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Abstract
The continuing worldwide epidemic of retinopathy of prematurity (ROP), a leading cause of
childhood visual impairment, strongly motivates further research into mechanisms of the disease.
Although the hallmark of ROP is abnormal retinal vasculature, a growing body of evidence supports
a critical role for the neural retina in the ROP disease process. The age of onset of ROP coincides
with the rapid developmental increase in rod photoreceptor outer segment length and rhodopsin
content of the retina with escalation of energy demands. Using a combination of non-invasive
electroretinographic (ERG), psychophysical, and image analysis procedures, the neural retina and
its vasculature have been studied in prematurely born human subjects, both with and without ROP,
and in rats that model the key vascular and neural parameters found in human ROP subjects. These
data are compared to comprehensive numeric summaries of the neural and vascular features in
normally developing human and rat retina. In rats, biochemical, anatomical, and molecular biological
investigations are paired with the non-invasive assessments. ROP, even if mild, primarily and
persistently alters the structure and function of photoreceptors. Post-receptor neurons and retinal
vasculature, which are intimately related, are also affected by ROP; conspicuous neurovascular
abnormalities disappear, but subtle structural anomalies and functional deficits may persist years
after clinical ROP resolves. The data from human subjects and rat models identify photoreceptor and
post-receptor targets for interventions that promise improved outcomes for children at risk for ROP.
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1. Introduction
1.1. Preterm birth and retinopathy of prematurity (ROP)

Preterm birth introduces a tiny infant into an extrauterine world for which the infant's tissues
and organs are incompletely prepared. In this external environment, the immature
neurovascular tissues of the visual system, the retina and the brain, are particularly susceptible
to injury (Volpe, 2009). The earlier the preterm birth, the greater the risk for damage to the
retina and visual pathways. The clinical entity involving the retina is called retinopathy of
prematurity (ROP); abnormalities of the retinal vasculature are the clinical hallmark of ROP.
A growing body of evidence, however, demonstrates that the neural retina is critically involved
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in the ROP disease process. The onset of ROP is at approximately 32 weeks gestational age
(term ≅40 weeks) regardless of the gestation at birth (Palmer et al., 1991). Interestingly, this
coincides with the rapid developmental elongation of the rod outer segments and increase in
retinal rhodopsin content (Fig. 1). As this rapid maturation occurs, putative energy demands
of the rod escalate due to increase in turnover of outer segment material and the rod's circulating
current.

Our studies of ROP are dedicated to delineating the closely allied neural and vascular
components of the disease and the resulting retinal and visual dysfunction. Such an approach
can identify targets for interventions that will give children with ROP the best possible visual
outcome. The increasing number of children with ROP motivates the quest for further
knowledge about neurovascular processes upon which improved management, and eventually
prevention, of ROP will be based.

Due to advances in neonatal care, infants born as early as 22 to 24 weeks gestation survive.
Each year in the United States, an estimated 10,000 infants are born prematurely (Penn et al.,
2008). Of those born extremely prematurely (gestational age <31 weeks or birth weight <1,250
grams), approximately half develop ROP. In the majority, the disease is mild and resolves
spontaneously. Nonetheless, ROP remains a leading cause of permanent, bilateral visual
impairment in developed countries (Steinkuller et al., 1999). An estimated 1,100 to 1,500 each
year have severe ROP that requires treatment, and approximately 500 of these infants are
blinded by ROP (www.nei.nih.gov/health/rop/). Worldwide, a hundred times that number are
blind from ROP (Gilbert, 2008). The risk of ROP blindness is particularly high in middle
income countries where premature infants survive but screening programs for ROP or
management of ROP are not well established (Gilbert, 2008). Although in countries with
advanced neonatal care and established screening programs, the rates of retinal detachment
and blindness due to ROP are quite low, even mild ROP causes residual retinal and visual
dysfunction (Reisner et al., 1997; Hansen and Fulton, 2000b; Fulton et al., 2001; O'Connor et
al., 2002a; Barnaby et al., 2007; Hammer et al., 2008).

1.2. Clinical issues in ROP
The primary concern of those caring for preterm infants is identification of acute ROP. At-risk
infants have serial ophthalmoscopic examinations at preterm ages to evaluate the retina for
blood vessels that are characteristic of ROP (Section on Ophthalmology American Academy
of Pediatrics et al., 2006; Wilkinson et al., 2008). Infants are followed until ROP resolves
spontaneously or requires treatment, or if no ROP develops, until the retinal blood vessels reach
the ora serrata, the clinical definition of vascular maturity. The results of the multicenter Early
Treatment of ROP study provide practical clinical criteria by which infants with ROP at high
risk for dangerous worsening are selected for treatment (Early Treatment for Retinopathy of
Prematurity Cooperative Group, 2003). Standard treatment for ROP is laser ablation of the
peripheral avascular retina. Cryotherapy continues to be used on occasion in severe cases.
Fewer treated infants suffer retinal detachment and blindness; this indicates beneficial effects
on both retinal structure and visual acuity. Fortunately, most ROP does not reach the criteria
for treatment but rather spontaneously resolves by approximately term (Repka et al., 2000).
Despite clinical resolution of the vascular abnormalities, there are numerous examples of
persistent retinal and visual dysfunction as a consequence of ROP (Dobson et al., 1994;
Cryotherapy for Retinopathy of Prematurity Cooperative Group, 2001; Fulton et al., 2001,
2005; Barnaby et al., 2007; Hammer et al., 2008).

1.3. Clinical sequelae of ROP
The cells of the retina, starting with the photoreceptors, participate in the first steps of visual
processing and mediate a wide range of visual functions. The retina is also a controller of eye
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growth and refractive development (Troilo, 1992; Wallman, 1993). Thus, it is not surprising
that prematurity and ROP are associated with both altered visual function and altered eye
growth. In addition to clinical abnormalities of the retina, infants born prematurely are at risk
for developing a range of structural and functional ophthalmic sequelae, including impaired
ocular growth; increased incidence and magnitude of refractive error, particularly myopia;
acuity deficits; field defects; and strabismus.

Ocular structures become identifiable early in embryonic development and continue to grow
and develop throughout gestation into the early post-term years. Early departure from the
protective intrauterine environment is associated with increased corneal curvature, increased
lens power, and shallower anterior chamber depth, each of which can contribute to myopia
(see below). Although it is these anterior segment features that are often taken as evidence that
preterm birth arrests development of the ocular structures, we note that whether born preterm
(regardless of ROP status) or at term, the ratio of anterior to posterior segment depth is
approximately 0.6 in infants and approximately 0.45 in children. Axial length is typically
shorter in preterm than in full term eyes. Because this is offset by the higher refractive power
of the anterior segment, the magnitude of myopia in former preterms is greater than would be
expected based on axial length. Nonetheless, among former preterms, axial length is greater
in myopic than in emmetropic eyes. (Mann, 1964; Fledelius, 1976, 1981, 1982a, b, 1992,
1996a, b; Fielder et al., 1986; Gordon and Donzis, 1986; Gallo and Fagerholm, 1993; Fielder
and Quinn, 1997; Choi et al., 2000; Kent et al., 2000; O'Connor et al., 2002a, 2006a; Cook et
al., 2003, 2008; Jirasek, 2004; Snir et al., 2004; Mutti et al., 2005; Baker and Tasman, 2008;
Mactier et al., 2008)

Term born infants are typically hyperopic and many have astigmatism in infancy (Mohindra
et al., 1978; Atkinson et al., 1980; Fulton et al., 1980; Howland and Sayles, 1984; Saunders,
1995; Mayer et al., 2001; Mutti et al., 2005). For example, until age 4 months, the mean
spherical equivalent is ≥2 diopters and cylindrical errors (≥0.75 diopter) occur in 25 to 40%.
Normally, coordinated growth of the eye's refractive components during the first postnatal
years causes refractive error to approach zero; this developmental process is called
emmetropization (Troilo, 1992; Wallman, 1993).

Infants born prematurely, either with or without ROP, are on average less hyperopic than term
born infants. However, the incidence of all types of refractive conditions - myopia, high
hyperopia, astigmatism, and anisometropia - is higher than in the full term population. Thus,
the normal, exquisite regulation of ocular growth appears to be diminished following preterm
birth. (Saunders et al., 2002; Cook et al., 2003, 2008; Snir et al., 2004)

Myopia, the most common refractive error in preterms, typically develops in infancy and
persists thereafter. In addition to ROP, low birth weight and gestational age may be independent
risk factors for myopia. Both the prevalence and the magnitude of myopia increase with
increasing severity of ROP and are greater in treated than in untreated eyes. Two large, multi-
center, randomized ROP treatment trials, the Cryotherapy for ROP (CRYO-ROP) study and
the Early Treatment for ROP (ETROP) study, concluded that treatment itself does not influence
refractive status in eyes with severe ROP. Whether treatment is done for threshold or for high-
risk pre-threshold ROP, the refractive outcome is the same. (Fletcher and Brandon, 1955;
Zacharias et al., 1962; Fledelius, 1976, 1981, 1996a; Scharf et al., 1978; Dobson et al., 1981;
Nissenkorn et al., 1983; Gallo and Lennerstrand, 1991; Kim et al., 1992; Quinn et al., 1992,
1998, 2001, 2008; Page et al., 1993; Robinson and O'Keefe, 1993; Lue et al., 1995; Pennefather
et al., 1997; M. Holmstrom et al., 1998; Ricci, 1999; Choi et al., 2000; Kent et al., 2000;
O'Connor et al., 2002a, 2006a, b; Saunders et al., 2002; Cook et al., 2003, 2008; Snir et al.,
2004; Davitt et al., 2005; G. Holmstrom and Larsson, 2005; Sahni et al., 2005)
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Acuity, the most commonly measured visual function, is usually reported to be lower in preterm
than in term born infants and children. Acuity deficits range from subtle to severe, with the
magnitude of the deficit related to the severity of ROP. (Birch and Spencer, 1991; Robinson
and O'Keefe, 1993; Dobson et al., 1994; O'Connor et al., 2004; Palmer et al., 2005; Spencer,
2006)

Eyes with a history of ROP show visual field constriction compared to those of preterms with
no ROP. Eyes with no ROP have fields similar to term born eyes. Comparison of fields in
treated versus untreated eyes with severe ROP show that the former are slightly more
constricted. The small field reduction due to treatment is considered to be of little or no
functional significance and is outweighed by the benefit of preventing retinal detachment.
(Quinn et al., 1996; Myers et al., 1999; Cryotherapy for Retinopathy of Prematurity
Cooperative Group, 2001)

The prevalence of strabismus is higher in the preterm than in the term born population and
increases with increasing ROP severity. Strabismus in preterms, as in other children, may be
associated with anisometropia and amblyopia but also with other sequelae of preterm birth
including encephalopathy of prematurity. (Graham, 1974; Roberts and Rowland, 1978;
Friedmann et al., 1980; Kushner, 1982; Snir et al., 1988; Gallo et al., 1991; Laws et al.,
1992; Page et al., 1993; Robinson and O'Keefe, 1993; Tuppurainen et al., 1993; Bremer et al.,
1998; G. Holmstrom et al., 1999, 2006; Pennefather et al., 1999; Pott et al., 1999; Ricci,
1999; O'Connor et al., 2002b; Sahni et al., 2005; VanderVeen et al., 2006a; Volpe, 2009)

1.4. Retinal development and ROP
At the preterm ages during which clinical ROP becomes active, both the neural retina and the
retinal vasculature are immature (Hendrickson, 1994; Provis et al., 1997; Provis, 2001). The
choroidal vasculature, which directly supplies the adjacent photoreceptors, develops in
advance of the retinal vasculature (Gogat et al., 2004). Over the ages during which rod outer
segments are maturing, all other retinal cell types have differentiated, and all retinal laminae
are identifiable. The rod outer segments are the last retinal structures to reach maturity (Grun,
1982). During developmental elongation of the rod outer segments, the rhodopsin content of
the retina increases along a logistic growth curve (Fig. 1). Infants at age 5 weeks (95%
confidence interval, CI: 0 to 10 weeks) and rats at age 18.7 days (95% CI: 18.2 to 19.2 days)
are estimated to have half the rhodopsin content of adults (Bonting et al., 1961; Fulton et al.,
1991a, 1998a, 1999a; Hendrickson, 1994). By term, the number of retinal cells present in the
primate retina is approximately the same as in adults (Packer et al., 1990). As the eye grows,
the same number of cells pave a larger retinal area (Robb, 1982). Thus, the spatial distribution
of cells varies with age but the same number of cells is available to respond to full-field flashes
of light such as those used in electroretinography (ERG). In primate extramacular retina, cones
reach maturity before rods (Hendrickson and Drucker, 1992; Hendrickson, 1994). In the
macula, the maturation of those cones that are destined to become foveal cones and the
maturation of the parafoveal rods lag that of the more peripheral photoreceptors (Dorn et al.,
1995; Fulton et al., 1996; Timmers et al., 1999). During normal foveal development, there is
an interplay of neural and vascular elements (Provis et al., 2000; Springer and Hendrickson,
2004a, b, 2005).

ROP has effects on the function of the photoreceptors and post-receptor retina that persist even
after its active phase (Sections 2 and 3). The late-maturing central retina appears to be
particularly vulnerable to these effects. ROP, even if mild, affects the development of the
central retina (Barnaby et al., 2007). Residual effects on the structure and function of the central
retina are detectable years after ROP was active (Reisner et al., 1997; Hansen and Fulton,
2000b; Fulton et al., 2005; Hammer et al., 2008). Subtle deficits also occur in peripheral retinal
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function and persist into adolescence and early adulthood (Reisner et al., 1997; Hansen and
Fulton, 2000b; Fulton et al., 2001; Moskowitz et al., 2005a).

1.5. Our approach to investigation of ROP
Our investigations include human subjects (Section 2) and rat models of ROP (Section 3). A
two-way bridge of information is built by investigations of these two classes of subjects, with
each motivating the other.

1.5.1. Studies in human subjects—In our quest to understand the neurovascular
components in ROP, we study human subjects using non-invasive measures of retinal function
and structure. Analysis of function depends on electroretinographic and psychophysical
measures. Structure is investigated using image analysis of the retinal vasculature displayed
in digital fundus photographs and ultra-high resolution adaptive optics imaging of the retinal
laminae and intra-retinal vasculature. We pair these measures with clinical history and
assessments. In this report, results are mainly from infants and children tested at post-term
ages, weeks to years after ROP was an active clinical issue. Of course, studies at post-term
ages examine the consequence of a disease that is no longer active. It is from these post-term
results, coupled with clinical history from the days in the newborn intensive care unit onward,
that we draw inferences about the acute disease processes that were active at preterm ages.
Data from rat models of ROP studied before and after the peak of acute disease also aid in
interpretation of results from human subjects.

Former preterms who are subjects in our studies had Severe ROP that was successfully treated,
Mild ROP, or No ROP (Table 1). Thus, the subjects whose data are reported herein have been
free of the mechanical effects of retinal detachment that have secondary effects on retinal
neurons and blood vessels. The subjects were monitored in the nursery at preterm ages by serial
examinations using indirect ophthalmoscopy, and clinical data were collected for each subject
from infancy onward. The schedule of examinations in the nursery was modeled on those used
in the Cryotherapy for ROP (CRYO-ROP) and Early Treatment for ROP (ETROP) multicenter
treatment trials (Cryotherapy for Retinopathy of Prematurity Cooperative Group, 1988;Hardy
et al., 2004). Those whom we categorized as Severe had ROP that reached criteria for treatment.
Using the International Classification of ROP (ICROP), the maximum severity was stage 3;
some had plus disease (International Committee for the Classification of Retinopathy of
Prematurity, 2005). Those whom we categorized as Mild had ROP that did not reach criteria
for treatment (Cryotherapy for Retinopathy of Prematurity Cooperative Group, 1988;Early
Treatment for Retinopathy of Prematurity Cooperative Group, 2003). In these subjects, the
ROP resolved by term and left no detectable retinal residua on clinical examination. According
to ICROP, the maximum severity of their ROP was stage 1 or 2 in zone 2 or 3 (International
Committee for the Classification of Retinopathy of Prematurity, 2005). Also included in our
studies are former preterms who had serial examinations at preterm ages and never had ROP;
these are termed No ROP. For brevity, we designate all former preterms subjects as ROP
subjects and categorize them as None, Mild, or Severe (Table 1). We exclude from this report
those who progressed to retinal detachment that could confound the main effects of ROP on
retinal function. We also tested healthy, term born infants, children, and adults as control
subjects.

Throughout this paper, we report age as corrected age in weeks post-term. Corrected age equals
postnatal age minus the difference between term (40 weeks) and gestational age at birth
[Corrected Age = Postnatal Age − (Term − Gestational Age)]. For instance, the corrected age
of an infant born at 26 weeks gestation and tested at postnatal age 24 weeks is 10 weeks: 24 −
(40 − 26) = 10.
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1.5.2. Studies in rat models of ROP—We also study rat models of ROP. Controlled
exposure of rats with immature retinal vasculature and neurons to ambient oxygen levels above
or below those encountered in room air induces retinopathy. Two oxygen exposure protocols
produce retinopathy that spans the gamut of severity of the ROP included in our human studies
(Penn et al., 1995; Liu et al., 2006a; Akula et al., 2007a). Similar effects on key neural and
vascular parameters are found in these rat models and human subjects (Fulton et al., 2009).
ERG and image analyses of the retinal vasculature plus anatomic, biochemical, and molecular
studies of the neurovascular elements have been performed in rats during the active phase as
well as during the resolution of the ROP disease process. The rat results provide a conceptual
framework for understanding the neurovascular elements not only in the rats, but also in the
human subjects.

2. Human ROP: the neural retina and its vasculature
2.1. Stimulus specification

Troland values specify the retinal illuminance produced by a stimulus of 1 cd/m2 viewed
through a 1 mm2 pupil (Pugh, 1988). Infants' eyes and pupils are smaller and their ocular media
less dense than adults'. The retinal illuminance (E) produced by the stimulus (L, cd/m2) varies
directly with pupil area (A, mm2) and transmissivity (τλ) of the ocular media (Section 2.5.1.2),
and inversely with the square of the posterior nodal distance of the eye (d, mm) (Pugh, 1988):

(Eq. 1)

Thus, age related variation in eye size and media density are taken into account.

In practice, direct measurement of the diameter of the subject's dilated pupil, previously
determined measures of the ocular media density (Werner, 1982; Hansen and Fulton, 1989)
and published ocular dimensions (Larsen, 1971; Mutti et al., 2005) are used. Typically, the
dilated pupillary diameter in a dark adapted 10 week old infant is approximately 5 mm (Hansen
and Fulton, 1993), although a combination of cycloplegic and mydriatic agents may produce
larger diameters (Mactier et al., 2008). In 2 to 3 month old infants, posterior nodal distance is
approximately 11.2 mm, or two thirds (0.67) of the adult value (16.7 mm) (Hamer and Schneck,
1984; Brown et al., 1987). These values are consistent with ultrasonographic measures of
vitreous chamber depth (Larsen, 1971; Laws et al., 1994; Bron et al., 1997; Mactier et al.,
2008).

Using Eq. 1 and assuming a dilated pupillary diameter of 5 mm in 2-3 month old infants, the
ratio of E in infants to E in adults is approximately 1.25. In these conditions, equal intensity
stimuli produce approximately equal retinal illuminance in young infants and adults (Brown
et al., 1987;Hansen and Fulton, 1993;Malcolm et al., 2003). In other words, infant and adult
troland values are about equal. If pupillary diameter is larger or axial length shorter, this
equality breaks down, and in preterm infants with shorter axial length, retinal illuminance may
be underestimated (Mactier et al., 2008). If we have underestimated retinal illuminance, the
differences between ROP infants and controls would be even larger than the significant deficits
reported in our ERG and psychophysical studies.

For ROP subjects, corrected age was used for calculation of troland value. For instance, for a
former preterm infant tested at corrected age 10 weeks, troland value was calculated as for a
term born 10 week old infant.
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2.2. Full-field electroretinogram
2.2.1. Rod and rod-driven responses
2.2.1.1. Rod photoreceptor activation: The maturation of normal rod photoreceptor and rod-
driven post-receptor retinal processes are demonstrated by analysis of the ERG a- and b-wave
responses to full-field, brief flashes that span a several log unit range of stimulus intensities.
Maturation of the photoreceptors and post-receptor neurons underlie the developmental
changes in the ERG responses. This is most clearly shown in the rod photoreceptor responses,
which are interpretable in terms of molecular events in the developing rods. Representative
responses from an infant and an adult are shown in Fig. 2A.

The initial portion of the a-wave depends on the photocurrent in the rods (Lamb and Pugh,
1992, 2006; Pugh and Lamb, 1993; Hood and Birch, 1994; Friedburg et al., 2004). The Hood
and Birch (Hood and Birch, 1994) modification of the Lamb and Pugh model (Lamb and Pugh,
1992; Pugh and Lamb, 1993) of the biochemical processes involved in the activation of rod
phototransduction is summarized as

(Eq. 2)

This model was fit to the a-waves (Fig. 2B). The main parameters of the model are SROD and
RROD. SROD is related to the amplification constant in the molecular model and summarizes
the kinetics of a series of processes initiated by photoisomerization of rhodopsin and ending
with closure of the channels in the photoreceptor (Lamb and Pugh, 1992). The saturated
amplitude of the response, RROD, depends on the number of channels in the outer segment
membrane that are available for closure by light. In Eq. 2, I is the flash intensity and td a brief
delay.

Both SROD and RROD were significantly smaller in infants than in adults (Fig. 3, left panels).
For example, at 10 weeks (0.2 years), these parameters were approximately half of the adult
value. In dark adapted, immature human retina, as in the immature rat retina, both SROD and
RROD are proportional to the rhodopsin content of the retina (Fulton et al., 1995;Fulton and
Hansen, 2000). A logistic growth curve of the form

(Eq. 3)

summarizes normal development of SROD and RROD. In this model, YMAX is the adult value
of the parameter and Age50 the age at which the parameter is half the adult value; the exponent
n indicates the steepness of the curve.

Development of the rod photoresponse in ROP subjects has also been studied (Fulton et al.,
2001). Results from 68 subjects with Severe, Mild, or No ROP are plotted as a function of age
in Fig. 3 (right panels). In the majority of the ROP subjects, SROD and RROD were below the
normal mean (solid curves), and most subjects with Severe ROP (7 of 10) had SROD at or below
the 95% prediction limit for normal (lower dashed curves). Those with No ROP were
distributed about the normal mean and did not differ significantly from age-matched term born
controls. Thus, ROP attenuates both SROD and RROD, and the severity of the attenuation varies
significantly with the severity of ROP (ANOVA SROD: F = 13.25; df = 2, 65; p < 0.01;
RROD: F = 6.07; df = 2, 65; p < 0.01), as was the case for the subset (N = 21) previously reported
by Fulton et al. (2001). We argue that cellular dysfunction underlies these deficits rather than
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loss of cells. Based on data from rats (Fulton et al., 1999b), we suspect that impaired mobility
of the proteins in the transduction cascade account for the deficit in SROD and RROD.

2.2.1.2. Rod deactivation: Following activation of the rod's response to light, the
photoreceptor must recover, that is, deactivate, in preparation for its response to the next flash
of light. In healthy, term born infants and young adults (Hansen and Fulton, 2005b), a paired
flash paradigm (Lyubarsky and Pugh, 1996; Birch et al., 1995; Pepperberg et al., 1996) was
used to study recovery of rod photoreceptor response (Fig. 4). A probe flash was presented 2
to 120 s after a test flash of equal intensity. The amplitude of the a-wave to a photopically
matched flash was subtracted from the response to the probe flash to yield the rod-isolated
response. The amplitude of the a-wave was measured at a short, fixed time (8 ms) after the
flash to minimize contamination by post-receptor response components. The amplitude of the
a-wave response to the probe, which provides a measure of the rod's circulating current
(Friedburg et al., 2001), was expressed as proportion of the amplitude of the a-wave response
to the test flash alone (R/RMAX). The time, t50, at which a-wave amplitude was half the
maximum a-wave amplitude, was determined by linear interpolation (Lyubarsky and Pugh,
1996).

Recovery time (t50) decreased significantly with age from ∼11 s in infants to ∼5 s in adults
(Fig. 4D). There was a significant correlation between SROD, the activation parameter, and
t50, the deactivation parameter (Hansen and Fulton, 2005b); higher values of SROD were
associated with shorter values of t50. This has also been shown in infant rats in a wider range
of conditions (Fulton and Hansen, 2003) (Section 3.1.2).

Since t50 is correlated with SROD, which is scaled by the rhodopsin content of the infant retina,
the kinetics of recovery during development may be determined by the probability of
encounters of activated rhodopsin with the proteins involved in deactivation (rhodopsin kinase,
arrestin, recoverin). In rats, the mRNAs of the deactivation proteins follow developmental
courses similar to that of opsin. Therefore, it seems likely that the deactivation proteins are
available to participate in recovery of the infant's rod response (Ho et al., 1986; Broekhuyse
and Kuhlmann, 1989; Stepanik et al., 1993).

The same ERG procedure was used to assess deactivation in ROP subjects (Fulton and Hansen,
2004). As in the study of term born subjects (Hansen and Fulton, 2005b), the amplitude of the
rod isolated a-wave response in subjects with Mild ROP and No ROP was expressed as a
proportion of the amplitude of the response to the test flash alone, and the inter-stimulus interval
at which a-wave amplitude was 50% of the test flash response was determined. In some older
Mild ROP subjects, t50 was significantly prolonged, whereas t50 was normal in infants with
Mild ROP and in the No ROP subjects at all ages. As in normal subjects, SROD and t50 were
correlated. The t50 results in the older Mild ROP subjects are concerning because the possibility
of progressive compromise of rod function between infancy and adolescence cannot be
excluded. As in the studies of the activation of phototransduction in ROP rods, the prolonged
t50 values obtained in the deactivation studies may be due to impaired mobility of transduction
cascade proteins in the disc membranes.

2.2.1.3. Rod-driven post-receptor function: The rod-driven b-wave is due to activity of ON-
bipolar and other second and third order retinal neurons (Aleman et al., 2001; Wurziger et al.,
2001). Post-receptor function undergoes developmental changes (Fig. 5).

The scotopic b-wave amplitude was fit (Fig. 2C) by
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(Eq. 4)

In this equation, V is the b-wave amplitude produced by a flash of intensity I, VMAX the
saturated b-wave amplitude, and σ the flash intensity producing a half maximum (semi-
saturated) b-wave response (Fulton and Rushton, 1978).

The development of post-receptor response parameters is summarized by logistic growth
curves (Fig. 5, left panels) (Fulton and Hansen, 2000). As shown, in healthy, dark adapted,
young infants, the flash intensity needed to produce a half maximum b-wave amplitude (log
σ) is higher and the saturated amplitude (VMAX) lower than in adults. Deficits in log σ and
VMAX are accounted for by immaturities in the rod photoreceptor parameters, SROD and
RROD (Fig. 6A).

Rod-driven b-wave response parameters log σ and VMAX in ROP subjects (Fig. 5, right panels)
show that the majority of points are below the normal mean for age, the solid curves in Fig. 5.
In the ROP subjects (Fig. 6B), deficits in post-receptor sensitivity (log σ) are greater than
deficits in rod sensitivity (SROD) and, thus, contrast with normal development, in which the
immaturity in photoreceptor parameters predicts post-receptor immaturity. The post-receptor
deficit is greater in older than in younger ROP subjects (Section 2.2.1.4).

2.2.1.4. Long term effects of ROP on the rod and rod-driven ERG: To evaluate long term
effects of ROP on rod photoreceptor (ERG a-wave) and post-receptor (ERG b-wave) retinal
function, the photoreceptor parameters (SROD and RROD) and rod-driven post-receptor b-wave
parameters (log σ and VMAX) of ROP subjects tested at young ages (2 to 8 months post-term)
were compared to those of others tested at older ages (5 to 23 years) (Harris et al., 2009). Effects
of both age and ROP severity (Severe, Mild, or None) on SROD and log σ were significant. In
both age groups, amplitude parameters were smallest in those with Severe ROP. In those with
Severe ROP, post-receptor sensitivity (log σ) was relatively lower in the older than in the
younger group. These data raise the concern that older subjects with Severe ROP have had
progressive compromise of neural retinal function. From a practical perspective, long term
follow up of patients with Severe ROP is indicated, even those whose ERG parameters fall
within normal limits during infancy.

2.2.1.5. Early myopia and rod photoreceptor function in ROP: As previously mentioned
(Section 1.3.2), early ametropia, particularly myopia, is frequent in children born prematurely.
The retina is a controller of eye growth and refractive development (Troilo, 1992; Wallman,
1993). Because ROP affects the developing retina, we hypothesized that the ametropia
associated with ROP is due to altered rod photoreceptor and post-receptor activity. In a study
of 40 ROP subjects, rod photoreceptor sensitivity, SROD, was significantly lower in subjects
born prematurely who developed early myopia, defined as spherical equivalent below the
prediction limit for normal (Mayer et al., 2001) before age 2 years (Moskowitz et al., 2005a).
In infants, the deficits in SROD antedated development of myopia and, thus, may be regarded
as predictive of myopia. Children who were myopic many years before the ERG tests also had
deficits in SROD. The other ERG parameters (RROD, log σ, and VMAX) also showed deficits
in the ROP myopes. Healthy myopic subjects (-4.75 to −11.00 diopters) who had no history
of preterm birth had normal values of the ERG parameters. Thus, myopia alone does not
account for the deficits. These results suggest that the regulatory mechanisms underlying
refractive development in ROP subjects may involve rod and rod-driven activity.

2.2.2. Cone and cone-driven responses—To study development of normal cone and
cone mediated function, full-field ERG responses to a 1.8 log unit range of red (λ > 610 nm)
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stimuli presented on a steady, rod-saturating background were recorded from healthy, term
born infants and adults. Cone photoresponse parameters were derived from the a-wave, and b-
wave stimulus-response functions were analyzed (Fig. 7A, B). Prior to the cone ERG test, dark
adapted rod responses were recorded from the same subjects in the same session (Section
2.2.1.1).

The cone photoresponse parameters were calculated by fit of a modification of the Lamb and
Pugh (Lamb and Pugh, 1992; Pugh and Lamb, 1993) model of the activation of cone
phototransduction to the ERG a-wave. The model was fit to only the first 10.8 ms of the a-
wave to minimize the contribution of post-receptor activity (Hood and Birch, 1993, 1995). The
model incorporates a cascaded RC (resistance-capacitance) filter to model the capacitance of
the cone membrane (Hood and Birch, 1995). The equation is

(Eq. 5)

where RCONE is the saturated response amplitude, SCONE the gain parameter, td a brief delay,
and τ the time constant of the RC filter. The symbol * represents the convolution operation
(Hood and Birch, 1995).

In infants, both SCONE and RCONE were significantly smaller than in adults but at 4 to 10 weeks,
both SCONE and RCONE were already 60-70% of the adult value (Hansen and Fulton, 2005a).
This contrasts with the rod photoreceptor sensitivity (SROD) and saturated amplitude (RROD)
parameters, which in the same subjects were only approximately 40% of the adult values
(Hansen and Fulton, 2005a). For rods and for cones, the relative immaturity of both the
sensitivity and the saturated amplitude parameters were similar.

Consistent with the photoreceptor response parameters, anatomic data show relatively greater
maturity of peripheral cone than rod outer segment lengths. At age 1 week, peripheral cone
outer segment length is 91% and rod outer segment length 42% compared to mature outer
segments (Hendrickson, 1994). The early maturation of peripheral cones sharply contrasts the
protracted course of development of the foveal cones (Hendrickson and Yuodelis, 1984;
Yuodelis and Hendrickson, 1986; Hendrickson, 1994).

Cone b-wave stimulus-response functions show that in adults, the stimulus-response
relationship shows a photopic hill (Fig. 8A). That is, amplitude of the b-wave increases with
flash intensity to a maximum and then decreases with further increases in stimulus intensity
(Peachey et al., 1992;Wali and Leguire, 1992;Lachapelle et al., 2001;Rufiange et al., 2002,
2003;Ueno et al., 2004;Hansen and Fulton, 2005a). Infants do not have a photopic hill even
though they have responses to the same range of stimulus intensities as adults and the maximum
b-wave amplitude in infants and adults is similar (Hansen and Fulton, 2005a). The cone
pathway includes both ON- and OFF-bipolar cells that make contributions to the b-wave. A
decrease in the positive amplitude of the ON-bipolar cell response and delay in the peak of the
OFF response with increasing stimulus intensity is thought to account for the photopic hill in
the cone-mediated ERG (Ueno et al., 2004). Possibly, the lack of a photopic hill in infants
results from immaturities in the relative strength and/or timing of these ON- and OFF-bipolar
cell contributions to the b-wave.

In ROP subjects, cone and cone-driven ERG responses from infants (N = 19) and older subjects
(N = 23) were recorded and analyzed as described above (Fulton et al., 2008). SCONE was only
minimally reduced in those with Mild ROP but was below the normal mean in all with Severe
ROP (Fig. 7C). The No ROP subjects had cone activation parameters (SCONE, RCONE)
indistinguishable from those in controls. The cone photoreceptor results are evidence of lower
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vulnerability of cones than rods to ROP. Earlier maturation may protect the cones. Compared
to rods, cones, with twice as many mitochondria and greater aerobic ATP production, may be
protected against hypoxia (Perkins et al., 2003). Cones may also be protected against the
adverse effects of hypoxia and attendant hypoglycemia through their capability (in contrast to
rods) for using endogenous glucogen (Nihira et al., 1995). As with rod and rod-driven ERG
responses to full-field stimuli, we argue that cellular dysfunction rather than loss of cells
underlies the cone and cone-driven deficits (Fulton et al., 2008).

In ROP subjects, whether infants or adults, the shapes of the b-wave stimulus-response
functions are similar to those of age similar term born controls (Fig. 8B, C). Thus, the
neurovascular disease ROP appears not to discriminate ON from OFF circuitry of the cone-
driven pathways. Amplitude of the b-wave responses to full-field stimuli is mildly attenuated
in the ROP subjects, as is the case for the multifocal ERG (Fulton et al., 2005) (Section 2.2).
In rat models of ROP (Section 3.2.1), neural changes accompany abnormal retinal
vascularization (Akula et al., 2007a; Downie et al., 2007). We suspect that a similar
neurovascular abnormality has a role in attenuating the post-receptor activity that is represented
in the cone ERG b-wave.

2.2.3. Oscillatory potentials—The oscillatory potentials (OPs), high frequency, low
amplitude wavelets on the rising phase of the b-wave, represent neural activity distinct from
that of the a- and b-waves (Brown, 1968; Ogden, 1973). Early OPs have been associated with
photoreceptors and bipolar cells of the distal retina and later OPs with the amacrine,
interplexiform, and ganglion cells of the proximal retina (Heynen et al., 1985; Wachtmeister,
1998, 2001; Rangaswamy et al., 2003; Dong et al., 2004). The OPs are affected by ROP (Fulton
and Hansen, 1996; Akula et al., 2007b) and other ocular conditions in which abnormal retinal
blood vessels are the primary clinical sign (Wachtmeister, 1998).

The normal course of OP development may be consequent to maturation and refinements of
inner retinal circuitry that include feedback pathways and ON and OFF activity (Heynen et al.,
1985; Pugh et al., 1998; Dong et al., 2004; Hancock and Kraft, 2004; Akula et al., 2007b). In
10 week old term born infants, OPs were significantly smaller than in adults and significantly
less mature than photoreceptor responses (Moskowitz et al., 2005b). In infant ROP subjects
(Fig. 9A), OP energy was higher than in control infants (Akula et al., 2007b). While we have
no explanation for this unexpected result, we take it as one sign that post-receptor circuitry
remodels in ROP and is intimately related to the vascular abnormalities (Akula et al., 2008b).
In older ROP subjects (Fig. 9A), OP energy was lower than in age-similar controls (Akula et
al., 2007b). Among the older ROP subjects, OP energy varied with spherical equivalent; energy
was lowest in those with high myopia (Fig. 9B).

2.3 Multifocal electroretinogram (mfERG)
The structure of the fovea and central rod-free retina does not reach maturity until well into
childhood (Hendrickson and Yuodelis, 1984). The low acuity of infants is attributed to
immaturity of the central retina. The mfERG allows direct assessment of central retinal function
in young infants. Through analysis of focal responses from a large number of small, discrete
retinal regions, the mfERG provides information about the functional topography of the central
retina (Sutter and Tran, 1992; Hood, 2000). Cone initiated activity in the bipolar cells is the
main contributor to the mfERG response (Hood et al., 2002). In young infants, immaturity of
ON- and OFF-bipolar cell activity is suspected because of the absence of a photopic hill in the
full-field ERG (Hansen and Fulton, 2005a).

In healthy, term born 10 week olds, mfERG responses to 61 equal size (unscaled) hexagons in
a 43° diameter region centered on the fovea were recorded (Hansen et al., 2009). Fixation was
monitored continuously during recording. The waveform of the first order kernel of the mfERG
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was similar in term born infants and adults (Fig. 10A). Responses from the individual stimulus
elements were combined into five concentric rings, with ring 1 the central hexagon and ring 5
the most peripheral ring.

The results for the positive peak of the waveform, P1, illustrate the principal features of the
infant response: reduced amplitude, increased implicit time, and little variation with
eccentricity (Fig. 10B). The large central peak in the adults' mfERG responses was not found
in the infants'. The amplitude difference between infants and adults was significant for the
central hexagon but not for the most peripheral ring. Control experiments indicated that small
changes in fixation could not account for these results (Hansen et al., 2009). Rather, immaturity
of the macula holds the explanation.

While cones are packed tightly in the adult fovea (∼200,000 cones/mm2) and less densely in
the parafovea (11,300 cones/mm2 at 10°) (Hendrickson and Yuodelis, 1984; Yuodelis and
Hendrickson, 1986; Hendrickson, 1994), infants have a relatively even distribution of cones
in the central retina (fovea: 15,000 cones/mm2; 10° eccentric: 12,500 cones/mm2) (Candy et
al., 1998). If the relative density of bipolar cells is similar to that of cones, as it is in simian
retina, (Calkins et al., 1994; Wassle et al., 1994; Martin and Grunert, 1999; Chan et al.,
2001), the amplitude of the infants' mfERG response would vary little with eccentricity,
accounting for our results.

Our preliminary analysis of mfERG data recorded from former preterm infants using the 61
hexagon unscaled array shows that at corrected age 10 weeks, No ROP subjects have mfERG
responses similar to those of term born 10 week olds, indicating that premature birth alone
does not alter the responses. However, preterm infants who had Mild ROP had smaller
responses. Similarly, in a separate study, mfERG responses from ROP subjects tested at older
ages (11 to 23 years) using an array of 103 hexagons scaled with eccentricity to produce equal
response amplitude in normal adults, showed that the components of the first order kernel (Fig.
11A) had significantly smaller amplitudes and longer implicit times in Mild ROP subjects than
in healthy controls (Fulton et al., 2005). The difference between ROP and control subjects was
greatest for central ring 1 and became smaller with increasing eccentricity (Fig. 11B).
Compared to term born infants with a flat distribution of mfERG responses, these older ROP
subjects had a central peak, suggesting that even in ROP, the central retina develops, albeit in
an abnormal fashion. We hypothesized that ROP alters the developmental re-distribution of
retinal cells in this region and predicted specifically that the density of bipolar cells, the main
contributors to the mfERG response, is different in the central retina of ROP subjects.
Consistent with this hypothesis, OCT results (Hammer et al., 2008) in these same ROP subjects
who had participated in the 103 hexagon mfERG study (Fulton et al., 2005) showed that the
inner nuclear layer is thicker in ROP subjects than in controls (Section 2.4).

2.4. Imaging studies of the neural retina and retinal vasculature
Optical coherence tomography (OCT) has demonstrated subtle abnormalities of the ROP
macula. A study that used conventional OCT measured the thickness of the laminae in the
central retina of children with a range of ROP severity (Ecsedy et al., 2007). The main findings
were that, compared to age similar, term born controls, the foveal and parafoveal retina were
thicker and the thickness increased with greater severity of ROP.

Hammer and colleagues (2008; 2009) used ultra-high resolution adaptive optics imaging to
study the central retina of the same Mild ROP subjects in whom mfERG responses were studied
(Fulton et al., 2005). As predicted by the mfERG results (Fulton et al., 2005), the OCT images
showed that the bipolar cell layer (inner nuclear layer, INL indicated in Fig. 12A) was thickened
in the fovea of ROP subjects (Fig. 12B). A broader and shallower foveal pit was found in ROP
subjects than in controls. An avascular zone was present in all control subjects, while in the
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Mild ROP subjects, intraretinal capillaries at the level of both the inner and outer plexiform
layers overlaid the fovea (Fig. 13). To have blood vessels overlying the fovea is abnormal at
any age; even at preterm ages, there is a foveal avascular zone (Provis and Hendrickson,
2008). The diameter of the capillaries in the ROP macula was significantly smaller than in the
control macula (Hammer et al., 2008). The photoreceptor layer thickness did not differ between
ROP and control subjects. The significant structural abnormalities in the fovea of Mild ROP
subjects are thought to be a consequence of perturbations of neurovascular development.

In preliminary scanning laser ophthalmoscopy (SLO) images, photoreceptors could be resolved
and counted at eccentricities of <1° in control subjects and in some ROP subjects (Hammer et
al., 2009). In other ROP subjects, the photoreceptors could not be resolved, even with adaptive
optics compensation. Because the OCT studies (Hammer et al., 2008) had found no difference
in the thickness of the photoreceptor layer between ROP and control subjects, the photoreceptor
counts, or lack thereof, may be indicative of some disorder of the photoreceptor arrangement
in the ROP eye. This may contribute to the slight visual acuity deficit in some Mild ROP
subjects (Reisner et al., 1997; Fulton et al., 2005).

At preterm ages, the retinal vasculature in ROP subjects has been studied. Digital fundus
photographs were obtained from 12 ROP eyes that had plus disease and from 20 without plus
disease (Gelman et al., 2005). Plus disease, a clinical definition, is characterized by dilated
venules and tortuous arterioles and often heralds worsening ROP. Calculations done using
image analysis software (Martinez-Perez et al., 2002) indicated that integrated curvature (the
sum of angles along the vessel), diameter, and tortuosity of the retinal vasculature, both
arterioles and venules, were significantly greater in eyes with plus disease than in eyes without
plus disease (Gelman et al., 2005). The sensitivity and specificity of each parameter (integrated
curvature, diameter, tortuosity) were evaluated. The area under the resulting ROC curve was
greatest for integrated curvature of arterioles. This suggests that for preterm infants, assessment
of integrated arteriolar curvature could aid in diagnosis of plus disease. Vessel diameter in
preterm infants was difficult to analyze because of the relatively low contrast and resolution
of the retinal images afforded by the camera used in the newborn intensive care unit. Modern
digital cameras in regular use in the clinic for older subjects provide images with higher
resolution (Fig. 14), which facilitates analysis of the vascular features, including accurate
assessment of arteriolar diameter (Hansen et al., 2008). Nonetheless, abnormal perifoveal
vasculature deep to the retinal surface is not visible in these fundus photographs or on clinical
examination, even with highly magnified views of the macula. Thus, ultra-high resolution
assessment of the deep capillaries (Hammer et al., 2008) appears to be an essential step toward
understanding the neurovascular relation and, thus, the ROP disease process.

2.5. Psychophysics
Psychophysical methods allow evaluation of function in selected, small retinal areas, whereas
the full-field ERG tests the retina as a whole and the multi-focal ERG tests a relatively large
region of posterior retina. Results of psychophysical studies provide the foundation for
inferences about mechanisms underlying retinal sensitivity and adaptation and so, allow
characterization of immaturities in these fundamental retinal functions. Furthermore, from a
practical perspective, the rigorous visual psychophysical tests afford an approach to the retina
in virtually all young children, some of whom are not readily testable using the ERG procedures
described in Section 2.2. In psychophysical procedures, as in electroretinography, the subject's
response is under stimulus control, and the stimulus is specified in exact physical terms.

In this section, psychophysical procedures and biophysical considerations that pertain to both
term born and ROP subjects are outlined. The specification of retinal stimulus in the infant eye
with smaller axial length, smaller pupil, and highly transmissive media, including the
calculation of retinal illuminance, are detailed in Section 2.1. The results of psychophysical
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studies in infants and children with a history of preterm birth, both with and without ROP, are
compared to those in healthy term born subjects.

2.5.1. Scotopic thresholds
2.5.1.1. Measuring scotopic visual thresholds in pediatric subjects: Infants' thresholds are
estimated using a two-alternative, forced-choice, preferential-looking method (Teller, 1979)
that incorporates a “fix and flash” procedure (Schneck et al., 1984; Hansen et al., 1986). After
30 minutes of dark adaptation, the infant is held in front of a rear projection screen. A small,
red LED fixation target attracts the infant's gaze to the center of the screen. An adult observer
uses an infrared viewer to watch the infant. When the observer reports that the infant is alert
and looking at the fixation target, the experimenter extinguishes it and presents a test flash.
The observer, unaware of the position of the test flash, reports stimulus location, right or left,
based on the infant's head and eye movements. The observer receives feedback from the
experimenter on every trial. Child and adult subjects point or report verbally the right-left
position of the test spot. Thus, the basic method is applicable from infancy through adulthood.

Thresholds are determined using a transformed up-down staircase that efficiently estimates the
70.7% correct point of the psychometric function (Wetherill and Levitt, 1965). There is good
agreement between thresholds estimated using this rapid staircase and using the method of
constant stimuli (Hansen et al., 1986; Fulton et al., 1991b). Stimulus parameters (size, duration,
spectral composition, and eccentricity) are chosen based on the experiment at hand. Large
(109° diameter), steady background fields are added to control adaptation level.

2.5.1.2. Ocular media density: The estimated density of the ocular media increases
significantly with age (Pokorny et al., 1987). Werner reported a continuous increase in media
density between 4.5 months and 66 years (Werner, 1982). The media density in 2 month old
infants is significantly lower than in adults (Powers et al., 1981; Werner, 1982; Hansen and
Fulton, 1989). At any given age, the range of media density is approximately 1 log unit (Werner,
1982; Pokorny et al., 1987).

To determine ocular media density, thresholds for detecting 401 nm and 560 nm stimuli were
measured in 10 week old infants and young adults using the method of constant stimuli (Hansen
and Fulton, 1989). Although rhodopsin absorbs quanta equally at 401 nm and 560 nm
(Bowmaker and Dartnall, 1980), the ocular media strongly absorbs 401 nm light but absorption
at 560 nm is negligible (Norren and Vos, 1974; Wyszecki and Stiles, 1982). Thus, differences
in threshold between the two wavelengths are attributable to absorption by the ocular media.
In 10 week old infants, we take the media density (401 nm) to be 0.75 log unit compared to
1.46 log units in young adults (Hansen and Fulton, 1989). Correction for light losses in
individual subjects can be made using this method (Norren and Vos, 1974).

2.5.1.3. Scotopic threshold development: In dark adapted peripheral retina (∼20° eccentric),
thresholds in healthy, young, term born infants are significantly higher (sensitivity lower) than
those in adults (Hansen and Fulton, 1981; Powers et al., 1981; Hamer and Schneck, 1984;
Schneck et al., 1984; Brown, 1986). Cross-sectional data (Fig. 15A) show that thresholds at 4
weeks are, on average, 1.4 log units higher; at 10 weeks, 1.1 log units higher; and at 18 weeks,
0.65 log unit higher than in adults (Hansen et al., 1986).

Spectral sensitivity functions were needed to demonstrate that the higher thresholds in dark
adapted infants were, indeed, rod mediated rather than contaminated by cone activity. The
spectral sensitivity functions of dark adapted infants (Fig. 15B) are well described by the
scotopic luminous efficiency function (Wyszecki and Stiles, 1982;Hansen and Fulton, 1993).
This is evidence that the thresholds in infants are rod mediated (Powers et al.,
1981;Clavadetscher et al., 1988;Hansen and Fulton, 1993). As previously demonstrated for rat
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rod b-wave spectral sensitivity functions (Alpern et al., 1987), when the psychophysical
spectral sensitivity functions in infants were compared to the absorption spectrum of rhodopsin,
the infants' functions were narrower than the adults' (Hansen and Fulton, 1993). This result is
consistent with lower axial density of rhodopsin in the immature rod and lower total rhodopsin
content in the immature retina (Fulton et al., 1999a).

During the course of eye growth and retinal cell development, regional variation in the
maturation of rod photoreceptors occurs. Anatomic studies have shown that developmental
elongation of the parafoveal rod photoreceptor outer segments is delayed relative to that in the
peripheral retina (Hendrickson and Drucker, 1992; Hendrickson, 1994; Dorn et al., 1995;
Fulton et al., 1996). We hypothesized, therefore, that threshold development at a parafoveal
site would lag that at a peripheral site (Fulton et al., 1996). In a study of 10 week old infants,
stimuli that produce thresholds of equal troland values at 10° (parafoveal) and 30° (peripheral)
eccentricities in healthy, dark adapted adults were presented (Hansen and Fulton, 1995). The
infants' thresholds were higher than those of adults at both sites. Additionally, the infants'
parafoveal thresholds were 0.5 log unit higher than those in peripheral retina. The infants' data
are explained by reduced quantum catch and consequent proportionate elevation of parafoveal
relative to peripheral thresholds in healthy young infants (Hansen and Fulton, 1995, 1999;
Fulton et al., 1996).

Results of a longitudinal study indicated that infants' thresholds decreased at both sites (10°
and 30°) and reached the adult level by age six months (Fig. 16A, B). The difference between
parafoveal and peripheral thresholds (Δ10-30) was 0.5 log unit at 10 weeks and zero by age six
months (Fig. 16C), as it is in adults (Hansen and Fulton, 1995).

In ROP subjects, as well as in rat models of ROP, full-field ERG studies have documented
abnormalities in rod and rod-driven function (Reynaud et al., 1995; Fulton et al., 2001; Liu et
al., 2006a; Akula et al., 2007a). Studies of the rods in a rat model of ROP have shown that the
outer segments are disorganized with a broad distribution of transverse rhodopsin absorbances,
although rhodopsin content of model and control retinas did not differ (Fulton et al., 1999b).

Using the above described Δ10-30 procedure, we tested the hypothesis that in ROP infants, the
rods in the late maturing parafoveal retina are more vulnerable to the effects of ROP than earlier
maturing rods in the peripheral retina (Barnaby et al., 2007). The specific prediction was that
the parafoveal threshold would be relatively more elevated than the peripheral in ROP infants.
The parafoveal site (10° eccentric) is within zone I and the peripheral site (30° eccentric) is
within zone II, as defined by ICROP (International Committee for the Classification of
Retinopathy of Prematurity, 2005). In the preterm infant, active ROP in zone I is associated
with high risk of poor outcome (Early Treatment for Retinopathy of Prematurity Cooperative
Group, 2003). The results of our study of the former preterms with Mild ROP and those with
No ROP are summarized in Fig. 17.

In those with Mild ROP, threshold development, particularly at the parafoveal site, lagged
normal development. The dashed lines in Fig. 17 indicate the 99% prediction interval for
normal. Analysis of the course of individuals using a linear model indicated that the course in
Mild ROP subjects is significantly slower than in those with No ROP whose course was the
same as that in term born controls (Barnaby et al., 2007).

There are a number of possible explanations for the slow course of threshold development in
ROP subjects. Possibly, rod outer segments elongate more slowly in the ROP infants, or ROP
affects the packing density (rods per unit area) of parafoveal rods with age. Redistribution of
rod and cone photoreceptors in the parafovea occurs during simian development (Packer et al.,
1990). Ordinarily, as the foveal pit develops, cone photoreceptors pack together. Development
of the foveal pit is delayed in infants with ROP (Isenberg, 1986). Perhaps the packing of nearby
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parafoveal rods and cones is also delayed or disordered (Hammer et al., 2009). A third
possibility is that disorganized rod outer segments, as have been found in an infant rat model
of ROP (Fulton et al., 1999b), decrease the efficiency of photon capture. If there were rod outer
segment abnormalities in the Mild ROP subjects, they must have resolved sufficiently for the
detection threshold to have become normal by approximately 12 months corrected age.

The prolonged course of scotopic threshold development is a sign that even mild ROP affects
development of the neural retina. The slower course at the parafoveal site is evidence that the
late maturing parafoveal rods are particularly vulnerable to the ROP disease process, whereas
the peripheral rods are less affected. While the underlying mechanisms remain to be defined,
in experiments on rat models of ROP (Section 3), injury to the immature rods and also the role
of growth factors in determining the fate of the photoreceptors and organization of the post-
receptor retina in ROP continue to be studied (Akula et al., 2007a, b, 2008b; Fulton et al.,
2008).

2.5.2. Background adaptation—The development of adaptation to steady background
lights in healthy infants was studied using psychophysical and ERG procedures (Hansen and
Fulton, 1981, 1986, 1991, 2000a, b). Increment threshold functions, which plot log threshold
as a function of log background intensity, provide the classic display of background adaptation
data (Fig. 18A). Models of the increment threshold function (Hood and Greenstein, 1990) can
be used to make inferences about the effect of disease or immaturity on the photoreceptors and
post-receptor neural retina. Immaturity of the rod photoreceptors is predicted to shift the
increment threshold function diagonally, by equal amounts along both axes; this would be due
to reduced catch of quanta from both the background and test stimuli. A post-receptor
immaturity is predicted to elevate thresholds, that is, shift the function vertically but not shift
the function horizontally (Hansen and Fulton, 2000a).

The increment threshold function is summarized by

(Eq. 6)

where T is the threshold measured at background intensity I. TDA is the dark adapted threshold
and Ao the eigengrau, or dark light. The background that elevates threshold 0.3 log unit above
the dark adapted level produces an equal number of thermal and photoisomerizations and is
designated the eigengrau (Brown, 1986). The eigengrau, thus, is an estimate of noise produced
in the retina by the thermal isomerization of rhodopsin and other sources. At more intense
backgrounds, log threshold increases linearly with log background intensity until saturation is
reached (Aguilar and Stiles, 1954).

Rod mediated increment threshold functions measured at parafoveal (10° eccentric) and
peripheral (30° eccentric) sites in a 10 week old infant and a mature control subject are shown
in Fig. 18B and D (Hansen and Fulton, 2000a). In all conditions, the infant's thresholds are
higher. At the peripheral site, there were approximately equal horizontal and vertical shifts of
the increment threshold functions (∼0.8 log unit) relative to the adult values. This is consistent
with a receptor immaturity (Hood and Greenstein, 1990). At the parafoveal site, the relative
shift in the dark adapted threshold (∼1.3 log units) was larger than the than shift in the
eigengrau (∼0.4 log unit). Thus, the results suggest that in addition to a photoreceptor
immaturity, a post-receptor immaturity must also contribute to the parafoveal threshold
elevation. In mature subjects (Fig. 18D), parafoveal and peripheral increment thresholds were
superimposed (Hansen and Fulton, 2000a).
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In individual infants, the parafoveal function had elevated dark adapted threshold but lower
eigengrau relative to these parameters for the peripheral increment threshold function. These
results are consistent with shorter rod outer segments with proportionately lower rhodopsin
content and fewer thermal isomerizations in the parafoveal retina. In adult control subjects,
parafoveal and peripheral increment threshold functions were superimposed; dark adapted
thresholds and eigengrau values are within the range that have been previously reported
(Sharpe et al., 1992).

Increment threshold functions were studied in four subjects with Mild ROP (Hansen and
Fulton, 2000b). The dark adapted thresholds of all were elevated relative to those in term born
controls (Fig. 18C). In two of the ROP subjects, parafoveal thresholds were elevated 0.2 to 0.4
log unit above the peripheral threshold. Higher eigengrau values, and thus higher intrinsic
noise in the rods, of these two subjects may be a consequence of disorganized rod outer
segments, similar to those seen in a rat model of ROP (Fulton et al., 1999b), or irregular rod
to rod spacing within the patch of retina tested (Hammer et al., 2009). Interestingly, these two
subjects were high myopes (-8.00 to -9.00 diopters). The parafoveal threshold of other myopic,
Mild ROP subjects who were tested only in the dark adapted condition was also elevated
(Reisner et al., 1997).

The other two ROP subjects, who were not myopic, did not show a relative shift of the
parafoveal and peripheral increment threshold functions. The eigengrau values were shifted
toward dimmer backgrounds by ∼0.2 log unit, an amount equal to their dark adapted threshold
elevation. These results suggest reduced quantum catch and lower intrinsic photoreceptor
noise. A parsimonious explanation for these results is short rod outer segments. The saturated
amplitude of the ERG rod photoresponse (RROD), which depends on the number of channels
available for closure by light and is proportional to rod outer segment length, is also low in
ROP subjects (Fulton et al., 2001); see also Fig. 3D.

2.5.3. Spatial summation—Spatial summation functions demonstrate integration of
information over retinal area (Hood and Finkelstein, 1986). As stimulus diameter increases,
threshold decreases up to a critical diameter beyond which threshold changes little with further
increases in diameter. The effect of stimulus diameter on dark adapted threshold at ∼20°
eccentricity has been measured in term born 4 week old (Hamer and Schneck, 1984; Schneck
et al., 1984) and 10 to 11 week old infants (Hamer and Schneck, 1984; Hansen et al., 1992).
The critical diameter for complete spatial summation in infants at 4 weeks (∼ 9 - 17°) and at
10 to 11 weeks (6°) is significantly larger than critical diameter in adults (∼2.3°) (Hamer and
Schneck, 1984; Schneck et al., 1984; Hansen et al., 1992). This is evidence that scotopic
receptive fields become smaller with age. Even in the presence of dim scotopic adapting fields,
critical diameters for complete summation in term born 10 week old infants remain about four
times larger than in adults (Hansen et al., 1992). The adapting field is thought to activate
inhibitory center surround mechanisms that lead to a reduction in the area of complete
summation (Barlow, 1972; Hood and Finkelstein, 1986). The properties of this interaction were
studied in 10 week old infants using the preferential looking procedure described in Section
2.5.1.1. The center-surround stimuli were modified from those used in Westheimer's classic
experiments in adults (Westheimer, 1965). Thresholds for small probe flashes (Fig. 19) were
determined on backgrounds of varying diameters (Hansen and Fulton, 1994). Increasing the
background diameter causes elevation of the threshold (desensitization), followed by a
decrease in threshold (sensitization) as the background diameter increases further. The
diameter of the background that causes the maximum threshold elevation is thought to indicate
the extent of the central excitatory region of the receptive field.

Evidence of a balanced center-surround organization was found in young infants, but the central
excitatory region was, on average, about four times greater than that in adults (Hansen and
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Fulton, 1994). This is in excellent agreement with the estimates of receptive field size obtained
in the study of light adapted spatial summation (Hansen et al., 1992). Reorganization of the
post-receptor neural circuitry may underlie the narrowing of the Westheimer function with
development.

In an adolescent with Mild ROP, the critical diameter for complete summation in the parafoveal
retina (10° eccentric) was 2.7°, nearly three times the expected value (Scholtes and Bouman,
1977) but was normal (2.1°) in the peripheral retina (30° eccentric). This is another example
of lasting dysfunction in parafoveal ROP retina that suggests abnormal organization of post-
receptor neurons. Further high resolution imaging studies paired with psychophysical
evaluation of additional ROP subjects are needed to elucidate this subtle but important
consequence of ROP.

3. Rat models of ROP
Models of ROP have been created in a variety of mammals (Madan and Penn, 2003). Oxygen
exposures delivered at ages during which the neural retina and its vasculature are immature
induce a retinopathy that models ROP. Several rat models of ROP have been created (Penn et
al., 1994; Reynaud et al., 1995; Fulton et al., 1999b; Lachapelle et al., 1999; Dembinska et al.,
2001; Liu et al., 2006a, b; Akula et al., 2007a, b). We have studied the model originated by
Penn (Penn et al., 1995) as well as others (Reynaud et al., 1995; Liu et al., 2006a, b; Akula et
al., 2007a, b). In addition to abnormalities of the retinal vasculature, subtle abnormalities of
the structure of photoreceptor and post-receptor retina have been documented (Fulton et al.,
1999b; Dembinska et al., 2001; Favazza et al., 2009). The combination of these models spans
the gamut of severity represented in our human ROP subjects. Key neural (rod sensitivity,
SROD) and vascular (arteriolar integrated curvature, ICA) parameters are similar in rat models
and human ROP subjects (Fig. 20) (Fulton et al., 2009). The rat models facilitate our aim to
understand the cellular and molecular basis for the neurovascular interplay in ROP and to obtain
data throughout the course of evolution and resolution of ROP. As in the human infants, we
studied normal rat retinal development before studying rat models of ROP disease.

3.1 Normal rat retinal development
3.1.1. Structure of neural retina and its vasculature—Not only are the photoreceptors
the last retinal cells to differentiate, but the photoreceptor outer segments are the last retinal
structures to appear (Grun, 1982). In the rat, rod outer segments first appear at approximately
postnatal day six (P6). At P13, rod outer segments (ROS) are half the length of those in adults
(Fig. 21A), and by P19 approach adult length (Bonting et al., 1961; Fulton et al., 1995).
Rhodopsin content of the whole retina reaches half the adult value at P19 (Bonting et al.,
1961; Fulton et al., 1995). In the immature ROS, there is a gradient of rhodopsin absorbance,
with the lowest density at the tip and the highest at the base where newly formed discs are
added (Fig. 21B). As detailed by Dodge et al. (1996), this gradient accounts for the discrepancy
in ROS and rhodopsin growth curves. Rhodopsin concentration, expressed as weight of
rhodopsin per dry weight of retina, increases with ROS length (Fox and Rubinstein, 1989;
Timmers et al., 1999). The three principal proteins involved in the activation of
phototransduction (opsin, transducin, and phosphodiesterase) appear to be available to the
developing ROS (Fulton et al., 1995). In addition to phototransduction and maintenance of the
circulating current, one of the most energy demanding activities of the rod photoreceptors is
renewal of outer segment material with disposal of old discs to the pigment epithelium. During
development, the number of large phagasomes in the pigment epithelial cells increases
following the rhodopsin growth curve (Tamai and Chader, 1979; Fulton et al., 1995). Thus,
with the developmental increase in rhodopsin content, there is a sharp increase in essential rod
activities (phototransduction; maintenance of circulating current; turnover of outer segments)
that are known to require high levels of aerobic energy to operate properly (Steinberg, 1987).
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In addition to photoreceptor development, post-receptor neurons and retinal vessels also
undergo developmental changes after birth. Throughout development, post-receptor neurons
reorganize (Xu and Tian, 2004, 2007, 2008). Normal rat retinal vasculature grows centripetally
to reach the ora at approximately P14 (Reynaud and Dorey, 1994). These developmental
changes in neurons and blood vessels are under cooperative molecular control (Gariano et al.,
2006).

3.1.2. Full-field ERG—As in normal infants, to study developmental changes non-
invasively, ERG responses to ∼5 log unit intensity range of full-field, white strobe flashes were
recorded from dark adapted Sprague-Dawley albino rats. Rod photoreceptor and post-receptor
ERG response components (Fig. 22) differed between the immature and the mature rat retina
(Fulton et al., 1995). Control experiments demonstrated that responses are rod dominated in
both infant and adult rats (Fulton et al., 1995).

A-wave responses were analyzed using the Hood and Birch modification of the Lamb and Pugh
model of the activation of phototransduction (Section 2.2.1.1, Eq. 2). Post-receptor b-wave
responses were analyzed using the Naka-Rushton equation (Fulton and Rushton, 1978)
(Section 2.2.1.3, Eq. 4). Under these conditions, the b-wave represents the activity of ON-
bipolar cells and other second and third order neurons (Aleman et al., 2001;Wurziger et al.,
2001).

As with human rod and rod-driven ERG response parameters, a logistic growth curve [(Fulton
et al., 1995); Section 2.2.1.1., Eq. 3] was used to summarize the developmental course for each
parameter of rod photoreceptor (a-wave) activation (SROD and RROD) and post-receptor (b-
wave) activity (log σ and VMAX). Rod photoreceptor sensitivity, SROD, increased significantly
with age. Specifically, Age50 for SROD is P17.9 (95% Cl: 16.2 to 19.6), similar to Age50 for
rhodopsin content (P18.7; 95% CI: 18.2 to 19.2) (Dodge et al., 1996; Fulton et al., 1995). In
infants, low rhodopsin content limits quantum catch; throughout development, photon capture
appears to constrain the activation of phototransduction. The mobility of the transduction
proteins in the immature disc membrane may be the same as in adults (Fulton and Hansen,
2003).

Post-receptor b-wave log σ is also half the adult value at P18. The developmental course for
log σ is indistinguishable from that for SROD and rhodopsin. As in human development, deficits
in rod photoreceptor (a-wave) sensitivity, SROD, predict deficits in post-receptor (b-wave)
sensitivity, log σ.

The mean saturated amplitude of the rod photoresponse, RROD, doubles between age P18 and
P30, as does post-receptor saturated amplitude, VMAX. RROD represents the rod's circulating
current and thus the number of channels in the outer segment available for closure by light.
Increases in VMAX were significantly correlated with increases in RROD. Furthermore, the ratio
of RROD to SROD was invariant with age (Fulton and Hansen, 2003). The stability of this ratio
is consistent with a fixed number of channels per disc during normal development.

Following activation of the rod's response to light, the photoreceptor must recover (deactivate)
in preparation for its response to the next flash of light. Deactivation depends on events in the
disc membrane and cytosol of the ROS, specifically, deactivation of rhodopsin, transducin,
and phosphodiesterase and restoration of the circulating current (Pugh and Lamb, 2000). The
developmental increase in several deactivation components, including arrestin (Broekhuyse
and Kuhlmann, 1989), kinase (Ho et al., 1986), recoverin (Stepanik et al., 1993), and cGMP
(Colombaioni and Strettoi, 1993; Johnson et al., 2001), is concurrent with ROS elongation.
Thus, we suspect that the biochemical underpinnings of deactivation are similar in infants and
adults.
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To investigate deactivation in immature rat rods, we studied the kinetics of recovery of the
circulating current as represented in the ERG a-wave (Fulton and Hansen, 2003). Infant
(P18-19) and adult (P60-90) Sprague-Dawley albino rats were studied. Deactivation was
evaluated using a paired flash paradigm (Lyubarsky and Pugh, 1996) in which equal intensity
test and probe flashes were presented at selected inter-flash intervals (2 to 120 s), as described
in Section 2.2.1.2. Recovery was studied using six intensities spanning a 2.4 log unit range.

The amplitude of the a-wave response to the test flash as a function of ISI for an infant and an
adult rat is plotted in Fig. 23A. We equated the estimated proportion of rhodopsin molecules
isomerized by the stimulus (Fig. 23B) and found that the t50 values of the infants and adults
are coincident over the ∼2 log unit range of stimuli (Fulton and Hansen, 2003). This suggests
that the molecular processes controlling the recovery of the rod photoreceptor response are the
same in immature and mature rods. Thus, the kinetics of recovery may be set by the possibility
of encounters of activated rhodopsin with the proteins involved in deactivation.

The oscillatory potentials (OPs), which signal retinal activity distinct from that represented in
the a- and b-waves, were studied in dark adapted rats (Akula et al., 2007b). The ERG records
were digitally filtered (100 – 380 Hz) and the trough-to-peak amplitude and implicit time of
OP wavelets measured (Liu et al., 2006b). Summed OP amplitude increased and implicit time
decreased with increasing stimulus intensity. In general, OPs in infants were smaller and slower
than those in adults. In the frequency domain, by using discrete Fourier transform to produce
a power spectrum, the peak frequency and energy of the OPs were determined. Peak frequency
was ∼95 Hz and did not vary with age. The total energy decreased between infancy and
childhood. Refinements in inner retinal circuitry that include feedback pathways and interplay
of ON and OFF activity (Heynen et al., 1985; Pugh et al., 1998; Dong et al., 2004; Hancock
and Kraft, 2004; Xu and Tian, 2004, 2007, 2008) may account for the decrease in total OP
energy between infancy and adulthood (Akula et al., 2007b).

3.2. Oxygen induced retinopathy
Selected alternating exposures to hypoxia and hyperoxia reliably produce models of ROP
(Penn et al., 1994; Reynaud et al., 1995; Fulton et al., 1999b; Lachapelle et al., 1999;
Dembinska et al., 2001; Liu et al., 2006a, b; Akula et al., 2007a, b). We have used two oxygen
exposure schedules (Fig. 24), chosen to produce a range of ROP severity similar to that
observed in our human ROP subjects. In the first, developed by Penn et al. (1995), rats are
exposed to alternating 24 hour periods of 50% or 10% oxygen levels for the first 14 days after
birth and then returned to room air (21% oxygen). In the second, the rats are kept in room air
from birth to P7, then placed in constant 75% oxygen from P7 to P14, and then returned to
room air. The animals are kept in a 12 hour dark/12 hour light cycle with low average luminance
(∼10 lux) throughout the experiment. Herein, we designate the rats as 50/10 model, 75 model,
or controls that were maintained in room air.

3.2.1. Full-field ERG and retinal vasculature—Akula et al. (2007a) conducted a
longitudinal study of rod-driven ERG responses and retinal vascular abnormalities in the 50/10
and 75 models and in controls (Fig. 25). Test ages were P20, P30, and P60. Parameters of the
dark-adapted ERG a-wave (SROD, RROD) and b-wave (log σ, VMAX) were determined as
described above (Section 2.2.1.1 and 2.2.1.3). Computer assisted analysis of the superficial
retinal vasculature displayed in wide field digital fundus photographs, obtained from the same
animals, yielded quantitative estimates of the vascular tortuosity and caliber of the retinal
vessels. Integrated curvature of the retinal arterioles, defined as the sum of angles along a vessel
divided by its length, was the most accurate diagnostic measure and demonstrated several
significant relationships with parameters of the ERG. The ERG parameters and arteriolar
integrated curvature were analyzed for significant variations among the ROP models (50/10,
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75) and controls and for changes with age (P20, P30, P60). Significant attenuation in sensitivity
and amplitude parameters of receptor and also post-receptor retina occurred in both the 50/10
and 75 models. The arterioles were also significantly more tortuous (integrated curvature
higher) than in controls. With increasing age, these signs of neurovascular abnormality
diminish spontaneously just as most human ROP resolves without intervention. Nonetheless
some functional deficits persisted in the 60 day old rats just as in some older children and
adolescents with Mild and Severe ROP (Section 2).

The most provocative relationship of ERG responses to retinal vasculature was that of rod
photoreceptor sensitivity, SROD, to arteriolar integrated curvature at P60, ICA. In Fig. 26, for
each rat, SROD at P20 and ICA at P60 are shown relative to the normal mean for age. Rod
photoreceptor sensitivity at a young age (P20) predicted, in the same animals, vascular outcome
in adulthood (P60). This temporal priority of rod dysfunction was consistent with a causal role
for the rod photoreceptors in producing the retinal vascular abnormality.

As the natural course of rat ROP continued, the vascular abnormalities resolved and the
function of the post-receptor retina in both the 50/10 and 75 models improved, even though
SROD remained low in the 75 model (Akula et al., 2007a). Specifically, b-wave log σ shifted
to dimmer intensities in parallel with decrease in ICA (Fig. 27). This suggests that the post-
receptor retina re-organized as the vascular abnormality resolved, despite low SROD. The
improvement in log σ is not unlike the recovery of post-receptor (b-wave) and visual functions
that occurred in a patient whose rods had irreversible, stable dysfunction due to medication
(Lu et al., 2007).

3.2.2. Growth factors—In a follow-up study, Akula and colleagues (2008b) investigated
whether receptor and post-receptor function were related to the expression of growth factors
known to mediate both vascular development and neural remodeling. Such growth factors are
candidate mediators of the neurovascular interplay documented in ROP. ERGs and fundus
images were obtained prior to harvest of retinal material at P15-16, P18-19, or P25-26. Vascular
endothelial growth factor (VEGF) and semaphorin were selected because VEGF is essential
for physiologic vascular development (Saint-Geniez et al., 2006) and has been implicated in
pathologic vascularization such as found in ROP (Pierce et al., 1995; Dorey et al., 1996; Stone
et al., 1996). Semaphorin acts as an axon growth cone guidance molecule (He et al., 2002)
involved in plasticity and stabilization during post-receptor retinal development (de Winter et
al., 2004). VEGF and semaphorin are expressed in temporally and spatially overlapping
domains during retinal development (He et al., 2002; de Winter et al., 2004) and share a
receptor: neuropilin. Neuropilin receptors are found both on vascular endothelial cells and in
retinal neurons (Bielenberg et al., 2006), including progenitors of photoreceptors (Amato et
al., 2005). Neuropilin, therefore, sits at a nexus of vascular and neural development by
competitively binding two disparate ligand families (VEGF and semaphorin), a fact supporting
the hypothesis that retinal neurogenesis and angiogenesis are inseparably linked. Assessment
of mRNA expression, evaluated in retinal lysates by reverse-transcriptase polymerase chain
reaction (rt-PCR), revealed that VEGF and semaphorin were elevated immediately following
the induction of retinopathy (P15-16), in both 50/10 and 75 models, relative to controls. Retinal
levels of both VEGF and semaphorin plummeted as vascular abnormalities resolved and ERG
parameters improved (Akula et al., 2008b).

Lower rod sensitivity was correlated with more severe vascular abnormality. Low post-receptor
sensitivity was strongly associated with tortuous retinal vasculature (Akula et al., 2008b).
Furthermore, retinal sensitivity was also negatively correlated with VEGF and semaphorin
expression. The post-receptor neural retina is supplied by the retinal vasculature and, therefore,
is ideally situated to mediate the rod-vascular relationship (Akula et al., 2007a). Thus, there
are at least two explanations for these results: 1) abnormal retinal vessels presumably offer
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subnormal circulation to post-receptor retina, while more normal vasculature provides an
environment favorable to post-receptor function; 2) the distressed post-receptor neural retina
might trigger vascular genesis by up-regulating mRNA of proangiogenic growth factors such
as VEGF or semaphorin, and an excess of these signals might induce vascular tortuosity.

These data suggest that intervention at two novel retinal targets at critical times in the
pathogenesis of retinopathy could disrupt or even prevent the untoward vascular outcomes.
Both the molecular crosstalk between post-receptor neurons and retinal vasculature and the
immature rod photoreceptors are potential sites for pharmacological intervention. Protection
of the immature rods might be achieved, for instance, by modulating the energy-demanding
visual cycle of the rods. A preclinical trial of this approach was conducted and did result in
improved rod-mediated retinal function in ROP rats (Akula et al., 2008a).

4. Future directions
4.1. Structure–function relationships

As detailed in Sections 2 and 3, a number of neurovascular structure–function relationships
have already been demonstrated in human ROP and rat models of ROP. Further delineation of
these relationships is needed to advance our understanding of the disease process and its
consequences. Improved management of ROP can be built on this foundation.

To date, studies of structure and function have provided evidence that the rods are injured in
ROP. The proximal cause of the injury remains unknown. Both hyperoxia and hypoxia, which
are injurious to the immature photoreceptors (Fulton et al., 1999b; Wellard et al., 2005), are
encountered during the course of clinical management of the preterm infant or in the creation
of rat models of ROP (Cunningham et al., 1995; Penn et al., 1995; Liu et al., 2006a; Akula et
al., 2007a). The retinal vasculature has been studied extensively in ROP, but less is known
about the role of the choroid. The choroid supplies oxygen to the photoreceptors. The swiftly
flowing choroid, with oxygen diffusing freely through its fenestrated vessels, may allow local
oxygen to reach levels that damage the immature rods. If this is the case, the molecular crosstalk
between choroid and pigment epithelium would be altered in the ROP eye (Gogat et al.,
2004; Saint-Geniez et al., 2006). Molecular hypotheses based on this idea are testable in animal
models of ROP.

In human subjects, additional quantitative information about the microscopic structure of the
macula is urgently needed in three specific areas: 1) the array of the cone photoreceptors in the
macula, 2) the relationship between these cones and the pigment epithelium, and 3) the neural
laminae in the central retina. Currently, it is not clear if altered cone and cone bipolar
distributions are the basis for the altered mfERG topography, altered visual acuity, and color
vision deficits in ROP. This can be elucidated using a combination of adaptive optics ultra-
high resolution imaging, multifocal electroretinography, and visual psychophysics in children.

Understanding of the ROP disease process and its lasting consequences, both in children and
in rat models of ROP, also calls for further investigation of the cellular and molecular basis for
dysfunction in the post-receptor ROP retina. It is the superficial retinal vasculature on which
the criteria for clinical diagnosis of ROP at preterm ages is based. More complete information
about the deep retinal vasculature is needed to understand the neurovascular interplay in ROP.
As detailed in Section 2.4, in older subjects, the locus and characteristics of the deep capillaries
are abnormal years after acute ROP has resolved (Hammer et al., 2008). And in rat models of
ROP (Section 3.2.1), an intimate association of the vascular and neural characteristics have
been demonstrated through analysis of post-receptor retinal activity and anatomic and
molecular biological data, not only after the peak of the acute ROP rat disease but also during
its evolution (Akula et al., 2008b; Favazza et al., 2009).
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In rat models, the proteins (growth factors) that share in the regulation of development of the
post-receptor neurons and the retinal vasculature, both superficial and deep, will be studied in
animals with well characterized retinal and vascular function and morphology. This will
advance our understanding of the intra-laminar reorganization of the post-receptor retina (Jones
et al., 2003; Xu and Tian, 2004, 2007, 2008) during the evolution and resolution of ROP. In
human ROP subjects, the structure and function of post-receptor central retina will be studied
using adaptive optics imaging (Hammer et al., 2008, 2009) and by analyzing higher order
signals in the mfERG (Hood, 2000; Bearse et al., 2006). Rod-driven post-receptor function
will be further studied using psychophysical assessments of adaptation and spatial processing.
In some retinal regions, oximetry (Pournaras et al., 2008) is expected to yield further insights
into the neurovascular function of the ROP retina and its relation to vision.

4.2. Eye growth and refractive development
The frequent occurrence of significant refractive errors in ROP subjects is well established
(Section 1.3). However, the mechanisms that alter eye growth and lead to the refractive errors
remain to be defined. As mentioned above, the choroid-pigment epithelial-photoreceptor
complex may be disturbed in acute ROP. The retinal pigment epithelium, which is thought to
play a role in the control of eye growth (Rymer and Wildsoet, 2005), may be critical in the
regulation of the growth and refractive development of the ROP eye. Explicit hypotheses will
be developed and tested using cellular and molecular biological techniques in animal models
of ROP. As has been our approach to studies of normal development, following the animal
work, streamlined hypotheses and efficient, non-invasive tests can then be devised to evaluate
ROP children.

4.3. Therapeutic targets
Even in our current state of knowledge, it is clear that both photoreceptor and post-receptor
retina are involved in the ROP disease process. Both are potential targets for intervention.

Persistent rod dysfunction is documented in human ROP subjects (Section 2). Structure and
function of ROP rat rods are altered acutely and chronically (Section 3). ROP has its onset at
the ages during which the developing rod outer segments elongate with consequent escalation
of energy demands. Early ROP rat rod dysfunction predicts the severity of the retinal vascular
outcome. Thus, interventions that target the rods are strongly motivated. Theoretically,
interventions that support either the metabolic and nutritional needs of the immature rods or
protect those rods from injurious exposures, or both, would reduce the neurovascular
abnormalities of ROP. The photoreceptor's turnover of outer segment material, maintenance
of the circulating current, and operation of the visual cycle demand a level of energy use that
exceeds that of any other cell in the body (Steinberg, 1987). This extreme metabolic demand
makes the photoreceptor vulnerable to injury. Interventions that could be safely administered
very early in the clinical course of ROP, such as at the first detected sign of neurovascular
disease, should be the most beneficial.

Light exposure modulates the turnover of outer segment material and suppresses the rods'
circulating current and, accordingly, decreases the photoreceptor's energy requirement. Arden
et al. (2005) have proposed light as a safe, effective treatment for ROP. Light level of the habitat
in which infant rats are reared affects long term the ERG photoresponse parameters in both
normal control and ROP rats (Fulton et al., 1998a, b). Thus, a pre-clinical test of the Arden
hypothesis is feasible. Following a longitudinal design, with outcome measures being ERG
receptor and post-receptor components and integrated curvature of the retinal arterioles, it can
be determined if moderate, non-damaging light levels, rather than very dim light, improve the
neurovascular outcome in rat models of ROP. For success, such a strategy must consider rod
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photoreceptor development (Fig. 1), which was not necessarily the case in a clinical study of
effects of light on ROP (Reynolds et al., 1998).

Control of ambient oxygen may be hypothesized to damp hyperoxia-hypoxia swings that
damage the rods and to supply, via the choroid, optimal oxygen levels to cope with the rods'
energy demands. Tight regulation of supplemental oxygen has reduced the frequency and
severity of ROP in some studies. (Askie et al., 2003; Chow et al., 2003; Saugstad, 2006;
Vanderveen et al., 2006b). Interestingly, Sears and colleagues reported lower oxygen saturation
targets at less than 34 weeks (85% to 92%) and higher targets at greater than 34 weeks (92%
to 97%) decrease the severity and incidence of ROP (Sears et al., 2009). Although the age for
shift in oxygen management was not based on the rhodopsin growth curve, it appears well
chosen (Fig. 1).

Based on this evidence, one can argue that extensions of current practice to evidence-based
standardization of light and oxygen interventions, plus vigorous screening programs, are the
components of a practicable, global program that will relegate ROP to the history books.
However, to date, adjustments in light and oxygen and faithful adherence to screening and
treatment guidelines do not prevent clinical ROP or residual visual deficits that occur even
when ROP has been mild. Thus, consideration of additional approaches is warranted. We
theorize that improved management, or better yet, prevention of ROP, may be achieved through
timely pharmaceutical interventions.

Goals of pharmaceutical treatment of ROP rods include suppression of turnover of outer
segment material and support of the circulating current. By following this line of reasoning,
many possible pharmaceutical agents may hold realistic promise for treatments of ROP. A few
are mentioned below.

Members of the family of carbonic anhydrase inhibitors (CAI) suppress conversion of carbon
dioxide to bicarbonate and are commonly used to treat glaucoma by decreasing production of
aqueous humor. CAIs, such as acetazolamide that is administered systemically, also alter
circulating current of the rods (Donner et al., 1990; Findl et al., 1995). In a pilot study on mature
rats, a topically administered CAI, dorzolamide (Trusopt, Merck), doubled the saturated
amplitude of the rod photoresponse, RROD, derived from the ERG a-wave (Chang et al.,
1997). Thus, dorzolamide is forecast to relieve the immature photoreceptor from one of its
most energy demanding tasks (generation of the circulating current) and to reduce injury to the
photoreceptor and hypoxia in the post-receptor ROP retina. We also note in our recent ROP
rat experiments (Section 3), a visual cycle modulator that at early ages increased the saturated
amplitude of the rod photoresponse (RROD) improved both rod sensitivity (SROD) and
integrated curvature (ICA) of the arterioles at older ages (Akula et al., 2008a).

Another likely mechanism of injury to the rod includes generation of reactive oxygen species,
or free radicals. Oxidative stress increases the production of reactive oxygen species that can
damage intracellular lipids, proteins, and DNA, including mtDNA (Corral-Debrinski et al.,
1991; Cadenas and Davies, 2000). In the retina, 90% of the mitochondria are in the
photoreceptor inner segments. Damage to mitochondria reduces their ability to produce cellular
energy, which exacerbates oxidative stress and eventually activates the apoptotic cascade.
Activation of the apoptotic cascade leads to death of photoreceptors in retinal degenerative
disorders (Delyfer et al., 2004). Because antioxidants scavenge free radicals, shrewdly
compounded antioxidants administered in a timely fashion to at-risk infants may protect the
mitochondria and the rod itself from oxidative damage (Penn et al., 1997; Liu and Ames,
2005; Dorfman et al., 2006; Ates et al., 2009) and thus prevent initiation of the apoptotic
pathway and attendant cell damage. Although this intervention targets the photoreceptor with
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abundant mitochondria, it is also anticipated to reduce expression of VEGF and have beneficial
effects on post-receptor neural retina and the retinal vasculature.

In addition to the secondary benefits that may arise from treatments targeting the
photoreceptors, interventions that target primarily the retinal vasculature and post-receptor
neurons, which are intimately associated, both in normal development and in ROP, also warrant
consideration for treatment of ROP (Akula et al., 2008b). VEGF is critical to angiogenesis and
neurogenesis (Provis et al., 1997; Sandercoe et al., 2003; Gariano et al., 2006). Thus, lowering
VEGF is touted as a promising treatment for neovascular diseases of the retina. It is tempting
to inhibit the actions of VEGF as early as possible, thereby preventing the occurrence of ROP
altogether (Gariano et al., 2006). However, timing such treatment of the developing retina
poses a number of concerns because neural dysfunction (receptor and post-receptor) antedates
the vascular abnormalities and survives their resolution. Thus, it seems unlikely that anti-VEGF
treatment holds much hope of restoring good vision to patients with milder forms of ROP
(Fulton et al., 2009). In the mature retina, VEGF is a survival factor for many retinal cells
including the photoreceptors (Saint-Geniez et al., 2008). Considerable concern about treatment
of ROP with anti-VEGF pharmaceuticals has already been expressed due to the potential for
adverse effects on developing neurons and possible adverse system effects in the growing child
(Aiello, 1997; Yourey et al., 2000; Hashimoto et al., 2006).

5. Summary
The retina offers an accessible tissue for studies of neurovascular disease in the developing
visual system. Our systems approach considers physically and temporally congruent neural
and vascular components and demonstrates quantitative neurovascular relationships. Through
a combination of non-invasive and molecular biological techniques, fundamental ROP disease
processes are delineated in rat models. The information so gained is then translated to the
human condition using efficient but rigorous non-invasive procedures. We anticipate that
further development of this strategy will lead to new knowledge about neurovascular disease
in general and the determinants of ROP eye growth and vision in particular. This will lead to
improved outcomes for all children at risk for ROP.
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Fig. 1.
Human rhodopsin growth curve and ROP onset. The smooth curve is normalized to the median
adult rhodopsin content, 7.19 nmols/retina (Fulton et al., 1999a). Rhodopsin content reached
50% of the adult value at 5 weeks post-term (95% confidence interval: 0 to 10 weeks). The
arrow indicates the age of ROP onset (technically pre-threshold ROP) at 32 weeks gestational
age (Palmer et al., 1991). ROP onset coincides with a period of rapid developmental increase
in rhodopsin content.
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Fig. 2.
Rod mediated ERG records and model fits of a-wave and b-wave responses in a 10 week old
infant (left) and an adult (right). (A) Dark adapted ERG responses to a series of short-
wavelength flashes. Flash intensity in log scot td s is indicated to the right of the traces; for
clarity, only alternate flashes are labeled. (B) Solid lines re-plot the first 40 ms of the response
to the seven brightest flashes; dashed lines represent the Lamb and Pugh model (Eq. 2) fit to
the a-waves. The parameters SROD, RROD, and td for these fits are indicated. (C) b-wave
amplitude plotted as a function of stimulus intensity. The smooth curve represents Eq. 4 fit to
the b-wave data; responses to higher intensities were not included in the curve fit. The
parameters log σ and VMAX are indicated.
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Fig. 3.
Growth curves for rod photoreceptor model parameters, SROD and RROD, in human subjects.
In each panel, the smooth curve is Eq. 3 fit to the data. The dashed lines indicate the 5th and
95th prediction limits of normal (Whitmore, 1986). Left panels (A, C): Development of
SROD and RROD plotted as a function of age for 126 term born subjects with normal eyes (age
23 days to 52 years). Infants were recruited for testing at 4 or 10 weeks of age. Age50 for
SROD is 10.7 weeks (95% CI: 8.9 to 12.5) and for RROD is 11.2 weeks (95% CI: 9.4 to 13.0).
Right panels (B, D): SROD and RROD for subjects with Severe ROP (N = 10), Mild ROP (N =
40), and No ROP (N = 18). Subsets of the data from both the term born (N = 71) and the preterm
subjects (N = 21) were previously reported (Fulton and Hansen, 2000;Fulton et al., 2001).
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Fig. 4.
Deactivation of the rod photoresponse in term born subjects. (A) Rod isolation. A sample
response in a 10 week old infant is shown. The amplitude of the a-wave response to a
photopically matched red flash (dashed line) was subtracted from the a-wave response to the
probe flash (solid line). The amplitude used in the analysis was measured 8 ms after the flash
(vertical line). (B) Sample rod isolated a-wave responses from a 10 week old infant. The interval
between probe and test flashes (ISI) is indicated for each response. (C) Deactivation in a 10
week old was summarized by t50, the time to recover to half the amplitude of the a-wave to a
single flash as determined by linear interpolation. R/RMAX (see text) is plotted as a function
of ISI. (D) The distribution of t50 values for term born 10 week old infants (N = 15) and adults
(N = 8). The horizontal lines represent the mean for each group. Re-plotted from Hansen and
Fulton, 2005b.

Fulton et al. Page 42

Prog Retin Eye Res. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Growth curves for rod-driven post-receptor function, log σ and VMAX, in human subjects. In
each panel, the smooth curve is Eq. 3 fit to the data. The dashed lines indicate the 5th and
95th prediction limits of normal (Whitmore, 1986). Left panels (A, C): log σ and VMAX plotted
as a function of age for 211 subjects with normal eyes (age 23 days to 52 years). Age50 for log
σ is 11.0 weeks (95% CI: 9.3 to 12.7) and for VMAX is 10.0 weeks (95% CI: 8.3 to 11.7). Right
panels (B, D): log σ and VMAX for subjects with Severe ROP (N = 10), Mild ROP (N = 40),
and No ROP (N = 18). Fifty-eight (85%) of the ROP subjects have log σ below the normal
mean for age and 30 (44%) have VMAX below the normal mean for age. Subsets of the data
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from both the term born (N = 142) and the preterm subjects (N = 21) were previously reported
(Fulton and Hansen, 2000;Fulton et al., 2001).
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Fig. 6.
Relationship between rod photoreceptor sensitivity, SROD, and post-receptor b-wave log σ.
Deficits in log σ are plotted as a function of deficits in SROD. The solid diagonal line has slope
of 1; dashed lines represent the range of values for each parameter found in healthy, mature
control subjects. (A) Results from term born 10 week olds and adults. During normal
development, deficits in rod sensitivity (SROD) predict deficits in post-receptor b-wave log σ.
That is, the points fall near the diagonal line. (B) Results from ROP subjects. Many ROP
subjects have deficits in log σ that are greater than predicted by deficits in SROd. Subsets of
the data from both the term born (N = 71) and the preterm subject (N = 21) were previously
reported (Fulton and Hansen, 2000; Fulton et al., 2001).
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Fig. 7.
Cone ERG. (A) Sample responses from a 10 week old infant to a 2.1 log unit range of red
stimuli (λ > 610 nm) presented on a steady, white, rod saturating background (∼+3.0 log phot
td). (B) Fit of the cone photoreceptor model to the infant’s a-waves. The parameters SCONE
and RCONE are indicated. In these fits, td was 3.0 ms and τ was 1.8 ms. (C) SCONE [left axis:
(phot td-1) s-3; right axis: percent adult] for infants and older subjects. Data from subjects with
Severe ROP, Mild ROP, and No ROP are compared to data from term born 10 week olds and
adults. The means (±SEM) are plotted. Data in panel C re-plotted from Hansen and Fulton,
2005a and Fulton et al., 2008.
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Fig. 8.
Cone-driven b-wave responses as a function of stimulus intensity. (A) Results from term born
10 week old infants (N = 28) and adults (N = 13). A photopic hill, which peaks at approximately
+2.3 log phot td s, is apparent in the adults but not in the infants. (B) Results from ROP infants
(Severe, Mild, None) tested at corrected age 10 weeks compared to results from term born
infants. (C) Results from former pre-terms tested at older ages compared to results from adult
controls. Re-plotted from Hansen and Fulton, 2005a and Fulton et al., 2008.
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Fig. 9.
Oscillatory potentials. (A) OP energy in term born infants, ROP infants, and older ROP subjects
plotted as percent of the normal adult mean (±SEM). Energy is the area under the Gaussian fit
to the power spectrum and is related to the square of the summed OP amplitude (Akula et al.,
2007b). (B) OP energy in older ROP subjects and mature normal controls stratified by spherical
equivalent. Among the ROP subjects, high myopia ranged from -8.40 D through -14.00 D (N
= 4); myopia ranged from -0.37 D through -5.75 D (N = 11); and emmetropia ranged from
plano through +2.44 D. Data from 14 myopic and five emmetropic controls are shown; there
were no controls with high myopia. A subset of the OP data was reported by Akula et al.,
2007b.
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Fig. 10.
Multifocal ERG responses in term born infants. (A) The traces represent the response from
each of the 61 hexagons in the unscaled array from an infant. (B) The mean (±SEM) amplitude
of the positive component of the wave, P1, in term born infants (N = 18) and adults (N = 6) is
plotted as a function of ring number. Data in panel B re-plotted from Hansen et al., 2009.

Fulton et al. Page 49

Prog Retin Eye Res. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 11.
Multifocal ERG responses in subjects with a history of Mild ROP. (A) The traces represent
the response from each of the 103 hexagons in the scaled array from a 13 year old subject. (B)
The mean (±SEM) amplitude of the positive component of the wave, P1, is plotted as a function
of ring number for Mild ROP subjects (N = 11) and healthy controls (N = 9). Data in panel B
re-plotted from Fulton et al., 2005.
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Fig. 12.
Optical coherence tomography (OCT) images. (A) The retinal lamina are as indicated: ILM,
inner limiting membrane; NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer; ELM, external limiting membrane; CC, connecting cilium; RPE, retinal pigment
epithelium; C, choroid; IS, inner segment layer; OS, outer segment layer; t, temporal; n, nasal.
(B) Cross-sectional images from one eye of five control subjects (left) and five subjects with
a history of Mild ROP (right). In ROP subjects, the fovea was shallower and broader than in
controls. Adapted from Hammer et al., 2008; copyright Association for Research in Vision and
Ophthalmology.
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Fig. 13.
Retinal vasculature in OCT images in a control subject (top) and a subject with Mild ROP
(bottom). En face views showing vessels in the outer plexiform layer (A, C) were created by
averaging the axial slices shown between the horizontal lines in the corresponding cross-
sectional images (B, D). Adapted from Hammer et al., 2008; copyright Association for
Research in Vision and Ophthalmology.
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Fig. 14.
Fundus photographs of children (4 to 8 years old) representing each of the ROP categories,
Severe (A), Mild (B), None (C) and a term born control (D). The caliber of the retinal arterioles
(arrows) was similar in the Mild, None, and term born control eyes. The Severe ROP eye had
attenuated arterioles. Also, consistent with the OCT results (Ecsedy et al., 2007; Hammer et
al., 2008), the foveal dimple appeared blunted in eyes with ROP, suggesting a shallower foveal
pit.
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Fig. 15.
Dark adapted scotopic thresholds in young infants. (A) Dark adapted thresholds (scot td s) of
young infants plotted as a function of age. Results from several studies are summarized (Hansen
and Fulton, 1981; Powers et al., 1981; Hamer and Schneck, 1984; Brown, 1986). The average
adult threshold is represented by the solid horizontal line; the dashed lines show ±SD. (B)
Spectral sensitivity functions of dark adapted 10 week old infants and adults. Thresholds were
measured at eight wavelengths in each subject. Mean (±SEM) threshold is plotted as a function
of wavelength for infants and adults. The smooth waves are Vλ' (Wyszecki and Stiles, 1982).
Re-plotted from Hansen and Fulton, 1993.
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Fig. 16.
Threshold development at parafoveal and peripheral sites in term born infants. Each infant (N
= 9) was tested at both sites at age 10, 18, and 26 weeks. The longitudinal data from each
individual are connected by line segments. (A) Threshold at 10° eccentricity as a function of
age. (B) Threshold at 30° eccentricity as a function of age. (C) Difference between parafoveal
and peripheral thresholds (Δ10-30). The mean adult value (triangle) and its range (dotted lines)
are shown in each panel. Re-plotted from Hansen and Fulton, 1999.
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Fig. 17.
Threshold development in subjects with Mild ROP (A) and No ROP (B). Thresholds were
measured longitudinally at parafoveal (10° eccentric) and peripheral (30° eccentric) sites.
Results for individual infants are connected by line segments. Each infant was tested at both
sites at every visit. The difference between parafoveal and peripheral thresholds (Δ10-30) is
plotted in the lower panels. In every panel, the dashed lines represent the 99% prediction
interval for normal threshold development derived from the results in Fig. 16. Adapted from
Barnaby et al., 2007; copyright Association for Research in Vision and Ophthalmology.
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Fig. 18.
Background adaptation. Threshold is plotted as a function of background intensity on log-log
axes. (A) The smooth curve plots the equation log T = log TDA + log [(Ao + I)/ Ao] (Eq. 6).
The model parameters, dark adapted threshold (TDA) and the eigengrau (AO), are indicated by
the arrows. The horizontal dashed line asymptotes the curve at TDA; the oblique dashed line
intersects the horizontal line at AO. Values of TDA and AO were determined for each subject
at the parafoveal (10° eccentric) and peripheral (30° eccentric) sites. Increment threshold
functions from (B) a 10 week old term born infant, (C) a 13 year old Mild ROP subject, and
(D) a 14 year old control are shown. The values of TDA (log scot td s) and AO (log scot td) at
the peripheral and parafoveal sites are shown in each panel. Panels B, C, and D re-plotted from
Hansen and Fulton, 2000a,b.
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Fig. 19.
Scotopic spatial summation and interaction. (A) Dark adapted spatial summation in term born
10 week old infants and adult controls. Threshold in scot td s is plotted as a function of stimulus
area. Points represent the mean ±SEM. The oblique and horizontal lines intersect at the critical
areas for complete summation. The average critical area for summation in infants and adults
are indicated by the arrows. The corresponding critical diameters are 4.42° and 2.32°,
respectively. (B) Average Westheimer functions for infants and adults. Infants were tested
using 2°, 20 ms stimuli presented on backgrounds of 2.7 to 6.1° diameter. Adults were tested
with 10′, 10 ms stimuli on backgrounds of 0.3 to 3.1° diameter. The background diameters
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which produced the maximum threshold elevation are about four times larger in infants (3 to
3.5°) than in adults (0.64 to 0.75°). Panel B re-plotted from Hansen and Fulton, 1994.
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Fig. 20.
Mean (+SEM) arteriolar integrated curvature, ICA (left), and rod photoreceptor sensitivity,
SROD (right), in infants with a history of ROP and in rat models, plotted as percent of normal
for age (dotted line). In both the human and animal subjects, mean ICA is nearly two times
higher in ROP and rod sensitivity (SROD) is reduced by ∼25%. Data re-plotted from Fulton et
al., 2001; Gelman et al., 2005; Moskowitz et al., 2005a; Fulton and Hansen, 2006; and Akula
et al., 2007a.
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Fig. 21.
Development of rat rod photoreceptor outer segments. (A) Dashed curve: Developmental
elongation of rod outer segments (ROS) follows a logistic growth function (Fulton et al.,
1995). The ROS are 50% of the adult length at P12.5 (95% CI: P12.1–P12.8). Rhodopsin
concentration (weight of rhodopsin per dry weight of retina) follows a similar course (Timmers
et al., 1999), reaching half the adult value at P13.4 (95% CI: P12.1–P14.7). Solid curve: The
amount of rhodopsin extracted from the whole retina is approximately 50% of that in adults at
age P18.7 (95% CI: P18.2–P19.2 days). (B) Rhodopsin absorbances in rat ROS determined by
microspectrophotometry (Dodge et al., 1996). Mean (±SEM) of absorbances in dark adapted
ROS are shown at four ages: 13, 19, and 34 days and adult. In 19 day old rats, there is a gradient
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of absorbance along ROS length. The oldest, least mature disks at the tip have absorbance
similar to that found in the 13-day-old ROS. The newest, most mature disks at the base have
absorbance similar to that found in adult ROS. In the adult ROS, absorbance is similar along
the entire length of the ROS. Adapted from Dodge et al., 1996; copyright Association for
Research in Vision and Ophthalmology.
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Fig. 22.
Rat control sample records. Sample ERG records of a control rat tested at P17 and P31. ERG
responses to a range of brief (<1ms), full-field strobe flashes were recorded. The stimuli were
controlled in intensity by calibrated neutral density filters and were increased in 0.3 log unit
steps. The unattenuated flash (5.2 log μW/cm2) produced approximately 104.8 isomerizations
per rod per flash. The numbers to the left of each row of traces indicate the stimulus intensity
(log R*). For clarity, only every third record is shown. The start of each trace coincides with
stimulus onset. Adapted from Liu et al, 2006a; copyright Association for Research in Vision
and Ophthalmology.
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Fig. 23.
Deactivation of the rat rod photoresponse. (A) The amplitude of the a-wave response to the
probe flash, expressed as proportion of the amplitude of the response to the test flash alone,
plotted as a function of ISI. The data are from the infant and the adult who had the median
t50 for the 4.0 log μW/cm2 flash. (B) Mean t50 plotted as a function of stimulus strength,
expressed as estimated proportion of rhodopsin molecules isomerized/rod/flash. The infants'
and adults' functions do not differ significantly. Data re-plotted from Fulton and Hansen,
2003.
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Fig. 24.
Induction of retinopathy. Two models of ROP were created by exposing rat pups to different
ambient oxygen environments during the ages when the retina was immature and rhodopsin
content increasing. ERG responses and fundus photographs were obtained at P20, P30, and
P60 (gray bars). Top: The 75 model: oxygen was maintained at 75% from P7 to P14. Middle:
The 50/10 model: starting on the day of birth, ambient oxygen concentrations were alternated
every 24 hours between 50% and 10% for 14 days. Bottom: Room air is 21% oxygen. Adapted
from Akula et al., 2007a; copyright Association for Research in Vision and Ophthalmology.
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Fig. 25.
Sample records from P20 rats and a-wave model fits. (A) Responses from 50/10 model, 75
model, and control rats. Flash intensity in μW/cm2 is shown to the left of the traces. Arrows
indicate stimulus delivery. (B) Fits (black lines) of a model of the activation of
phototransduction (Eq. 2) to the a-waves (gray lines with dots). Fitting was restricted to the
leading edge of the a-wave to a maximum of 10 ms after the flash. SROD and RROD are indicated
in each panel. Adapted from Akula et al., 2007a; copyright Association for Research in Vision
and Ophthalmology.
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Fig. 26.
Integrated curvature of retinal arterioles (ICA) and rod photoreceptor sensitivity (SROD) as
proportion of the control mean in 50/10 model, 75 model, and control rats. SROD at P20 is
plotted on the abscissa and ICA at P60 on the ordinate. The dotted horizontal and vertical lines
indicating the control means intersect at ICA = 1.0 and S = 1.0. The solid line is a linear
regression through the data. Rod sensitivity at P20 predicted vascular abnormality at P60. Re-
plotted from Akula et al., 2007a.
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Fig. 27.
Mean (±SEM) rates of change in post-receptor b-wave sensitivity (log σ) and integrated
curvature of the retinal arterioles (ICA) for 50/10 model, 75 model, and control rats. Reprinted
from Akula et al., 2007a; copyright Association for Research in Vision and Ophthalmology.
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Table 1

Categories of ROP subjects.

Category Clinical Features

No ROP No ROP ever
Mild ROP Stage 1 or 2, Zone II or III*; resolved spontaneously
Severe ROP Stage 3*; treated

*
International Committee for the Classification of Retinopathy of Prematurity, 2005
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