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ABSTRACT
Purpose: The goal is to analyze the long-term visual outcome of extremely low-birth-weight children.
Methods: This is a retrospective analysis of eyes of extremely low-birth-weight children on whom vision testing was performed.
Visual outcomes were studied by analyzing acuity outcomes at ≥36 months of adjusted age, correlating early acuity testing with final
visual outcome and evaluating adverse risk factors for vision.
Results: Data from 278 eyes are included. Mean birth weight was 731g, and mean gestational age at birth was 26 weeks. 248 eyes had
grating acuity outcomes measured at 73 ± 36 months, and 183 eyes had recognition acuity testing at 76 ± 39 months. 54% had below
normal grating acuities, and 66% had below normal recognition acuities. 27% of grating outcomes and 17% of recognition outcomes
were ≤20/200. Abnormal early grating acuity testing was predictive of abnormal grating (P < .0001) and recognition (P = .0001)
acuity testing at ≥3 years of age. A slower-than-normal rate of early visual development was predictive of abnormal grating acuity (P
< .0001) and abnormal recognition acuity (P < .0001) at ≥3 years of age. Eyes diagnosed with maximal retinopathy of prematurity in
zone I had lower acuity outcomes (P = .0002) than did those with maximal retinopathy of prematurity in zone II/III. Eyes of children
born at ≤28 weeks gestational age had 4.1 times greater risk for abnormal recognition acuity than did those of children born at >28
weeks gestational age. Eyes of children with poorer general health after premature birth had a 5.3 times greater risk of abnormal
recognition acuity.
Conclusions: Long-term visual development in extremely low-birth-weight infants is problematic and associated with a high risk of
subnormal acuity. Early acuity testing is useful in identifying children at greatest risk for long-term visual abnormalities. Gestational
age at birth of ≤28 weeks was associated with a higher risk of an abnormal long-term outcome.
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INTRODUCTION
Prematurity (defined as gestational age <37 weeks at birth) and low birth weight (defined as infants weighing <2,500 g at birth) are the
leading causes of neonatal mortality and morbidity in the United States. More reliable public health statistics are maintained for birth
weight than for gestational age. In the United States there were 4,091,063 births in 2003.1 Of these, 12.3% (~503,200) were preterm
births, occurring at <37 completed weeks of gestation, and 7.9% (~323 194) were low-birth-weight (LBW) infants. In 2003, 1.4% of
births (~ 57,275) were very low-birth-weight (VLBW) infants weighing <1,500 g at birth.1,2 For 2002 (the most recent year of
complete data), the National Center for Health Statistics at the Centers for Disease Control and Prevention, reported 29,113 (0.7%)
extremely low-birth-weight (ELBW) infants weighing <1,000 g at birth.3 Of these births, 6,268 (21.5%) were infants born weighing
<500 g.3
Although survival of infants with birth weights below 500 g and/or less than 24 weeks of gestation occurs very infrequently, the
National Institute of Child Health and Human Development reports that more than 70% survival of infants born weighing 501 to 1,000
g.4 Similarly, most large centers report that 50% of infants weighing 500 to 700 g commonly survive.5 These smallest of infants,
however, run the largest risk of long-term morbidity.
The major, permanent complications of extreme prematurity include neurological deficits (cerebral palsy or mental retardation)
and visual impairment or blindness. About 9% of survivors sustain severe intracranial hemorrhages and another 7% have
periventricular leukomalacia, both of which are associated with development of cerebral palsy. 4 Only limited information exists on
the long-term visual outcomes of ELBW infants.
RATIONALE
As a sense, vision contributes significantly to the social and economic success of an individual. With increasing numbers of
neurologically and visually impaired ELBW infants surviving, it becomes more important to understand the origin, development, and
impact of these impairments. Understanding is especially critical for the families of children at risk for a lifetime of blindness or
significant visual impairment.
Several studies have addressed the predictive value of infant acuity testing for long-term outcomes in LBW children. Infant
preferential-looking acuity is predictive of acuity outcome in cohorts of children with retinopathy of prematurity (ROP)6 following
intraventricular hemorrhage7 and cystic leukomalacia.8 None of these studies focused on ELBW infants, and none of them examined
the rate of acuity development during infancy as a predictive factor for long-term acuity.
It is the smallest and least mature infants at birth who are at greatest risk of having the most limited, posterior area of retinal
vascularization at birth. These eyes are the most likely to develop significant ROP in zone I of the retina, as defined by the
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International Classification of Retinopathy of Prematurity (ICROP).9 Zone I ROP has consistently been associated with poor longterm visual acuity outcomes in more than 75% of cases.10-12 Most of the children with zone I disease also had developmental delay and
neurological disability.
HYPOTHESES
The hypotheses of this thesis are as follows:
1. Long-term acuity outcomes of eyes in ELBW children will be reduced when compared with those of age-matched, normal
children born at term.
2. Grating acuity results during infancy will be predictive of long-term acuity outcomes.
3. Children with a history of zone I ROP will have poorer long-term acuity outcomes than children with zone II or III disease.
4. The smallest and sickest infants will have the poorest long-term acuity outcomes.
AIMS OF THESIS
The overall goal of this thesis is to analyze the long-term visual outcome in eyes of ELBW children. To achieve this goal, the four
specific aims of this thesis are to:
1. Compare the long-term grating acuity and recognition acuity outcomes with age-matched, normal children born at term.
2. Evaluate the predictive value of grating acuity tests conducted during infancy for long-term acuity outcome.
3. Determine the impact of zone I disease on acuity outcome
4. Analyze the impact of neonatal factors on acuity outcome.
HISTORY OF PREMATURE BIRTHS
Despite ongoing research into the causes and methods of preventing or stopping preterm labor, the rate of LBW deliveries remained
relatively stable at 6.8% to 8% from 1950 through 1990.13 During the 1990s, however, the rate of preterm births increased in the
United States.14, 15 Demissie and coworkers14 report that preterm births increased 15.6% (from 8.8% to 10.2%) between 1989 and 1997
among whites in the United States, whereas the preterm birth rate among blacks decreased by 7.6% (from 19.0% to 17.5%). Branum
and Schoendorf15 note that between 1981 and 1998, the preterm birth rate increased 23% among white and 3% among black infants.
Physicians observed as early as the 1930s that prematurely born infants, if given supplemental oxygen to breathe after birth, could
be kept alive at a much higher rate than infants left only in room air. Following this observation, numerous subsequent advances in
neonatal care led to dramatically increased weight-specific survival rates in preterm, LBW infants during the next 60 years. The most
remarkable increases in survival rates have occurred in the ELBW category, from 6% in 1950 to 195416 to 26% in 1973 to 1975,17
with some centers reporting survival rates of 50% in infants weighing 500 to 1,000 g born in 1987-1988.18 During the 1990s, the
widespread use of surfactant increased this survival rate even further.19, 20 For decades, however, physicians raised concern that
increased survival rates of smaller and smaller infants, unaccompanied by decreased morbidity rates, would lead to increased numbers
of impaired survivors. Recent reports tend to substantiate these concerns.
In 1989, Aylward and colleagues21 performed a meta-analysis of 80 papers published during the 1980s. They found that the LBW
group had significantly lower intelligence quotients/developmental quotients than control subjects (97.8 vs 103.8). However, they did
not find a difference in the mean intelligence quotients/developmental quotients (IQ/DQ) scores among the LBW, VLBW, and ELBW
subgroups.
In 1998, Horwood and coworkers22 published their results from long-term follow-up of cognitive, behavioral, and educational
outcomes in a cohort of 298 children of VLBW in New Zealand who were born in 1986. They assessed behavior, cognitive ability,
school performance, and the need for special education at 7 to 8 years of age (middle childhood) and compared these measures with
the same measures in the general population of similarly aged children. They showed significantly higher rates of problems and
poorer levels of functioning across all outcome measures in the VLBW group compared to that of the general population. Differences
persisted even after controlling for differences in social, family, and other characteristics of the two groups. Also, differences persisted
despite controlling for the degree of sensorineural disability. Furthermore, they found evidence of an increasing risk of problems with
behavior, cognitive ability, school performance, and the need for special education with decreasing birth weights, noting that ELBW
children had higher rates of problems and difficulties than others in this VLBW cohort.
Also, in 1998, Wolke23 reported that 25% of VLBW children had severe or multiple psychological problems and an additional
25% had moderate or mild problems. Most prevalent were attention deficit, lowered IQ, and schooling problems.
In a group of 283 infants that survived extremely premature birth (22 to 25 weeks of gestational development), Wood and
associates24 found that at 30 months corrected age, 30% had delayed development that was 2 SD or more below normal as measured
by the Bayley Mental and Psychomotor Developmental Indexes. They reported that 10% had severe neuromotor disability, 10% had
useful but not fully correctable vision, 3% had significant hearing loss, and 2% were blind with only light perception vision or less.
Cognitive ability leading to educational disadvantage in young adulthood has been documented by Hack and associates.25 They
compared a group of 242 VLBW infants born between 1977 and 1979 (mean birth weight, 1,179 g; mean gestational age at birth, 29.7
weeks) with 233 controls from the same population with normal birth weights. The VLBW group had a lower mean IQ (87 vs 92) and
lower academic achievement scores (P < .001 for both comparisons). The VLBW group was less likely to have graduated from high
school (74% vs 83%, P = .04), and the male VLBW subgroup, but not the female subgroup, was significantly less likely than the
normal birth weight controls to be enrolled in post−high school studies (30% vs 53%, P = .002). The VLBW group also had higher
rates of neurosensory impairments (10% vs <1%, P = .001).
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HISTORY OF RETINOPATHY OF PREMATURITY
In 1942, Terry26,27 observed the development of a new problem in the eyes of prematurely born infants that he termed retrolental
fibroplasia (RLF). By 1950, RLF was identified as a major public health problem for the increasing number of surviving prematurely
born infants and the leading cause of blindness in children in the United States.28 Research studies found a strong relationship between
the development of RLF (now called retinopathy of prematurity, or ROP) and the unmonitored use of high levels of supplemental
oxygen.29-34 Toward the end of the 1950s, restricted use of supplemental oxygen dramatically reduced the incidence of blindness from
ROP, but mortality and morbidity increased.35 The number of deaths from hyaline membrane disease of the lungs36 also increased
significantly during this time, along with a higher incidence of cerebral palsy from hypoxia of the brain.37
By the 1960s, knowledge expanded about the treatment of respiratory distress syndrome in premature infants.38 At the same time,
technology advanced enough to allow monitoring of oxygen use in infants. New techniques included arterial-blood gas analysis,
transcutaneous oxygen monitoring, and the use of continuous-pulse oximetry monitoring. These advances in monitoring techniques
played a key role in lowering the incidence of blindness from ROP in the 1970s, despite an increased survival of VLBW infants.39
Nonetheless, as more and more smaller and less mature infants survive, we see less of an effect of oxygen monitoring on lowering the
incidence of ROP,40,41 which is increasing at a rate inversely proportionate to the birth weight and gestational age of surviving infants.
Some described this effect as a “second epidemic” of ROP in the industrialized countries of the world39 and as a first epidemic in
those middle and lower income countries that experienced an improvement in neonatal care of prematurely born infants during the last
decade.42-44
PATHOGENESIS OF RETINOPATHY OF PREMATURITY
The role of oxygen as an etiologic factor in the production of ROP was first suggested by Campbell in 1951.45 Ashton46 proposed the
concept of ROP as a sequence of events beginning with vasoconstriction due to increased retinal oxygen exposure followed by vasoobliteration and nonperfusion. He theorized that subsequent vasoproliferation occurred in response to a vasoformative factor
elaborated from hypoxic retina. At the time, little evidence supported this theory. This proposed mechanism relied on the observed
vasoconstriction, and the remainder of the theoretic sequence was without direct support. It assumed that nonvascularized peripheral
retina was ischemic despite higher-than-normal choroidal oxygen tensions and also that developing endothelial cells behave similarly
to mature cells in diabetic retinopathy.
In the 1980s, Kretzer and Hittner47-50 proposed modifications to the Ashton hypothesis of ROP pathophysiology. Their theory held
that mesenchymal spindle cells, derived from the hyaloid artery, invade the nerve fiber layer and migrate centrifugally in the avascular
retina. As these primitive cells migrate, they differentiate into endothelial cells that form the developing, expanding retinal
vasculature. It is this interface of differentiating mesenchymal spindle cells and newly forming vascular endothelium that is the site of
insult in ROP. Increased oxygenation, with its attendant free-radical generation, overwhelms the immature antioxidant systems of the
preterm retina. Loss of control over differentiation occurs, and the damaged mesenchymal cells form abnormal neovascular changes
at the leading zone of retinal vascular development.
Kretzer and Hittner used electron microscopic examination of postmortem preterm retinas to assess cell damage to the
mesenchymal spindle cells. They demonstrated an increase in gap junctioning between adjacent spindle cells in eyes that developed
ROP. Spindle cell gap junctions serve primarily as indicators of cell membrane dysfunction. Thus an increase in the number of these
gap junctions was interpreted as reflecting an abnormal state of stress placed upon the developing retinal vascular system.47,48
Kretzer and Hittner also demonstrated an increase in rough endoplasmic reticulum in the spindle cells associated with increased
numbers of gap junctions. They theorized that the increase in rough endoplasmic reticulum (RER) indicated an increased cellular
secretion of angiogenic factors.49,51 Finally, they proposed that the increased gap junctioning of spindle cells and increased RER would
decrease (down-regulate) as the cells matured. This down-regulation would also be accompanied by myofibroblasts invading the
vitreous, leading to vitreous contraction and tractional retinal elevation.51
Although some investigators still subscribed to Ashton’s theory,52 the new ideas proposed by Kretzer and Hittner had the elegance
of being grounded in hard evidence and demonstrated physiology. Also, the new ideas coincided with the authors’ strident but
controversial advocacy of vitamin E therapy for ROP.53-57
In both theories, Ashton’s or Kretzer and Hittner’s, the common denominator is the cytotoxicity of oxygen via free radical
production and the lack of mature antioxidant mechanisms to deal with it in the youngest preterm infants. Penn and associates58
validated this concept of an oxygen-induced injury and subsequent nonperfusion leading to neovascularization in the retina.
The process of neovascularization of the retina was further elucidated with Miller’s description of vascular endothelial growth
factor as the stimulant for ocular neovascularization.59 In the process of normal retinal vascularization, a delicate balance exists
between hypoxia that develops in the differentiating, thickening fetal retina and the release of vascular endothelial growth factor
(VEGF) that stimulates vascular growth. Provis and coworkers60 have shown histologically that VEGF expression in the normal fetal
retina occurs just anterior to the leading edge of the developing retinal vessels.
In the retina of a prematurely born infant, although retinal differentiation continues, retinal vascularization may be stopped or
delayed by oxidative stresses and other injuries to the developing vascular precursor cells. This delay, in turn, leads to hypoxia in
which excessive amounts of VEGF production occur in the area of demarcation between the vascularized and nonvascularized retina
stimulating the neovascular process of ROP.61-64
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FACTORS AFFECTING VISUAL DEVELOPMENT OF PRETERM INFANTS
It is known that premature birth can have a range of effects on the visual system ranging from ROP-related complications of the eye to
visual sequelae ascribed to cortical complications of preterm delivery. These effects may lead to a lifetime of visual impairment.
Crofts and associates65 have quantified the risk of visual impairment as being 26 times greater for VLBW infants than for those with
birth weights of 2,500 to 3,000 g.
Structures in the visual system mature according to a genetically preprogrammed timeline beginning at conception. Preterm birth
presents the incompletely developed visual system with a variety of situations not encountered in full-term visual development.
Preterm infants are subjected to two basic alterations from normal that can affect the processes of normal visual development.66,67
First, the visual system is exteriorized prematurely, and second, it is subjected to diseases and complications that are known to affect
prematurely born infants.
The preterm birth exposes the developing visual system to numerous environmental exposures from which it would otherwise be
protected in utero. These differences include higher-than-normal oxygen tension, light exposure, and nutritional changes. The effect
of elevated oxygen exposure on the developing retina and its relationship to ROP have been detailed already in the section “History of
Retinopathy of Prematurity.”
The developing, in utero fetus essentially has no light exposure or stimulation of the visual system. When born prematurely, the
child is thrust into a lighted environment that is very different. Despite recent trends to reduce and cycle lighting in the nursery,68-72
this new environment creates light exposure of the ocular structures and early stimulation of the visual system.
Precocious light exposure has been theorized to play a role in affecting both structure and function of the developing visual
system. In 1998, it was proven that light exposure does not have an effect on the development of ROP.73 Furthermore, information
from this study and others has shown that an early visual experience for the eye and brain neither accelerates nor delays the normal
timing of visual development as measured by psychophysical or electrophysiological means.6,74-77
Prior to birth, the fetus receives all its nourishment by the placental transfer of nutrients from the mother. The visual system has
very stringent nutritional requirements, especially as they pertain to the development of photoreceptor outer segments and cell
membranes in the visual cortex. In both of these tissues, over 60% of their structural materials are lipids that have a high
concentration of docosahexaenoic acid.78,79 Once separated from the maternal supply of docosahexaenoic acid, the preterm infant is at
significant risk for docosahexaenoic acid deficiency.80,81 This is because the preterm infant has limited capacity to synthesize
docosahexaenoic acid from its precursor fatty acids. Thus, it cannot meet the demands of the growing tissues for docosahexaenoic acid
if there is no direct dietary supply.
Although present in breast milk, until 2002, docosahexaenoic acid was not present in
commercially available infant formulas in the United States. Without a dietary source of docosahexaenoic acid, preterm infants
demonstrate poorer visual function than those having a dietary source of docosahexaenoic acid.80,81
The second set of factors that can affect the process of normal visual development in a preterm infant consists of disease,
complications, and untoward effects related to the preterm birth. ELBW infants are particularly at risk for these factors. Complications
of prematurity, including sepsis,82-84 intraventricular hemorrhage,7,85 periventricular leukomalacia, and necrotizing enterocolitis, are
recognized risk factors for ROP and cortical visual impairment.
LONG-TERM OUTCOME
Three major epidemiological studies of long-term outcomes in LBW infants have been reported.86-89 All three studies included only
very small numbers of children with birth weight <1,001 g, and their cohorts were biased toward larger LBW infants with only mild
ROP. Nonetheless, these studies report poor visual outcomes in about 3% of the preterm population and severe visual impairment in
about 1%. In addition, these studies found higher rates of refractive error, strabismus, and cortical visual impairment among children
with a history of preterm birth than among age-matched children who were born at term.
There is a higher prevalence of myopia among preterm infants than among full-term infants.90,91 Within the preterm population,
myopia is associated with poorer general health status as well as severity of ROP and treatment with cryotherapy. Other refractive
errors, including astigmatism and anisometropia, are also more prevalent among children with a history of preterm birth than among
children born at term.92,93 Uncorrected refractive errors may lead to chronic blurring that, in turn, may affect long-term visual acuity
development. Myopia of prematurity is a special case in which myopia may progress so rapidly that it may cause visual deprivation
amblyopia. Anisometropic refractive errors place the child at risk for secondary visual disorders, including amblyopia and strabismus.
The prevalence of strabismus among preterm infants and children ranges from about 3% in 6-month-olds without ROP to 57% in
5-year-olds who were born at less than 28 weeks postconception.94,95 The high prevalence of strabismus appears to be related to the
high prevalence of refractive errors, severity of ROP, and general health status. Not only is strabismus more prevalent among preterm
than full-term children, but the types of strabismus are different; exotropia is more common among LBW children. Strabismus
presents a risk for amblyopia and abnormal binocular vision, including reduced stereoacuity.
Cortical visual impairment in preterm children is often associated with congenital infections or malformations, perinatal asphyxia,
intraventricular hemorrhage, periventricular leukomalacia, or other neurological disorders. Severe intraventricular hemorrhage is
strongly associated with poor acuity outcome, strabismus, and nystagmus.96,97 Cortical visual impairment is often clustered with other
visual deficits, including ocular motility disturbances, optic nerve hypoplasia, and reading disorders.
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NEONATAL FACTORS
It is difficult to sort out the effects of complications of preterm birth from the direct effects of ROP on long-term visual outcome.
Complications including sepsis, intraventricular hemorrhage, periventricular leukomalacia, and necrotizing enterocolitis are
recognized risk factors for both ROP and cortical visual impairment. Within the ELBW group, these conditions are highly prevalent
and, along with general health status indices (such as length of hospital stay and number of days ventilated), must be considered in the
interpretation of risk for poor long-term acuity.

STUDY SUBJECTS AND METHODS
STUDY SUBJECT RECRUITMENT AND INFORMATION
Subjects were recruited by searching the database of patients evaluated at the Pediatric Laboratory at the Retina Foundation of the
Southwest in Dallas, Texas, between 1983 and 2002. The following inclusion criteria were used:
• Patients, who as infants, underwent ophthalmic assessment at the Retina Foundation of the Southwest

• Birth weight of ≤1,000 g
• Patients currently more than 3 years old according to adjusted age (Adjusted age is equal to the chronologic age of the
prematurely born infant minus the amount of prematurity.)
Children identified as meeting the above criteria were then contacted and asked to return for follow-up testing. Recruitment of the
potential study subjects consisted of a minimum of three telephone calls to the parents or guardian asking them to return the child for
follow-up. If telephone contact was unsuccessful, then a letter was sent to the last known address for the patient. If the address was
no longer valid, then the patient’s ophthalmologist was contacted for updated address information, and local telephone directories and
the Internet were searched for a new address and phone number.
Information on patients was gathered from a variety of sources, including hospital records, office charts, parent interviews, and
directly from queries of referring physicians (usually ophthalmologists). Information for each eye of each patient was entered into a
computerized database using the Microsoft Excel application. Demographic information recorded for each patient included last name,
first name, gender, gestational age at birth in weeks, birth weight, name of referring physician, and adjusted age at visual evaluation.
Additional information regarding length of stay in hospital after birth, total number of days of ventilation, number of readmissions to
hospital in first year of life, necrotizing enterocolitis (yes or no), intraventricular hemorrhage (no, grade mild or grade
moderate/severe), periventricular leukomalacia (yes or no), and sepsis (yes or no) was gathered from an interview with the parents or
guardian, usually at the time of the initial visual acuity testing. Necrotizing enterocolitis, periventricular leukomalacia, intraventricular
hemorrhage, sepsis, and total number of days of ventilation were used as proxies for severity of illness after birth. In addition, the
results of orthoptic and sensory testing as described below were recorded in the database record. The refractive error for each eye was
recorded in the database.
Information regarding ROP in each eye was gathered either directly from the patients’ records and/or from direct communication
of the author with the examining pediatric ophthalmologist. All ROP assessments were performed either by the author or by a
pediatric ophthalmologist trained by the author in ROP examination techniques. Both the author and the examining pediatric
ophthalmologist were certified Cryotherapy for Retinopathy of Prematurity (CRYO-ROP) Study examiners who screen infants at local
neonatal intensive care units on a weekly basis. The stage and zone of ROP was graded according to ICROP.98,99 Information recorded
in the database included cicatricial outcome grading of ROP; the use of interdictive therapy, such as laser photocoagulation or
cryotherapy; and corrective surgical interventions for ROP, such as scleral buckling, vitrectomy, and vitrectomy with lensectomy. In
addition, when available, the zone of ROP at the time of maximal stage of ROP was recorded. Also entered into the database was
information regarding other eye conditions, such as cataract, glaucoma, aphakia, nystagmus, amblyopia, and corneal abnormality.
The author obtained all sensory outcome data as part of routine clinical, ophthalmological follow-up or during attendance at a
research laboratory visit at the Retina Foundation of the Southwest. Examinations of all study subjects included visual acuity testing
by grating acuity techniques and, in some cases, by recognition acuity measurement. A subset of the study subjects underwent
additional follow-up testing, including orthoptic assessment and completion of a Children’s Visual Function Questionnaire and
Developmental Skills Survey by the parent(s) or guardian, contrast sensitivity testing, and stereopsis.
SENSORY TESTING
Visual Acuity Measurements
Visual acuity testing of all study subjects was performed by postdoctoral fellows who were trained in techniques of grating and
recognition acuity testing of preverbal infants and children. All testing was performed in the Pediatric Eye Research Laboratory at the
Retina Foundation of the Southwest. Grating acuity testing was chosen as a technique because it could be performed on all study
subjects regardless of their verbal skills or cognitive abilities. Recognition acuity testing was used whenever possible in addition to
grating acuity testing because it not only evaluates resolutional ability of the visual system but reflects some cognitive processes in
conjunction with the visual system.
Grating Acuity Testing. Grating acuity testing was performed on all infants and children using a forced-choice preferential
looking (FPL) protocol.100 For the FPL protocol testing, Teller acuity cards were used as stimuli (Figure 1). The mean luminance of
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the acuity cards was 1.60 log candelas per square meter. For infants, an observer made a forced choice as to the preferred direction of
an infant’s gaze for each card (Figure 2). Older children were asked to point to the location of the grating on a demonstration card. All
test sessions began with low spatial frequency stimulus (.23 cycles/degree) and progressed to higher frequency stimuli. A two
down−one up staircase procedure was used to converge on the acuity threshold in eight reversals. Step size was approximately one
octave (two cards) until the first reversal was obtained. Then, step size was reduced to approximately .5 octave (one card) for the
remainder of the test. Acuity was estimated as the mean of the last six reversals. Normative acuity data are available for this protocol,
including mean acuity and 95% tolerance limits.101

FIGURE 1
Six Teller acuity cards showing varying
grating widths from fine (on left) to coarse
(on right). Note “peephole” in center of each
card for observation of eye movement.

FIGURE 2
Monocular forced-choice preferential looking
grating acuity testing. Toddler (held by
mother) points at gratings on Teller cards,
which are presented by tester/observer.

Recognition Acuity Testing. Recognition visual acuity was tested using crowded HOTV optotypes displayed on an electronic
visual acuity system.102 Figure 3 shows a typical presentation of the letter “O” using this system. The Amblyopia Treatment Study
(ATS) acuity testing protocol was used.103 This recognition acuity testing was selected in lieu of the Early Treatment Diabetic
Retinopathy Study protocol because the young age of the study subject population made it more likely to achieve a reliable and
reproducible testing session.
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FIGURE 3
Crowded Letter “O”: Letter “O” with crowding bars around
it, as used for HOTV recognition acuity testing.

Children were asked either to name the letters or to match the letters by pointing to the appropriate letter on a matching card
provided to them. The ATS protocol employs four stages for testing a child’s acuity in each eye. First, screening of acuity is
performed by having the subject read one letter per line starting with the 20/100 optotype down to the point of failure. Then, the
second stage starts by moving back up two lines from the missed letter and then going down to smaller letter lines until at least two
letters are missed on a line. The third stage is the reinforcement stage that requires the tester to go back up three lines from the last
missed line and present only one letter on each line, again moving toward smaller letters. This is done with some verbal
encouragement. Last, stage 4 requires the tester to repeat the last missed line of letters in stage 3 and continue until two of the four
letters on the line are missed. Using the ATS protocol, acuity is scored as the smallest letter size for which at least three presentations
(three or three or three of four) are correctly identified. This test protocol is currently in wide use for randomized clinical trials in
pediatric ophthalmology; normative data are available, including mean acuity and 95% tolerance limits.104-107
Visual acuity is reported as the logarithm of the minimal angle of resolution (logMAR). Minimal angle of resolution is calculated
by taking the inverse of the visual acuity fraction. For instance, 20/40 becomes 2 and 20/100 becomes 5. Their logarithms of the
minimal angle of resolution (logMARs) are .3 and .7, respectively. LogMAR and common Snellen vision equivalents are shown in
Table 1. In order to include low levels of vision in the analysis, light perception and no light perception were coded as 2.0 and 2.5
logMAR, respectively. Owing to the asymmetry of ROP and other eye conditions between the two eyes of a given patient, all visual
acuity results are presented as eyes rather than as patients.
TABLE 1. LOGMAR VISUAL ACUITIES AND THEIR SNELLEN
VISUAL ACUITY EQUIVALENTS
logMAR
Snellen
logMAR
Snellen
logMAR
Snellen

−.1
20/15
.6
20/80
1.3
20/400

0
20/20
.7
20/100
1.4
20/500

.1
20/25
.8
20/125
1.5
20/630

.2
20/32
.9
20/160
1.6
20/800

.3
20/40
1.0
20/200
1.7
20/1000

.4
20/50
1.1
20/250
2.0
LP

.5
20/60
1.2
20/320
2.5
NLP

logMAR = log of minimal angle of resolution; LP = light perception; NLP = no light perception.
Since the range of normal acuity varies considerably with age during the first 3 years of life, acuities in preterm children were
compared to norms for adjusted-age at the time of testing. The acuities measured were compared with the mean of normal for age and
also with the lower limit of the normal range for age. The lower limit of the normal range is 1.96 SD below the mean of normal and
includes 95% of the normal population.
ORTHOPTIC ASSESSMENT
Orthoptic assessment was performed by a trained orthoptist. It included evaluation of ductions and versions, cover/uncover testing,
and alternate cover testing to detect the presence of manifest and latent strabismus. If a child was found to have a manifest strabismus,
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then a prism cover test was used to measure the angle of deviation at distance and near fixation. The presence or absence of strabismus
was evaluated because of its importance as an indicator for the potential of amblyopia as a cause of a visual deficit.
The refractive error of each eye was evaluated in one of three ways. All study subjects were under the ongoing care of a pediatric
ophthalmologist. If the child wore glasses, then the ophthalmologist was asked about the refractive status. If that was not possible,
then the child’s glasses were read with a lensometer and the reading recorded. In children who did not wear glasses, a Nikon
Retinomax K-plus Auto Refract Keratometer (Nikon USA, Melville, New York) was used to screen for significant, previously
undetected refractive errors.

RESULTS
STUDY SUBJECTS
A total of 149 patients (298 eyes) who underwent ophthalmic assessment at the Retina Foundation of the Southwest were identified as
having a birth weight of ≤1,000 g and being more than 3 years of adjusted age. Of these 149 patients, 10 were excluded because of
lost patient records (9) and shaken baby syndrome (1).108-110 (The child with shaken baby syndrome was excluded because of the
possibility that the cause of any visual abnormality might be due to injury rather than to factors related to prematurity.) The remaining
139 children (278 eyes) comprise the study subject cohort. Of these, 58 children were reevaluated at the Retina Foundation of the
Southwest specifically for the additional long-term follow-up testing portion of this study. The remaining 81 children’s records were
identified as containing sufficient data to be included in the study even though the patients could not be located or were unwilling to
return for the additional long-term follow-up testing. All children in this study had their last visual acuity testing at 36 months or more
of adjusted age.
Table 2 shows the general demographics of the entire study cohort. The cohort is subdivided into 58 children who were seen for
the additional long-term follow-up testing and into those 81 who were not. The mean birth weight of the entire group was 731 g, and
the mean gestational age at birth was 26 weeks. The average age at the time of final acuity testing was 70.8 months (adjusted age) for
the whole cohort. The mean birth weight of the patients who were evaluated with additional follow-up testing is lower that those in the
group without additional follow-up testing⎯680 g vs 767 g, respectively (t = 3.63; P = .0004). Likewise, the gestational age at birth
is on average 2 weeks less in the group of patients seen for additional follow-up testing (25 weeks) than the group who were not (27
weeks; t = 3.96; P = .0001). As might be expected, the mean adjusted age at the time of the last vision testing was higher in the group
of patients seen for additional follow-up testing than in the group that were not: – 88 months vs 57 months (t = 5.40; P < .0001).
Despite these differences between the two subgroups of patients, there does not appear to be an obvious reason of this self-selection.
These differences are not considered to be of substantive importance to the study results.

TABLE 2. DEMOGRAPHICS OF THE 139 EXTREMELY LOW-BIRTH-WEIGHT
STUDY SUBJECTS INCLUDED IN THIS REPORT
ALL PATIENTS
(n = 139)

PATIENTS SEEN FOR
ADDITIONAL
FOLLOW-UP
TESTING
(n = 58)

PATIENTS NOT SEEN
FOR ADDITIONAL
FOLLOW-UP
TESTING
(n = 81)

DIFFERENCE
BETWEEN
GROUPS

731 ± 146

680 ± 137

767 ± 142

t = 3.36
P = .0004

725
396 - 992

680
396 - 964

765
420 - 992

26 ± 2.2

25 ± 2.0

27 ± 2.1

26
22 - 33
70.8

25
22 - 29
87.7

26
22 - 33
57.4

VARIABLE

Birth weight (g)
Mean
Median
Range
Gestational age at birth (weeks)
Mean
Median
Range
Adjusted age at last vision test (months)

t = 3.96
P = .0001

t = 5.40
P < .0001

t = t test.
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VISUAL ACUITY DEVELOPMENT IN ELBW INFANTS
Early Grating Acuity
For the purposes of this study, early grating acuity testing is defined as being performed at 6 months of adjusted age or younger.
Because the mean normal acuity for age and the lower tolerance limit of normal vary considerably between birth at term (40 weeks
gestational age) and at 6 months, visual acuity was evaluated as the difference from the established norms for mean acuity and the
lower limit of normal for adjusted age.101
A total of 100 eyes (36%) of the entire cohort of ELBW infants were tested by grating acuity techniques at 6 months of adjusted
age or younger. Figure 4 shows the results of the early grating acuity differences from mean normal. Early grating acuities of these
100 eyes ranged from 1.8 log units below to .5 log units above the mean of the normal acuity range for adjusted age. Seventy-five eyes
(75%) had acuity levels below the normal mean, and only 25 eyes (25%) were at or above the mean of normal for age.
When early grating acuity results were compared with the lower tolerance limit of the normal range for adjusted age, 23 eyes
(23%) were below the lower limit of the normal range. Seventy-seven eyes (77%) were within the normal visual range for adjusted
age (Figure 5).

FIGURE 4
Early grating acuity differences from
mean normal: Chart shows grating
acuity difference from mean normal for
adjusted age in 100 eyes of infants
tested at 6 months or less adjusted age.
Visual acuity difference is expressed as
logMAR.

FIGURE 5
Early grating acuity differences from
lower limit of normal: Chart shows
grating acuity difference from the lower
limit of the normal range for adjusted
age in 100 eyes of infants tested at 6
months or less of adjusted age. Visual
acuity difference is expressed as
logMAR.
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Late Grating Acuity
Final grating acuity outcomes were measured at 3 years of adjusted age or older for 248 eyes (89%) of the study group. At 36 months
of age, the mean of normal grating acuity is 20/40 (.3 logMAR) and the range of normal is from 20/80 (.6 logMAR) to 20/15 (−.1
logMAR). Figure 6 shows that late grating acuities of the 248 study eyes ranged from 20/15 to no light perception (NLP; 2.5
logMAR). The mean adjusted age at the time of final grating acuity testing was 73 ± 36 months with a range of 36 to 236 months; 101
eyes (41%) had final grating acuity outcomes of 20/40 (.3 logMAR) or better, 80 eyes (32%) were between 20/50 (.4 logMAR) and
20/160 (.9 logMAR), 67 eyes (27%) were 20/200 (1.0 logMAR) or worse, and 44 eyes (18%) were worse than 20/800 (1.6 logMAR).
Figure 7 shows the final grating acuity differences from the mean of normal for adjusted age for these 248 eyes. The mean normal
acuity at 48 months or more adjusted age is .1 logMAR (20/25). Acuity levels ranged from 2.4 log units below the mean of normal to
0.3 log units above mean normal. At 36 months or more of adjusted age, 160 eyes (65%) were below mean normal and 88 eyes (35%)
were at or above the mean of normal.
At 36 and 48 months of age, the lower limit of the normal range is 20/80 (.6 logMAR) and 20/40 (.3 logMAR), respectively. When
grating acuity outcomes at 36-month adjusted age or older were compared with the lower tolerance limit of the normal range for age,
164 eyes (66%) were below the lower limit of the normal range. Only 84 eyes (34%) were within the normal limits (Figure 8).

FIGURE 6
Late grating acuity outcomes: Chart
shows distribution of grating acuity
vision in 248 eyes tested at 36 months
or more of adjusted age. Visual acuity
is expressed as logMAR.

FIGURE 7
Late grating acuity differences from
mean normal: Chart shows grating
acuity difference from mean normal for
adjusted age of 248 eyes of children
tested at 36 months or more of adjusted
age. Visual acuity difference expressed
as logMAR.

Recognition Acuity
Recognition acuity outcomes were also measured at 3 years of adjusted age or older on 183 eyes (66%) of the study group. Figure 9
shows the HOTV recognition acuity results for these eyes. The mean adjusted age at the time of testing was 76 ± 39 months with a
range of 36 to 236 months of age. Acuity levels ranged from 20/15 (–.1 logMAR) to no light perception (NLP) (2.5 logMAR); 101
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FIGURE 8
Late grating acuity differences from lower
limit of normal: Chart shows grating acuity
difference from the lower limit of the normal
range for adjusted age in 248 eyes of children
tested at 36 months or more of adjusted age.
Visual acuity difference expressed as
logMAR.

FIGURE 9
Recognition acuity outcomes: Chart shows
distribution of recognition acuity vision in 183
eyes tested at 36 months or more of adjusted
age. Visual acuity difference expressed as
logMAR. LP = light perception; NLP = no
light perception.

eyes (55%) had acuities of 20/40 (.3 logMAR) or better. This is somewhat higher than the 41% who had grating acuity of 20/40 or
better. This discrepancy is likely due to the fact that a large number of the children in this study had multiple disabilities and were
unable to undergo recognition acuity testing for cognitive reasons. Thus the children with higher cognitive abilities were more likely
to be capable of recognition acuity testing. An additional 50 eyes (27%) had vision ranging from 20/50 (.4 logMAR) to 20/160 (.9
logMAR). The remaining 32 eyes (17%) were at or below the level of legal blindness; six eyes (3%) were between 20/200 (1.0
logMAR) and 20/800 (1.6 logMAR), and 26 eyes (14%) had light perception only or NLP.
Figures 10 and 11 compare the recognition acuity outcome at 36 months or more of adjusted age with the mean normal value and
the lower limit of the normal range of age. The mean normal values used for recognition acuity are as follows: for age 48 months or
greater, 20/20 (0 logMAR), and for 36 to 47 months, 20/25 (.1 logMAR). A total of 154 eyes (84%) (Figure 10) were below the mean
of the normal range, and 104 eyes (57%) (Figure 11) were below the lower limit of the normal range.
Rate of Grating Acuity Development
The rate of grating acuity development in this study cohort was evaluated for those eyes of children who were tested at least twice
during the first 18 months of life. A total of 152 eyes were tested at least twice. The number of testing encounters for a given eye
ranged from two to seven.
The rate of visual maturation during infancy is calculated as the slope of the best-fit line relating logMAR grating acuity to
adjusted age in log months. This makes the rate of visual development into a linear function over time. The range of slopes varied
from −4.95 logMAR/log month to 2.93 logMAR/log month. The mean slope of these 152 study eyes was −.72 ± 1.09 logMAR/log
month. This average rate of maturation does not differ significantly from the mean slope of acuity development for healthy full-term
infants (−.64 ± .21 logMAR/log month).101,111 If the slope of acuity development is > −.2, then the rate of visual development is
considered to be abnormally slow.
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FIGURE 10
Recognition acuity differences from mean
normal: Chart shows recognition acuity
difference from mean normal for adjusted age
in 183 eyes of children tested at 36 months or
more adjusted age. Visual acuity difference
expressed as logMAR.

FIGURE 11
Recognition acuity differences from lower
limit of normal: Chart shows recognition
acuity difference from the lower limit of
normal for adjusted age in 183 eyes of
children tested at 36 months or more of
adjusted age. Visual acuity difference
expressed as logMAR.

PREDICTIVE VALUE OF EARLY ACUITY TESTING
The value of early acuity testing of infants’ eyes during the first 18 months of life in predicting late visual outcome is analyzed in four
ways:
1. The results of the rate of early grating acuity development (slope) information (whether normal or subnormal) are compared
with late grating acuity outcomes (normal vs abnormal).
2. The rate of early grating acuity development (slope) is compared with late recognition acuity results (normal vs abnormal).
3. The results of early grating testing are compared with late grating outcomes.
4. The results of early grating testing are compared with late recognition acuity outcomes.
All eyes that underwent two or more grating acuity tests within the first 18 months of life and that had late grating acuity testing (≥36
months of adjusted age) were evaluated; 152 eyes met these criteria. A chi-square analysis was then performed comparing the
predictive value of the rate (slope) of early visual development with the long-term grating acuity outcomes. An abnormal early slope
was predictive of an abnormal late grating acuity outcome (χ2 = 39.8, P < .0001) with a sensitivity of 63%, a specificity of 86%, and
an accuracy of 76% (Table 3).
The rate of early visual development (slope) was also compared with recognition acuity outcome at 3 years or more adjusted age.
There were 152 eyes that underwent these testing criteria; however, recognition acuity testing data on one eye could not be retrieved.
This analysis on 151 eyes also showed that a below normal rate of visual development early in life was correlated with abnormal
recognition acuity outcomes (χ2 = 41.9, P < .0001) with a sensitivity of 64%, a specificity of 87%, and an accuracy of 77% (Table 4).
The 100 eyes that underwent early grating acuity testing (≤6 months adjusted age) and that underwent late grating acuity testing at
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≥ 36 months adjusted age were compared for the predictive value of early grating acuity testing. This analysis showed that early
grating testing was predictive of late grating outcome acuity in this group (χ2 = 24.38, P < .0001) with a sensitivity of 46%, a
specificity of 95%, and an accuracy of 76% (Table 5).

TABLE 3. COMPARISON OF THE RATE OF EARLY VISUAL DEVELOPMENT (SLOPE)
WITH LATE GRATING ACUITY OUTCOMES IN 152 EYES WITH TWO OR MORE
GRATING ACUITY TESTS WITHIN THE FIRST 18 MONTHS OF LIFE
ABNORMAL GRATING ACUITY
NORMAL GRATING ACUITY
SLOPE
≥36 MONTHS ADJUSTED AGE
≥36 MONTHS ADJUSTED AGE
Abnormal
Normal

41 eyes
24 eyes
Sensitivity = 63%
Specificity = 86%
Accuracy = 76%

12 eyes
75 eyes
χ2 = 39.8
P < .0001

χ 2 = chi-square.

TABLE 4. COMPARISON OF THE RATE OF EARLY VISUAL DEVELOPMENT (SLOPE) WITH
LATE RECOGNITION ACUITY OUTCOMES IN 151 EYES WITH TWO OR MORE GRATING
ACUITY TESTS WITHIN THE FIRST 18 MONTHS OF LIFE
ABNORMAL RECOGNITION ACUITY
NORMAL RECOGNITION ACUITY
SLOPE
≥36 MONTHS ADJUSTED AGE
≥36 MONTHS ADJUSTED AGE
Abnormal
Normal

42 eyes
24 eyes
Sensitivity = 64%
Specificity = 87%
Accuracy = 77%

11 eyes
74 eyes
χ2 = 41.9
P < .0001

χ 2 = chi-square.

TABLE 5. COMPARISON OF THE LATE GRATING ACUITY OUTCOMES WITH EARLY GRATING ACUITY
TESTING RESULTS FOR 100 EYES THAT UNDERWENT BOTH EVALUATIONS
ABNORMAL GRATING ACUITY
≥36 MONTHS ADJUSTED AGE

NORMAL GRATING ACUITY
≥36 MONTHS ADJUSTED AGE

Abnormal grating at ≤6 months

18 eyes

Normal grating at ≤6 months

21 eyes

58 eyes

Sensitivity = 46%
Specificity = 95%
Accuracy = 76%

χ2 = 24.38
P <.0001

3 eyes

χ 2 = chi-square.
Finally, results of early grating acuity were compared with results of recognition acuity testing. A total of 99 eyes underwent both
of these testing sessions. When the normal vs abnormal early grating eyes were compared with the normal vs abnormal recognition
acuity results, early grating testing was predictive of recognition acuity (χ2 = 14.39, P = .0001) with a sensitivity of 39%, a specificity
of 93%, and an accuracy of 69% (Table 6).
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TABLE 6. COMPARISON OF THE RECOGNITION ACUITY OUTCOMES WITH EARLY GRATING ACUITY
TESTING RESULTS FOR 99 EYES THAT UNDERWENT BOTH EVALUATIONS
ABNORMAL RECOGNITION ACUITY
≥36 MONTHS ADJUSTED AGE

NORMAL RECOGNITION ACUITY
≥36 MONTHS ADJUSTED AGE

Abnormal grating ≤6 months

17 eyes

4 eyes

Normal grating ≤6 months

27 eyes

51 eyes

Sensitivity = 39%
Specificity = 93%
Accuracy = 69%

χ2 = 14.39
P = .0001

χ 2 = chi-square.

ANALYSIS OF RISK FACTORS AFFECTING VISUAL ACUITY OUTCOMES IN ELBW CHILDREN
Zone of Disease at Time of Maximal ROP
Accurate data regarding the zone of ROP at the time of maximal disease were available for 208 eyes of 106 infants. Sixty-seven eyes
of 34 patients were graded as having zone I disease, 132 eyes of 67 patients had zone II disease, and 9 eyes of 5 patients had zone III
disease. This determination of zone was made by the author reviewing the records of the ROP screening exams made at the time of the
examinations. Eyes with ROP were classified as being “zone I” eyes if at the time of reaching their maximal stage of ROP they were
graded as having at least one clock hour sector of any stage of ROP in zone I. Otherwise, eyes were placed in the zone II/III category.
Maximal disease recorded in either zone II or zone III was combined into a single group (zone II/III) because of the small number of
eyes (nine) with maximal disease in zone III.
Table 7 compares the characteristics of the two groups. The zone I group eyes were of infants who were significantly smaller and
less mature, as judged by birth weight and gestational weight at birth, than were the infants in the Zone II/III group of eyes. A total of
50 of the 67 eyes (75%) in the zone I group received ablative treatment of the peripheral avascular retina with laser photocoagulation
or cryotherapy for severe ROP, whereas only 47 of 141 eyes (33%) in the zone II/III group received ablative treatment. This higher
proportion of zone I group receiving ablative treatment than the zone II/III group is statistically significant (χ2 = 7.92; P = .0049).
TABLE 7. CHARACTERISTICS OF THE PATIENTS (AND EYES) IN WHICH MAXIMAL ROP WAS IN ZONE
I VS THOSE IN WHICH MAXIMAL ROP WAS IN ZONE II OR III
CHARACTERISTIC

ZONE I EYES

ZONE II/III EYES

No. of eyes (patients)
Range of BW (g)
Mean BW (g) ± SD

67 (34)
396 - 964

141 (72)
420 - 992

670 ± 123

745 ± 150

Median BW (g)

695

750

Range of GA (weeks)

Mean GA (weeks) ± SD

22 - 29

22 - 33

24.9 ± 1.6

26.4 ± 2.2

Median GA (weeks)

25.0

26.0

No. eyes with laser/cryotherapy

50 (75%)

47 (33%)

DIFFERENCE

χ2 = 9.3
P = .0023
χ2 = 10.2
P = .0014

χ2 = 4.0
P = .0455
χ2 = 4.2
P = .0404
χ2 = 7.92
P = .0049

BW = birth weight; GA = gestational age at birth; ROP = retinopathy of prematurity; SD = standard deviation; χ2 = chisquare.
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Sixty-seven eyes of 34 patients were graded as having maximal ROP in zone I and underwent acuity testing at 36 months of
adjusted age or older. A total of 59 eyes (88%) were tested with grating acuity techniques, and 50 eyes (75%) were tested with
recognition acuity testing techniques. A total of 141 eyes of 72 patients who had their maximal disease in zone II/III underwent acuity
testing at 36 months or older adjusted age. Of these zone II/III group eyes, 119 eyes (84%) were evaluated using grating acuity
techniques and 102 (72%) were evaluated by recognition acuity methods (Table 8).
Grating acuity at 36 months or more adjusted age was compared between the zone I and the zone II/III groups (Figures 12 through
15). Overall, 49 of 59 eyes (83%) of the zone I group had grating acuity below mean normal vs 86 eyes (72%) of the zone II/III group
(z = 5.97; P < .0001). When compared with the lower tolerance limit for normal, 43 of 59 eyes (73%) in the zone I group were below
this limit compared with 54 eyes (45%) of zone II/III eyes. This difference was significant (z = 3.73; P = .0002).
For recognition acuity, 37 of 50 eyes (74%) of the zone I group had acuity below normal vs 37 of 102 eyes (36%) of the zone II/III
eyes (z = 3.72; P = .0002). Moreover, 28% of children with zone I disease had bilateral recognition acuity outcomes of 1.0 logMAR
(20/200) or worse vs only 2% of the children with zone II/III disease (z = 2.83; P = .0047).
Other Risk Factors
Risk factors shown in Table 9 were evaluated for poor long-term visual acuity outcome (≥3-line deficit from mean normal). In
addition, gestational age at birth and birth weight were evaluated as risk factors for poor refractive outcome (hypermetropia ≥ +3.5
diopters [D], any myopia, myopia ≥ −6D) and for poor alignment outcome (strabismus). For risk factor analysis, each of the variables
was stratified as shown in Table 9. Mantel-Haenszel odds ratios were computed for all risk factors. Because the incidence of the
adverse outcome (poor visual acuity) was more than 10%, odds ratios were corrected to relative risks to appropriately assess the
magnitude of the associations.
TABLE 8. COMPARISON OF VISUAL ACUITY OUTCOMES AT ≥36 MONTHS OF ADJUSTED
AGE FOR EYES IN WHICH MAXIMAL ROP WAS IN ZONE I VS EYES IN WHICH MAXIMAL
ROP WAS IN ZONE II OR III
TOTAL EYES
(PTS)

ZONE I EYES
(PTS)

ZONE II/III EYES
(PTS)

208 (106)
178 (86%)
135 (76%)
97 (54%)
152 (73%)
74 (49%)

67 (34)
59 (88%)
49 (83%)
43 (73%)
50 (75%)
37 (74%)

141 (72)
119 (84%)
86 (72%)
54 (45%)
102 (72%)
37 (36%)

Grating acuity
< mean normal acuity for adj age
< normal acuity for adj age
Recognition acuity
Below normal acuity for adj age

DIFFERENCE

z = 5.97
z = 3.73
z = 3.72

adj = adjusted; pts = patients.

TABLE 9. STRATIFICATION OF RISK FACTORS THAT WERE
EVALUATED FOR POOR LONG-TERM VISUAL ACUITY OUTCOME
RISK FACTOR
Zone of maximal ROP
Gestational age at birth

GROUPS
Zone I
≤28 wk vs >28 wk

Birth weight

≤750 g vs >750 g

General health
Gender
IVH
NEC
PVL
Sepsis

≤60 days ventilation vs >60 days
Male vs female
Grade 3-4 vs Grade 0-2
Yes/no
Yes/no
Yes/no

IVH = intraventricular hemorrhage; NEC = necrotizing enterocolitis; PVL =
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Children born at ≤28 weeks of gestation had 4.1 times (95% CI = 2.2 to 6.2) greater risk of abnormal recognition acuity outcome
than children born at >28 weeks of gestation. Children with poorer general health, who were hospitalized initially for more than 3
months postpartum, had 5.3 times greater risk of abnormal recognition acuity outcome than children whose initial duration of
hospitalization was 3 months or less. The other risk factors were not significantly associated with risk for poor recognition acuity
outcomes.
Children born at ≤25 weeks of gestational age had 1.7 times (95% CI = 1.2-2.0) greater risk of developing myopia than children
born at >25 weeks of gestation. Birth weight was not significantly associated with risk for poor refractive outcome. Neither
gestational age at birth nor birth weight posed a significant risk for strabismus.

FIGURE 12
Visual outcomes for Zone I eyes compared
with the mean of normal for age: Grating
acuity difference from mean normal for
adjusted age in 59 eyes with maximal ROP
occurring in zone I. Visual acuity difference
expressed as logMAR.

FIGURE 13
Visual outcomes for Zone I eyes compared with the
lower limit of normal for age: Grating acuity
difference from lower limit of normal range for
adjusted age in 59 eyes with maximal ROP
occurring in zone I. Visual acuity difference
expressed as logMAR.

FIGURE 14
Visual outcomes for Zone II/III eyes compared
with the mean of normal for age: Grating
acuity difference from mean normal for
adjusted age in 119 eyes with maximal
retinopathy of prematurity occurring in zone
II/III. Visual acuity difference expressed as
logMAR.
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FIGURE 15
Visual outcomes for Zone II/III eyes
Compared with the lower limit of normal
for age: Grating acuity difference from
lower limit of normal range for adjusted
age in 119 eyes with maximal ROP
occurring in zone II/III. Visual acuity
difference expressed as logMAR.

DISCUSSION
Visual development is a learned ability that is a coordinated process between the eyes and the brain. In a full-term infant this process
of visual development starts at birth and is not complete until 3 to 4 years of age. At birth, a full-term infant has a grating visual acuity
level of about 1.5 logMAR (20/600). Acuity improves rapidly during the first few months, and by age 1 year vision is normally about
.48 logMAR (20/60). Visual acuity finally reaches adult levels of resolution (20/20) at about 36 to 48 months of age101 (Figure 16). In
the preterm infant, even when the eye is free of disease, the process of visual acuity maturation is delayed by the amount of
prematurity. Therefore, when age is corrected for prematurity, the rate and timing of visual acuity development in healthy preterm
children are similar to that of full-term children.6

FIGURE 16
Normal grating acuity development based on
data from normal full-term infants. (Courtesy of
Eileen E. Birch, PhD, Dallas, Texas)

The group of subjects in this study does not represent a birth cohort. Therefore, as such, the results are not representative of the
risks and occurrence of events in the general population. On the other hand, it is very difficult to assess those risks in population
cohorts that have very few adverse events, such as visual impairment in a general population of prematurely born babies. Therefore,
although this study’s cohort has the disadvantage that it may not be used to accurately estimate the absolute value of the risk
associated with each factor in the general population, it has the advantage of a high prevalence of adverse events that can be used to
estimate associations with risk more easily. In this way, this study does illuminate factors on which it may be important to focus.
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LONG-TERM GRATING ACUITY AND RECOGNITION ACUITY OUTCOMES
In this population of 278 eyes of 139 ELBW children on whom long-term visual outcome data was acquired, 248 eyes had 3-year
grating acuity outcome measurements, whereas only 183 eyes had HOTV recognition acuity measurement. Although the mean age for
the time of outcome testing was similar for each technique (73 ± 36 months for grating; 76 ± 39 months for recognition), the smaller
number of eyes successfully tested with recognition acuity techniques reflects the fact that a relatively large number of
neurodevelopmentally impaired children are included in this cohort. This difference is also reflected in the larger percentage of those
study subjects able to perform recognition acuity testing who achieved 20/40 or better acuity than in the group of subjects who were
able to perform grating acuity testing (55% vs 41%; P =.003). Recognition acuity testing requires more cognitive ability than the
reflexive responses elicited by grating acuity testing. The most extensive long-term visual acuity outcome data set for LBW children
was published in a series of papers by the CRYO-ROP study group. A similar difficulty in testing neurologically impaired patients
was also noted by the CRYO-ROP Cooperative Group in their 5½-year outcome study. They were unable to obtain information on
100 eyes during recognition acuity testing and attributed this failure primarily to neurodevelopmental impairment.112
Visual outcome, as measured at 36 months or more of adjusted age, was outside of the normal tolerance limits in over half the eyes
(Figures 8 and 11) and was below the mean of normal in over 65% (Figures 7 and 10). One hundred and thirty-four eyes (54%) tested
with grating acuity and 104 eyes (57%) tested by recognition acuity were outside the normal range; 160 of the 248 eyes (65%) tested
with grating testing were below the mean of normal, and 154 of 183 eyes (84%) were below the mean with HOTV testing.
Others have reported reduced long-term acuity outcomes in LBW infants, regardless of ROP outcome.86,96,113-116 Even among LBW
infants with no apparent retinal or cortical sequelae of premature birth, subnormal long-term binocular visual acuity outcomes have
been reported.116,117 Longitudinal studies of visual acuity maturation in ELBW infants are scarce in the ROP literature. Courage and
Adams118 reported grating acuity data from 26 ELBW infants and found that most grating acuities fell within the normal tolerance
limits, although they tended to be below the average acuity of postconceptional age-matched full-term infants after 9 months of age.
The data from the CRYO-ROP study and this present study are summarized and compared in Tables 10 through 12. Because most
of the patients included in the present study’s cohort received cryotherapy or laser treatment for threshold ROP, the most appropriate
comparisons are with the treated eyes from the CRYO-ROP Study.
Grating acuity outcome at 3.5 years of age from the CRYO-ROP Study and this ELBW cohort is summarized in Table 10. It
should be noted that only ELBW children who were tested at exactly the same age as those in the CRYO-ROP group (32 to 53
months) are included in this table. Even though the cohort in the present study is composed of only ELBW children, the author
observed a higher rate of favorable grating acuity outcome than found in the CRYO-ROP cohort (66% vs 48%) and a much lower rate
of blindness (9% vs 31%). These differences may be attributed to improved neonatal care and/or changes in the treatment timing and
techniques for severe ROP (ie, the use of laser photocoagulation instead of cryotherapy).
In the present cohort, recognition acuity outcome at 3.5 years of age (Table 11) has an even higher rate of favorable outcome
compared to the grating acuity data in Table 10. Using CRYO-ROP Study criteria, over 80% of this ELBW cohort’s eyes had a
favorable long-term recognition acuity outcome. Note, however, that HOTV acuity testing requires a certain level of cognitive ability
to perform, so those patients with more severe neurodevelopmental limitations, who are most likely to have the worst visual acuity
outcome, did not contribute data to this table. The observed rate of favorable recognition acuity outcome was higher than found in the
CRYO-ROP cohort (81% vs 53%), and the rate of blindness was lower (17% vs 37%).
TABLE 10. A COMPARISON OF 3½ -YEAR CRYO-ROP STUDY GRATING ACUITY OUTCOME
DATA WITH GRATING ACUITY OUTCOMES OF THIS EXTREMELY LOW-BIRTH-WEIGHT
(ELBW) COHORT
TREATED EYES
(n = 193)
187 EYES
TESTED

CONTROL EYES
(n = 192)
189 EYES
TESTED

89 (47.6%)
38 (20.3%)
51 (27.3%)
98 (52.4%)
41 (21.9%)
57 (30.5%)

65 (34.4%)
35 (18.5%)
30 (15.9%)
124 (65.6%)
27 (14.3%)
97 (51.3%)

Favorable
Normal
Below normal
Unfavorable
Poor vision
Blind/low vision

COMBINED EYES
(n = 385)
376 EYES
TESTED
154 (41.0%)
73 (19.4%)
81 (21.5%)
222 (59.0%)
68 (18.1%)
154 (41.0%)

ELBW
COHORT
(n = 175)
115 (65.7%)
58 (33.1%)
57 (32.6%)
60 (34.3%)
44 (25.1%)
16 (9.1%)

CRYO-ROP = Cryotherapy for Retinopathy of Prematurity.
At 5.5 years of age (Table 12), the present cohort of eyes of ELBW children has a much higher rate of favorable recognition acuity
outcome than that found in the CRYO-ROP cohort (90% vs 47%). Over 50% of the ELBW subjects’ eyes in the present study
achieved 20/40 or better recognition acuity, whereas only 13% of the CRYO-ROP cohort achieved 20/40 or better. The observed rate
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of blindness was lower than found in the CRYO-ROP cohort (8% vs 32%).
An additional factor that could have had an impact on the relatively low rate of blindness may be the follow-up criteria. The
CRYO-ROP study continued to follow and assess each child in the study cohort at each age regardless of whether they had a severe
visual impairment. In the current study of ELBW eyes, if no visual function was detected on repeated testing, then follow-up may
have ceased before 3 years of age, a factor which could account for the lower rate of blindness reported here.
TABLE 11. A COMPARISON OF 3½ -YEAR CRYO-ROP STUDY HOTV RECOGNITION ACUITY OUTCOME
DATA WITH 3½ -YEAR HOTV RECOGNITION ACUITY OUTCOMES OF THIS EXTREMELY LOW-BIRTHWEIGHT (ELBW) COHORT
TREATED EYES
(n=203)
148 EYES TESTED

CONTROL EYES
(n=203)
146 EYES TESTED

COMBINED EYES
(n=406)
294 EYES TESTED

ELBW COHORT
(n=64)

79 (53.4%)
43 (29.1%)
36 (24.3%)
69 (46.6%)
14 (9.5%)
55 (37.2%)

62 (42.5%)
42 (28.8%)
20 (13.7%)
84 (57.5%)
6 (4.1%)
78 (53.4%)

141 (48.0%)
85 (28.9%)
56 (19.1%)
153 (52.0%)
20 (6.8%)
133 (45.2%)

52 (81.3%)
38 (59.4%)
14 (21.9%)
12 (18.8%)
1 (1.5%)
11 (17.2%)

Favorable
Normal
Below normal
Unfavorable
Poor vision
Blind/low vision

CRYO-ROP = Cryotherapy for Retinopathy of Prematurity.

TABLE 12. A COMPARISON OF 5½ -YEAR CRYO-ROP STUDY SNELLEN ACUITY OUTCOME DATA WITH 5½ YEAR SNELLEN ACUITY OUTCOMES OF THIS EXTREMELY LOW-BIRTH-WEIGHT (ELBW) COHORT
TREATED EYES
(n=233)
(222 EYES TESTED)

CONTROL EYES
(n=230)
(222 EYES TESTED)

COMBINED EYES
(n=463)
(444 EYES TESTED)

ELBW
COHORT
(n=48)

104 (46.8%)
28 (12.6%)
14 ( 6.3%)
62 (27.9%)
118 (53.1%)
48 (21.6%)
70 (31.5%)

77 (34.7%)
37 (16.7%)
11 ( 5.0%)
29 (13.1%)
145 (65.3%)
39 (17.6%)
106 (47.7%)

181 (40.8%)
65 (14.6%)
25 ( 5.6%)
91 (20.5%)
263 (59.2%)
87 (19.6%)
176 (39.6%)

43 (89.6%)
25 (52.1%)
8 (16.7%)
10 (20.8%)
5 (10.4%)
1 ( 2.1%)
4 ( 8.3%)

Favorable
20/40 or better
<20/40, but 20/60 or better
<20/60, but >20/200
Unfavorable
≤20/200
Blind

CRYO-ROP = Cryotherapy for Retinopathy of Prematurity

PREDICTIVE VALUE OF GRATING ACUITY TESTS
In this ELBW cohort, grating acuity at ≤6 months of age was predictive of long-term grating acuity outcome with an accuracy of 69%
(Table 6); early grating acuity was predictive of long-term recognition acuity outcome with an accuracy of 76% (Table 5). Two
earlier studies have found similar accuracy rates in LBW cohorts.6,119 The predictive value of grating acuity tests is improved when
testing is conducted at later ages or at multiple ages during infancy.6,120 This finding led to the examination of the rate (slope) of
grating acuity development during the first 18 months of life as a predictor of long-term visual acuity outcome. This approach
improved the accuracy to 76% and 77% (Tables 3 and 4) for long-term grating and recognition acuity outcomes.
Infant grating acuity tests, then, can provide valuable predictive information, but they should be interpreted cautiously, particularly
for infants who score within the normal range. Infants with initially normal grating acuity scores still warrant observation, because one
third will have long-term visual impairment of some degree, and even in the absence of visual acuity deficits, they are at risk for
myopia, anisometropia, and strabismus.
ZONE I DISEASE
As expected, eyes with zone I ROP had significantly poorer recognition acuity outcomes than did the group of zone II/III eyes. More
zone I eyes than zone II/III eyes had grating acuities outside of the normal tolerance limits (73% vs 45%) (Figures 13 and 15 and
Table 8). The CRYO-ROP group reported that over 90% of zone I eyes had unfavorable recognition acuity and grating acuity
outcomes at 3.5 years of age, whereas only about 50% of zone II eyes had unfavorable outcomes.121 They concluded that “the more
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posterior the zone of ROP and the greater the extent of stage 3+ disease, the greater the unfavorable outcome rate.”122 In the present
study, 27% of zone I eyes achieved grating acuity within the normal tolerance limits. This increase in favorable grating acuity
outcomes in the present cohort may be related to advances in neonatal care and/or ROP treatment that have occurred since the time of
the CRYO-ROP study (eg, the introduction of surfactant therapy and the adoption of laser photocoagulation treatment in the1990s).
NEONATAL RISK FACTORS
ROP is known to be a multifactorial condition, that is, it is difficult to identify individual factors that predispose an infant to develop
ROP or its sequelae, including long-term visual impairment. In the present study, a gestational age ≤28 weeks was associated with
over four times increased risk for below normal recognition acuity outcome and 1.5 times increased risk for subnormal grating acuity
outcome. Birth weight was not associated with long-term acuity outcomes. These results may not be surprising, because all LBW
children have high risk for poor acuity outcomes89 and it may be difficult to detect further increases in risk over this baseline level.
Poor general health, as indicated by 3 or more months duration of postnatal hospitalization (a proxy for severity of illness), also
significantly elevated the risk for poor recognition acuity outcome by a factor of 5.
In an earlier study, Hardy and coworkers123 found that using birth weight, gestational age, gender, multiple birth, and
ophthalmologic examination findings as factors in a multiple logistic risk model for ROP allowed for identification of a subgroup of
high-risk infants in which 36% had unfavorable outcomes at 3 months post-term age. Infants without these risk factors had only a 5%
rate of unfavorable outcomes. Although both studies evaluated similar risk factors, the outcome measure in the present study was a
long-term functional outcome (visual acuity at ≥3 years of age) rather than the short-term anatomical outcome used by Hardy and
colleagues. Tommiska and coworkers124 reported that 23% of ELBW infants had ophthalmic abnormalities and that these
abnormalities were associated with lower birth weight and lower gestational age. Taken together with the present study, low
gestational age is the common factor that emerges as presenting a strong risk for visual impairment and blindness. This finding
suggests that the level of maturation of the infant at birth (as indicated by gestational age) is the most important prognostic factor in
long-term visual development.

CONCLUSIONS
In high-income countries, including the United States, United Kingdom, and Scandinavia, advanced healthcare technology provides
neonatal intensive care support for LBW infants. ROP is confined mainly to ELBW infants,125 and ROP-related visual impairment is
likely to be associated with multiple disabilities.24,65,126 In these countries, ROP-related visual disability accounts for 5% to 8% of
childhood visual impairment.65,127,128 This study demonstrates that infant grating acuity testing is useful in identifying eyes at high risk
for moderate to severe visual impairment. Gestational age at birth of 28 weeks or less is also associated with significantly elevated
risk for abnormal long-term visual acuity outcome.
Currently, there are clearly defined protocols for the screening of children at risk of developing ROP.129,130 However, there are no
such guidelines for the long-term visual assessment of LBW children. The outcomes from the present study have implications for the
care of ELBW children, and this information can lead to evidence-based practices, thereby improving our knowledge of the potential
visual outcome for these children. With continued improvements in neonatal care, it is likely that this population of ELBW survivors
will continue to increase over time. Whereas research has focused primarily on enabling these infants to survive, their long-term
outcomes, such as vision, may have more lasting relevance to the children and their families and as such must not be neglected.
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