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Abstract

Quantifying Visual Functions in Children with Cerebral Visual Impairment (CVI)

by

Jasmine Sima Junge

Doctor of Philosophy in Vision Science

University of California, Berkeley

Professor Deborah Orel-Bixler, Chair

Patients with cerebral visual impairment (CVI, formerly cortical visual impairment) have
vision loss resulting from an insult to the brain rather than to ocular structures. These chil-
dren and their parents must attempt to understand their unique form of vision loss which
often develops in an unpredictable fashion, and can go undiagnosed by an eye care provider.
Furthermore, it can be difficult to advocate for children with CVI as many individuals and
professionals who may interact with the child are unfamiliar with the condition. Although
there is much interest in CVI as it is currently the leading cause of vision loss in children
in the developed world, many aspects of vision loss in CVI are not well understood nor
quantified.

The first two studies were aimed at understanding the effect of contour interaction on visual
acuity in children with CVI. The first study shows a negative effect of contour interaction,
the deleterious effect of identifying an object in the presence of other objects, on visual acuity
in children with CVI as well as normally sighted children. This difference is more significant
for children with CVI – and for this group, the greater the reduction of visual acuity, the
greater the reduction in acuity with increased contour interaction. The second study shows
that the critical spacing of this effect is about twice as large in children with CVI as com-
pared to normally sighted children. The fifth study compared this effect in children with CVI
to children with retinal disease. Surprisingly, there was minimal difference in the contour
interaction effect between the two groups when looking at the average difference between
measures. However, the slope of the trend was quite different for children with CVI versus
children with retinal disease, implying that the underlying mechanism is quite different for
the two groups. These two groups behave differently in the presence of contour interaction.

The third study involves comparing a commonly used pediatric visual acuity test, the Cardiff
Acuity Test, to measuring vision with the same method used for the other studies - single
Lea symbols surrounded by contour bars at half the optotype width away (50%) or the full
optotype width away (100%). For 93% of the patients with CVI, 50% and 100% Lea symbols
yielded a more reduced acuity compared to the Cardiff Acuity Test; the latter only requires
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detection of the symbols, whereas the Lea symbols require discrimination between an apple
and a house optotype.

Finally, the fourth study examined the relationship between contour interaction and contrast
sensitivity in children with CVI. Preliminary findings show a positive correlation between
contour interaction and contrast sensitivity. Understanding how object contrast affects con-
tour interaction can be translated into real world recommendations for parents and teachers
and can also serve as a basis for designing perceptual learning interventions.

The overarching goal of this research is to translate measurements into usable interventions
to improve the lives of patients with CVI. In general, measuring visual acuity in children with
CVI in the presence of contour interaction may give a better understanding of the child's vi-
sual potential and could be most useful when making recommendations to the child's family
and care team.



i

Dumbledore watched her fly away, and as her silvery glow faded he turned back to Snape,
and his eyes were full of tears.

”After all this time?”
”Always,” said Snape.

J.K. Rowling, Harry Potter and the Deathly Hallows

To Joseph Davi: You, Me, Us - Always.
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Chapter 1

Background

Introduction

Parents of children with visual impairment have the challenging role of trying to understand
their child's perception of the world, the capabilities of the child, and how he/she can function
in the world. With ocular visual impairment, many visual functions are predictable based on
the location of the physiological damage. However, patients with cerebral visual impairment
(CVI, formerly cortical visual impairment) have vision loss resulting from an insult to the
brain rather than to ocular structures. These children and their parents struggle to under-
stand their unique form of vision loss which often develops in an unpredictable fashion, and
can go undiagnosed by an eye care provider (Dutton, McKillop, and Saidkasimova 2006).
Furthermore, it can be difficult to advocate for children with CVI as many individuals and
professionals who may interact with the child are unfamiliar with the condition. Although
there is much interest in CVI as it is currently the leading cause of vision loss in children in
the developed world (Afshari, Afshari, and Fulton 2001), many aspects of vision loss in CVI
are not well understood nor quantified. In this study, our goal is to quantify visual functions
in children with CVI so that more accurate measurements can be taken in clinic and early
interventions can be tested and developed.

Study Rationale

CVI continues to be an area of growing interest across multiple disciplines including neuro-
biology, optometry, ophthalmology, and education. CVI results from damage to the retro-
geniculate visual pathway, specifically any region posterior to the lateral geniculate bodies.
Hypoxic brain injury is the most common etiology of CVI (Afshari, Afshari, and Fulton
2001). Other common etiologies include prematurity, hydrocephalus, structural central ner-
vous system abnormalities, and seizures (Khetpal and Donahue 2007).

The most common clinical finding of children with CVI is reduced visual acuity, followed by
reduced contrast sensitivity and visual field defects (Fazzi et al. 2007). These deficits can
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have a significant impact on an individual's ability to function effectively using their vision.
To compensate for reduced acuity, the simplest way is to make the object of interest larger
(in the clinic, this can be provided by using magnifiers) such that the size of the object
exceeds the resolution limit. However, even when the object size is not a limiting factor,
recognizing an object could be difficult if there are other objects in close proximity to the
object of interest. This is the crowding effect and has been postulated as a major limiting
factor for object recognition (Levi and Carney 2009; Pelli and Tillman 2008). Indeed, it
has been shown that crowding affects many tasks of daily activities, including acuity (Flom,
Weymouth, and Kahneman 1963), reading (Chung, Mansfield, and Legge 1998), face recog-
nition (Whitney and Levi 2011), and reaching and grasping of objects (Bulakowski 2009),
all of which have been reported to be difficult tasks for children with CVI (Zihl and Dutton
2015).To overcome the crowding effect, the object of interest must be separated from other
objects by a sufficient distance. In the literature, this distance is referred to as the critical
spacing. By definition, critical spacing refers to the minimum distance between an object
of interest and its surrounding distractors (or, flankers). Parents of children with CVI often
report that their child has difficulty locating objects when there is more than one object
present. This is consistent with the crowding effect. Indeed, it has also been shown that
children with CVI experience crowding that is up to three times greater than that experi-
enced by adults (Huurneman et al. 2012). Based on the anecdotal reports of parents and the
results of two related studies (Jacobson et al. 1996; Pike, Holmstrom, and Vries 1994), we
hypothesize that children with CVI will have visual impairment from the effect of crowding.

Crowding refers to the deleterious effects of recognizing an object in the presence of other
nearby objects. A closely related phenomenon, contour interaction, refers to a similar delete-
rious effect in recognizing a target as a result of nearby contours, such as bars. Flom suggested
that crowding is the combined effects of contour interaction, attention, and eye movements
(Flom 1991), although more recent studies seem to use these two terms interchangeably. An-
other commonly accepted distinction between crowding and contour interaction is that the
flankers are often more complicated in the case of crowding and simpler, like bars, in the case
of contour interaction. In the first chapter, we measured and quantified the magnitude and
extent of the deleterious effect using visual acuity tests commonly used in the pediatric clinic
- single Lea symbols with four surrounding bars to induce the deleterious effect. Therefore,
the term contour interaction instead of crowding will be used throughout this dissertation.

We quantified the effect of contour interaction in children with CVI using high-contrast Lea
symbols (black symbols printed on white cardboard). Details of the experimental approach
are given in the next chapter. We measured visual acuity for symbols surrounded by four
bars at several bar-to-symbol separations. This set of data tells us whether children with
CVI show a decline in visual acuity with more contour interaction than age-matched nor-
mally sighted controls.

Children with CVI often exhibit a reduction in contrast sensitivity (Good, Hou, and Norcia
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2012). Furthermore, contrast sensitivity is vital to functional vision and is often a better
predictor of visual functions such as mobility (Marron and Bailey 1982) and face recogni-
tion (Owsley and Sloane 1987), as well as quality of life (Bansback et al. 2007). Studies in
normally sighted individuals have shown that the crowding effect is reduced for low contrast
letters as compared to high contrast letters when viewed with central fixation, that is, with
the fovea (Kothe and Regan 1990). In addition, critical spacing has been shown to become
smaller for low-contrast targets, more so in the periphery than in the fovea in normally
sighted individuals (Coates, Chin, and Chung 2013). If these effects occur in children with
CVI, then reducing the contrast of an object and its background may be a way to reduce
crowding. However, reducing the contrast of objects may not be optimal given the contrast
deficits of many children with CVI. We compared the threshold contrast sensitivity for de-
tecting a grating target and the amount of contour interaction for visual acuity targets as a
way to elucidate this relationship. Quantification of this finding in children with CVI may
lead to a better understanding of functional vision in visual conditions of varying contrast
which often more closely mimic real-world situations.

Public Health Impact

CVI is the leading cause of bilateral visual impairment in children in western countries (Good
et al. 2001). According to the American Foundation for the Blind, 30-40% of cases of visual
impairment in children is caused by CVI (Roman et al. 2008). Children born preterm or
with low birth weight have a higher risk for visual impairment, including CVI (Vohr et al.
2000). According to the Centers for Disease Control and Prevention, the incidence of low
birthweight and very low birthweight totals 9.4%. Additionally, the percent of children born
preterm is 11.4% (Martin et al. 2015). Therefore, a large segment of the population could
benefit from more accurate clinical measures and from information that could be used in
early intervention services.

Definition of Cerebral Visual Impairment (CVI)

Cerebral visual impairment (CVI, also known as cortical visual impairment) is the leading
cause of childhood vision loss in developed nations and results from an insult to the devel-
oping brain. That is, it is a reduction in visual acuity and other visual functions caused
by damage to the visual pathway, rather than to the ocular structures. It should be noted
that although CVI may be present and sufficient to cause vision loss on its own, there are
often associated ocular conditions such as optic nerve atrophy, optic nerve hypoplasia, and
retinopathy of prematurity, as well as associated systemic conditions such as cerebral palsy
and epilepsy.
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Associated Ocular Etiologies

Optic nerve atrophy can be seen in the presence of CVI due to retrograde degeneration from
the brain to the optic nerve. When a nerve axon is damaged in any way, the remaining
section connected to the neuronal cell body undergoes damage which causes degeneration
of the tissue. As a result, children with CVI may be born with normally appearing optic
nerves that may look pale and degenerative after a few years of life.

Optic nerve hypoplasia is commonly found concurrently in children with CVI. The cause
is typically idiopathic; there is an association with optic nerve hypoplasia and first born
children of young mothers. There is also an increased risk in mothers with diabetes. Optic
nerve hypoplasia occurs secondary to retinal ganglion cell axon degeneration, specifically
when central connections are disrupted. This degeneration of axons occurs as part of normal
visual pathway development. However, in the case of optic nerve hypoplasia, the process is
carried out excessively, resulting in fewer axons and small hypoplastic nerves (Borchert et
al. 1995).

Septo-optic dysplasia is another commonly found condition in the presence of CVI and is
related to optic nerve hypoplasia. It typically manifests as midline abnormalities of the brain
including absence of the septum pellucidum and agenesis of the corpus callosum. It can also
cause dysplasia of the third ventricle. These brain abnormalities are commonly associated
with optic nerve hypoplasia. Another characteristic finding in septo-optic dysplasia is a defi-
ciency of growth hormone. Other hormonal abnormalities include hypothyroidism, neonatal
hypoglycemia, hypadrenalism, and diabetes insipidus. As a result of hormonal imbalances,
children with septo-optic dysplasia may be classified as having failure to thrive (Izenberg,
Rosenblum, and Parks 1984).

CVI is commonly found in children who are born prematurely. As a result, retinopathy of
prematurity (ROP) is often an associated finding. It most commonly affects infants weighing
1250 grams (2.75 pounds) or less, especially those born before 31 weeks gestation. Low birth
weight is the major risk factor in the development of ROP. According to the National Eye
Institute (NEI), 3.9 million infants are born in the United States each year. Of those, about
28,000 weigh 1250 grams or less. About half of those babies are affected by some level of
ROP, although only 10% require some amount of medical treatment.

ROP can be classified into five stages. Stage I involves mildly abnormal blood vessel growth.
At this stage, the disease typically resolves without treatment. Stage II findings include
a moderate level of blood vessel growth, however, even in light of moderate growth, many
children still develop normal vision. Stage III is classified as severely abnormal blood ves-
sel growth - often if the blood vessels appear twisted and enlarged this would encourage
treatment to prevent retinal detachment. Stage IV involves a tractional retinal detachment
(partial); this traction causes a pulling of the retinal tissue away from the wall of the eye.
In Stage IV, the most severe stage, a completely detached retina is seen and can result in
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severe visual impairment and blindness if untreated (An International Committee for the
Classification of Retinopathy of Prematurity 2005).

Incidence

CVI is the most common cause of visual impairment in children (Matsuba and Jan 2006),
whereas in the past, inherited congenital ocular disease and disorders predominated. Studies
cite this increase in cases of CVI to be due to advances in neonatal care (Lambert et al.
1987; Good et al. 1994). Further increases are thought to be due to successful management
of childhood blindness resulting from cataract and retinopathy of prematurity (Philip and
Dutton 2014). In children under 16 years of age, visual impairment occurs in about 10-22 per
10,000 births in developed countries. In developing countries, the number is closer to 40 per
10,000 births (Gilbert et al. 1999). It is expected that these numbers would be even higher
if there were more widespread identification of perceptual (or functional) visual impairment
(Williams et al. 2011; Macintyre-Bon et al. 2013).

Etiologies

The most common etiology of CVI is perinatal or neonatal hypoxic ischemic encephalopathy
(HIE) (Matsuba and Jan 2006). Other complications which can cause perinatal hypoxia
can also lead to CVI and include cardiac arrest, umbilical cord entanglement, and placental
abruption or insufficiency. Infection, hydrocephalus, and metabolic disorders can also cause
CVI (Watson 2008).

Associated Conditions

Non-ambulatory cerebral palsy is highly associated with CVI and has been found to be as
high as 70%. Sensorineural hearing loss is also common in the presence of CVI. (Matsuba and
Jan 2006). Motor and cognitive disabilities can be found depending on the specific etiology
of CVI. Aside from cerebral palsy, cognitive impairment and seizures are also commonly
found (Watson 2008).

Optic nerve atrophy and optic nerve hypoplasia are commonly associated with CVI (Good
et al. 1987). Nystagmus is also a common finding, although it is not typically present if
there is only cortical insult, but rather if there are associated ocular findings present as well
(Good et al. 1994).

Prognosis

In general, children with CVI have a tendency toward improved visual outcome over time
(Matsuba and Jan 2006). Children with CVI who have better visual acuity levels over time
tend to have better motor and cognitive outcomes (Matsuba and Jan 2006). Although there
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is typically an improvement in vision over time, most patients with CVI will not regain
completely normal vision (Good et al. 2001). The prognosis is also dependent on the
severity and location of the brain damage. For example, damage that occurs in the striate
cortex rather than the optic radiations may have a better chance of recovering, whereas
basal ganglia involvement usually indicates a poor outcome (Lambert et al. 2015; Mercuri
et al. 1997). The poorest prognosis is found in the presence of bacterial meningitis, cardiac
arrest, and status epilepticus (epileptic seizures that occur continuously without regaining
consciousness) (Wong 1991). Children diagnosed before age three tend to have a greater
level of visual improvement (Huo et al. 1999).

Clinical Presentations of CVI

As previously discussed, the clinical presentation of CVI is dependent upon the location,
extent, and timing of the damage which occurs. However, various studies have characterized
the types of clinical presentations that are often detected in children with CVI. Table 1.1
gives specific examples (non-exhaustive) of the types of issues that are often noticed when a
child presents for a clinical visit.

Reductions in Visual Functions

Visual Acuity

Visual dysfunction in CVI can present in a number of ways. However, visual acuity is often
reduced to varying degrees, and this can occur in the presence of normal pupil responses
and ocular structures which also appear normal upon examination (McKillop and Dutton
2008). It is important to collect visual acuity measurements on children with CVI, and it
is often preferred to utilize more than one method. The two major clinical techniques for
measuring visual acuity in pediatric populations include forced-choice preferential looking
(PL) and the Visual Evoked Potential (VEP) (see discussion of PL and VEP below). Visual
acuity measurements vary depending on the acuity target, and much care must be given
not to overestimate a child's visual abilities since they may be deemed ineligible for vision
impairment or low vision services. Furthermore, visual acuity is not the only important
factor when assessing visual function. In fact, other aspects of visual function may play an
even greater role in day to day tasks rather than high-contrast visual acuity as typically
measured in an eye examination.

Contrast Sensitivity

Contrast sensitivity can be described as an observer's ability to detect subtle shades of
grey or brightness differences from the background. Contrast sensitivity can be a useful
measure of visual function, as it translates well to functionality in day to day life (seeing
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Reported Behavior References

Reduction in acuity Philip & Dutton 2014
Light gazing Jan et al. 1990
Photophobia Jan, Groenveld, Anderson

1993
Poor visual attention Jan et al. 1987
Color preference Roman-Lantzy 2007
Restricted visual fields Philip & Dutton 2014
Difficulties with complex vi-
sual patterns

Dutton et al. 2006, Roman-
Lantzy 2007

Difficulties finding an object
at a distance

Dutton et al. 2006, Roman-
Lantzy 2007

Better recognition of famil-
iar objects than novel ones

Roman-Lantzy 2007

Looking away when reach-
ing

Good 2001, Roman-Lantzy
2007

Visual latency Roman-Lantzy, 2007
Variability in contrast Good 2001

Table 1.1: Reported Clinical Behaviors in CVI.

curbs/stairs/changes in elevation, detecting objects, recognizing borders). Contrast sensi-
tivity has the potential to be significantly reduced in children with CVI, although this is
not always the case (McKillop and Dutton 2008). Premature children may be more likely
to have reductions in contrast sensitivity, due to earlier development of the magnocellular
as compared to the parvocellular pathways (Bosworth and Dobkins 2013; Bosworth et al.
2013).

Visual Fields

As expected, there is a specific pattern to visual field defects in the presence of brain damage
that is directly related to the site of damage. In CVI, if there is damage to the occipital lobes,
visual field loss typically occurs to the side opposite the damage (Philip and Dutton 2014).
Damage to the parietal lobe also creates lack of attention on the side opposite the damage.
In premature children, damage often occurs in the periventricular white matter, which causes
lower visual field impairment (Jacobson, Flodmark, and Martin 2006). Furthermore, it is
important to note that attention can play a large role when assessing visual fields. Children
with CVI will often become fixated on a particular object and may ignore their surroundings
simply for attentional reasons rather than a truly organic visual field deficit.
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Color Vision

Color vision in children with CVI appears to be normal overall, although low contrast color
differences may be challenging if contrast sensitivity is also reduced. As compared to other
visual functions, color vision has not been studied extensively. It is worth mentioning that,
as a general rule, most subjects in the CVI population included in the following studies did
not exhibit difficulties with color discrimination.

Crowding and Contour Interaction

Crowding is defined as the deleterious effect of nearby contours on visual discrimination.
One of the original groundbreaking ideas about crowding comes from Flom, Heath, and
Takahashi (1963) when they found that crowding occurs even if the target and flanker are
presented to different eyes. This finding suggests that crowding maps to a cortical locus. In
1970, Bouma made his famous discovery that the extent of crowding is a constant fraction
of the target eccentricity, and this is now called Bouma's constant. More recent work has
shown that there is likely an attentional filter that functions to limit the amount of visual
information that is consciously available; this is validated by the finding that adaptation to
an orientation-specific target is not affected by crowding (He, Cavanagh, Intrilligator 1996).

In the fovea, crowding is thought to occur over a small distance of 4-6 arcmin. In the
periphery, it is thought to occur up to 0.5 times the eccentricity of the target (Bouma's
constant). Furthermore, crowding has been shown to occur in a variety of tasks including
letter recognition (Bouma 1970), Vernier acuity (Westheimer and Hauske 1975), orientation
discrimination (Andriessen and Bouma 1976), stereoacuity (Butler and Westheimer 1978),
and face recognition (Martelli, Majaj, and Pelli 2005). Crowding is not simply a property of
luminance channels, as shown by Tripathy and Cavanagh (2002) which furthers the argument
for an attentional model for crowding (Tripathy and Cavanagh 2002). Crowding has been
shown to occur for moving stimuli and is relatively independent of the speed of motion (Bex,
Dakin, and Simmers 2003).

Methodology: Forced Choice Preferential Looking (PL)

From 1975 to 1985, an important method emerged in the field of infant vision known as pref-
erential looking (Fantz 1965). Infants preferred to fixate complex visual targets for longer
periods of time compared to their fixation on less complex or homogenous fields. In 1974,
Teller et al. built on this concept and added a forced choice paradigm (choice between two
alternatives) where an observer, unaware of the location of the visual target, had to choose
its location based on their observation of an infant’s fixation, i.e. forced choice preferential
looking (Teller et al. 1974). Others took this methodology and combined it with visual psy-
chophysics (Atkinson, Braddick, and Braddick 1974). A significant improvement was made
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in this period of great interest in infant vision that drastically changed the existing approach
to visual acuity measurements. Teller et al. developed the acuity card procedure - a sim-
plified method of measuring visual acuity in infants and young children (Teller et al. 1986).
Building on the work of others, (Dubowitz 1980), (Dubowitz, Morante, and Verghote 1980)
and (Morante et al. 1982), they were able to demonstrate a new fast and accurate method
of obtaining visual acuity in populations that may otherwise be challenging to assess, and
they found that the results translated well across clinical and laboratory settings alike. The
procedure involves presentation of a series of cards with gratings (black and white stripes)
of different spatial frequencies on a grey background to a child by an adult observer. The
observer uses numerous pieces of information including fixation, eye movements, pointing,
and head movement, and observes the child's looking behavior through a peephole in the
cards. This continues until there is a clear indication as to the finest grating observed by
the child. This can be applied to other preferential looking procedures with other stimulus
types as well.

A debate continued throughout this period comparing the difference in accuracy of visual
measurements taken with preferential looking versus a form of objective measurement such
as the visual evoked potential (VEP). The discrepancies between behavioral and objective
methods of visual acuity measurement have long been contested. Numerous groups have ar-
gued for why one method should be used over the other in various pediatric groups. Visual
evoked potential (VEP) has been argued to be a reliable method of measuring vision in chil-
dren with CVI (Good 2001). On the other hand, one study in 42 children with moderate to
severe visual impairment found better accuracy with preferential looking (PL) as compared
to VEP (Bane and Birch 1992). Still others compared PL and VEP in children with CVI;
they found an improvement in visual acuity for both methods on subsequent visits. In some
individuals, large disparities were found between preferential looking and VEP visual acuity
(Lim et al. 2005).

Watson et al. analyzed the relationship between early objective measurements of visual acu-
ity with the VEP and how this compared to future behavioral measurements of visual acuity
with preferential looking. They found that the initial VEP measure was much better than
the initial behavioral measurement, and furthermore, the early VEP measurement corre-
sponded well with the behavioral acuity measured approximately seven years later (Watson,
Orel-Bixler, and Haegerström-Portnoy 2010).
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Chapter 2

Contour interaction

Background

Defining Cerebral Visual Impairment (CVI)

As discussed in the background chapter, cerebral visual impairment (CVI) is the leading
cause of vision loss in children in industrialized nations and results from an insult to the
developing brain. Anecdotal reports indicate that children with CVI may have more difficulty
with identifying symbols in the presence of crowding and surrounding contours. The goal of
this study was to compare the level of visual acuity reduction that may occur in the presence
of contour interaction.

History of Research in Children's Vision

In 1963, Wiesel and Hubel famously introduced the concept that there is plasticity of the
visual cortical organization in animals (Wiesel and Hubel 1963). This laid important ground
work for the concept that the development of infant visual capabilities could be understood
through structural and functional development of the visual system.

From 1975 to 1985, there was a period of rapid growth in researching the development of
visual acuity, contrast sensitivity, refraction, and accommodation in human infants. The
development of clinical methods that could better measure visual functions in infants and
young children was a driving force. One important finding was the observation that infants
prefer to fixate complex visual targets over homogenous grey fields (Fantz 1965). In 1974,
Teller et al. built on this concept and added a forced choice paradigm (choice between two
alternatives) where an observer, unaware of the location of the visual target, had to choose
its location based on their observation of an infant's fixation, i.e. forced choice preferential
looking (Teller et al. 1974). Others took this methodology and combined it with visual
psychophysics (Atkinson, Braddick, and Braddick 1974).
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By 1980, there was a clear picture of how visual acuity develops rapidly in the first months
of life, although there was still some debate between behavioral based and objective based
visual evoked potential (VEP) brain wave measures. This research brought up another ques-
tion: what limits visual acuity and contrast sensitivity in infants? The role of visual optics
and accommodation was examined through measurements of refractive error in infants using
dynamic and near retinoscopy (Banks 1980; Mohindra 1977; Gwiazda et al. 1978), new
methods of photorefraction where a modified camera produced images that, after interpreta-
tion, could screen for refractive errors (Howland et al. 1978; Braddick et al. 1979; Hainline
et al. 1992), and large scale refractive screening of infants (Howland et al. 1978; Braddick
et al. 1979; Hainline et al. 1992).

A more interesting potential limit is imposed by the immature outer segment morphology
and packing density of the foveal cones, as well as small eye diameter in newborn infants
(Yuodelis and Hendrickson 1986). Banks and Bennett (1988) calculated what would be the
effect of these immaturities if the infant visual system then uses the information supplied
by the cones as efficiently as the adult visual system. The calculation suggests that if the
improvement of acuity from one month of age to adult is taken as 12-fold, only about 25%
of this change can be attributed to the photoreceptors and to increasing eye size (Banks and
Bennett 1988).

Ultimately, cortical magnification has been shown consistently to correlate with and to limit
visual acuity. For example, Vernier acuity has been shown to be limited by cortical mag-
nification in V1 (Duncan and Boynton 2010). Additionally, higher level visual processes
such as crowding have been demonstrated to occur at multiple stages in the visual hierarchy
(Whitney and Levi 2011a).

Modified Acuity Card Procedure

An important piece of methodology emerged in this period of great interest in infant vision
that drastically changed the existing approach to visual acuity measurements. Teller et al.
developed the acuity card procedure - a simplified method of measuring visual acuity in
infants and young children (Teller et al. 1986). Building on the work of others, (Dubowitz
1980; Dubowitz, Morante, and Verghote 1980; Morante et al. 1982), they were able to
demonstrate a new fast and accurate method of obtaining visual acuity in populations that
may otherwise be challenging to assess, and they found that the results translated well across
clinical and laboratory settings alike. The procedure involves presentation of a grating card
to a child by an adult observer. The grating card is a large card with a square wave grating
on one side and a uniform blank grey field on the other side. The observer uses numerous
pieces of information including fixation, eye movements, pointing, and head movement and
observes the child's looking behavior through a peephole in the cards. This continues until
there is a clear indication as to the finest grating observed by the child. This can be applied
to other preferential looking procedures with other stimulus types as well.
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Behavioral and Objective Measurements of Visual Acuity

Grating acuity does not always correlate with optotype acuity (Dobson et al. 1999). Grating
acuity may simply be a measure of pattern resolution rather than discrimination, as is
required with optotype acuity. As a result, grating acuity is limited in its ability to always
provide accurate measurements of visual functions and abilities.

The discrepancies between behavioral and objective methods of visual acuity measurement
have long been contested. Numerous groups have argued for why one method should be
used over the other in various pediatric groups. Visual evoked potential (VEP) has been
argued to be a reliable method of measuring vision in children with CVI (Good 2001). On
the other hand, one study in 42 children with moderate to severe visual impairment found
better accuracy with preferential looking (PL) as compared to VEP (Bane and Birch 1992).
Still others compared PL and VEP in children with CVI; they found an improvement in
visual acuity for both methods on subsequent visits. In some individuals, large disparities
were found between preferential looking and VEP visual acuity (Lim et al. 2005).

Watson et al. analyzed the relationship between early objective measurements of visual
acuity with the VEP and how this compared to future behavioral measurements of visual
acuity with preferential looking in children with CVI. They found that the initial VEP
measure was much better than the initial behavioral measurement, and furthermore, the early
VEP measurement corresponded well with the behavioral acuity measured approximately
seven years later (Watson, Orel-Bixler, and Haegerström-Portnoy 2010).

Contour Interaction

Contour interaction is a well-established concept in vision science literature. It is the phe-
nomenon by which letter recognition is degraded by the presence of neighboring contours.
The effect is largest when a target is presented in the retinal periphery. In populations such
as individuals with amblyopia, this phenomenon may occur in the amblyopic eye at cen-
tral fixation. Contour interaction has been extensively studied on a number of parameters,
especially when varying the target and flanker. Orientation of target and flankers affects sen-
sitivity, especially when the two are more similar (Andriessen and Bouma 1976). Similarity
between target and background also decreases letter recognition (Estes 1982; Nazir 1992),
and there is a stronger contour interaction effect if the target and flanker are more similar
(Kooi et al. 1994; Andriessen and Bouma 1976; Estes 1982; Nazir 1992; Polat and Sagi
1993). Some individuals showed significant improvement in tasks when target and flankers
were different colors, but this effect did not hold for all individuals studied. Presenting a
different polarity (black versus white) of target and flankers causes the effect of contour
interaction to decrease. The effect of flankers depends on both the strength of the flankers
relative to the target and the degree of similarity. A greater difference in depth (stereopsis)
between the two eyes also decreases interactions. There is no significant effect on the rela-
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tive difficulty of detecting targets with neither similar nor dissimilar distractors (Kooi et al.
1994). The eye of origin (the eye viewing either target or flanker) was found not to matter
with respect to the interaction, both foveally (Flom, Heath, and Takahashi 1963), and in the
periphery (Kooi et al. 1994). The probability of detecting an embedded target increases as
the target and background become less similar (Kröse 1987; Duncan and Humphreys 1989).
Many researchers believe this to be dependent on the pop-out effect which is that a target
will be more likely to stand out if it is considerably different from its surrounding flankers
along various parameters because it is perceptually separable from its surroundings (Treis-
man and Souther 1985).

There are two major models utilized to discuss contour interaction or feature interaction. One
model describes how two nearby items compete for a limited set of feature detectors (Estes
1972). These feature detectors transform the incoming information and make comparisons.
One area of uncertainty within this model is whether there are interactions between spe-
cific channels (routes by which information is transmitted) or if they operate independently
from their neighboring channels. In earlier work, Estes determined that there are mutual
inhibitory interactions which increase from central toward peripheral locations in the visual
field. Shiffrin and Gardner elaborated further upon this idea but proposed an independent
channels model (Shiffrin and Gardner 1972). Later work by Egeth concluded that indepen-
dent channels are well supported for certain circumstances but not for others (Egeth 1977).

The second model posits that features of a character or visual target drift over time. This
work demonstrated that several processes contribute including response competition, distri-
bution of attention, perceptual grouping, and contour interaction. Contour interaction was
found to dominate at close spacing, but the other processes were found to dominate when
the spacing was wider (Wolford and Chambers 1983).

In normally sighted individuals, contour interaction occurs over a smaller range at the fovea
compared to retinal eccentricities beyond the fovea (Bouma 1970; Toet and Levi 1992; Kooi
et al. 1994). Foveal contour interaction is thought to occur over 4-6 arcmin (Flom, Wey-
mouth, and Kahneman 1963); furthermore, there is a small range of target sizes in which
flankers result in genuine foveal crowding. If targets are larger, this results in masking rather
than contour interaction. Visual masking is used to describe the phenomenon by which a
pattern can reduce the detectability or discriminability of a target. It typically occurs for
targets and masks that overlap in visual space, and the phenomenon and mechanisms are
reasonably well understood. At the fovea, the extent of contour interaction depends on the
size of the optotypes used (Ehrt and Hess 2005), and the extent of contour interaction is pro-
portional to stimulus size (Levi, Hariharan, and Klein 2002; Tripathy and Cavanagh 2002;
Pelli et al. 2007; Pelli, Palomares, and Majaj 2004). The strength and extent of periph-
eral contour interaction is much greater than masking, and therefore the interactions that
affect visual acuity cannot simply be attributed to masking (Andriessen and Bouma 1976;
Levi, Hariharan, and Klein 2002). Unlike in the periphery, foveal contour interaction cannot
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be easily distinguished from masking. The fovea depends primarily on contour interaction,
whereas eccentric parts of the retina depend on contour interaction and attention to the task
(Leat, Li, and Epp 1998).

Relationship to Crowding

Crowding refers to the deleterious effects of recognizing an object in the presence of other
nearby objects. This is closely related to contour interaction but is considered to be a distinct
phenomenon. Flom suggested that crowding is the combined effects of contour interaction,
attention, and eye movements (Flom 1991), although more recent studies seem to use these
two terms interchangeably. Another commonly accepted distinction between crowding and
contour interaction is that the flankers are often more complicated in the case of crowding
and simpler, like bars, in the case of contour interaction. In this study, we measured and
quantified the magnitude and extent of the contour interaction using visual acuity optotypes
commonly used in the pediatric clinic - Lea symbols with four surrounding bars to induce the
deleterious effect. Therefore, we will use the term contour interaction instead of crowding in
this chapter.

Lea Symbols

One of the most common methods used to measure visual acuity in pediatric populations
is with Lea symbols (Hyvärinen, Näsänen, and Laurinen 1980). The test utilizes four dif-
ferent symbols - ball, apple, square, and house. The chart was originally designed for the
measurement of visual acuity for children 3-5 years of age. One of the goals was to create a
chart with symbols that would be easy to name, and that the child would be able to respond
by naming or pointing (to a matched symbol). Hyvärinen et al. evaluated the test-retest
reliability of the Lea symbols in seventeen 20-35 year old adults, and the results of the test
were compared to results in the same individuals measured with the Snellen E test chart at
6 meters. The reliability of the Lea symbols was found to be 0.94 as compared to 0.96 for
the Snellen E.

Since the original introduction of the Lea symbols in 1980, other researchers have evaluated
the use of Lea symbols in measuring visual acuity in children. Becker et al. examined young
children with Lea symbols in an attempt to establish normal values and interocular differ-
ences of visual acuity in normally sighted children (Becker et al. 2002). 385 children (21-93
months of age) were examined. 90 of those children were also re-examined in a hospital
setting comparing Lea symbol visual acuity and Landolt C visual acuity. Lea symbol acuity
could be measured in 54% of the children. In children older than 36 and 48 months, the
success rate was even higher at 76% and 95% respectively. Interocular difference of Lea
symbol acuity was one line or less in 90% of the subjects. Unsurprisingly, cooperation was
found to increase with age. Ultimately, Lea symbols were found to be useful when measuring
acuity in early childhood.
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Another group compared the Lea symbol chart to another preliterate acuity chart, the HOTV
in a sample of three to five year old children. Similarly, it was found that ease of testing cor-
responds with increased age. The Lea symbol test was more efficacious in the younger group
of three year old children (Hered, Murphy, and Clancy 1997). The Vision in Preschoolers
Study Group (VIP) found that both crowded HOTV and Lea symbols were useful in as-
sessing monocular visual acuity in young children between three and five years of age - the
crowded HOTV letters were slightly more difficult than the Lea symbols, with the largest
difference between acuity results occurring in three-year-old children (Ciner et al. 2003).

Lea symbols have also been evaluated with and without the presence of crowding bars (Gräf,
Becker, and Kaufmann 2000). In individuals with amblyopia, Gräf et al. found that a Lea
symbol acuity difference of one line (0.1 logMAR) can be considered normal (with or without
the presence of contour bars).

Study

Purpose

Understanding the visual challenges for children with visual impairment can be difficult.
With well understood types of visual impairment such as retinal disease, reductions in visual
functions can be predictable based on the physical location of damage. Conversely, patients
with cerebral visual impairment (CVI, formerly cortical visual impairment) have vision loss
resulting from an insult to the brain rather than to ocular structures. Understanding this
unique form of vision loss, which often develops in an unpredictable fashion, and can go
undiagnosed by an eye care provider, (Dutton, McKillop, and Saidkasimova 2006) can pose
significant challenges. CVI continues to be an area of growing interest across multiple dis-
ciplines including neurobiology, optometry, ophthalmology, and education. It results from
damage to any region posterior to the lateral geniculate bodies. Hypoxic brain injury is the
most common etiology of CVI (Afshari, Afshari, and Fulton 2001), and other common eti-
ologies include prematurity, hydrocephalus, structural central nervous system abnormalities,
and seizures (Khetpal and Donahue 2007).

To compensate for reduced acuity, object size can be increased such that the size of the
object exceeds the resolution limit. However, even when the object size is not a limiting
factor, recognizing an object can be difficult if there are other objects in close proximity to
the object of interest. This phenomenon is known as crowding and it is considered to be one
of the major limiting factors for object recognition (Levi and Carney 2009; Pelli and Till-
man 2008). Indeed, it has been shown that crowding affects many tasks of daily activities,
including acuity (Flom, Weymouth, and Kahneman 1963), reading (Chung, Mansfield, and
Legge 1998), face recognition (Whitney and Levi 2011b), reaching and grasping of objects
(Bulakowski 2009), all of which have been reported to be difficult tasks for children with
CVI (Zihl and Dutton 2015). Parents of children with CVI often report that their child has
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difficulty locating objects when there is more than one object present, which is consistent
with the crowding effect. Children with CVI experience crowding that is up to three times
greater than that experienced by adults (Huurneman et al. 2012). We expect children with
CVI will have a greater reduction in visual acuity in the presence of contour interaction,
based on information gathered from anecdotal reports as well as two studies (Jacobson et
al. 1996; Pike, Holmstrom, and Vries 1994).

Public Health Impact

As discussed in the background chapter, CVI is the leading cause of bilateral visual im-
pairment in children in western countries (Good et al. 2001). According to the American
Foundation for the Blind, 30-40% of cases of visual impairment in children are caused by
CVI (Roman et al. 2008). Low birthweight and very low birthweight (9.4% of births) are
risk factors for developing CVI, in addition to being born preterm (11.4% of births) (Martin
et al. 2015). Children born preterm or with low birth weight have a higher risk for visual
impairment, including CVI (Vohr et al. 2000). Many babies and families can benefit from a
better clinical understanding of CVI.

Methods

Sixty children with cerebral visual impairment (CVI) were retrospectively selected from the
Special Visual Assessment Clinic (SVAC) population. The group was composed of 34 males
and 26 females ages 3-23 years with a mean age of 9.13 years. The etiologies of visual im-
pairment and disabilities for the subject population are listed in Table 2.1.

Each subject received a comprehensive vision examination that included determination of:
refractive error with retinoscopy, eye alignment, vision function (visual acuity, contrast sen-
sitivity, color vision), confrontation visual fields, and ocular health status. Threshold visual
acuity was measured using a two-alternative forced choice task in a descending method of
limits. The test targets were single apple and house Lea optotypes that each had four
flanking bars (commercially available, GoodLite) printed on 5 inch by 5 inch cards. The
edge-to-edge (between optotype and bar) spacings were 50% and 100% times the optotype
width (determined by manufacturer, see Figure 2.1). The optotypes and flankers were both
at 100% contrast. The subjects were tested with both eyes open and with best spectacle
correction in place. Pre-testing included training by presentation of suprathreshold sym-
bols at 50 centimeters to establish understanding of the task with the subject pointing at,
looking at, or naming either the house or apple symbol. Testing was initiated with the
20/200 (logMAR = 1) equivalent cards at 50 cm using the acuity card procedure (Teller et
al. 1986). When the subject responded quickly and accurately, only one or two presentations
was given before presenting the next size. Near threshold, more presentations were given and
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Etiology Number of Subjects

Hydrocephalus 5
Microcephaly 7
Periventricular leukomalacia (white matter dam-
age)

9

Joubert Syndrome 2
Hypoxic Ischemic Encephalopa-
thy/cerebrovascular accident/birth trauma

10

Confirmed diagnosis of CVI, unspecified 11
Schizencephaly 1
Cerebellar hypoplasia 1
Infection/drug exposure in utero 2
Injury/malformation of corpus callosum 3
Hemispherectomy 1
Unclear etiology, risk of CVI based on history 8

Table 2.1: Etiologies of CVI subject pool.

the acuity threshold was determined from the symbol size with 3 out of 4 correct responses.
Testing distance was increased to 100 or 150 centimeters as needed. The range of acuity
targets included 1.5/15 (20/200) to 1.5/1.2 (20/15) with a 150 centimeter viewing distance.
Rewards for responding were given as needed (stickers or Cheerios).

Forty-three normally sighted children were also selected from the Pediatric Clinic population.
This group was composed of 18 males and 25 females from 3 to 11 years of age with a mean
age of 6.09 years. The same vision examination protocol was used, including threshold visual
acuity measurements with Lea optotypes with flanking bars at 50% and 100%. The subjects
were tested with both eyes open with their best spectacle correction in place. None of the
forty-three subjects had any eye disease or vision issues, with the exception of correctable
low refractive error.

The study protocol was approved by the Institutional Review Board and followed the tenets
of the Declaration of Helsinki.

Results

For children with cerebral visual impairment, an analysis of correlation was performed (Fig-
ure 2.2) comparing 50% and 100% logMAR visual acuity for each subject. The visual acuity
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Figure 2.1: Example of 100% and 50% spacing around two Lea optotypes, presented in two
alternative forced choice manner.

for eleven subjects fell along the 1:1 line (y = 1.1277x + 0.094, R2 = 0.896), indicating an
identical acuity with both spacings. Only one subject saw slightly better with 50% spacing.
All other subjects showed a better visual acuity with 100% spacing as compared to 50%
spacing. This was consistent with the expectation that most children with cerebral visual
impairment would have a decrease in visual acuity in the presence of increased contour in-
teraction.

A Bland-Altman analysis of the difference in visual acuity measures (100% and 50% spacing)
versus their mean (in logMAR) was performed for both groups (Figure 2.3). For the cerebral
visual impairment group, mean visual acuity ranged from -0.10 to 1.28 logMAR (20/16 to
20/380). Worse acuity with 50% spacing was found in all but one child, and twelve children
showed no difference. For 47 children, the difference ranged from 0.10 to 0.41 logMAR with a
trend for an increasing difference between the two acuity measures with worse average acuity.
The average difference between the two measures was -0.16 logMAR (equivalent to about a
line and a half on a standard acuity chart). On average, the visual acuity for children with
CVI was about a line and a half worse with 50% spacing compared to 100% spacing. The
slope of the regression equation was found to be significantly different from zero (p<.0001),
indicating a trend. For the normally sighted group, mean visual acuity ranged from -0.10
to 0.25 logMAR (20/16 to 20/36). Children in the normally sighted group all achieved the
same or worse visual acuity with the 50% spacing as compared to the 100% spacing with
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Figure 2.2: Correlation of logMAR VA between both spacings for subjects with CVI. Only
one subject falls below the 1:1 line indicating an improved acuity with 50% spacing. All
other subjects show equal or worse acuity with 50% spacing.

the exception of one subject who achieved one line worse with 100% spacing. The mean
difference was -0.05, about a half of a line worse on average with the 50% spacing compared
to the 100% spacing. The mean difference is over three times greater in children with CVI
than in normally sighted children.

Discussion

The goal of this study was to quantify the effect of contour interaction due to flanking bars
on visual acuity in children with CVI. As expected, the reduction in acuity was greater in
the presence of contour bars spaced more closely to the optotype (50% spacing) as compared
to greater spacing (100%). This is consistent with previous work done by Manny and Fern
that showed a decrease in visual acuity in the presence of contour interaction in preschool
children (Fern et al. 1986; Manny, Fern, and Loshin 1987). The expectation is that this
effect of contour interaction is greater in children with CVI than in normally sighted chil-
dren. Manny et al. found that there was a significant decrease in performance when the
flanking bars were positioned 0.71 to 1.42 times the angular subtense of the gap for both
pre-school children and adults. This is approximately 14% and 28% spacing - that is, their
study shows that the distance over which an effect is exhibited in normally sighted children
and adults is much closer to the optotype than in the population with CVI measured in our
study. This is consistent with our comparison to normally sighted subjects. This difference
holds true with these two subject populations: normally sighted children were affected by
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Figure 2.3: Bland-Altman analysis showing the difference in visual acuity measures versus
their mean in logMAR in children with CVI.

contour interaction from 50% spacing compared to 100% spacing by an average of half of
a line. However, the CVI subject population was affected by contour interaction at 50%
spacing an average of one and a half lines. Additionally, Manny et al. determined that the
poorer acuity found with charts was not due to contour interaction since the spacing between
optotypes is larger than the spacing over which a contour interaction effect is exhibited in
normally sighted adults and children.

In another study, 13 preterm children with periventricular leukomalacia (PVL) were exam-
ined (Jacobson et al. 1996). Their visual acuity was tested with single optotypes in all 13
children and with linear optotypes in 10 participants (those who were able to complete the
task). They concluded that visual impairment due to PVL is characterized by crowding,
visual field defects, oculomotor problems, and visual perceptual disturbances. Additionally,
they found that color vision and contrast sensitivity are relatively well preserved. They
reported crowding ratios in seven participants with acuities in the range of 20/60 to 20/100
with linear optotypes and found a difference of 0.2-0.3 logMAR in linear vs. single (2-3 lines).
Our subject population is generally unable to perform linear visual acuity tasks however,
these findings are in line with the results of our study which show an average difference of
1.5 lines when comparing visual acuity with 100% and 50% spacing. The expectation is that
the crowding bars exhibit some level of contour interaction on the target causing a consistent
reduction in visual acuity.
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Pike et al. measured crowding ratios in 42 children with one or more of the following lesions
documented (severe leukomalacia, large intraventricular hemorrhage, or cerebral infarction)
(Pike, Holmstrom, and Vries 1994). They measured the crowding ratio by dividing the visual
acuity for linear optotypes by the visual acuity for single optotypes. The linear optotypes
used were on the Sonksen-Silver Acuity System (SSAS) and the single optotypes used were
the Sheridan-Gardner seven letter test. The criteria were set for abnormally high crowding
ratio as greater than or equal to two. Thirteen of the twenty-nine children tested had this
amount of crowding (most with acuity around 20/40). Furthermore, abnormal crowding
ratios were found to be more common in ischemic than hemorrhagic lesions. Although the
visual acuity in this group was better than the average acuity of our population, this con-
tinues to be in line with the findings of our study.

Perhaps one of the most extensively studied models of crowding and contour interaction is in
individuals with amblyopia. It is well established in the literature that crowding and contour
interaction occur in the central visual field of individuals with amblyopia, and this was first
reported by Irvine in 1948 (Irvine 1948). More recent work indicates that there is a difference
in the effect of crowding in patients with strabismic amblyopia as compared to anisometropic
amblyopia (Song, Levi, and Pelli 2014). One important concept in crowding research with
respect to amblyopia is the fact that crowding occurs under dichoptic conditions - this means
that when a target or flanker is presented to the same or different eyes, the effect of crowding
is still observed. This suggests that crowding occurs at a cortical locus (Flom, Heath, and
Takahashi 1963). The fact that it occurs in the cortex implies that individuals with cerebral
visual impairment may have an analogous visual performance in the presence of crowding as
individuals with amblyopia.

Additionally, in the case of subjects with CVI with worse acuity, the effect of the contour
interaction was greater as well. This is also somewhat expected as it indicates that in cases
of more severe disease which would cause acuity to be worse in general, the effect of contour
interaction has a greater effect. Because the loss of acuity is due to damage in the brain, this
finding is also intuitive. An additional point of comparison that would be helpful would be
to identify how these findings compare to symbols presented in isolation (infinite spacing).
Data collection regarding symbols in isolation will be discussed in the following chapter.

These findings may be helpful when making recommendations to teachers and parents. Based
on this information, it may be most beneficial to suggest one print size for sight words and
a larger print size for words within a paragraph. This could further influence the kerning or
tracking of letters, that is, the spacing between letters and words used to maximize read-
ability. Kerning refers to the spacing between two characters to correct for visually uneven
spacing (e.g. ”cl” may be confused for a ”d” without the clarification provided by kerning).
On the other hand, tracking applies to the spacing within an entire word. In a study by
McLeish, increasing letter spacing in low vision readers improved reading speed and reduced
the critical print size for the majority of those tested (McLeish 2007). Our data suggests that
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the adjustment made to print size will be dependent on the level of visual acuity reduction
in the presence of contour interaction. That is, if an individual has a visual acuity of 20/70,
the recommendation may be to increase the print size by 1.5 lines above threshold; for an
individual with a visual acuity of 20/200, it would be better to increase the print size by
2 to 2.5 lines above threshold. Finally, because our study utilized flanker bars rather than
letters, one would expect that flanking letters (as found in normal text) would pose an even
greater challenge for children with cerebral visual impairment.

Conclusions

This study shows a negative effect of contour interaction on visual acuity in children with
CVI as well as normally sighted children. This difference is more significant for children with
CVI. Educational materials for children with CVI should take into account the reduction in
visibility of central letters or symbols when flanking bars or letters are present. The greater
the reduction in visual acuity, the greater the reduction in visual acuity with increased
crowding. For children with CVI, increasing the size of letters may need to be accompanied
by an increase in spacing between letters.
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Chapter 3

Critical spacing of contour interaction

Background

Cerebral Visual Impairment - Overview

Cerebral visual impairment (CVI) is the leading cause of vision loss in children in industrial-
ized nations and results from an insult to the developing brain. As described in the preceding
chapter, children with CVI have more difficulty with identifying symbols in the presence of
contours. The goal of this study was to determine the critical spacing of contour interaction
with contour bars in children with CVI as compared to a group of normally sighted children.
If critical spacing can be quantified more thoroughly, then better recommendations can be
made to the child's care team with respect to optimal spacing for accessing educational and
other materials.

Visual Challenges for Children with CVI

Studies and case reports identify complex visual patterns, arrays, and scenes to be visually
challenging for children with CVI. In their study, Dutton et al. identified various behaviors
underlying dorsal stream dysfunction that can contribute to an impaired ability to handle
complex visual scenes and tasks such as finding a toy in a toy box, finding an item of clothing
in a pile of clothing, or seeing a distant object even if it exceeds their resolution limit. This
can also create challenges when identifying people in a group, crowded places, and of course,
difficulties with reading printed materials (Dutton, McKillop, and Saidkasimova 2006).

Jan et al. evaluated common behaviors of children with CVI. The children varied in age
from 6 months to 17 years, with a mean age of 5.5 years. In addition to some variability
in visual acuity and visual function, the subjects also showed a preference for using touch
to identify objects, variability in visual field defects, and looking away while reaching (Jan
et al. 1987). This tendency to look away while reaching was also described by (Good et al.
2001); other behaviors include paying greater attention to moving objects than stationary



CHAPTER 3. CRITICAL SPACING OF CONTOUR INTERACTION 34

ones (Jan et al. 1987) and light gazing (Jan, Groenveld, and Sykanda 1990) or photophobia
(Jan, Groenveld, and Anderson 1993).

In their recent review on the CVI literature, Philip and Dutton identified characteristics of
visual dysfunction in children with CVI. They reported that patterns of visual dysfunction
can be quite varied in CVI. Total blindness is rare. In higher-functioning children, functional
visual acuity usually tends to be greater than twice the level of visual acuity when tested
with Lea symbols or crowded and uncrowded visual acuity charts with pictures and letters.
Generally speaking, children with CVI have normal color vision. Visual field deficit is related
to the location of the specific visual pathway damage. Furthermore, contrast sensitivity can
be reduced but is not always (Philip and Dutton 2014).

Critical Spacing Curves

As discussed in Chapter 2, crowding refers to the deleterious effects of recognizing an object
in the presence of other nearby objects. This is closely related to contour interaction, but
is considered to be a distinct phenomenon. Flom suggested that crowding is the combined
effects of contour interaction, attention, and eye movements (Flom 1991), although more
recent studies seem to use these two terms interchangeably. There are two major models
utilized to discuss contour interaction or feature interaction. One model describes how two
nearby items compete for a limited set of feature detectors (Estes 1972). These feature de-
tectors transform the incoming information and make comparisons. The second model posits
that features of a character drift over time. This work demonstrated that several processes
contribute to crowding including response competition, distribution of attention, perceptual
grouping, and contour interaction.

Crowding has been extensively studied for decades and is an established element in under-
standing visual perception. Although crowding is a distinct phenomenon that differs from
contour interaction, inferences can be drawn from studies that have focused on crowding
as it is typically a more complex phenomenon of which contour interaction is a primary
component.

Bouma found that for complete visual isolation to occur at a given eccentricity φ degrees,
no other letters should be present within 0.5φ degrees (Bouma 1970). The general goal of
crowding experiments is to quantify the critical spacing and to compare it under different
conditions. The critical spacing is the distance at which flanks degrade performance.

Bouma's law regarding the critical spacing of crowding has been well studied in the liter-
ature. Many studies have demonstrated that the level of crowding is proportional to the
distance from fixation and is dependent on position and direction in the visual field. This
directly relates to the visual cortex. That is, the cortical magnification factor is dependent
on eccentricity and can be mapped reliably to primary visual cortex (V1) (Pelli and Tillman
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2008). Although these studies were primarily focused on normally sighted individuals or
individuals with amblyopia, it demonstrates the important relationship that exists between
critical spacing and visual cortex. Therefore, one could posit that an individual with cortical
damage (or other brain damage) may have a disruption of this relationship and therefore
critical spacing.

There are three general approaches to quantify crowding. The first utilizes a fixed target size
which is identified some percentage of the time in isolation (e.g. 90%) and then flankers are
introduced at various distances. This allows for quantification of both strength and extent of
crowding. The second approach is to measure a threshold for identifying the target and then
vary the target and flank parameters such as size, distance, etc. The final approach involves
measuring flanked and unflanked acuity. Comparing to the unflanked acuity controls for the
confounding of size and spacing in the measurement. It is important to note the threshold
criterion in a given study on crowding, as well as if the experimenter is using center to center
or edge to edge separation in their measurements (Levi 2008). Failure to understand the
method of analysis used may skew interpretation of presented results.

One concept proposed by Pelli is that the external world is mapped onto V1 retinotopically.
As a result of this mapping to the primary visual cortex, for an object to be recognized,
it must be separated in the visual cortex by at least six millimeters radially and at least
one millimeter circumferentially. This means that unless objects are sufficiently separated
beyond a given critical spacing, the objects will be perceived as a jumble rather than distinct
objects. The similarity of flankers to the target affects the amount (or amplitude) but not
the spatial extent of the crowding. There are three main supporting components to this
finding: the necessary critical spacing in the visual field is proportional to the eccentricity
of the objects; the critical spacing is independent of object size and kind; the position in V1
on the cortical surface is the log of the eccentricity in the visual field (Pelli 2008).

It has been well established for decades that identification of flanked letters improves with
letter separation (Bouma 1970). Furthermore, critical spacing has been studied in various
populations to determine the extent to which two elements may affect the legibility of the
other (e.g. flanking bars surrounding an optotype). It is common to analyze the effects
of critical spacing on crowding and contour interaction. One of the more frequently eval-
uated populations for crowding is individuals with amblyopia. Crowding as modeled by
critical spacing accounts for the limits seen on reading in amblyopic patients (Levi, Song,
and Pelli 2007). Interestingly, Levi et al. also found that in normally sighted subjects and
in amblyopic subjects, the critical spacing for crowding and reading was equal. That is, for
individuals with amblyopia, crowding poses limitations on reading by determining the size
of the uncrowded span or the number of characters which may be presented without causing
crowding. The crowded span determines reading rate independent of the spacing of letters
within the span.
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Critical Spacing in Amblyopia

There are a number of approaches to quantifying critical spacing in a given study. One
approach is to fit a cumulative Gaussian function and estimate the target to flank distance
for a set level of performance (e.g. 75% correct) (Toet and Levi 1992). Another approach
is to fit a curve to the threshold versus flank distance to quantify the magnitude and de-
gree. As mentioned before, it is important to note if an investigator used center to center
separation of target and flankers or edge to edge spacing when interpreting the results of a
study. This difference in reporting creates a discrepancy in which some investigators report
critical spacing to be about 0.1 times the target eccentricity (edge to edge) such as in (Levi,
Hariharan, and Klein 2002) and other studies report that critical spacing is 0.5 times the
target eccentricity (center to center) such as in (Bouma 1970; Toet and Levi 1992), and
others.

Crowding and contour interaction have both been extensively studied in people with ambly-
opia. Amblyopia has served as an excellent model for our understanding of crowding. This
phenomenon has been discussed for many years with respect to amblyopia and continues
to be an area of continued research interest. Calculating critical spacing relies on making
assumptions - one such assumption made in understanding critical spacing of crowding in
amblyopia is found in the uncrowded-span model which joins Bouma's eccentricity dependent
model of crowding (Bouma 1970) with Legge, Mansfield, and Chung’s idea of proportionality
of reading rate relative to visual span (Legge, Mansfield, and Chung 2001). In this model,
Legge et al. describe this joint model in which spatiotemporal characteristics of the visual
span limit reading speed in central vision, and that in the periphery, the fact that the vi-
sual span shrinks is the main limiting factor for reading speed. Pelli defined the uncrowded
span as the number of character positions in a line of text that are uncrowded (exceeding
the critical spacing) (Pelli et al. 2007). Pelli's model focuses on the uncrowded span and
demonstrates that this model explains the shape of reading rate curves. Furthermore, their
work showed that critical spacing for letter identification was able to predict both critical
spacing and span of reading.

From previous studies on crowding in amblyopia, it is known that crowding occurs under
dichoptic conditions - this means that when a target or flanker is presented to the same or
different eyes, the effect of crowding is still observed. This suggests that crowding occurs at
a cortical locus (Flom, Heath, and Takahashi 1963). For this reason, amblyopia may be a
reasonable model to look to when studying CVI as individuals with CVI may have analogous
performance in the presence of crowding to those with amblyopia.

Expected Critical Spacing in Children

Normally sighted children show more foveal crowding than adults, both in terms of target-
flanker similarity and linear presentation (optotypes presented on a crowded line). They
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exhibit more contour interaction which does not mature until age nine. Attention and eye
movements are likely to mature around age seven, but can have an effect which extends
beyond age seven (Norgett and Siderov 2014).

When discussing critical spacing of contour interaction, it is helpful to formulate context for
expectations regarding contour interaction in children without visual impairment. In two
landmark papers, Manny and Fern and others evaluated contour interaction in preschool
aged children. They set out to study whether the reduction in performance of children
tested with isolated versus multiple optotypes was due to contour interactions or due to
another phenomenon. They measured visual acuity in children aged 2-7 using Landolt C's
and O's. Their results showed that preschool children are affected by contour interaction
(Fern et al. 1986).

In a later study, they showed a significant decrease in performance when the flanking bars
were positioned 0.71 to 1.42 times the angular subtense of the gap for both children and
adults. However, they pointed out that acuity charts with multiple letters per line are often
spaced more widely. Therefore, another conclusion was that the reduction in acuity measured
with linear charts compared to isolated symbol presentation is not necessarily solely due to
contour interaction (Manny, Fern, and Loshin 1987).

Critical Spacing in CVI

There are no studies to date that have quantified the magnitude and extent of critical spacing
of crowding or contour interaction in children with CVI. However, some studies have looked
at crowding ratios as a method of quantifying crowding.

One study evaluated 13 preterm children with periventricular leukomalacia (PVL) (Jacobson
et al. 1996). Their visual acuity was tested with single optotypes in all 13 children and
with linear optotypes in 10 participants (those who were able to complete the task). They
concluded that visual impairment due to PVL is characterized by crowding, visual field
defects, oculomotor problems, and visual perceptual disturbances. Furthermore, they found
that certain visual functions were well preserved in PVL such as color vision and contrast
sensitivity. They reported crowding ratios in seven participants with acuities in the range
of 20/60 to 20/100 with linear optotypes and found a difference of 0.2-0.3 logMAR in linear
vs. single (2-3 lines) presentations. This does not directly measure critical spacing, however,
it is in line with our findings that the critical spacing is greater in children with CVI. To
directly measure critical spacing, it would be necessary to vary the distance between target
and flanker systematically rather than using a ratio of linear to single symbol presentations.

Another study by Pike et al. measured crowding ratios in 42 children with one or more of
the following lesions documented (severe leukomalacia, large intraventricular hemorrhage,
or cerebral infarction) (Pike, Holmstrom, and Vries 1994). They measured the crowding
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ratio by dividing the visual acuity for linear optotypes (using Sonksen-Silver Acuity System)
by the visual acuity for single optotypes (using Sheridan-Gardner seven letter test). The
researchers set the criteria for abnormally high crowding ratio as being greater than or equal
to two. Thirteen of the twenty-nine children tested had this amount of crowding (most with
acuity around 20/40). They also found that abnormal crowding ratios were more common
in ischemic than hemorrhagic lesions. Once again, this is in line with the findings of this
study, and one would anticipate that if critical spacing had been measured in this study,
that it would show a similar trend to our data.

Applicability of Contour Interaction

Although contour interaction is a basic component of crowding and is not the same thing as
crowding, it can still be a useful parameter when characterizing visual difficulties in children
with CVI. If contour interaction is affected significantly in CVI, we can assume that crowding
would also be affected. Of course, further investigations aimed at crowding in particular still
remain to be done and this will be the only way to obtain definitive data regarding crowding
as a distinct phenomenon. In the meantime, a reduction in contour interaction would still
be expected to affect vision in children with CVI, not only with reading tasks, but also in
their day to day life, especially in cluttered, busy, and crowded situations.

Study

Purpose

As discussed in more detail in Chapter 2, the first preliminary study showed that there is
a reduction in acuity with contour bars that are spaced 50% versus 100% of the optotype
size away from the optotype of interest in children with CVI. The goal of that study was to
quantify the effect of contour interaction due to flanking bars on acuity in children with CVI.
As expected, the reduction in acuity was greater in the presence of contour bars spaced more
closely (50% spacing) as compared to greater spacing (100% spacing). This is consistent with
previous work done by Manny and Fern who showed a decrease in acuity in the presence
of contour interaction in preschool children (Fern et al. 1986), (Manny, Fern, and Loshin
1987). The expectation is that this effect of contour interaction is greater in children with
CVI than in normally sighted children.

To have a better understanding of the critical spacing of contour interaction, isolated symbols
were also measured in children with CVI. Additionally, normally sighted children were also
tested. Having a better understanding of the extent of contour interaction can be useful
when determining the differences between clinical measurements in isolation compared to
more realistic visual targets with surrounding flankers. Most objects that are presented in
real world settings are not presented in isolation. Therefore, it can be helpful to know the
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Etiology Number of Subjects

Hydrocephalus 1
Microcephaly 2
Periventricular leukomalacia (white matter dam-
age)

3

Joubert Syndrome 1
Hypoxic Ischemic Encephalopa-
thy/cerebrovascular accident/birth trauma

2

Confirmed diagnosis of CVI, unspecified 2
Infection/drug exposure in utero 1
Injury/malformation of corpus callosum 1
Hemispherectomy 1
Unclear etiology, risk of CVI based on history 5

Table 3.1: Etiologies of CVI subject pool.

extent to which a child with CVI may be more greatly affected by the effects of contour
interaction.

Materials and Methods

Binocular visual acuity was measured during a comprehensive vision examination for 19
children (ages 4-20 years; mean 9.6 years) presenting with a diagnosis of CVI (etiologies
listed in Table 3.1) and 37 normally sighted children (ages 3-11 years; mean 6.2 years). An
additional group of 43 children (ages 3-23; mean 9.13 years) with CVI with only two of
the three measurements (50% and 100% spacing) were also included when fitting a critical
spacing template to the data.

Single Lea symbols with contour flanker bars at 50%, 100%, and infinite (unflanked) spacing
were presented in a two-alternative forced choice manner using the apple and the house as the
test optotypes (see Figure 3.1). Visual acuity thresholds were determined using the modified
acuity card procedure by observation of the child's eye gaze, pointing, and/or naming of the
optotype. A two line best fit template was used to construct a curve that indicates the critical
spacing for each population (at the intersection of the two lines). To determine confidence
intervals, Monte Carlo simulations were generated based on the subject data according to
methods used by Coates, Chin, and Chung (2013) and Kingdom and Prins (2010).
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Figure 3.1: Visual acuity targets: Lea symbols with varying flanker spacing (schematic - not
necessarily to scale).

Results

For the 19 children with CVI, visual acuity ranged from 0.0 to 1.38 logMAR using 100%
Lea symbols (which yielded better acuity). For the same group of 19 children, the mean
difference in visual acuity was 0.24 logMAR for isolated vs. 50% spacing, 0.16 logMAR for
100% vs. 50% spacing, and 0.08 logMAR for isolated vs. 100% spacing.

In normally sighted children, the mean difference in visual acuity was 0.05 logMAR for
isolated vs. 50% spacing, 0.03 logMAR for 100% vs. 50% spacing, and 0.02 logMAR for
isolated vs. 100% spacing. A two-line best fit template was fit to the data for children with
CVI and normally sighted children. The critical spacing was found to be 1.11 log units of
spacing for the CVI group and 0.47 log units of spacing for the normal group. 44 additional
children with CVI were included with two measurements (50% and 100%) and were fit to
the template. Figures 3.2 and 3.3 show the distribution of the data and the critical spacing
point for both groups. Note that the critical spacing is shifted to the right for the CVI
group, and also that the visual acuity measurements are higher in logMAR (corresponding
to poorer acuity) for the CVI group as a whole compared to the normally sighted group.



CHAPTER 3. CRITICAL SPACING OF CONTOUR INTERACTION 41

Figure 3.2: Critical spacing curves for normally sighted children. The point of intersection
is based on the average across subjects. For normally sighted children, the critical spacing
was found to be 0.47 log units of spacing.
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logMAR50% logMAR100% logMARiso

1.08 0.68 0.58
1.08 0.68 0.58
0.20 0.20 0.00
0.30 0.00 0.00
0.78 0.58 0.48
1.38 1.08 1.07
1.00 0.70 0.70
0.40 0.20 0.10
0.80 0.60 0.60
0.70 0.54 0.40
-0.10 -0.10 -0.10
0.30 0.20 0.00
0.20 0.20 0.30
0.40 0.40 0.40
0.18 0.18 0.18
0.88 0.88 0.78
0.88 0.68 0.58
0.78 0.78 0.48
0.28 0.28 0.28

Table 3.2: Raw visual acuity data for children with CVI. Most children showed an improve-
ment in visual acuity with decreasing contour.

Case Report Comparison

Case Report 1

G.R. is a 4 year old male who presented for a comprehensive vision exam as a new patient
to the Special Visual Assessment Clinic (SVAC). G.R. was born at 37.5 weeks and his
medical history is significant for seizures, ischemic brain injuries, mini-strokes, cerebral palsy,
developmental delay, and cerebral visual impairment. The cause of his CVI is attributed to
hypoxic ischemic injury. He is not taking any medications. His refractive error is +1.75DS in
both eyes with cycloplegic retinoscopy. He has an intermittent exotropia but his eyes remain
well aligned during examination. With the Cardiff Acuity Test he is able to locate but not
identify targets at the 20/20 visual acuity level. His logMAR visual acuities for isolated,
100%, and 50% spacing are 0.48 logMAR (20/60), 0.58 logMAR (20/76), and 0.78 logMAR
(20/120), respectively. His Cambridge Contrast sensitivity is reduced to 1% (measured in
Michelson contrast). His color vision and visual fields are normal. G.R. is a good example of
an individual who follows the general pattern expected with increased proximity of contours
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logMAR50% logMAR100% logMARiso

0.00 0.20 0.00
0.00 -0.09 -0.09
0.20 0.10 0.10
0.20 0.10 0.00
0.00 0.00 0.00
-0.10 -0.10 -0.10
0.20 0.10 0.10
0.00 0.00 -0.10
0.00 0.00 0.00
-0.10 -0.10 -0.10
0.00 -0.10 -0.10
0.10 0.00 0.00
-0.10 -0.10 -0.10
0.00 0.00 -0.10
0.00 -0.10 -0.10
0.00 0.00 0.00
0.10 0.00 0.00
0.00 0.00 -0.10
0.20 0.20 0.20
0.30 0.20 0.20
0.00 0.00 0.00
0.10 0.00 0.00
0.00 0.00 0.00
-0.10 -0.10 -0.10
-0.10 -0.10 -0.10
0.00 -0.10 -0.10
0.00 0.00 0.00
0.10 0.10 0.10
-0.10 -0.10 -0.10
-0.10 -0.10 -0.10
-0.10 -0.10 -0.10
0.00 -0.10 -0.10
0.10 0.00 0.00
0.00 0.10 0.10
0.10 0.00 0.00
0.10 0.00 0.00
0.00 -0.10 -0.10

Table 3.3: Raw visual acuity data for children with normal vision. None of the children show
a significant effect between varying levels of contour.
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Figure 3.3: Critical spacing curves for children with CVI. The point of intersection is based
on the average across subjects. For children with CVI, the critical spacing was found to
be 1.11 log units of spacing. This value is of particular interest when compared to the
critical spacing found for children with normal vision. That is, children with CVI show a
significantly larger critical spacing indicating that the region over which contour interaction
occurs is more extensive for children with CVI as compared to normally sighted children.
Furthermore, the spread of logMAR visual acuity is much larger in CVI (0.32) than in
normally sighted children (.09).

in a child with CVI. G.R. has functional visual acuity, and although he is affected by contour
interaction, his visual acuity is not as affected as others with poorer visual acuity.
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Figure 3.4: Bland-Altman analysis of logMAR 100% versus logMAR isolated for children
with CVI.

Figure 3.5: Bland-Altman analysis of logMAR 100% versus logMAR 50% for children with
CVI.

Case Report 2

B.V. is a 7 year old female who presented for a comprehensive vision exam as a returning
patient to the Special Visual Assessment Clinic (SVAC). She was born prematurely at 35
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Figure 3.6: Bland-Altman analysis of logMAR isolated versus logMAR 50% for children with
CVI.

weeks along with her fraternal twin. Her medical history is significant for cerebral palsy
and cerebral visual impairment. Her refractive error is OD +4.00 -1.00 x 180 and OS +4.75
-0.50 x 180. She presents with a 30-40 prism diopter left esotropia. Her Cardiff Acuity Test
results show 20/50 visual acuity with her current spectacles. Her logMAR visual acuities for
isolated, 100%, and 50% spacing are 0.58 logMAR (20/76), 0.68 logMAR (20/96), and 1.08
logMAR (20/240), respectively. Her Cambridge Contrast sensitivity was mildly reduced to
0.52% and her color vision was normal. Her left esotropia most likely contributes to a visual
field restriction to approximately 45 degrees on her left side. B.V. is a good example of
how a child with poorer visual acuity with 100% standard spacing with can show significant
difficulties in the presence of contour, and that 50% spacing can cause a huge disruption
in visual performance (a five lines reduction in visual acuity as compared to an isolated
symbol).

These two case reports illustrate that the visual acuity of children with poorer levels of
visual acuity show a greater degradation of acuity in the presence of contour interaction.
Therefore, it is of utmost importance not to overestimate visual abilities of children with
conditions such as CVI so that they may still qualify for vision impairment services through
their educational providers.
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Discussion

As expected, our findings demonstrate that children with CVI have a larger area over which
contour interaction affects visual acuity. This is consistent with previous findings in the
literature which demonstrate that children with CVI (specifically PVL) have an elevated
crowding ratio (Jacobson et al. 1996). However, there has not yet been a systematic evalu-
ation of the magnitude and extent of critical spacing of contour interaction on visual acuity
in children with CVI. For normally sighted children, it is well known that factors other than
contour interaction can be considered responsible for the reduction in visual acuity when
children read a chart with crowded (linear) optotypes (having one optotype or less spacing
between optotypes) (Jacobson et al. 1996). The majority of the CVI population evaluated
in this study would have difficulties with being tested with a linear chart for other logistical
reasons (head position, non-verbal, intellectual impairment, etc). However, one would expect
that a child who is able to perform a linear visual acuity task with CVI may actually be
affected more greatly by the spacing of the optotypes presented on a line, unlike a normally
sighted child, and it would further be expected that such a child would have a much better
single optotype acuity.

As discussed in Chapter 2, these findings may be helpful when making recommendations to
teachers and parents. Although standard recommendations for educational purposes tend to
focus on print size (and this remains to be important), these findings further elucidate the
importance of spacing on visual performance. Both kerning (spacing between characters that
may be confused for a different letter e.g. cl and d) and tracking (spacing within an entire
word), may need to be adjusted to optimize performance for children with CVI. If standard
print is 25% spacing, this certainly is within the realm of contour interaction for children
with CVI. In general, children with CVI will need adjusted spacing at about twice that of
materials printed for normally sighted children. This estimate seems rather conservative,
since it would be expected that flanking letters or optotypes would have an even greater
effect than flanking bars on visual acuity and performance. Therefore, double spacing letters
may be a good starting point when making recommendations, however, teachers and parents
will want to experiment with adjusting spacing as well as print size when finding the optimal
parameters for educational materials for each specific child.

Conclusions

The critical spacing for contour interaction in children with CVI is about two times larger
than that for normally sighted children. The effects of contour interaction may add to the
visual difficulty of a given task for children with CVI. This information may be valuable when
making recommendations on print size and spacing in educational materials for children with
CVI, as well as general lifestyle recommendations to parents of children with CVI. Further
investigation of the effect of flanking optotypes surrounding a central target optotype remains
to be done and could further elucidate the real world applicability of these findings.
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Chapter 4

Visual acuity

Background

Overview

Cerebral visual impairment (CVI) is the leading cause of vision loss in children in indus-
trialized nations, and results from an insult to the developing brain. Preferential looking
procedures using gratings and the Cardiff picture cards successfully measure visual acuity
in non-verbal patients; but both grating acuity and Cardiff cards tend to underestimate the
visual acuity reduction associated with amblyopia. It is anticipated that the Cardiff Acuity
Test likely would underestimate visual acuity loss in children with CVI due to the lack of
contour interaction effects.

As discussed in Chapters 2 and 3, a comparison of two forms of Lea single symbol cards with
contour bars was utilized to measure acuity in children with cerebral visual impairment as
compared to children with normal vision. In Chapter 2, it was determined that the visual
acuity of children with CVI is reduced in the presence of increased contour interaction; this
occurs when using cards which have contour bars spaced at 50% of the optotype width away
versus 100% of the optotype width away. This effect is not seen in children with normal
vision.

In Chapter 3, the extent to which this occurs was evaluated through an analysis of critical
spacing. This analysis showed that children with CVI have a critical spacing that is about
twice as large as children with normal vision - that is, the extent over which contour had a
significant effect on visual acuity is twice as large for children with CVI. This is the frame-
work within which a comparison can now be made to other types of visual acuity testing, as
discussed further in this chapter.
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Types of Visual Acuity Tests

There are several tests of visual acuity but they measure different aspects of visual resolu-
tion and thus are not directly comparable. These include tests of detection (minimum line
width equals 0.5 seconds of arc), resolution (minimum resolvable equals 0.5 to 1 minarc),
isolated identification (minimum recognizable letter), crowded indentification (minimum rec-
ognizable letter with horizontal contour interaction), and hyperacuity or vernier (minimum
discriminable offset 3 to 6 secs of arc). The first category of tests for children with various
impairments merely assesses the child's ability to detect that something is present. The child
is not required to identify or recognize the target of interest. The STYCAR Graded-balls
Vision Test, introduced in 1973, was designed to provide visual information from very young
children (six months to two and a half years of age) as well as children with various cogni-
tive impairments. The test utilizes two presentations of the test balls either by rolling the
balls or mounting them (static presentation by mounting on black sticks). A comparison is
made to Snellen equivalence, however, this connection is limited as Snellen is a recognition
test (Sheridan 1973) and the STYCAR test may be a test of contrast detection rather than
acuity.

Another category of tests is based off the original concepts of forced-choice preferential look-
ing (PL) and the acuity card procedure (Dobson, McDonald, and Teller 1985). This category
is defined as resolution tests in which the target must be resolved in some way such as with
Teller Acuity Cards. Grating acuity can be measured a number of different ways, but the
Teller Acuity Card presentation typically presents a card with a blank gray field on one side
and a grating of varying spatial frequency on the other half. If the child is able to resolve the
grating, it is expected that the child would attend to the grating rather than the blank gray
field. At threshold, both fields appear equally gray. The Teller Acuity Cards were shown to
predict normal visual acuity with Snellen charts at age five and a half when testing showed
normal responses at age one - conversely, children who did not show high acuity scores with
grating at age one continued to have visual difficulties at age five and a half when measured
with Snellen charts (Dobson et al. 1999).

The final category includes tests which require a child to recognize the object of interest. One
test aimed at obtaining this information in young children is the Kay Picture Test which was
a predecessor of the Lea Symbols (Kay 1983). The chart was based off of Snellen sizing and
utilizes pictures to create an interesting test for children. Other tests within this category
include the Cambridge crowding cards and the Sonksen-Silver Acuity System.

Cardiff Visual Acuity

The Cardiff Test was originally developed with the intention of measuring visual acuity in
hard to test groups such as toddlers and young children with intellectual impairment. The
test target series includes a single picture target (fish, boat, house, car, train) on a grey
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background. Each picture was drawn with a white band bordered by two black bands. If
the bands are too narrow to resolve, the picture vanishes into the grey background (Figure
4.2). The original introduction of the test suggested that it showed comparable visual acuity
measurements when compared to other accepted visual acuity tests such as the Snellen
optotypes, Cambridge, and Teller cards. The advantage of this new test was that it could
be administered via preferential looking as needed and was much easier to administer in the
toddler age group (Adoh, Woodhouse, and Oduwaiye 1992).

Normative data was established for toddlers ages 12-36 months using the Cardiff Acuity
Test. Testing 291 toddlers showed that mean binocular acuity increased from 4.5 to 1.2 min
arc, and mean monocular acuity increased from 4.5 to 1.4 min arc over 12-36 months. The
data also showed that the inter-ocular difference in acuity estimate was less than 1/3 octave
and that binocular acuity was unsurprisingly much easier to obtain (Adoh and Woodhouse
1994).

Comparisons with Cardiff Visual Acuity

The Cardiff Acuity Test was demonstrated to be useful, especially in young toddlers with
limited attention. A later study evaluated the effectiveness of the Cardiff Acuity Test in
detecting amblyopia as compared to pattern visual evoked potentials (VEP) and the Bailey-
Lovie Chart. The Cardiff Acuity Test was only able to identify 5 of the 12 children with
amblyopia. As such, this test is not recommended when determining the presence of mild
amblyopia (Geer and Westall 1996).

Another study evaluated the use of the Cardiff Acuity Test in identifying significant refractive
errors. Sixty-eight children were tested who had known bilateral symmetric refractive error
(0.50D of myopia or greater and 1.5D of hyperopia or greater) using both the Cardiff Acuity
Test and the Bailey-Lovie Chart. The Cardiff Acuity Test only identified 25% of those with
reduced vision due to uncorrected refractive error as compared to 97% with the Bailey-Lovie
Chart. Therefore, the conclusion was that reduced acuity caused by uncorrected refractive
errors will be underdiagnosed when only the Cardiff Acuity Test is used (Howard and Firth
2006).

A comparison of Teller Acuity Cards and Cardiff Acuity Cards in children below the age
of two also found that the acuity reduction due to significant refractive errors were missed
more often with Cardiff than with Teller. They recommended that the Cardiff test can
be useful and ”child-friendly,” however, care must be taken not to miss visually significant
ocular issues (Sharma et al. 2003).

Children with multiple disabilities were evaluated using VEP and Keeler or Cardiff acuity
cards. This study found that it was more challenging to be successful with visual acuity
cards as compared to VEP, however, the VEP and acuity card thresholds were significantly
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correlated. In children with very poor vision, the VEP was found to give better visual acuity
readings (Mackie et al. 1995).

Predicted versus Measured Cardiff Visual Acuity

Our extensive clinical testing on both normally sighted and visually impaired children has
allowed our lab to utilize a nomogram for determining predicted letter acuity based on
measured grating visual acuity. The equation is as follows:

MAR(optotype) = [MARgrating − 1/0.4] ∗ 1.3 + 1

This adjustment may provide better agreement between the two visual acuity tests as demon-
strated in this study.

Study

Purpose

Preferential looking procedures using gratings and the Cardiff picture cards successfully
measure visual acuity in non-verbal patients; but both grating acuity and Cardiff cards tend
to underestimate the visual acuity reduction associated with amblyopia. It is anticipated
that Cardiff cards would also underestimate visual acuity loss in children with CVI due to
the lack of contour interaction of the target. Visual acuity, measured with Cardiff cards
and Lea symbols that had contour bars at 100% and 50% spacing, was evaluated through
a retrospective, observational clinical study. The goal of the study was to determine if
a different preferential looking procedure may give more information in children with CVI
regarding visual acuity. If so, it may be recommended to eye care providers to utilize different
preferential looking cards when measuring visual acuity in this population.

Methods

Binocular visual acuity was measured during a comprehensive vision examination of 15
children (ages 4-18 years; mean 8.6 years) presenting with a diagnosis of CVI (etiologies
listed in Table 4.1). Single Lea symbols with contour flanker bars at 50% and 100% spacing
were presented in a two-alternative forced choice task using the apple and the house as the
test optotypes. Binocular visual acuity was measured with the Cardiff Visual Acuity Test
which required detection of an isolated shape on a grey background. Visual acuity thresholds
were determined using the modified acuity card procedure by observation of the child's eye
gaze, pointing, and/or naming of the optotype. The majority of children with CVI tested in
this study population were non-verbal or had limited verbal skills, and therefore, eye gaze
was often the only method possible.
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Etiology Number of Subjects

Hydrocephalus 1
Microcephaly 1
Periventricular leukomalacia (white matter dam-
age)

4

Joubert Syndrome 2
Hypoxic Ischemic Encephalopa-
thy/cerebrovascular accident/birth trauma

1

Confirmed diagnosis of CVI, unspecified 2
Infection/drug exposure in utero 1
Injury/malformation of corpus callosum 1
Cerebellar hypoplasia/atrophy 1
Unclear etiology, risk of CVI based on history 8

Table 4.1: Etiologies of CVI subject pool.

Cardiff VA logMAR logMAR 100% logMAR 50%

0.50 0.78 0.98
0.00 0.20 0.40
0.40 0.70 0.88
0.00 0.23 0.23
0.30 0.81 0.10
0.60 1.18 1.38
0.60 0.90 1.20
0.50 0.70 0.88
0.30 0.90 1.10
0.57 0.90 1.20
0.60 1.10 1.10
0.30 0.58 0.78
0.10 0.60 0.60
0.00 0.00 0.30
0.63 1.08 1.38

Table 4.2: Raw data for children with CVI. Visual acuity is listed in logMAR values.
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Figure 4.1: Example of 100% and 50% spacing around two Lea optotypes, presented in two
alternative forced choice manner.

Figure 4.2: Example of the Cardiff acuity card; the shape is located either at the top or
bottom of the grey background.

Results

For this study group, the ranges for visual acuity were found to be Cardiff logMAR 0 to 0.6
(Snellen equivalent 20/20 to 20/80). For the Lea 100% spacing test, the ranges were logMAR
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Figure 4.3: Bland-Altman plot of the difference between Cardiff acuity and 50% Lea cards
versus mean visual acuity. This demonstrates the largest discrepancy between two measures
performed. The Cardiff Acuity Test underestimated vision loss by over 5 lines (0.54 logMAR)
when compared to the 50% Lea visual acuity. Furthermore, the slope indicates a downward
trend which shows that as visual acuity worsens, the difference between two measures in-
creases. Thus, it is more likely to underestimate vision loss for a child with greater visual
impairment if only testing with the Cardiff Acuity Test.

0 to 1.18 (Snellen equivalent 20/20 to 20/300). The lowest acuity ranges were found with
Lea 50% spacing and were found to be logMAR 0.23 to 1.38 (Snellen equivalent 20/32 to
20/500). Cardiff visual acuity was generally better than either Lea 100% spacing or Lea 50%
spacing for most subjects. Using the equation to predict optotype acuity listed above, the
Cardiff acuity range was logMAR 0-1.06 (Snellen equivalent 20/20 to 20/230).

Bland-Altman analysis is utilized to describe the differences between two measures. It plots
the mean versus the difference between two measures. A Bland-Altman analysis comparing
Cardiff visual acuity to the 100% and 50% spacing Lea visual acuity was performed. When
compared to Lea 50% spacing cards, Cardiff acuity underestimates the average vision loss
by -0.54 logMAR, and this difference increases with worse acuity. The slope is significantly
different from zero at p< .01 (p=.008). This is equivalent to about 5.5 lines (for example,
20/20 versus 20/63 would be a five line difference on a log based visual acuity chart). A
similar analysis was performed with the adjusted Cardiff measurements as compared to 50%
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Figure 4.4: Bland-Altman plot of the difference between adjusted Cardiff acuity and 50%
Lea cards versus mean visual acuity. This demonstrates a much smaller discrepancy of only
about two lines. The Cardiff Acuity Test underestimated vision loss by 2 lines (0.22 logMAR)
when compared to the 50% Lea visual acuity.

Lea visual acuity, and the difference was found to be much smaller at -0.22 logMAR in this
case (two line difference). This slope was not found to be significantly different from zero.

A similar analysis was performed to compare Cardiff visual acuity and 100% Lea visual
acuity. Cardiff visual acuity underestimates vision loss by -0.35 logMAR, and this difference
increases with worse acuity. The slope is significantly different from zero at p< .05 (p=.037).
This is not as large of a difference, but still accounts for about 3.5 lines of visual acuity dif-
ference on a log based visual acuity chart (for example 20/20 versus 20/50). As with the
50% spacing, another analysis was performed with the adjusted Cardiff measurements as
compared to 100% Lea visual acuity, and the difference was also found to be much smaller
at -0.04 logMAR in this case (less than half a line difference). This slope was also not found
to be significantly different from zero.

Similar to the analysis performed in Chapter 2, the 50% Lea visual acuity and 100% Lea
visual acuity were compared with a Bland-Altman analysis. The difference between the two
measures was found to be -0.16 logMAR, or the equivalence of about a line and a half. In this
case, the slope was not significantly different from zero at p=0.36. This is consistent with
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Figure 4.5: Bland-Altman plot of the difference between Cardiff and 100% Lea versus mean
visual acuity. This also shows a discrepancy between measures, although it is shown to
be smaller (over three line difference). Once again, the downward slope indicates that the
difference between measures increases with worse visual acuity.

the trend seen in Chapter 2, although the Chapter 2 results were found to be significant,
possibly due to a much larger sample size.

When compared to both measures, Cardiff visual acuity underestimated the vision loss com-
pared to 100% and 50% spacing Lea visual acuity, and the disparity between measures was
worse for 50% spacing as well as for children with worse visual acuity. This is indicated by
the slope of the graph - as the visual acuity worsens, the difference between the two measures
increases. However, when using the adjusted Cardiff values according to our equation, the
difference between measures was much smaller indicating that Cardiff measurements may be
more reliable in children with CVI if they are adjusted.
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Figure 4.6: Bland-Altman plot of the difference between adjusted Cardiff and 100% Lea
versus mean visual acuity. This shows a much smaller difference between measures at less
than half a line (0.04 logMAR).

Example Case Discussion

One case report shows quite dramatically the risk of underestimating vision loss when using
the Cardiff Acuity Test, as compared to a more challenging method such as 100% or 50%
Lea symbols.

T.B. is an 18 year old male who presented for a comprehensive eye exam to the Special Visual
Assessment Clinic (SVAC). His medical history is significant for cerebral visual impairment
secondary to microcephaly. He also has been diagnosed with cerebral palsy and hypotonia.
He has a history of bilateral cataracts for which he underwent cataract extraction followed
by YAG capsulotomy for secondary posterior subcapsular cataract formation. His vision is
corrected with OD +0.50 DS and OS +1.50 DS with a +3.00 add in progressive addition
lenses. He also presents with a small alternating esotropia that is more often present in the
left eye. His Cardiff Acuity Test visual acuity was measured to be 20/80 (logMAR 0.60) with
both eyes viewing. Using our conversion factor, our predicted letter acuity at this level is
20/215. When measured with Lea 100% and Lea 50% his visual acuity was 20/300 (logMAR
1.18) and 20/480 (logMAR 1.38) respectively. The predicted visual acuity of 20/215 from
the 20/80 Cardiff measure does not fully demonstrate the level to which the CVI affects the
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Figure 4.7: Bland-Altman plot of the difference between 50% and 100% Lea versus mean
visual acuity. This trend is consistent with the results from Chapter 2 in which visual acuity
tended to be worse (or the same for three subjects) with 50% Lea symbols as compared to
100% Lea symbols. It also shows a similar pattern in which the difference between the two
measurements increases with worse acuity.

visual function and performance but is a better estimate than the uncorrected Cardiff acuity
value. It is of utmost importance not to underestimate the level of vision loss so there are
not unrealistic expectations placed on children, and so that they still may continue to qualify
for low vision services.
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Discussion

The Cardiff Acuity Test is a quick and easy-to-administer clinical test for obtaining visual
acuity in young children or children who are non-verbal. As other studies have shown,
the Cardiff Acuity Test can be helpful when measuring vision in normally sighted children.
However, when children present with some other condition such as amblyopia, high refractive
error, or in the case of this study, CVI, the Cardiff Acuity Test has a tendency to significantly
overestimate the visual acuity (or underestimate the amount of true loss caused by the visual
impairment).

Cardiff Acuity underestimates vision loss by three to five lines on average when compared
to the flanked Lea symbols. Furthermore, children with poorer vision had an even greater
disparity between the Cardiff and Lea measurements. This is particularly concerning since
children who may have significant impairments may not be identified as having severe visual
impairment. One study evaluated ways to improve the reliability of visual acuity tests
in children - they showed that logarithmic progression of optotype size, such as with Lea
symbols but not with Cardiff Acuity, offers improvements in test performance in terms of
sensitivity as well as reliability (McGraw et al. 2000). When adjustments were made to the
Cardiff measurement using our equation, the agreement between the two measures was much
closer. This indicates that it may be best to adjust the Cardiff measurements, especially in
children with CVI to more closely resemble the true visual performance of the child.

The main advantages of the Cardiff Acuity Test are the ease of administering the test, as well
as the advantage that it may be performed as a preferential looking test. However, there are
disadvantages to overestimating visual acuity in children with visual impairment, especially
in the case of CVI. It can be challenging to obtain services for children with CVI, especially
if their visual performance is closer to expected age and academic level. As a result, children
who are measured with a test that may be too easy can lose out on the opportunity to obtain
services through their school district for educational success. Educational interventions can
be especially important for individuals within the CVI population since some individuals will
also be at a higher risk for learning disabilities (Litt et al. 2005). Furthermore, identification
of an optotype is a more challenging task than detection. Detection can be important for
safe movement throughout the world, but it does not easily translate to functionality in
classroom settings or with independent living skills. As a result, it is recommended that
more than one measurement of visual acuity be utilized in children with CVI to determine
the breadth and range of vision function, and to provide the tools to advocate for additional
services for the child as needed. If practitioners choose to utilize the Cardiff test for children
with CVI, they may consider adjusting the result to get a closer to prediction to the child’s
true visual performance. Finally, a more standardized visual acuity task such as the Lea
symbols may provide a good option for practitioners interested in assessing the wide and
variable range of visual function in children with CVI.
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Conclusions

For 93% of the patients with CVI, 50% and 100% Lea symbols yielded a more reduced acuity
compared to the Cardiff Acuity Test, unless the Cardiff results were adjusted; the latter only
requires detection of the symbols, whereas the Lea symbols require discrimination between
an apple and a house optotype.

The Cardiff Acuity Test is a useful clinical tool and can be applied to many situations.
However, it may not be the ideal visual acuity test for children with CVI, as underestimating
the amount of vision loss could make it challenging to obtain services for an already widely
misunderstood visual condition. If utilized, we suggest that the measurements be adjusted
to account for the difference in difficulty between identification and detection. This also
further highlights the importance of not simply relying on one test when assessing vision,
especially in individuals with visual impairment.

Reporting visual acuity in the presence of contour interaction in children with CVI would
be helpful when making educational recommendations to the child's parents and care team,
and this ultimately may be a preferred method for measuring children with CVI by private
practitioners and researchers alike.
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Chapter 5

Contrast sensitivity

Background

Patients with cerebral visual impairment (CVI) have vision loss resulting from an insult to
the brain rather than to ocular structures. CVI can be characterized by unique behaviors
that may extend beyond basic visual functions such as visual acuity. CVI is the result of
damage that occurs to the retrogeniculate visual pathway and hypoxic brain injury is the
most common etiology of CVI (Afshari, Afshari, and Fulton 2001). Other common etiologies
include prematurity, hydrocephalus, structural central nervous system abnormalities, and
seizures (Khetpal and Donahue 2007). One of the affected visual functions in children with
CVI is loss of contrast sensitivity, although this does not always mirror the level of visual
acuity loss (Philip and Dutton 2014). It is well established that visual acuity is not the
only important factor when determining visual function. In fact, other methods such as
the Smith-Kettlewell Institute Low Luminance (SKILL) Card, demonstrate the effects of
reduced luminance and contrast on visual acuity, highlighting the interactions of various
visual functions (Haegerström-Portnoy et al. 1997). To understand how contrast sensitivity
is reduced in children with CVI, it is helpful to understand what is expected with respect to
contrast sensitivity in normally sighted children.

Contrast Sensitivity Development in Children

The longstanding theory regarding contrast sensitivity in children was that they did not
attain adult levels of visual sensitivity until their teenage years (Slataper 1950; Weymouth
1963). In 1982, Bradley and Freeman published a study showing that methodology may have
been the limiting factor in previous studies. They found that children 3.5 years of age and
older had a mean contrast sensitivity 0.35 log units lower than adults (less than previously
reported). They also reported a gradual increase in contrast sensitivity with age, reaching
near adult levels around eight years of age (Bradley, Arthur and Freeman 1982).

It is well established that contrast sensitivity in human infants improves with age based on
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objective measurements (Salapatek and Banks 1978). Behavioral studies show a similar im-
provement in contrast sensitivity, with a shift in peak contrast sensitivity between 4 months
and 4 years of age (Gwiazda et al. 1997).

A more recent review by Leat et al. 2009, found that contrast sensitivity can mature fully
between 8 and 19 years depending on the method used. This is quite a large range of ages for
such an important visual function to show full development. The following table summarizes
the conclusions of the studies reviewed by Leat. It appears that method of measurement has
the largest impact on the result of these studies (Leat, Yadav, and Irving 2009).

Study Result

Atkinson, French, and Braddick 1981 There is a difference between 4 year olds and
adults.

Derefeldt, Lennerstrand, and Lundh 1979 There is no difference between 6-10 year olds
and adults.

Ellemberg et al. 1999 CS adult-like by 7 years but not by 6 years.
Benedek et al. 2003 There is a difference between 5-6 year olds

and 9-10 year olds, and between 9-10 year
olds and 11-12 year olds.

Abramov et al. 1984 There is a difference between 6-8 year olds
and adults of 0.3 log units.

Scharre et al. 1990 CS is not adult-like by 7 years.
Leat and Wegmann 2004 CS is not adult-like by 6-8 years.

Gwiazda et al. 1997 CS is not adult-like by 8 years.
Norcia, Tyler, and Hamer 1990 Between 4 and 9 weeks, CS increased by a

factor of 4-5 at all spatial frequencies.
Banks and Salapatek 1975 Limited range of spatial information avail-

able to the infant.
Bradley, Arthur, and Freeman 1982 CS is near adult levels around 8 years.

Table 5.1: Summary of studies on contrast sensitivity in pediatric populations adapted from
Leat 2009.

Contrast Sensitivity in CVI

Visual acuity has been shown not to be the best predictor for other measures of spatial vision
(Haegerström-Portnoy et al. 2000). Previous studies examining other low vision conditions
such as glaucoma and retinal disease have shown a dissociation between visual acuity and
contrast sensitivity measurements. That is, while contrast sensitivity and visual acuity mea-
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surements correspond well in normally sighted individuals, this is typically not the case in
individuals with low vision (Atkin et al. 1979; Wolkstein, Atkin, and Bodis-Wollner 1980).

Others suggest there may be a more apparent predictable pattern in low vision when an-
alyzing the contrast sensitivity function. Chung and Legge (2016) found that there was a
predictable shift along the log-spatial frequency and log-contrast sensitivity axes that could
account for the level of impaired acuity and contrast sensitivity in individuals with low vision
due to retinal or nerve disease (Chung and Legge 2016). That is, they were able to demon-
strate a predictable shift of the normal contrast sensitivity function in low vision subjects.

There is no clear consensus on how contrast sensitivity is affected in individuals with CVI.
One study examining patients with periventricular leukomalacia found that contrast sensi-
tivity was not often affected (Jacobson et al. 1996) - however, in a CVI review by William
Good, he references the possibility of deficits in contrast sensitivity in children with CVI
(Good et al., 2001).

Cambridge Low Contrast Gratings

In the 1980s, measurement of threshold contrast with gratings and stripes became a technique
that received much attention. One study evaluated the sensitivity of the visual system to
gratings at threshold contrast in a group of patients with diabetes. Out of this study,
the Cambridge Low Contrast Gratings Test was developed; and in this initial study the
researchers reported excellent test-retest reliability (Della Sala et al. 1985).

A later iteration of this original idea was introduced in 1988. The goal was to develop a
procedure that would test contrast sensitivity at a spatial frequency close to the maximum
sensitivity of the normal human visual system. It was also designed to eliminate ceiling and
floor effects that can occur with other tests of contrast sensitivity. Another original intention
of the test was to study populations of patients with various conditions including diabetes,
multiple sclerosis, optic neuritis, and glaucoma. Their data suggests that from age twenty
onward, the contrast sensitivity scores for normally sighted individuals decreases by about
10% for each decade of life. As such, it was suggested that it may be a more useful test in
studying younger rather than older populations. One of the advantages for the study of the
population of interest with CVI, is that the Cambridge Low Contrast Gratings test allows
for a two-alternative forced choice manner of testing (Wilkins et al. 1988).

Adult levels for contrast sensitivity were reached in normally sighted children with this test
after age 10 years, with an age-dependent improvement. In the same study, children with
developmental delay were found to have a significantly lower score when compared to normal
children (Nielsen et al. 2007a).

Other groups evaluated the reliability of the Cambridge Low Contrast Gratings and found
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a large performance range for subjects (all adults). The recommendation was therefore to
avoid using the Cambridge Gratings for screening eye disease (Jones, Moseley, and Thompson
1994). In another study, researchers evaluated the usage of the Cambridge Low Contrast
Gratings Test in children, specifically those with developmental delay. This group found a
significantly lower score in children with developmental delay compared to normal children
(t=2.66, P=0.022). They further emphasized the usefulness of the test in preschool children
and children with developmental delay due to its simplicity (Nielsen et al. 2007b).

The data on Cambridge Low Contrast Gratings test scores in children with CVI is limited.
One study analyzed the visual functions of very preterm babies (CVI/PVL risk) and found
the median contrast sensitivity score was significant lower than the term controls (190 and
210 for left and right eyes of preterm children versus 250 for each eye of normal children,
p<0.001) (Cooke 2004).

Relationship Between Contour Interaction and Contrast
Sensitivity

Although there continues to be disagreement about contrast sensitivity reduction in children
with CVI, some children with CVI will often exhibit a reduction in contrast sensitivity (Good,
Hou, and Norcia 2012). Furthermore, we know that contrast sensitivity is vital to functional
vision and is often a better predictor of visual functions such as mobility (Marron and Bailey
1982) and face recognition (Owsley and Sloane 1987), as well as quality of life (Bansback et
al. 2007). Studies in normally sighted individuals have shown that the crowding effect is
reduced for low contrast letters as compared to high contrast letters when viewed foveally
(Kothe and Regan 1990). In addition, critical spacing has been shown to become smaller for
low-contrast targets, more so in the retinal periphery than in the fovea in normally sighted
individuals (Coates, Chin, and Chung 2013). If these results hold for children with CVI, then
a potential way to reduce the effect of crowding is to reduce the contrast of an object and
its background. However, given the contrast deficits of some children with CVI, reducing
the contrast of objects may not be effective. One area that remains to be explored is to
directly analyze contour interaction with low contrast targets and flankers. Quantification
of this finding in children with CVI could lead to a better understanding of functional vision
in light of more realistic conditions; that is, visual conditions of varying contrast which often
more closely mimic real-world situations.

It is well established within the crowding literature that adjacent objects can reduce the
ability to identify an object without overlapping flankers. In peripheral vision, this has
been demonstrated to occur over large distances (Bouma 1970; Toet and Levi 1992; Levi,
Hariharan, and Klein 2002). Masking describes overlapping flankers which can reduce the
discriminability of a target (Legge and Foley 1980; Foley 1994). This brings up the question
of whether crowding is simply a form of masking with flanks that are more remote (Chung,
Levi, and Legge 2001). However, the two phenomena are difficult to compare. The general
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consensus is that the phenomenon is different when it occurs at the fovea rather than in
the peripheral. In the fovea, except at the resolution limit (Danilova and Bondarko 2007),
limitations can be attributed to contrast masking. In the periphery, the magnitude and
extent of crowding is much greater than the extent of masking (Levi, Hariharan, and Klein
2002), and it is therefore widely accepted that peripheral crowding is not due to simple
contrast masking.

Functional Implications of Contrast Sensitivity Loss

Studies within the low vision literature have long considered contrast sensitivity to be an
extremely important indicator of visual function. One simulated cataract study evaluated
the effects of cataract on clinical and real world vision, and they determined that contrast
sensitivity and glare were better representatives of patient vision than visual acuity (Elliott
et al. 1996). In fact, it is well accepted that reduction in spatial vision, such as reduced
contrast and luminance, with age causes significant impairment in a large portion of elderly
patients (Haegerström-Portnoy, Schneck, and Brabyn 1999). Studies in infants indicate that
the contrast sensitivity function is limited and continues to expand with age. If the ability
to perceive contrast across a range of spatial frequencies (or contrast sensitivity function -
CSF) were to remain underdeveloped, as it is in infancy and early childhood, it could have
a significant impact on visual function (Banks and Salapatek 1976).

Amblyopia as an Analogous Model

Much of our understanding of the relationship between contrast sensitivity and contour in-
teraction comes from studies in individuals with amblyopia. Other studies have shown that
the crowding ratio (visual acuity of single optotypes compared to a line of optotypes) for
high contrast letters (96% contrast) is significantly higher than low contrast letters (11%
contrast), and that the crowding effect is only apparent for high contrast optotypes (t=2.03,
p<0.05) (Simmers et al. 1999). Crowding has also been shown to be contrast dependent in
some unilateral amblyopic eyes of both children and adults; this exemplifies the strength of
crowding in these groups (Giaschi et al. 1993).

Research in amblyopia has shown that there are two main areas of deficit in visual per-
formance related to visual acuity and to contrast sensitivity. Non-binocular observers with
mild-to-moderate acuity loss have better monocular contrast sensitivity than binocular ob-
servers with the same level of visual acuity loss. Furthermore, non-binocular individuals
typically have a worse optotype and Vernier acuity than those with residual binocularity
(McKee, Levi, and Movshon 2003).

Contrast sensitivity has an important role in visual function in amblyopia. Monocular con-
trast deprivation has been identified as one of the causal agents in anisometropic amblyopia
(Bradley and Freeman 2018). In another study, the contrast sensitivity function of children
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with amblyopia was evaluated and a linear relationship was drawn between the contrast
sensitivity function and visual acuity of the amblyopic eye. However, after treatment with
patching therapy, the visual acuity difference between eyes declined but the contrast sensi-
tivity function remained reduced in the amblyopic eye (Rogers, Bremer, and Leguire 1987).

Public Health Impact

As discussed before, CVI is the leading cause of bilateral visual impairment in children in
western countries (Good et al. 2001). Many individuals stand to benefit from improved
measurements as well as a more thorough understanding of how visual functions are affected
by this condition. Researchers who work with low vision populations have long appreciated
the value of contrast sensitivity measurements when determining visual function of a patient.
The Cambridge Low Contrast Grating Test is a measure of peak contrast sensitivity, but
others have found that even low contrast acuity can be useful as a test of visual function
(Regan and Neima 1983). Visual function is an important indicator of quality of life -
therefore, many individuals stand to gain an improvement in quality of life with a better
understanding of contrast sensitivity function.

Study

Methods

Thirty children with a diagnosis of cerebral visual impairment (CVI) participated during
a comprehensive vision examination at the Special Visual Assessment Clinic (SVAC). The
group was composed of 15 females and 15 males ages 3-20 with a mean age of 9.17 years. The
study protocol was approved by the Institutional Review Board and followed the tenets of
the Declaration of Helsinki. Visual examination included evaluation of anterior and posterior
segments as well as retinoscopy and visual functions assessment. Threshold visual acuity was
measured using the apple and house Lea symbol optotypes with four flanking bars in a two-
alternative forced choice task with edge-to-edge (optotype to flanking bar) spacings of 50%
and 100% times the optotype width (commercially available, GoodLite). Both optotypes
and flanking bars were at 100% contrast level. The subjects were tested with both eyes open
during their comprehensive eye examination with best spectacle correction in place. Most
subjects were tested with Lea symbols at 1 meter, but if unable to perform the task, the test
distance was moved closer to 50 centimeters. Rewards for responses were given as needed
(stickers or Cheerios). Peak contrast sensitivity was also measured in the same visit using the
Cambridge Low Contrast Grating Test in a two alternative forced choice task (Figure 5.1).
Cambridge testing was performed primarily at 1.5 meters. The Cambridge tests contrast
sensitivity at a spatial frequency of 4 cycles/degree. Modified acuity card procedures were
used and subjects had to demonstrate 75% correct responses to receive credit for reaching a
particular visual acuity or contrast level. Fifteen normally sighted children were also selected
from the Pediatric Clinic population. This group was composed of 5 males and 10 females
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Figure 5.1: Example of VA targets with 100% and 50% spacing of the flanking bars and the
Lea symbols, presented as a two-alternative forced choice. Cambridge Low Contrast Grating
Test shown on the bottom.

aged 4-10 years with a mean age of 6.3 years. The same visual examination protocol was
used, including threshold visual acuity measurements with Lea optotypes with flanking bars
at 50% and 100%. The subjects were tested with both eyes open with their best spectacle
correction in place. None of the fifteen subjects had any eye disease or vision issues, with
the exception of correctable low refractive error.

Results

Visual acuity was measured in all subjects with CVI. Visual acuity ranged from -0.10 logMAR
to 1.38 logMAR. Worse visual acuity with 50% spacing was found in all subjects but four
who had no difference between the 50% and 100% visual acuity measurements. Contrast
sensitivity ranged from 0.19% to 3.2% (average 0.78%) in children with CVI. As expected,
there is a positive correlation between visual acuity and contrast sensitivity (Figures 4.2 and
4.3). This means that as visual acuity improves, contrast sensitivity also tends to improve.
Furthermore, it is worth nothing that this group of subjects with CVI had contrast sensitivity
values that were quite good. It is worth noting that a wider range often shows a decent
correlation. However, the relationship between visual acuity and contrast sensitivity cannot
be extrapolated from these graphs. This has been shown through previous work comparing
various measures of spatial vision – that is, knowing one measure does not necessarily mean
you can predict another measure accurately (Haegerström-Portnoy et al. 2000).
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Figure 5.2: Correlation between 100% logMAR visual acuity and contrast sensitivity on the
Cambridge Low Contrast Gratings.

Figure 5.3: Correlation between 50% logMAR visual acuity and contrast sensitivity on the
Cambridge Low Contrast Gratings.
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Figure 5.4: Bland-Altman analysis plotting the difference in visual acuity measures versus
their mean.

Figure 5.5: Correlation between the difference in visual acuity due to contour interaction
compared with contrast sensitivity. Generally, the greater the effect of contour interaction
the more reduced the contrast sensitivity.
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A Bland-Altman analysis was performed to evaluate the difference in visual acuity measures
versus their mean. On average, visual acuity was 0.15 logMAR worse with 50% vs. 100%
spacing (equivalent to about a line and a half) (Figure 4.4). This is similar to the finding in
the group tested in Chapter 2 (-0.16 logMAR worse with 50% vs. 100%).

The relationship between visual acuity with increased contour interaction was compared
to threshold contrast sensitivity (Figure 4.5). A greater difference in visual acuity with
50% compared to 100% Lea symbols (in logMAR) was correlated with decreased contrast
sensitivity (in log Michelson contrast sensitivity); with a Pearson correlation coefficient of
-0.593 and R2 value of 0.352 (p= 3.69 x 10-24).

Discussion

In a previous chapter, we attempted to quantify the effect of contour interaction due to
flanking bars on visual acuity in children with CVI. The results indicated that the reduction
in acuity was greater in the presence of contour bars spaced more closely (50% spacing) as
compared to greater spacing (100% spacing). This was found to be consistent with previous
work found in the literature which showed a decrease in acuity in the presence of contour
interaction in preschool children (Fern et al. 1986; Manny, Fern, and Loshin 1987).

The Cambridge Low Contrast Gratings were designed based on an initial study which uti-
lized grating lines that were difficult to reproduce - therefore, a variation was produced which
utilized dot matrix printing and created a test version that was consistent across printings
(Della Sala et al. 1985). The original version of the test was not released with age-related
norms; in 1988, those norms were measured and published (Wilkins et al. 1988). In the same
study, it was determined that the Cambridge Low Contrast Gratings may be most useful in
younger populations. In clinical practice, the Cambridge Low Contrast Gratings can be an
efficient and simple form of behavioral contrast sensitivity measurement.

Clinicians may find that individuals with visual symptoms have normal Snellen or visual acu-
ity, but a reduction in contrast sensitivity. In children with CVI, the findings can be quite
varied. In children with one form of CVI known as periventricular leukomalacia (PVL), chil-
dren were found to have difficulties with crowding, visual field defects, oculomotor problems,
and visual perceptual disturbances, while color vision and contrast sensitivity were found
to be well preserved (Jacobson et al. 1996). In general, the children tested in this group
had contrast sensitivity values that were quite good. Even though the contrast sensitivity
results are quite good, the children still do not have ”normal vision.” That is, there was no
less damage from CVI in this group – ultimately it further emphasizes the point that one
cannot predict visual acuity from contrast sensitivity or vice versa, and it further highlights
the importance of measuring both for a complete assessment of the child's visual function.

In a more recent study, Good et al. compared visual evoked potential measures of contrast
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sensitivity and grating acuity in children with CVI, as well as age-matched normally sighted
controls. Their conclusion was that spatial contrast sensitivity and response amplitudes are
greatly diminished by CVI (Good, Hou, and Norcia 2012). It is clear that contrast sensitivity
remains an important measure of visual function, and may be more reduced in children who
are also susceptible to the effects of contour interaction and crowding.

Conclusions

This study compared the relationship between visual acuity, in the presence of contour
interaction, and contrast sensitivity in children with CVI. The original premise for this study
stemmed from the assumption that even though correlations between spatial vision measures
are not always strong, there is still some amount of correlation. Therefore, this investigation
examined if those with worse vision function due to increased crowding effects may also
expect a reduction in contrast sensitivity. Preliminary findings show a positive correlation
between contour interaction and contrast sensitivity - however, the variability is quite large
and the ability to predict one from the other is quite low. Teachers and other members of
the child's care team may consider utilizing various contrast enhancement techniques to aid
in the child's academic and personal success.

For example, even if the child does not have a visual acuity which limits their ability to
identify written materials at a certain size level, the child may still benefit from an instrument
such as a closed-circuit television magnifier which can allow for contrast enhancement and
color reversal. Other possibilities include colored overlays for printed materials, reverse
printing of materials (i.e. white print on a black background), digital devices with built in
features, and enlargement of print and spacing. From a functionality standpoint, a child with
reduced contrast sensitivity should be identified so proper orientation and mobility training
may be considered.

In general, consideration of contour interaction and contrast sensitivity may be informative
when making recommendations to and determining educational interventions for children
with CVI.
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Chapter 6

Contour interaction in CVI and
retinal disease

Background

Review of Cerebral Visual Impairment

Cerebral visual impairment (CVI) is the leading cause of vision loss in children in industri-
alized nations and results from an insult to the developing brain. As described throughout
previous chapters, children with CVI have more difficulty with identifying symbols in the
presence of nearby contours. The goal of this study was to compare the level to which
this difficulty occurs in children with CVI and children with retinal disease without brain
damage.

Visual Challenges for Children with CVI

Studies and case reports identify complex visual patterns, arrays, and scenes to be visually
challenging for children with CVI. In their study, Dutton et al. identified various behaviors
underlying dorsal stream dysfunction that can contribute to an impaired ability to handle
complex visual scenes and tasks such as finding a toy in a toy box, finding an item of
clothing in a pile of clothing, or seeing a distant object even if it exceeds their resolution
limit. This can also create challenges when identifying people in a group, crowded places, and
of course, difficulties with reading printed materials (Dutton, McKillop, and Saidkasimova
2006). Common behaviors of children with CVI include a preference for using touch to
identify objects, variability in visual field defects, and looking away while reaching (Jan
et al. 1987). They also may exhibit light gazing (Jan, Groenveld, and Sykanda 1990), or
photophobia (Jan, Groenveld, and Anderson 1993).

Total blindness is rare. In higher-functioning children, functional visual acuity usually tends
to be greater than twice the level of visual acuity when tested with Lea symbols or crowded
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and uncrowded visual acuity charts with pictures and letters. Generally speaking, children
with CVI have normal color vision. Visual field deficit is related to the location of the specific
visual pathway damage. Furthermore, contrast sensitivity can be reduced but is not always
(Philip and Dutton 2014).

Review of Contour Interaction Effect Observed

In earlier chapters, we evaluated the effect of contour interaction due to flanking bars on
visual acuity in children with CVI. As expected, the reduction in acuity was greater in the
presence of contour bars spaced more closely (50% spacing) as compared to greater spacing
(100% spacing). This is consistent with previous work done by Manny and Fern that showed
a decrease in acuity in the presence of contour interaction in preschool children (Fern et
al. 1986; Manny, Fern, and Loshin 1987). The expectation is that this effect of contour
interaction is greater in children with CVI than in normally sighted children or in children
with ocular disease.

Perhaps one of the most extensively studied models of crowding and contour interaction is
in individuals with amblyopia. It is well established in the literature that crowding and
contour interaction occur in the central visual field of individuals with amblyopia, and this
was first reported by Irvine in 1948 (Irvine 1948). More recent work indicates that there is
a difference in the effect of crowding in patients with strabismic amblyopia as compared to
anisometropic amblyopia (Song, Levi, and Pelli 2014). However, no direct comparison has
been made between the effect of contour interaction in children with CVI as compared to
children with ocular disease.

Studies on Crowding and Contour Interaction in Visual
Impairment

One study evaluated 18 visually impaired patients (varying causes but primarily retinal
conditions) using line acuity, single letter acuity, and the Regan repeat-letter test. This data
was also compared to 25 age-matched normal controls. They found a significant effect of
crowding in 83% of the patients with visual impairment. They also found a significant effect
of contour or lateral interactions in 56% of patients with visual impairment (Pardhan 1997).

A systematic review on foveal crowding evaluated three groups and compared these groups
to adults with normal vision. The comparison was made to children with normal vision,
visually impaired children and adults, and children with CVI. As expected, even normally
sighted children show an area of contour interaction 1.5-3x as large as in normally sighted
adults. Adults with congenital nystagmus were shown to have larger contour interaction
areas and a larger crowding effect as well (about 2x as large as adults with normal vision).
This study also found that children with CVI have a magnitude of crowding about 3x the
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size of adults with normal vision (Huurneman et al. 2012).

A related concept derives from the useful field of vision (UFoV). Participants with low vision
have a tendency to make more errors in the presence of a cluttered field, but this is not due
to divided attention (Leat and Lovie-Kitchin 2006).

Study

Purpose

Ocular visual impairment has been extensively studied in many different ways. Children
with retinal disease have remained an important sector of vision research. Although retinal
disease is better understood, it still remains to be a smaller segment of the population
than the growing groups of individuals with cerebral visual impairment (CVI). This study
aims to draw further connections between classical forms of visual impairment that are
well understood and a segment of visual impairment that remains to be elaborated upon.
Children with CVI exhibit a reduction in visual acuity in the presence of increased contour
interaction, as compared to normally sighted children. Although the main cause of vision
loss may not be well defined in CVI, it is still necessary to compare CVI to ocular forms of
visual impairment, such as in the presence of retinal disease. The goal of this study was to
examine the contour interaction effect in children with known retinal disease.

Etiology Number of Subjects

Hydrocephalus 7
Microcephaly 7
Periventricular leukomalacia (white matter dam-
age)

13

Joubert Syndrome 3
Hypoxic Ischemic Encephalopa-
thy/cerebrovascular accident/birth trauma

9

Confirmed diagnosis of CVI, unspecified 3
Infection/drug exposure in utero 3
Injury/malformation of corpus callosum 4
Hemispherectomy 1
Unclear etiology, risk of CVI based on history 12

Table 6.1: Etiologies of CVI subject pool.
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Etiology Number of Subjects

Retinopathy of Prematurity 3
Oculocutaneous/Ocular Albinism 7

Retinitis Pigmentosa 2
Retrolental fibroplasia/PHPV 2

Coloboma 2
Retinoblastoma 2
Achromatopsia 2

Table 6.2: Etiologies of disease subject pool.

Methods

Binocular visual acuity was measured during a comprehensive vision examination for 43
children presenting with a diagnosis of CVI (ages 3-23; mean 9.13 years - etiologies in Table
6.1) and 20 children with confirmed retinal disease (ages 3-29 years; mean 7.6 years - etiologies
in Table 6.2).

Single Lea symbols with contour flanker bars at 50%, 100%, and isolated (infinite) spacing
were presented in a two-alternative forced choice manner using the apple and the house as
the test optotypes. Visual acuity thresholds were determined using the modified acuity card
procedure by observation of the child's eye gaze, pointing, and/or naming of the optotype.
Isolated symbol measurements were obtained for a subset of the group with retinal disease
(13 of the 20 children) and a separate group of 19 children with CVI (ages 4-20 years; mean
9.6 years).

Results

A Bland-Altman analysis is a method that allows one to determine the difference between
two measures. A Bland-Altman analysis comparing 100% Lea visual acuity compared to
isolated Lea visual acuity was performed for both populations. The difference between the
two measures was found to be -0.07 logMAR (less than one line) for children with CVI and
-0.08 logMAR for children with retinal disease (less than one line).

A similar analysis was performed to compare 100% Lea visual acuity versus 50% Lea visual
acuity for both populations. For children with CVI, the difference was found to be -0.15
logMAR (50% was about 1.5 lines worse than 100%). For the children with retinal disease,
the difference was identical at -0.15 logMAR (50% was about 1.5 lines worse as well).

The final comparison was made between isolated Lea symbols and 50% Lea visual acuity for
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Figure 6.1: Bland-Altman comparison of logMAR 100% and logMAR isolated visual acuity
for children with retinal disease.

Figure 6.2: Bland-Altman analysis of logMAR 100% versus logMAR isolated for children
with CVI.

both groups. The group with CVI showed the largest difference of all comparisons at -0.22
logMAR (about 2 lines worse with 50% as compared to isolated symbols). For the group
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Figure 6.3: Bland-Altman comparison of logMAR 100% and logMAR 50% visual acuity for
children with retinal disease.

Figure 6.4: Bland-Altman analysis of logMAR 100% versus logMAR 50% for children with
CVI.

with retinal disease, the difference between measures was -0.19 logMAR (also about 2 lines
worse with 50% as compared to isolated symbols).
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Figure 6.5: Bland-Altman comparison of logMAR isolated and logMAR 50% visual acuity
for children with retinal disease.

Figure 6.6: Bland-Altman analysis of logMAR isolated versus logMAR 50% for children with
CVI.
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Example Case Discussion

Case Report 1

P.A. is a 7 year old female who presents for a comprehensive vision exam as a new patient to
the Special Visual Assessment Clinic (SVAC). P.A.’s history is significant for oculocutaneous
albinism. She is in good health. Her best spectacle correction is +4.50 -1.50 x 160 and +3.50
-3.50 x 020. She has horizontal nystagmus which is worse in extreme gaze. Her logMAR
visual acuities for 100%, and 50% spacing are 0.70 logMAR, and 0.80 logMAR, respectively.
Her Cambridge Contrast sensitivity was measured to be 0.52% (measured in Michelson
contrast). Her color vision and visual fields are normal. P.A. is a rather typical patient with
OCA. P.A. is affected by contour interaction, demonstrating a line difference between 100%
and 50%.

Case Report 2

G.V. is an 11 year old female who presents for a comprehensive vision exam as a new patient
to the Special Visual Assessment Clinic (SVAC). G.V.’s history is significant for retinitis
pigmentosa. She is in good health. Her best spectacle correction is +4.50 -3.00 x 005 and
+4.50 -3.00 x 175. Her ocular health is significant for signs of retinitis pigmentosa, including
optic nerve pallor and scattered RPE clumping. Her logMAR visual acuities for isolated,
100%, and 50% spacing are 0.58 logMAR, 0.68 logMAR, and 0.78 logMAR, respectively.
Her Cambridge Contrast sensitivity was severely reduced to 2.70% (measured in Michelson
contrast). Her color vision was normal and she has restricted visual fields.

G.V. is an excellent example of a different type of retinal condition that can be quite debil-
itating with respect to all areas of visual function. Not surprisingly, G.V. demonstrates a
much greater reduction in visual acuity in the presence of increased contour interaction as
compared to a patient with OCA such as P.A.

From these two case reports, it is clear that the nature of retinal disease is a particularly
important factor when determining the susceptibility to reductions in visual acuity in the
presence of crowding and contour interaction. The comparison to CVI is quite variable de-
pending on the cause of the retinal disease, and averaging this data does not highlight the
differences due to etiology of retinal disease.

Discussion

This study compared the effect of varying levels of contour interaction on visual acuity in
children with CVI and children with retinal disease. When comparing 100% and isolated
spacing symbols, 100% and 50% spacing symbols, and 50% and isolated spacing symbols
there was no significant difference between the group with CVI and the group with retinal
disease.
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However, looking at the data more closely, it is clear that there is a trend for increasingly
worse acuity with increased contour interaction in all comparisons for the CVI group. Com-
paratively, this is not the case for the group with disease, as the Bland-Altman slope shows a
relatively flat line across all visual acuity levels in all comparisons made. This would indicate
that the two groups behave quite differently in the presence of contour interaction, despite
the nearly identical averages. The prediction is that a child with retinal disease would not
be subject to as much contour interaction as compared to a child with CVI, and the slope
of the trend still supports this idea.

If the same pattern would appear with an even larger sample size, it may be reasonable to
infer that visual impairment in general will cause difficulties with contour interaction and
crowding as shown in other studies as well. However, it is likely that the mechanism by
which this difficulty occurs is different for children with CVI versus children with retinal
disease. Lateral interactions at the retinal level may play a larger role in patients who have
damage to the retinal integrity. Cortical processing and other higher level processing may
be the more appropriate explanation for children with CVI.

As discussed in the case comparison above, cause of retinal disease is particularly important
when determining the likelihood that contour interaction and crowding may affect visual per-
formance. Children with conditions such as oculocutaneous albinism (OCA) typically have
the same number of nerve fibers, however, they exhibit a loss of the foveal contour (foveal
hypoplasia). On the other hand, a child with retinitis pigmentosa (RP) would exhibit in-
creasing levels of loss of retinal sensitivity as the progressive condition begins affecting more
and more parts of the peripheral and central retina. Furthermore, conditions such as OCA
will not typically affect contrast sensitivity levels or visual field performance, whereas both
can be profoundly affected in children with RP. As always, it is important to evaluate each
child as an individual and attempt to accurately assess that specific child's visual challenges.

Conclusions

Special care must be given when drawing conclusions about the effect of contour interaction
in the presence of retinal disease. The cause of visual impairment is particularly important
when determining the likelihood of and degree of reduction in visual acuity due to contour
interaction and ultimately crowding. Children with visual impairment, independent of the
cause, should be evaluated by a low vision optometrist who is able to advocate for the student
to receive the appropriate services for vision services as he or she advances throughout the
education system.
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Chapter 2 Normal Raw Data
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Chapter 3 CVI Raw Data
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Chapter 3 Normal Raw Data
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Chapter 5 CVI Raw Data
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Chapter 5 Normal Raw Data
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