length
(mm)

Table 6  Descriptive statistics in the controls

  Anisometropia in absolute values

Details in Table 6.
The mean spherical equivalent was hyperopic +0.67 D.   Anisometropia of 2 D or more was found
in one (2.0 %) subject only.   Total astigmatism was less than 0.5 D in the mean and astigmatism of
1 D or more was found only in two subjects (Figure 13).    Average corneal astigmatism was less
than 1.0 D.   Mean AL was 22.61 mm (20.50 – 24.99 mm).

Figure 13 Significant astigmatism, distribution of axes
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In the age group of under six years (N=17) the mean spherical equivalent was +0.54 D
(-7.62 - +2.25 D).   Total astigmatism was 0.57 D in the mean reaching to 3.75 D.  Corneal
astigmatism ranged between 0.30 and 2.15 D, being 0.95 D on average.   Residual astigmatism
showed the values 0.25 D, 1.75 D and 0.72 D, respectively.   Corneal K  varied  from  40.70 to
46.93 D, being 43.74 on average.   The mean AL was 22.44 mm (20.50 – 24.99 mm), the mean LTH
was 4.24 mm (3.67 – 4.96 mm), the mean ACD 3.23 mm (2.72 – 3.91 mm) and the mean VCH
14.96 mm (12.78 – 17.98 mm).

In the other age group, six to twelve years of age (N=33),  the mean spherical  equivalent  was
+0.74 D ranging from –0.37 to +2.13 D.     The mean total astigmatism was 0.38 D extanding to
1.75 D.   Corneal astigmatism ranged between 0.15 and 1.50 D, being 0.69 D on average.   The
mean residual astigmatism was 0.72 D (0.25 – 1.50 D).   Corneal K ranged from 40.70 to 45.93 D,
being 43.71 D on average.   The mean AL was 22.69 mm (21.89 – 24.04 mm), the mean LTH was
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4.10 mm (3.33 – 5.10 mm), the mean ACD was 3.26 mm (2.46 – 4.15 mm) and the mean VCH was
15.33 mm (14.24 – 16.86 mm).   The one subject with anisometropia 2 D or more was from this age
group.

One child (5.17 years), who had bilateral high level myopia (-7.62 and –9.37 D as spherical
equivalent) and astigmatism (3.75 and 2.75 D) was picked up statistically as an exception from the
normal distribution.

5.2.1. Comparisons between the age-matched strabismics and controls,
          all ages (N=88/50)

Comparing the strabismic eyes with the controls revealed that mean spherical equivalent (p = 0.001)
and residual astigmatism (p = 0.022) were statistically most discernible (Figures 14 a-b).  The
spherical equivalent was more hyperopic in the strabismic eyes (+1.60 vs +0.67 D).   The mean
residual astigmatism was greater in the control eyes being 0.72 vs 0.60 D in the strabismic eyes.

When comparing the fellow eyes of the strabismus series to the controls, statistical difference was
found in several variables.   The spherical equivalent (p = 0.000), residual astigmatism (p = 0.024),
LTH (p = 0.010) and ACD (p = 0.011) were different.   Also in the fellow eyes the mean spherical
equivalent was more hyperopic (+1.54 vs +0.67 D), the lenses were thicker (4.37 vs 4.15 mm),
ACD shallower (3.05 vs 3.25 mm) and they had less residual astigmatism (0.59 vs 0.72 D).

 Figure 14  Distribution of refraction as spherical equivalent between the control group and age-matched strabismics
                   in  the affected eyes (a) and in the fellow eyes (b)
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5.2.2. Within age groups

In the age group of less than six years (N= 19/17) no statistical difference in any variables was
found when the strabismic eyes and the fellow eyes were compared with the controls.

In the strabismic eyes of the group aged six to12 (N=69/33), statistically significant differences were
found in the mean values in the spherical equivalent (p = 0.001), corneal astigmatism (p = 0.023)
and residual astigmatism (p = 0.043) when compared to the controls.   The strabismic eyes had a
higher hyperopic spherical equivalent (+1.65 vs +0.74 D), more corneal astigmatism (0.93 vs 0.69
D) and less residual astigmatism (0.59 vs 0.72 D).

When comparing the fellow eyes of the strabismics with the controls within the same age group of
six to 12 years,  the mean spherical equivalent (p = 0.000),  mean LTH (p = 0.008)  and mean  ACD
(p = 0.031) show statistically significant differences;  the fellow eyes were more hyperopic
(+1.59 vs +0.74 D) with thicker lenses (4.38 vs 4.10 mm) and shallower ACD (3.05 vs 3.26 mm)
than the age-matched control eyes.
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5.3. Distribution of the measurements in the group of amblyopes
       treated with pleoptics (N=50)

50 50 50 50 50 50 50 50 50 50 50
18,71 1,99 2,52 1,33 1,56 ,78 43,27 4,26 3,09 15,62 22,96
15,43 -9,38 ,00 ,00 ,15 ,00 38,65 3,23 2,08 13,39 20,76
23,47 8,00 7,38 4,25 3,65 3,50 47,05 5,44 4,13 20,34 28,05

1,91 3,89 2,09 1,15 1,01 ,74 1,83 ,54 ,49 1,37 1,47

50 50 50 50 50 50 50 50 50
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-7,75 ,00 ,15 ,00 39,07 3,02 2,22 13,67 20,65
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Table 7  Descriptive statistics of the pleoptically treated amblyopes and their fellow eyes

  Anisometropia in absolute values

Details in Table 7.
The mean spherical equivalent of the amblyopic eyes was +2.00 D.   By the time the study was
completed, anisometropia of 2 D or more was found in 27 (54 %) subjects, and in five of them the
affected eye was less hyperopic than the fellow eye.   Total astigmatism was 1.33 D on average and
significant astigmatism of 1 D or more was detected in 50 % of the affected eyes (Figure 15).   Most
of the oblique and all of the WTR –astigmatism were corneal in origin.  The average corneal
astigmatism was 1.56 D.  The mean AL was 22.96 mm (20.76 – 28.05 mm).

The non-amblyopic fellow eyes had a mean spherical equivalent of +0.46 D.  Average total
astigmatism was 0.90 D.   Significant astigmatism was found in 36 % of the fellow eyes.  Corneal
component was 1.20 D on average.   The mean AL was 23.49 mm.

Figure 15 Significant astigmatism, distribution of axes
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Comparisons between the eyes treated with pleoptics (≥ 10 years ago) and their fellow eyes showed
a statistically discernible mean difference in spherical equivalent (p = 0.001), astigmatism
(p = 0.008), corneal astigmatism (p = 0.004), VCH (p = 0.002) and AL (p = 0.002) (Figures 16 a-c).
The amblyopic eyes were more hyperopic in refraction (+2.0 vs +0.46 D), shorter (VCH 15.62 vs
16.14 mm and AL 22.96 vs 23.49 mm) and they had more astigmatism (total 1.33 vs 0.90 D,
corneal 1.56 vs 1.20 D).

   Figure 16  Distribution of refraction as spherical equivalent (a), axial length (b) and total astigmatism (c) in the
           pleoptically treated amblyopic eyes and their fellow eyes
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5.3.1. Comparisons between the series of pleoptically treated amblyopia and
          age-matched strabismic groups, all ages (N=50/79)

When comparing the affected eyes, difference of statistical significance in mean values was found in
five variables:  spherical equivalent (p = 0.007), astigmatism (p = 0.006), corneal astigmatism
(p = 0.003), AL (p = 0.038) and LTH (p= 0.010) (Figures 17 a-b).   The spherical equivalent was
more hyperopic in the pleoptically treated amblyopic eyes (+2.00 vs +0.30 D).   The mean
astigmatism was 1.33 and 0.81 D (amblyopic vs strabismic).  The mean corneal astigmatism was
1.56 D and 1.05 D, respectively.   The mean AL was shorter in the eyes of the series with amblyopia
being 22.96 mm and in the strabismic eyes 23.44 mm.   The mean LTH was 4.26 mm and 4.49 mm,
respectively.

The fellow eyes also differ from each other in four variables:  astigmatism (p = 0.028), corneal
astigmatism (p = 0.015), LTH (p = 0.000) and ACD (p = 0.006).   Total astigmatism and corneal
astigmatism showed the mean values of 0.90 D and 0.65 D (amblyopic vs strabismic) and 1.2 D vs
0.93 D, respectively.   The mean LTH in the fellow eyes of the amblyopia series was 4.14 mm
shorter and in the fellow eyes of the age-matched subjects from the strabismus series 4.52 mm.
The corresponding values for ACD were 3.21 mm and 2.97 mm.

 Figure 17  Distribution of refraction as spherical equivalent (a) and axial length (b) in the affected eyes of the
                    pleoptically treated amblyopics and the agematched strabismics
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5.3.1.1. Comparisons with the series of pleoptically treated amblyopes and those
             among the strabismus group, who had been treated with patching for

   amblyopia

A statistically significant difference in mean values in these affected eyes (all ages, N=50/46) was
only found in the mean corneal astigmatism (p = 0.024) it being 1.56 D and 1.11 D, respectively.
When comparing 15 - 24 -year-old age-matched amblyopes in both groups (N=50/19), no
statistically discernible difference was found in any of the variables.

5.4. Partial correlations and multiple regressions

Strong positive correlation were found to exist with axial length and vitreous cavity depth in all the
groups tested (for example, in controls + 0.9647, in unilateral strabismus + 0.9729 and in amblyopes
treated with pleoptics + 0.9764;  see Tables 9, 10, 12 in Appendix A).   The same applied in paired-
eye computations (for example, in controls + 0.9124 / + 0.9288 and in unilateral strabismus +
0.7608 / + 0.7494;  see Table 8 in Appendix A).   These results suggest supraretinal control of the
eye growth.   It is also supported by the fact that axial lengths in the two eyes of a person were
strongly positively correlated with each other,  for example,  in controls + 0.9625,  in unilateral
strabismus    + 0.7757 and in amblyopes among strabismics + 0.7322 (see Table 8 in Appendix A).

Refraction was strongly negatively correlated with both AL and VCH in all the different groups (for
example, in unilateral strabismus with AL – 0.8176 and with VHC – 0.8022;  see Table 10 in
Appendix A).   The same applied in the paired-eye correlations.   Strong positive correlation was
detected with total astigmatism and corneal astigmatism, for example, in unilateral strabismics
(+ 0.8795 / + 0.8500;  Table 10 in Appendix A), in strabismic amblyopes (+ 0.8794 /+ 0.7795;  in
Table 11) and in pleoptically treated amblyopics (+ 0.8360 /+ 0.6090;  in Table 12).   Details of
partial correlations (only statistically significant results) are shown in Tables 8-12 in Appendix A.

By multiple regression analytical data axial length was shown to have the closest dependence on
anterior chamber depth, lens thickness and vitreous cavity out of any of the variables suggested.
The coefficient of VCH, that is 1,001, places it as the most prominent component (see Appendix B).
Considering total refraction, axial length as an explicable variable had the strongest coefficient
(-2.024) making refraction closely dependent on it, but yet, the type of strabismus or amblyopia
changes the dependence somewhat.   In exotropia the dependence of refraction on axial length is
stronger.   Details of multiple regressions are shown in Appendix B.
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6. Discussion

6.1. Distribution of the measurements in the strabismic and amblyopic
       series

Disturbance in binocularity was the feature that was shared by the patients of the two series in this
study.   The severity of the disturbance varyed due to inconsistent alignment of the eyes of the
patients.   It was the aim of this study to test a hypothesis of reduced binocularity being a cause of a
disturbed emmetropisation process.   Thus, measuring refraction and its components, evaluating
them in different subgroups and comparing the results statistically also with a control series of non-
strabismic children was the main task.   Assessment of the refractive state of the eye is generally
performed using retinoscopy with or without cycloplegia (among others Mohindra 1977, Fulton et
al. 1980) or by photorefraction introduced by Howland & Howland (1974).   The advantage of using
autorefractokeratometric equipment, as in the present study, is the opportunity to obtain the
keratometric readings and the automatically calculated values for residual astigmatism
simultaneously, in addition to the measurement of total refraction.   Another advantage is the
minimized bias due to the subjectiveness of the measurer.   Aslin et al. (1990) report their
experience with a Canon R-1 autorefractor.   Due to difficulties in correlations with cycloplegic
retinoscopy measurements, they conclude that autorefractors are of limited value for refractive error
assessment of the pediatric population.   A matter to be thoroghly considered in a large series, such
as in this study, is the repeatability of determination of the refractive error also noted by Hodi &
Wood (1994).   One possible reason for the poor accuracy of the results in the study by Aslin et al.
(1990) is the incomplete cycloplegia.   In the present study the efficacy of the cycloplegia was tested
beforehand, and the results of the methodological tests worked as a guide-line throughout the
procedures.

Concerning the whole series of surgically treated strabismics, in both the affected eyes and the
fellow eyes, the mean values for refractive components were what is considered to be normal by
Stenström (1948), Sorsby et al. (1963), Gordon & Donzis (1985) and Whitmore (1992).   However,
the deviating eyes of the subjects with constant unilateral strabismus and alternating strabismus
showed more hyperopia on average than what is considered normal in the population as a whole.
When the direction of the deviation was taken into consideration this tendency was found to be
obvious in the esotropes.   In the entity of strabismic amblyopes the single refractive components of
the affected eyes, except refraction, fitted into the “normal” range when the mean values were
considered.   In the whole series of pleoptically treated amblyopes all the mean values of the
refractive components were considered as normal with regard to the ranges presented in the above
mentioned studies, except the mean refraction in the amblyopic eyes which proved to be more
hyperopic (+2.0 D).   It was noteworthy that all these aberrant mean values were detected in those
with no or poor binocularity.

The statistical evaluation of the entire series of strabismics showed though, that the deviated eyes
were not alike the fellow eyes, but more hyperopic and shorter, indicating that the hyperopia is not
only axial in origin, but also corneal.   In the strabismic subgroups, the statistically significant
differences between the affected and the fellow eyes found in the whole strabismic series were
repeatable only in the constant unilateral strabismics.   In addition their deviating eyes were also
more hyperopic, shorter, and here also more astigmatic.   The WTR-astigmatism was always found
to be corneal in origin, as was also most of the oblique astigmatism.  Similar results were found
considering the direction of strabismus, when the deviating eyes of the esotropes were compared to
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their fellow eyes:  affected eyes were more hyperopic and shorter with statistical significance
indicating this hyperopic shift being axial in origin.   The results awere more obvious in the subjects
above six years of age, strongly also in adults, even though not statistically significantly.
Comparisons between the pleoptically treated eyes and their fellow eyes again showed that affected
eyes in this series were not only more hyperopic, but also shorter and more astigmatic;  astigmatism
was found to be corneal in origin.

Comparison of the mean refraction of the entire strabismus series (+0.98 D), revealed that in
strabismic amblyopes the mean refraction of +1.41 D was clearly more hyperopic and somewhat
more hyperopic when compared to the mean refraction in the constant unilateral strabismics
(+1.30 D).   The same applies to mean astigmatism (1.12 vs 0.71 D and 1.12 vs 0.99).   This was
true even in the esotropic eyes when again comparing the whole series of strabismus cases.   These
eyes were more hyperopic (+1.97 vs +0.98 D), shorter (22.46 vs 22.93 mm) and more astigmatic
(1.10 vs 0.71 D).   The tendency for hyperopia, short AL, anisometropia and astigmatism were even
more pronounced in pleoptically treated amblyopes than in the entire series of surgically treated
strabismics.

In the series of Abrahamsson et al. (1992), it was reported that esotropic patients had more
pronounced hyperopia than those with exotropia.   These findings are supported in the present study
where a statistically significant difference was shown.   Although not statistically significant, the
difference in refraction and axial length were evident also in the exotropic eyes;  the affected eyes
were shorter and more hyperopic.   These results are similar to those of Abrahamsson et al. (1992),
who reported in their study that a divergent squint was characterised by a lack of emmetropisation
of the deviating eye, because in most of the exotropic cases there was no change in refraction at all
during the follow-up period of approximately three years.   Comparing to the whole strabismus
series, the eyes with manifest exotropia were less hyperopic (+0.26 vs +0.98 D) and longer
(23.46 vs 22.93 mm) in the present study.

In order to evaluate the influence of anisometropia correctly and at the same time also to make the
results of this study as comparable as possible with those of previous authors (such as Abrahamsson
et al. 1990a, Abrahamsson & Sjöstrand 1996), an anisometropia of 2 D or more was selected as
significant.   Among the whole strabismus series 8.4 % and among constant unilateral strabismus
14.8 % of the patients had anisometropia of 2 D or more.   Using this figure as a base and applying
it to those in the strabismic series who had had patching for amblyopia, 17.4 % displayed
anisometropia:  this was twice that of the whole strabismus series.  In esotropes 9.4 % and in
exotropes altogether 37.5 % had anisometropia of 2 D or more.   In pleoptically treated amblyopes
anisometropia of 2 D or more was detected in 54 % of the whole.

6.2. Distribution of the measurements in the control series

Comparing the distribution of the mean values of the refractive components in the control children
(N=50) with other studies of the so-called normal material such as by Sorsby et al. (1963),
Sampaolesi & Caruso (1982) and Fledelius (1992), no critical differences were noted.  The mean
refraction expressed as spherical equivalent was equal to those mentioned by Laatikainen & Erkkilä
(1980), Gwiazda et al. (1993a) among others.   There was, however, one child with severe myopia
and astigmatism who unfortunately affected the statistical results (extreme value) of a quite a small
sample size as this (N=50), thus possibly causing a small bias.   But despite the extreme values of
this one child, the measurements followed a normal distribution.  Taking into account the age
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groups among the controls, the less hyperopic mean spherical equivalent in the younger children can
be explained by the bias caused by this one very myopic child.

The mean astigmatism of 0.45 D in the controls of this study does not contradict the findings of
astigmatism among other school-aged children in a study by Hirsch (1963), who reported that most
of the youngsters had astigmatism less than 0.75 D.   According to Laatikainen & Erkkilä (1980),
approximately 77 % of the school children had astigmatism less than 1 D.   However, in several
other studies concerning astigmatism in infants or very young children, the extent of  astigmatism is
reported to be significantly greater (such as Atkinson & Braddick 1980, Fulton et al. 1980,
Abrahamsson et al.1988).    In the present study only 4 % of the control children were found with
significant astigmatism expressed as vertical and horizontal axes.  Comparisons between the
distribution of cylinder axes in other groups and controls could not be performed due to the small
sample size of the controls (N=2).

6.3. Comparison of the measurements and the relationship of age in the
       three series studied

In order to diminish the possible bias caused by age difference, only age-matched strabismics were
statistically compared with the control children.  Even though no interocular difference with
statistical significance concerning mean refraction in the paired-eye comparisons within the younger
age groups of the strabismic subjects was found, a clear difference in refraction was noted in the
affected eyes vs controls. There was significantly more hyperopic (+1.60 vs +0.67 D) refraction in
the eyes of the strabismus series. The eyes were also shorter, though, without 5 % error.   It should
be noted that also the fellow eyes of the age-matched non-strabismics were unlike the control eyes,
but never the less had statistically significantly different values in refraction (+1.54 vs +0.67 D),
residual astigmatism, LTH and ACD.   To the author´s knowledge, no studies have been undertaken
to explain why the fixing eyes of squinters differ from the normal controls considering refraction or
its components.   However, visual function and contrast sensitivity in non-deviating fellow eyes
have been studied (Kelly et al. 1983, 1984, Koskela 1986) indicating that these eyes should not self-
evidently be considered similar to an average normal eye.

When comparison was made with the controls divided into two age-groups, it is worth while
pointing out that the 5 % discernible differences in mean refraction, corneal astigmatism and
residual astigmatism in the strabismic eyes, and in mean refraction, LTH and ACD in the fellow
eyes, were more pronounced in the age groups between six and twelve years of age.   Yet, in
children less than six years no statistical difference in any variables was found in either eye when
compared with the controls.   This could be explained by the failure of emmetropisation being
expressed not until the presumably final years of the plastic period for emmetropisation, as
suggested by Ehrlich et al. (1997). In the older age group both the affected and the fellow eyes were
more hyperopic (+1.65/+1.59 vs +0.74 D) when compared with the controls.

The tendency of hyperopia, short AL, anisometropia and astigmatism in the pleoptically treated
amblyopics were even more pronounced when compared with the age-matched strabismics.   The
pleoptically treated amblyopic eyes were clearly more hyperopic, more astigmatic and yet shorter
than the affected eyes of the strabismic patients of the same age.   Also the fellow eyes in the two
series differed from each other.   Even though a direct comparison with the controls was not
performed because of the obvious bias due to age difference, it can be indirectly assumed on the
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basis of the results stated above that the non-amblyopic fellow eyes of the pleoptically treated series
are not “normal” but possess unique features.   Woo & Irving (1991) have shown that the non-
amblyopic fellow eyes have more hyperopia and astigmatism than the “normal” eyes and the
amblyopic eyes have even greater amounts of hyperopia and astigmatism.

No noteworthy differences were found when pleoptically treated amblyopes and the amblyopes of
the strabismic group were compared as a whole or in the age-matched subgroup.   Thus, amblyopia
as a phenomenon seems to be an additional factor in the impediment of normal development of
refraction.   There is no reason to beleive that amblyopia as such could explain the axial hyperopia
in the strabismic eyes, since the portion of amblyopia treated patients among the whole strabismus
series was small, and yet, axial hyperopia was expressed clearly also in the whole series of
strabismus.

The concept of age is correlated to the development and critical periods of the eye, the visual
maturation and refraction (Atkinson 1984,1992, Atkinson & Braddick 1982, von Noorden 1985,
Ciner et al. 1991, 1996, Ehrlich et al. 1997, Lithander 1997, Daw 1998).   For this reason the whole
strabismic series was divided into four age groups and the same statistical analyses were made
according to age limits.   In paired-eye statistics concerning the age groups, the hyperopic shift was
most prominent in the constant unilateral strabismus and this tendency was seen to be greatest in the
oldest age group.   In the adults (over 21 years) the constantly deviating eyes were statistically
significantly more hyperopic (+0.14 vs –1.55 D), shorter and more astigmatic when compared to
their fellow eyes.   These findings are in accordance with the results obtained by Lepard (1975):  she
concluded that the fixing eyes became progressively more myopic with growth and development
until 25 years of age while the affected eyes (strabismic and amblyopic) showed no significant
change in the average refractive error during the same period.   This would imply a real difference in
the change in the average refraction between the affected and the fixing eye of the same patient.   In
this study, the presence of significant anisometropia progressively increased towards the older age
groups.

6.4. General discussion

The control series can be considered as representative of normal population in an age range of
4.9 – 11.4 years.   The plastic period for emmetropisation is estimated to end approximately at eight
to nine years of age, being most efficient during the first two years of life (Fabian 1966, Ehrlich et
al. 1997).   Thus, in some of the control children emmetropisation was still in process.

As the measurements of refraction and refractive components were undertaken in the same manner
as with the strabismic series, the control series can be used largely for normative comparison
purposes with age-matched surgically treated strabismic subjects.   In order to avoid possible bias
caused by inaccurate methods, the ultrasonographic procedures performed were tested beforehand
and standardized by critical methodological examination.   A decision was made to use supine
posture in all measurements.   As far as is known only changes in ACD besides intraocular pressure
due to posture variation have been tested before.   Lam & Douthwaite (1997) found no significant
difference in ACD in the sitting, supine or prone postures in 33 subjects.   The methods used in
some of the earlier studies concerning measurements of the refractive components were not
identical with the methods used in the present study.   Stenström (1948) used X-ray technique and
Javal-Schiötz keratometer in her contributing study, Sorsby et al. (1957, 1961) used keratometry and
later also phakometry (Sorsby et al. 1963).   Ultrasonographic measurements began in the 1950´s
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and early 1960´s.   In those days the equipments was without standardization and thus the results
gained were not readily comparable (Oksala 1979).  Ultrasonography was used in the study by
Sorsby et al. (1963), Gordon & Donzis (1985) and Fledelius (1992);  Sampaolesi & Caruso (1982)
on the other hand, used echography:  results are comparable to the other studies and those obtained
in this study. The ultrasound equipment used in this study is standardized and commonly accepted
(among others  Hoffer 1994).   The advantage of this method is the accuracy, since bulbus stays
unintended or uncompressed.   However, the difficulty of getting good results in, for example, large
exodeviations still exaggerated by the anesthesia, explains the reason for the large number of those
excluded:  a group of 132 excluded non-paralytic strabismus-operated patients consisted of over 50
% more constant unilateral exotropes (N=44) than the study group.

The most evident finding in the eyes with manifest strabismus as well as in the amblyopic eyes of
the pleoptically treated subjects is the hyperopia explained by shortness of the axial length, similar
to the finding as documented by von Noorden & Lewis (1987) and Kugelberg et al. (1996).
Affected foveal vision has likewise been shown to result in failure in emmetropisation with
unchanged hyperopia (Nathan et al. 1985).   Since hyperopia is generally connected with retardation
of axial bulbar growth in early childhood (among others Sorsby et al. 1963, Fulton et al. 1980,
Gordon & Donzis 1985), it can be presumed that the binocularity disturbance in strabismus has a
share in it.   The hypothesis of the present study is additionally supported by the accentuation of the
hyperopic tendency in the older age groups and in subjects with esotropia which generally has its
onset very early in infancy.   Furthermore, when hyperopia and strabismus in combination is
observed in the strabismic subgroups, it can be noted that axial hyperopia is more obvious in the
manifest strabismus and even more accentuated in the eyes with the combination of  manifest
strabismus and amblyopia, that is to say in conditions with the most evident disturbance of
binocularity.

Compared to the whole series of strabismics, a still more remarkable tendency towards hyperopia
and axial shortness was seen in the pleoptically treated eyes.   However, in comparisons with age-
matched pleoptically treated eyes and those who had had patching for amblyopia in the surgically
treated strabismic series, no difference was detected when the mean spherical equivalent and the
mean axial length were considered.   The very similar results of the two study groups produce a
reason to beleive that amblyopia as an extra feature in a strabismic eye further diminishes the
possibility for emmetropia to develop.

In the present study there are repeated remarks of pronounced (≥1 D) astigmatism.  It was most
obvious in unilateral strabismus, in esotropia and in the older age groups.  The share of significant
astigmatism in the strabismics clearly increased among those with amblyopia, even more prevalent
it was in the pleoptically treated amblyopic eyes.   Astigmatism in the strabismic eyes can also be
explained by a disturbance in the emmetropisation process by, among others, Atkinson et al. (1980),
Mohidra & Held (1981) and Gwiazda et al. (1984) that most of the notable astigmatism seen in
normal eyes of infants disappears within the first few months after birth.   The results in this study
strongly support the assumption that permanent astigmatism of 1 D or more is associated with
inhibited emmetropisation by disturbance in binocularity.   The strabismic subgroup of phoria
consisted of patients with pronounced symptoms and they thus needed surgical treatment. The
symptoms could possibly be explained by poor fusion caused by astigmatism.   The finding of a
large proportion of pronounced astigmatism (30.4 % in the randomized affected eyes and 21.7 % in
the fellow eyes) in this particular group supports this.

It was statistically confirmed that astigmatism of the control children and of the youngest strabismic
children, and also that most of the significant (≥1 D) astigmatism in the different subjects was
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corneal in origin.   The literature shows that infant astigmatism is primarly corneal in nature (among
others,  Howland & Sayles 1985) and it should decrease by pre-school age (among others, Gwiazda
et al. 1984).   Thus it can be considered normal that the children in these series had astigmatism of
corneal origin, but it can also be assumed that in older subjects permanent corneal astigmatism is an
indication of a disturbance in the emmetropisation process.

The definition used in this study of the ATR, WTR and oblique axes of astigmatism was made in
order to be able to compare the obtained results with the literature (among others, Abrahamsson et
al. 1990b). The distribution of cylinder axes have been studied in some reports but the results of
which type of astigmatism would be most prevalent during different ages, lack unison (ATR among
others, Fulton et al. 1980, Abrahamsson et al. 1988;  WTR among others, Woodruff 1971, Wood &
Hodi 1992).   Oblique astigmatism has been described as quite rare but very amblyopiogenic
(Atkinson et al. 1980, Abrahamsson et al. 1990b), as has also been suggested of WTR -astigmatism
(Abrahamsson et al. 1990b).  In the present study the prevalence of WTR –astigmatism overcame
the prevalence of ATR –astigmatism almost in every group, also considering age.   A remarkable
increase in the prevalence of oblique and/or WTR astigmatism was noted in the series with the most
evident disturbance of binocularity.  These results are in agreement with the earlier studies
mentioned above and strengthen the assumption that oblique astigmatism is strongly associated with
the development of amblyopia.

A high prevalence of anisometropia 2 D or more was found in the strabismic series in the present
study, it being even more emphasized in unilateral strabismus.   It is clearly seen that the prevalence
of high level anisometropia increases with age and at the same time the evidence of impeded
emmetropisation increases.  Anisometropia was a prominent feature in the series of pleoptically
treated amblyopes.

But which comes first?   Does anisometropia induce squint and amblyopia or vice versa?   There are
many reports which have shown that an increased amount of anisometropia is the result of a
cessation of emmetropisation in the amblyopic or strabismic eyes and continuation of the process in
the fixating eye (Lepard 1975, Nastri et al. 1984, Almeder et al. 1990, Aurell & Norrsell 1990,
Abrahamsson et al. 1990a, 1992).   On the other hand, very few infants are anisometropic, but many
strabismics are anisometropic (Almeder et al. 1990);  this and the findings in the present series are
also in accordance with the suggestion by Abrahamsson & Sjöstrand (1996) that amblyopia  (that is
to say binocularity disturbance, also Seniakina 1979) would be the main problem, and that persistent
or increasing anisometropia is a consequence of a fault in the growth regulation of the eye, and that
one of the features of amblyopia is to induce such a fault.   However, it cannot be denied that
anisometropia, if provoked by some other reason would not lead to amblyopia.   It is not the aim of
this study to try to change the view that refractive errors and anisometropia cause the amblyopia, but
merely to demonstrate that the presence of strabismus and amblyopia is connected to the
emmetropisation default. There does not seem to be any feedback mechanism in anisometropia
development since the refractive aberration progresses.

In the present series the prevalence of anisometropia of 2 D or more was considerably high among
the exotropes.   On the other hand, the affected eyes in exotropia were less hyperopic than those in
esotropia.   Abrahamsson et al. (1992) showed that a divergent squint does not correlate with
refraction and that anisometropia can be a primary condition in those eyes, suggesting a different
causative mechanism behind esotropia and exotropia.   The findings in the present study support
those findings.   One explanation for the different features could be the late onset of exotropia in
general,  resulting in reduced disturbance of binocularity in a timephase when the emmetropisation
process is less vulnerable.
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The coincidence of axial hyperopia and reduced mean corneal power may be considered
controversial, however, with no explanation.   Since no difference in any of the other strabismic
subgroups was to be found considering the mean values of corneal keratometry, the difference
between the means in the subgroup of phorias must be considered as a coincidence because the eyes
were classified “affected” and “fellow” only by randomization.   Obviously not much emphasis
should however be placed on the keratometry difference, since according to Grosvenor & Goss
(1998), the cornea plays little or no role in the process of emmetropisation after infancy and early
childhood.

Most of the patients included in this study had accurately corrected refractive error if such an error
had been detected.   Dobson et al. (1986) concluded in their study that wearing spectacles impeded
the reduction in hyperopia in strabismic eyes since the reduction took place in untreated but non-
strabismic eyes.   Ingram et al. (1991) were inclined to support Dobson and co-workers due to the
results in their own work.   The results of the present study entitle the author to presume a
possibility that unchanged hyperopia was due to the existing strabismus, that is to say binocularity
disturbance in Dobson´s subjects rather than caused by the treatment.

As in the case of squinting eyes, the interaction with the emmetropisation process and disturbed
binocularity can be suggested also in the fellow eyes.   A binocular defect in emmetropisation
strongly suggests a supraretinal feedback mechanism.   If emmetropisation is controlled by the
visual cortex, it can also be presumed that development of sensory adaptation is associated with the
emmetropisation event since both mechanisms are processed in the same timeperiod.   However, if
the feedback mechanism existed at the retinal level, the effect would be restricted only to the
affected eye.   On the other hand, the asymmetrical result in the two eyes is explained also by a
default in the regulating mechanism situated behind the chiasma, especially if it can be persumed
that the stimuli affecting the normal course of bulbar growth originates from the same “brainlevel”
with the stimuli leading to suppression based amblyopia.

The author wishes to stress that the cross-sectional approach is a useful tool to use in addition to the
longitudinal approach in detecting answers to questions of causality.  It is unlikely that with a
longitudinal study it would be possible to gather enough patients for a thorough comparison
between different types of strabismus.   The advantage of performing the ultrasonographic
measurements only possible in preoperative general anesthesia in children under ten years of age,
dictated the cross-sectional approach.   Considering the adult population, the advantage of a cross-
sectional study is undoubted, since longitudinal changes no longer exist.   Comparisons respecting
age-differences are possible also cross-sectionally.   To gather information about the development of
a disturbance itself is undeniably possible only by longitudinal follow-up.

In conclusion, it must be stated that, to the writer´s knowledge, a study of the ranges of total
refraction in numerous subgroups of strabismus and amblyopia and the controls, as well as an
evaluation of the background of the refractive aberrations undertaken by simultaneous
measurements of total refraction, total axial length, corneal keratometry, the depth of the anterior
chamber, the thickness of the lens and the size of the vitreous cavity has not been previously
undertaken.   These measurements were taken in order to answer the hypothesis of this dissertation;
binocularity disturbances have an effect on the development of refraction in a strabismic and
amblyopic population.   The findings in the present study support the hypothesis.
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7. Summary

This study included a series with 167 operated strabismic patients aged 3.1 – 62.6 years (mean
18.2).   Another series included 50 young adults with an age range of 15.4 – 23.5 years (mean 18.7),
who had been given pleoptic treatment to their amblyopic eye 10 - 12 years ago in the Helsinki
University Eye Hospital.   Fifty children, aged 4.9 – 11.4 years (mean 7.2) who were treated for an
ear, nose or throat disease but had no ocular disorders other than a perchance refractive error, served
as the control group.

The total refraction, corneal refractive power, astigmatism and residual astigmatism were measured
in cycloplegia with a Canon automatic refractokeratometer (Canon RK-3).   Storz Alpha 20/20 soft
probe applanation a-scan ultrasound was used to measure the anterior chamber depth, lens
thickness, vitreous chamber depth and axial length.

Data was statistically analyzed using SPSS for Windows -95 and grouped in many different ways,
among others, age ranges, to allow broad analysis.   In the statistical analyses the affected eyes of
the unilateral cases were compared with their fellow eyes.   In order to undertake the same
comparisons in phoria or alternating strabismus, one eye was randomized to be the strabismic and
the other one as the fellow.   To test the normality of the distribution of the variables the
Kolmogorov-Smirnov Test was used.   If the assumptions of a suitable parametric test were not
valid, the corresponding nonparametric test was used.

When comparisons with strabismic eyes (N=167) and the fellow eyes were undertaken, it was
shown that the affected eyes were more hyperopic (+0.98 vs +0.64 D) and shorter (vitreous cavity
15.47 vs 15.60 mm and axial length 22.93 vs 23.06 mm) with flatter cornea (43.79 vs 43.84 D).
The results were accentuated in the adult group of strabismic patients impling long lasting
expression of emmetropisation failure.   The hyperopia wasaxial in origin.

Considering the strabismic subgroups, only in constant unilateral strabismus (N=61), where the
lack of binocularity was most severe, statistically significant differences were found between the
deviating and the fellow eyes.   The affected eyes were again more hyperopic (+1.30 vs +0.65 D),
shorter (22.80 vs 23.09 mm) and more astigmatic (0.99 vs 0.73 D).   Similar results were most
clearly seen again in the patients of  21 years of age or older.

When a comparison among the subgroups (unilateral N=61, alternant N=19, intermittent N=55,
alter.intermittent N=9, phoria N=23) was made, statistically significant differences were found in
refraction and astigmatism in the strabismic eyes and in refraction in the fellow eyes.   The greatest
difference in refraction was  between phoria (normal binocularity) and alternating strabismus
(affected binocularity),  -0.26 D and +1.78 D, respectively.   This was found to be true even in the
fellow eyes (-0.23 vs + 1.50 D).   In astigmatic measurements the greatest variation was between the
means of alternating intermittent (0.35 D) and constant unilateral strabismus (0.99 D)

In order to ascertain if the direction of the deviation was significant, unilateral esotropia (N=32),
unilateral exotropia (N=16) and pure vertical strabismus (N=13) were analyzed and statistically
compared.   In refraction and axial length the greatest difference was noted between exotropia and
esotropia, the latter eyes beeing much more hyperopic (+1.97 vs +0.26 D) and shorter
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(22.46 – 23.46 mm).  The earlier onset of convergent squint might give an explanation for its
stronger impediment on normal emmetropisation.   When the strabismic eyes were compared to
their fellow eyes, the esotropic eyes were found to be more hyperopic (+1.97 vs +1.24 D), shorter
(AL 22.46 vs 22.80 mm and VCH 15.05 vs 15.40 mm) and to have more corneal astigmatism
(1.28 vs 1.05 D).   These findings accentuated in the older age groups.   In exotropia no statistical
difference in 5 % error level was found between the deviating and fellow eyes.  In vertical
strabismus the deviating eyes were to found to have flatter corneas (43.01 vs 43.28 D).

The control group (N=50) can be considered as a normal population and thus taken as a normative
comparison object with other age-matched subjects.   Comparisons between the age-matched
strabismics and controls (N=88/50) showed that the strabismic eyes are more hyperopic
(+1.60 vs +0.67 D).   The cases were also studied in two age groups:  under six years of age and
between six and 12 years of age.   In the age group less than six years no statistically significant
difference in any of the variables was found.   In the age group of six to 12 years (N=69/33),
however, the strabismic eyes had more hyperopia (+1.65 vs +0.74 D) and more corneal astigmatism
(0.93 vs 0.69 D).

When comparing the fellow eyes of the age-matched strabismics with the controls, the following
differences were noted:  the fellow eyes were more hyperopic (+1.54 vs +0.67 D), the lenses were
thicker (4.37 vs 4.15 mm) and the anterior chambers were shallower (3.05 vs 3.25 mm).  This
finding implied that the fellow eyes were not “normal” and that emmetropisation, thus somewhat
disturbed also in the fellow eye, must be controlled supraretinally.    Similar differences were found
only among those of six to 12 years of age.

Comparisons between the pleoptically ≥≥≥≥ 10 years ago treated eyes and their fellow eyes (N=50)
showed statistically discernible mean difference in a few variables.   The results showed that the
amblyopic eyes were more hyperopic (+2.0 vs +0.46 D), shorter (vitreous 15.62 vs 16.14 mm and
axial length 22.96 vs 23.49 mm) and had more astigmatism (total 1.33 vs 0.90 D and corneal
1.56 vs 1.20 D).

Comparisons between the pleoptically treated amblyopics and age-matched strabismics
(N=50/79) showed in the affected eyes that the amblyopic eyes were more hyperopic
(+2.0 vs +0.30 D), shorter (22.96 vs 23.44 mm) and had more astigmatism (total 1.33 vs 0.81 D and
corneal 1.56 vs 1.05 D).  Development towards emmetropia seemed to have been even further
disturbed by amblyopia.   The fellow eyes of pleoptically treated subjects had thinner lenses
(4.14 vs 4.52 mm), deeper anterior chambers (3.21 vs 2.97 mm), more astigmatism (0.90 vs 0.65 D)
and corneal astigmatism (1.20 vs 0.93 D).

A group of amblyopes among the group of surgically treated strabismics was separately
classified (N=46) and analyzed.  Comparisons between the amblyopic eyes and their fellow eyes
showed that the affected eyes were more hyperopic (+1.41 vs +0.67 D), shorter (vitreous 15.24 vs
15.59 mm and axial length 22.70 vs 23.01 mm) and more astigmatic (1.12 vs 0.77 D).   These
findings also strengthened the hypothesis that amblyopia further impeded the emmetropisation
process in a strabismic eye since hyperopia in these affected eyes was even more pronounced than in
the strabismic eyes without amblyopia.
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Comparisons with the pleoptically treated amblyopes and the amblyopes of the surgically
treated strabismic group (N=50/46) found statistically significant difference only in the mean
corneal astigmatism of the affected eyes.   When comparing 15 - 24 -year-old age-matched
amblyopes in both groups (N=50/19), no 5 % error level difference was found in any of the
variables.

Considerable amounts of significant astigmatism of 1 D or more was found in the affected eyes in
different series with accentuation in the eyes having the most severe disturbance of binocularity.
The prevalence of  WTR-astigmatism overcame the prevalence of the other cylindric axes almost in
every group;  this applied to all age groups.   Significant astigmatism was mostly corneal in origin.



67

8. Conclusions

The strabismic eyes when compared to their fellow eyes or the controls were:
- shorter, mostly due to shortness of the vitreous cavity
- more hyperopic
- more astigmatic (total); also the distribution of the cylinder axes was different in
  the strabismic eyes with emphasis on oblique astigmatism

The above mentioned findings became pronounced in constant unilateral cases and even more so
if combined with amblyopia, when strabismic subgroups were compared, or in esotropia when the
direction of deviation was considered, that is to say all the more pronounced with deeper existing
binocularity disturbance.   The results were accentuated in the patients clearly above six years of
age.

The fellow eyes of the strabismus series also showed aberrations in the refractive components when
compared to the controls.   The results accentuated in the patients above six years of age.

Equal findings were seen in the series of pleoptically treated amblyopics, being even more
pronounced than in the group of surgically treated strabismics.   Those who had had patching in the
last mentioned group when compared with the pleoptically treated amblyopics, displayed no
noteworthy differences.

These findings support the hypothesis of the influence of the binocularity disturbances in the
normal development of refraction or emmetropisation.

A cross-sectional study has an unquestionable additional significance to the longitudinal approach
method in detecting answers to questions of causality, in the way that multiple aspects of the
binocular abnormality can be studied in parallel comparisons.
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Appendix A

Table 8. Partial correlations controlling age between the affected and the fellow eyes (statistically significant values)

 SE=spherical equivalent, BC=corneal keratometric value, LTH=lens thickness, ACD=anterior chamber depth,
AL=axial  length, VCH=vitreous chamber

Affected eyes
Fellow eyes Pleoptically

treated
amblyopics

Amblyopes
among
strabismics

Constant
unilateral
strabismics

Controls

SE AL SE AL SE AL SE AL

SE +,6537 -,5240 +,5745 -,4307 +,6130 -,5763 +,9341 -,5618

BC -,4165 -,4210 -,5679 -,6896

LTH -,3940 -,3064

ACD -,4258 +,5473

AL -,5405 +,6445 -,3829 +,7322 -,4935 +,7757 -,6113 +,9625

VCH -,4823 +,5879 -,3856 +,7032 -,4995 +,7608 -,6024 +,9124

Astigmatism -,6355 +,2822

Corneal astigmatism -,3198 +,3128 -,3136 -,3573

Residual
astigmatism

-,2995

Fellow eyes
Affected eyes Pleoptically

treated
amblyopics

Amblyopes
among
strabismics

Constant
unilateral
strabismics

Controls

SE AL SE AL SE AL SE AL

SE +,6537 -,5405 +,5745 -,3829  +,6130  -,4935  +,9341  -,6113

BC  -,4656 -,5387 +,3183 -,6518 -,6492

AL -,5240 +,6445 -,4307 +,7322 -,5763 +,7757 -,5618 +,9625

VCH -,5094 +,6401 -,3809 +,7078 -,5520 +,7494 -,5404 +,9288

Astigmatism -,8113 +,5735
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Table 9. Partial correlations controlling for age in the control group (statistically significant values)

Table 10. Partial correlations controlling for age in the constant unilateral group (statistically significant values)

Controls
SE BC LTH ACD AL VCH Astigmatism Corneal

astigmatism
Residual
astigmatism

SE

BC +,3242

LTH

ACD -,8445 -,4223

AL  -,5629 -,7125 +,9647 +,4868

VCH -,5684 -,7128

Astigmatism -,7815 +,5175 +,4168 +,3067

Corneal astigmatism +,5907

Residual
astigmatism

Fellow eyes
SE BC LTH ACD AL VCH Astigmatism Corneal

astigmatism
Residual
astigmatism

SE -,3174

BC +,3957

LTH

ACD -,3759 -,7699 -,3758

AL -,6543 -,6541 -,3311 +,9618

VCH -,6403 -,6237 -,4353

Astigmatism -,5247 +,6432 +,4482

Corneal astigmatism

Residual
astigmatism

+,5689

Constant unilateral

SE BC LTH ACD AL VCH Astigmatism Corneal
astigmatism

Residual
astigmatism

SE

BC

LTH

ACD -,7800

AL -,8176 -,5804 +,2585

VCH -,8022 -,5754 +,9729

Astigmatism

Corneal astigmatism +,8795

Residual
astigmatism

+,4426 +,3147

Fellow eyes
SE BC LTH ACD AL VCH Astigmatism Corneal

astigmatism
Residual
astigmatism

SE

BC

LTH

ACD -,8500

AL -,8194 -,6464

VCH -,8098 -,6247 +,9779

Astigmatism

Corneal astigmatism +,8500

Residual
astigmatism
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Table 11. Partial correlations controlling for age among the amblyopes in the strabismic series (statistically significant
                values)

Table 12. Partial correlations controlling for age in the pleoptically treated amblyopes (statistically significant values)

Strabismic amblyopes

SE BC LTH ACD AL VCH Astigmatism Corneal
astigmatism

Residual
astigmatism

SE -,7439 -,6959

BC -,4215 -,4278

LTH -,6675

ACD

AL

VCH +,9654

Astigmatism

Corneal astigmatism +,8794 +,3174

Residual
astigmatism

+,4364

Fellow eyes
SE BC LTH ACD AL VCH Astigmatism Corneal

astigmatism
Residual
astigmatism

SE -,7216 -,7206

BC -,5403 -,4873

LTH -,8583

ACD

AL

VCH +,9731

Astigmatism

Corneal astigmatism +,7795

Residual
astigmatism

+,3159

Pleoptic amblyopes

SE BC LTH ACD AL VCH Astigmatism Corneal
astigmatism

Residual
astigmatism

SE

BC -,3920

LTH

ACD -,8102 +,2811

AL -,8914

VCH -,8580 +,9764

Astigmatism

Corneal astigmatism +,8360

Residual
astigmatism

-,3082 +,3813

Fellow eyes
SE BC LTH ACD AL VCH Astigmatism Corneal

astigmatism
Residual
astigmatism

SE

BC -,4775

LTH +,3286

ACD -,4454 -,8530

AL -,8406 -,4134 +,5221 -,3140

VCH -,8048 -,4960 +,4710 +,9691

Astigmatism

Corneal astigmatism +,6090

Residual
astigmatism

+,3292
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Appendix B

In multiple regression computations axial length is composed of anterior chamber depth, lens
thickness and vitreous cavity depth. The explanation level of the mentioned variables in axial length
is computed and is shown here:

Axial length = 0,291 + 1,001 x VCH + 0,964 x LTH + 0,952 x ACD + 0 x age
                                                                                                                 -0,002 x alter.intemittent str.
                                                                                                                 +0,0007 x esotropia

When above mentioned variables are excluded and other variables are used instead, the explicable
variable is composed like this:

Axial length = 39,022                - 0,382 x spherical equivalent - 0,364 x corneal refractive power
                        +0,321 x intermittent str.          +0,68 x amblyopes
                          -2,764 x amblyopes                                                                                        +0,007 x alternating str.
                                                                                                                                                               - 0,009 x vertical str.

                                 + 0,015 x age - 0,364 x cornea astigmatism + 0 x astigmatism
                                            +0,195 x phoria                  +0,253 x unilateral str.
                                                                          +0,331 x amblyopes                  +0,221 x alternating str.
                                                                          +0,381 x vertical str.

                      + 0 x anisometropia
                                         +0,131 x intermittent str.

Spherical equivalent = 80,955                    - 2,024 x axial length    - 0,791 x corneal refractive power
                                                       -39,534 x intermittent str.             +0,969 x intermittent str.                    +0,408 x intermittent str.
                                                       -27,040 x alternating str.              +0,836 x alternating str.                      +0,223 x alternating str.
                                                       +5,910 x exotropia                       +0,025 x strabismic eye
                                                                                                             +0,036 x esotropia
                                                                                                             - 0,230 x exotropia

                                     + 0,015 x age      - 0,108 x anisometropia      + 0 x astigmatism
                                        +0,062 x amblyopes          +0,473 x intermittent str.          +1,082 x alternating
                                                                   +0,679 x phoria                                           +0,545 x vertical str.
                                                                                                            - 0,609 x alter.intermittent str.
                                                                                                            +0,157 x fellow eye in str.
                                                                                                            +0,296 x amblyopic eye in amblyopia
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