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Abstract

The understanding, diagnosis and treatment of retinopathy of prematurity (ROP) have changed in
the last seventy years since the original description of retrolental fibroplasia associated with high
oxygenation. It is now recognized that ROP differs in appearance world-wide and as ever smaller
and younger premature infants survive. New methods are being evaluated to image the retina,
diagnose severe ROP, and determine windows of time for treatment to save eyes and improve
visual and neural outcomes. New treatments to promote physiologic retinal vascular development,
vascular repair, and inhibit vasoproliferation by regulating proteins involved in vascular
endothelial growth factor, insulin-like growth factor, or erythropoietin signaling. Reducing
excessive oxidative/nitrosative stress and understanding progenitor cells and neurovascular and
glial vascular interactions are being studied.
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|. Historical Context of ROP: Early Understanding of Complications of
Preterm Birth

Retinopathy of prematurity (ROP) was first described in the US as retrolental fibroplasia
(RLF) by Dr. Stewart Clifford in 1940(141) and later carefully studied and reported by Dr.
Theodore Terry in 1946.(168) Although much has changed in neonatal care and in our
understanding and treatment of ROP, ROP remains a leading cause of childhood blindness
worldwide.(54) It is helpful to have a historical perspective of preterm birth and its
complications when reviewing studies and progress in ROP management.
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In the 1870’s, the development of the first incubator for premature infants was attributed to
Stephane Tarnier.(19) At that time, preterm infant mortality and survival were hidden within
an overall higher rate of infant mortality than today, mainly from respiratory distress,
hypothermia, weight loss, or infection. As the understanding of the needs of the preterm
infant increased, advances were made that included developing nurseries for infants,
improving incubators that provided supplemental oxygen, and emphasizing maternal
bonding with infants, including educating and supporting mothers pre- and perinatally.(19)
Still, appropriate thermal environments and the ability to regulate and monitor oxygen had
not yet been fully developed when RLF manifested.

Il. Advancements in Understanding the Pathophysiology of ROP

A. Role of Oxygen Supplementation

1. High Oxygen Supplementation: The First Epidemic of ROP—Incubators used
100% inspired oxygen at the time RLF manifested as the appearance of a white pupil, likely
fibrovascular tissue abutting the posterior lens capsule, sometimes with an associated retinal
detachment. Then, observation of the peripheral retina was not universally performed.
Ultrasonography had not been developed, and the indirect ophthalmoscope was introduced
and popularized later.(150) It is likely some cases of RLF represented macular dragging with
retrolental fibrosis, and others may have represented various degrees of retinal detachment,
now classified as Stages 4 or 5 ROP. There also may have been cases involving persistence
of the hyaloidal circulation. Thus, the pathogenesis of RLF was largely unknown. (It wasn’t
until 1984, some 30 years after the description of RLF, that the International Classification
of ROP published early appearances of ROP(1)) After observations and experimental work
by Michaelson and Ashton(15), and a report by Campbell(31), a collaborative study
compared unrestricted and restricted oxygen therapy in infants less than 1500 g and found
restricted oxygen reduced RLF.(141) Arnall Patz(126) was a pioneer and performed a
clinical trial that also provided evidence that high oxygen at birth was a cause of RLF.(126)
Patz credits Szewczyk with recognizing that the abrupt change from high to low oxygen
without acclimatization led to retinal vascular damage from low oxygen. Szewczyk(166)
noted that when infants were moved out of high oxygen, retinal vessels became dilated and
tortuous, and this may have represented early descriptions of Plus disease. Other
investigators, including Silverman, Reese, King, and Owens contributed to the
understanding and classification of early ROP.(138) Oxygen use was curtailed, and RLF
virtually disappeared. As additional technologic advances were made with improved
incubators and oxygen monitoring and regulation, younger and smaller premature infants
survived, and ROP re-emerged in the 1970’s.(12) This upsurge is sometimes referred to as
the “second epidemic”. Today, in countries that have insufficient resources for prenatal and
perinatal care and to regulate oxygen, ROP has emerged in larger infants(154, 155) termed
the “third epidemic™.(55) This new epidemic may, however, represent a repeat of history,
related to use of unregulated high oxygen and reduced resources to provide optimal perinatal
and prenatal care.(54, 131)

2. Other Oxygen Stresses: Importance of Experimental Models of Oxygen-
induced Retinopathy—Early studies evaluated the role of oxygen (15, 126) in newborn
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animals that vascularized their retinas after birth and found that 70 to 80% inspired oxygen
delivered continuously for at least 4 days to healthy kittens no older than 12 days of age
caused “vaso-obliteration” of the newly formed capillaries.(15) Upon return to ambient air,
the Kittens experienced “vasoproliferation” from retinal vessels into the vitreous. These
descriptions from early models of “oxygen-induced retinopathy” (OIR) began the two-phase
hypothesis of effects of high oxygen on retinal vascular development. During the second
epidemic of ROP when methods were available to examine the retina, it became recognized
that ROP also manifested as a delay in physiologic retinal vascular development followed by
changes at the junction between the vascularized and avasculari regions of the retina (See
I11, B. Classification of ROP and Severe ROP). Later, often 2 to 3 months after birth, the
retinal vessels became dilated and tortuous, and vasoproliferation developed into the vitreous
at the junctions.(1) When these younger and smaller infants in whom oxygen was regulated
developed ROP, it became apparent that stresses besides high oxygen at birth were also
important.

Experimental and clinical evidence demonstrates that fluctuations in oxygenation are
associated with the development of features of severe ROP.(40, 128, 205) A model of
fluctuations in oxygenation in newborn rats recreates first peripheral avascular retina
followed by vasoproliferation at the junction of vascularized and avascular retina (Figure 1),
similar to human ROP. The inspired oxygen levels in the model (50% and 10% inspired
oxygen) translate to arterial oxygen levels similar to those in human severe ROP.(40) The rat
pups also experience reduced postnatal growth, which is linked to severe human ROP.(100)
These features make the rat model of fluctuating oxygen (50/10 oxygen induced retinopathy
[OIR] model) the most representative of human ROP.(75) The mouse OIR model is useful to
study mechanisms of disease through the use of genetically modified mice exposed to first
high oxygen, which causes vaso-obliteration of already developed capillaries in the central
retina, followed by room air exposure that leads to vasoproliferation into the vitreous at the
junctions of vascularized and avascular central retina (Figure 1).(159) The mouse OIR
model is helpful to study molecular mechanisms and recaptures the relative differences in
oxygen exposure that premature infants experience when they move from the in utero
environment to ambient air. The mouse OIR may also recreate a retinal picture similar to the
clinical form of severe ROP, aggressive posterior ROP (See 11, B. Classification of ROP and
Severe ROP). Another well-known OIR model uses newborn beagles in which there is
delayed physiologic retinal vascular development and vasoproliferation. The beagle puppy
eyes are closer in size to human preterm infant eyes, and this translational aspect of the
model is useful when testing pharmaceutical agents being considered for human ROP. OIR
models are used to understand the pathophysiology of ROP and assess the effects of
potential treatments.(67)

B. Other Factors in ROP Pathophysiology

1. Avascular Retinal Area Stimulates Vasoproliferation—Retinal vascularization
continues after birth in humans; thus, premature infants have areas of incomplete peripheral
retinal vascularization. Peripheral avascular retina can be an indicator of degree of
prematurity. Clinical studies have described an association between large peripheral
avascular retina and severe ROP.(52, 149) These observations support the hypothesis put
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forth by Ashton(14) in the 1950’s that avascular retina becomes hypoxic after a preterm
infant is moved from high supplemental oxygen to room air and that the ensuing retinal
hypoxia triggers the release of angiogenic factors that cause aberrant intravitreal
vasoproliferation. Studies reported many different angiogenic factors induce intravitreal
vasoproliferation, including vascular endothelial growth factor (VEGF(13)), placental
growth factor,(156) insulin-like growth factor-1 (IGF-1(180)), or erythropoietin (EPO),(32)
as examples.

lin the individual preterm infant, however, precise phases do not occur as they do in
experimental OIR models, and a concern exists that inhibiting angiogenesis to treat
vasoproliferation might lead to avascular retina that would continue to stimulate unwanted
vasoproliferation.(33) In addition, each of these and other angiogenic factors when given
early during exposure to high oxygen or oxygen fluctuations in experimental OIR models
reduced avascular retina and inhibited vasoproliferation,(13, 32, 78, 156, 180) suggesting
that timing of delivery or inhibition was critical. Furthermore, in experimental models,
angiogenic inhibitors often failed to completely abolish vasoproliferation even when given at
established controlled time points in OIR models, suggesting that other pathways were
involved in the complexity of OIR and ROP.

Therefore, methods to enhance physiologic retinal vascular development were also studied
in experimental models. Early investigators looked into the effects of antioxidants, including
vitamins C and E,(127) and found them effective in reducing avascular retina but not always
effective in reducing vasoproliferation in OIR models.(119, 127, 145) Inhibitors of NADPH
oxidase were found to reduce avascular retina potentially by inhibiting endothelial apoptosis,
(145) but only reduced vasoproliferation if the hypoxic stimulus for angiogenesis was
minimized when pups were placed into supplemental oxygen.(146) Omega-3 fatty acids
produced protective compounds that inhibited vasoproliferation.(39) Prolyl hydroxylase
inhibitors stabilize hypoxia inducible factors that translocate to the nucleus, bind to DNA,
and facilitate transcription of genes, including angiogenic factors, VEGF, angiopoietins and
erythropoietin. In OIR models, these inhibitors were effective in reducing avascular retina in
Phase | and vasoproliferation in Phase 11 OIR models by stabilizing both eye and liver
HIF-1.(83, 153, 172) Although some prolyl hydroxylase inhibitors are being tested in
clinical trials for anemia in adults, more studies are needed to assess effects of these agents
in development, because increased HIF isoform expression occurs.(94)

Deficiency of thrombospondin 1, a natural inhibitor of angiogenesis, increased physiologic
retinal vascularization and reduced the sensitivity of retinal vessels to high oxygen induced
vaso-obliteration, but did not reduce vasoproliferation. This study suggests that other factors,
besides hypoxia related ones, can be involved in aberrant vasoproliferation, at least
experimentally.(190)

2. Disordered Developmental Endothelial Cell Growth into Vitreous Instead of
Retina: Regulating Overactive VEGF Signaling and Guidance Molecules—The
early hypothesis that ischemic retina produced angiogenic factors driven by hypoxia does
not explain why blood vessel growth would extend into the vitreous rather than into the
retina. Several lines of inquiry into glial- or neural- effects on endothelial cells have
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addressed this question. Studies provided evidence that hypoxia- or oxidative-induced
factors in glial or neural cells mediated overactive signaling of VEGF through VEGF
receptor 2 (VEGF2) in endothelial cells. Overactive VEGFR2 then triggered downstream
signaling events that disoriented endothelial cell divisions and enabled cells to grow outside
the plane of the retina rather than within the retina.(89, 186, 206) Several stresses increase
VEGF or VEGFR?2 signaling, including fluctuations in oxygenation,(110) reactive oxygen
species generated through NADPH oxidase,(187) or interaction with other receptors such as
the erythropoietin receptor.(201) Activation of the transcription factor, STAT3, in endothelial
cells was also triggered by VEGF(21) and contributed to vasoproliferation.(29) The heat
shock protein alphaB crystallin regulated VEGF secretion and may play a role in VEGF-
induced angiogenesis.(95) Inhibition of overexpressed Mueller cell VEGF was sufficient to
enable physiologic orientation of endothelial cells and inhibit vasoproliferation without
adversely affecting physiologic retinal vascular development.(18, 186) Taken together, the
evidence supports the hypothesis that over activated VEGF signaling in endothelial cells
overwhelms processes to enable normal, ordered intraretinal vascular development and that
restoring, but not abolishing, VEGF signaling to a physiologic level would both inhibit
vasoproliferation and facilitate physiologic retinal vascular development.(67)

Hypoxia-induced neuronal production of guidance molecules, such as(92) semaphorin 3A
mediated through cytokine IL-1beta, can repel endothelial cell growth from the retina and
into the vitreous. Semaphorin 3E signaling through plexin D1 restored VEGF induced
disoriented growth, (53) whereas semaphorin 3C inhibited pathologic vasoproliferation
through neuropilin-1 and plexinD1 receptors (200). Ganglion cells were shown to be
involved in experimental disordering of angiogenesis.(91) (147)

3. Poor Postnatal Growth and Reduced Physiologic Retinal Vascular
Development—Several investigators reported the association between poor infant growth,
large peripheral avascular areas of retina and increased risk of ROP.(100) Insulin like growth
factor 1 (IGF-1) is important in fetal growth. Much of IGF-1 comes from the maternal
circulation via the placenta during the third trimester. When an infant is born prematurely
before the third trimester of gestation, maternal factors are not available, and the infant is not
able to make IGF-1 to the degree that a full term infant would. Low serum IGF-1 has been
associated with reduced postnatal growth in premature (101) infants and also with increased
risk of severe ROP(79). Experimental evidence has been supportive in that in IGF-1
deficient mice, the avascular retina is increased, analogous to human preterm infants at risk
for severe ROP(80). Mechanistic studies suggest that IGF-1 and growth hormone are
important in stabilizing the retinal vasculature and reducing the effect of hyperoxia on
endothelial cell death.(158) Clinical trials are ongoing to address the hypothesis that
systemic IGF-1 infusion to levels expected in preterm infants reduces ROP (see IV. Current
Clinical Trials, E. IGF-1).

4. Reduced Oxidative Reserve, Increased Oxidative/Nitrosative Stress—
Oxidative stress occurs when there is an imbalance between the generation and quenching of
reactive oxygen species and has long been implicated in the pathogenesis of ROP. In the
premature infant and in ROP, changes in oxygen, light and metabolism have all been linked
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to increased oxidative stress. The setting of preterm labor and preterm birth can reduce
oxidative reserve and present greater oxidative stress compared to that in a full-term birth.
(28) Premature infants are also believed to have lower capacity to make their own
antioxidant enzymes(69) and are believed to consume more glutathione, which is important
in the nonenzymatic reserve in red blood cells. Studies, however, do not support the use of
certain antioxidants like n-acetyl cysteine in premature infants.(162) Some antioxidants like
vitamin E have shown efficacy, but there were also risks of complications, such as sepsis,
and vitamin E is not recommended.(24)

The disappointment from clinical studies to date reflects the complexity of effects from
“oxidative stress”. Oxygen and light generate external oxidative compounds that damage
lipid rich membranes, such as photoreceptor outer segments. Antioxidants work by
becoming less potent pro-oxidants, which in sufficient levels, theoretically, also can be
damaging. Besides tissue damaging effects from external oxidative species, there are also
important effects from intracellular reactive oxygen species, which act as signaling effectors.
Crosstalk among inflammatory, metabolic and angiogenic pathways trigger pathologic or
physiologic intracellular oxidative signaling mechanisms in different cell types.(188) In
addition, retinal development must be considered. Photoreceptors are highly metabolically
active and require oxygen but develop at different times and regions in the retina.(161)
Normally, their peripheral development may drive physiologic angiogenesis toward the ora
serrata, but with additional stresses lead to pathologic events.(9, 188) All these factors make
the analysis of effects from oxidative stress challenging.

Evidence has accumulated that NADPH oxidase is important in experimental OIR models,
by generating reactive oxygen species that interfere with vascularization of the peripheral
retina and by mediating later vasoproliferation into the vitreous.(146) Several isoforms of
NADPH oxidase have been implicated, including NOX1,(194) NOX2(145, 204) and NOX4;
(187) however, NADPH oxidase is the key enzyme in leukocytes to fight invading
microorganisms, so inhibiting NADPH oxidase may have unwanted consequences.

Hyperoxia-induced apoptosis can occur through nitrosative stress from peroxynitrite.(25, 59,
88) Peroxynitrite forms from nitric oxide in the presence of high concentrations of
superoxide radical. Arginase 2, an enzyme that breaks down arginine, is implicated in
peroxynitrite-mediated neuro-glial injury(118) and vaso-obliteration in OIR.(165) Nitric
oxide, however, can also have beneficial effects on endothelial cells and as a vasodilator. The
transcription factor, Nrf2, induces antioxidant protection against hyperoxia-induced
endothelial loss in OIR(174) and increases avascular retina. More studies are needed to
assess the effect of Nrf2 in development.

Antioxidants may be effective in quenching external reactive oxygen species, but may not be
able to access those that trigger pathologic intracellular signaling effectors. Experimental
studies have deepened our understanding of the role of oxidative and nitrosative compounds
on ROP and show promise for future therapies. A balance or specific targeting of oxidative/
nitrosative effects is needed. More study is warranted.(188)
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5. Role of Light—Light could lead to the generation of oxygen radicals and be linked to
ROP;(140) however, photoreceptor metabolism increases during darkness. Clinical trials
(see IV. Current Clinical Trials, D. Light) have not found an association with post-natal light
and ROP;(140) however, experimental studies performed on mice in utero provide evidence
that light transmitted through the mother’s abdomen has an effect on retinal vascular
development of the fetus during a time corresponding to the first trimester in humans.(136)
The effects appeared to be from a fetal light-response pathway in which retinal neurons and
angiogenesis were regulated by melanopsin expression and not from a maternal factor.
Experimental studies provide links between the neurotrophic factor, brain-derived
neurotrophic factor (BDNF), light-induced effects on ganglion cell maturation, and ROP.
BDNF is important in ganglion cell maturation and is reduced in mice reared in the dark(58,
196). Several studies reported reduced circulating BDNF in extremely low birth weight
infants, who developed ROP(77, 135), including in a study of extremely low birth weight
infants enrolled through the US Neonatal Research Network.(163) Using genetically tested
blood spots from infants in the same cohort, variants in the intronic region of the gene
BDNF were found in association with severe ROP in extremely low birth weight infants.(74)

lll. Change in Clinical Concepts, Diagnosis and Management in ROP

A. Phases of OIR vs. Human ROP

OIR models are useful in controlled experimentation to investigate disease mechanisms, but
human infants do not have discrete phases of avascular retina or vasoproliferation at
reproducible times.(67, 75) OIR models are also limited in that they do not use premature
animals. Nonetheless, the phases in OIR models can be related to human ROP as Phase | =
Stages 1-2 ROP and Phase Il = Stage 3 ROP with Plus disease (severe ROP). In human
ROP, there is an additional “Phase I11” that includes fibrovascular changes with retinal
detachment, Stages 4 and 5.(67) Neither the mouse nor rat OIR models recapitulate retinal
detachment in ROP. The beagle model more closely associates with Stage 4 ROP in that it
develops retinal folds.(111)

B. Classification of ROP and Severe ROP

1. International Classification of ROP—At the time RLF was described, the ability to
see the peripheral fundus was limited. The indirect ophthalmoscope was developed by
Charles Schepens and Oleg Pomerantzeff and popularized in the 1950’s- 60°s after the initial
reports of RLF.(150, 151) The awareness of the effect of high, uncontrolled inspired oxygen
at birth and the ability to see the peripheral fundus led to the recognition that earlier stages
of ROP existed before RLF. In 1984, the International Classification of ROP (ICROP)
developed a classification for acute ROP with five Stages (Figures 2, 3, 4), three Zones and
the presence or absence of Plus disease(1) (Table 1). Cicatricial findings were also classified.
(191)

The Stages of ROP proceed from incomplete vascularization (no Stage) to descriptions of
the retinal appearance at the junction between the vascularized and avascular retina: a faint
line in Stage 1, a 3-dimensional ridge in Stage 2 (Figure 2), and “extraretinal
neovascularization” (i.e., intravitreal vasoproliferation) that grows from the ridge into the
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vitreous in Stage 3 (Figure 3). Stage 4 ROP (Figure 4) describes partial retinal detachment
with 4a not involving the macula and 4b involving the macula. Stage 5 ROP refers to total
retinal detachment and may have peripheral attached retina, particularly if ablative
treatment, such as with cryotherapy or laser, had been delivered.. The zones of ROP were
defined. Zone | was a circle centered on the optic nerve with a radius equal to twice the
distance between the optic nerve and the fovea; Zone Il was a circle centered on the optic
nerve with a radius equal to the distance between the optic nerve and nasal ora serrata; and
Zone |11 was the temporal crescent remaining. (132)

Plus disease was a descriptive term indicating dilation and tortuosity of retinal arterioles and
veins,(125) but now retinal images and computer assessment of tortuosity and dilation of
vessels provides the ability to longitudinally measure and evaluate changes. Several
investigators have developed software to measure Plus disease automatically, and this ability
may improve accuracy and efficiency to determine referral-warranted ROP or assess
progress or regression following treatment of severe ROP.(7, 16) Video imaging has also
been shown useful in assessing Plus disease.(30) Plus disease was considered a high flow
condition related to a temporal vascular shunt and has since been associated with increased
activation of the VEGFR?2 signaling pathway, which causes tortuosity and widening of the
retinal vessels.(72)

ROP was classified by Stage, Zone, extent of Stage, for example extraretinal
neovascularization in Stage 3, and the presence and location of Plus disease and drawn on
paper examination sheet.

2. Definition of Severe ROP—Stage 3 ROP and Plus disease are features of severe ROP
(Figure 3). Severe ROP has been defined at different levels of risk of an unwanted outcome.
Initially, severe ROP was defined as threshold ROP, a composite of retinal features that
predicted a 50% risk of an unfavorable outcome (e.g. retinal detachment, dragging,
retrolental fibrosis, blindness). The Cryotherapy for Retinopathy of Prematurity Study
(CRYO-ROP) defined threshold ROP as: Plus disease in all 4 quadrants in Zone | or Il with
Stage 3 ROP of 5 contiguous or 8 total clock hours (Table 1). Although threshold ROP in
Zone Il indicated about a 50% risk of a bad outcome, poor outcomes were much more
frequent in Zone I, reported in over 80%.(149) This recognition of poor outcomes in Zone |
ROP led to the definition of aggressive posterior ROP (APROP), in which incomplete
vascularization into Zone | or posterior Zone 11 occurred, followed by severe ROP
manifesting mainly with Plus disease and flat intravitreal neovascularization. Flat
neovascularization has a different appearance from Stage 3 in Zone Il (Figure 3B), in that
vasoproliferation can barely be identified as growing into the vitreous at the junction of the
vascularized and avascular retina. Infants developed APROP at young post-gestational or
post-menstrual ages (33-35 weeks) and had rapidly progressive ROP without the typical
progression from Stage 1 to Stage 2 ROP before the development of severe ROP. (The post-
gestational age or post- menstrual age is defined as the sum of the gestational and
chronologic ages of the infant in weeks [/content/114/1362.full.html]). This differed from
peripheral severe ROP(64) in that APROP also quickly progressed to Stages 4 and 5 ROP
often with a week or two of the initial examinations.(177) In addition to APROP, the
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definition of pre-plus disease was added to the classification to indicate tortuosity and
dilation of vessels that did not meet the severity needed for plus disease.(5)

Partly because of APROP, there was interest in defining an earlier level of ROP severity at
which intervention be considered. Using mathematical models of risk,(62) high-risk
prethreshold ROP predicted the risk of an unfavorable outcome as 15%(45, 62) and was
studied as an outcome in the Early Treatment for ROP trial (ETROP). The ETROP found
value in ablative treatment (laser preferable to cryotherapy) to peripheral avascular retina in
high-risk prethreshold ROP. It should be clarified that the ETROP committee redefined
guidelines to provide a clinically reasonable method to characterize high-risk prethreshold
ROP at the bedside. This new composite of features was termed Type 1 ROP(45) and was
defined as: Zone |, any Stage with Plus disease, Zone I, Stage 3 without Plus disease, Zone
I1, Stage 2 or 3 with Plus disease. Plus disease only had to be present in 2 quadrants (Table
1).

Post-gestational age (the sum of chronologic and gestational ages in weeks) tended to better
predict the peak occurrence of severe ROP than gestational age or birth weight. Type 1 ROP
peaked at 35 weeks post-gestational age,(45) and threshold ROP at approximately 37 weeks
post-gestational age.(149)

3. Classification and Screening Based on Retinal Imaging

a. Photographic Imaging and Referral-Warranted ROP: As technology advanced, the
ability to obtain wide-angle images of infant retinas using contact imaging became available.
Several early studies reported on the role of contact imaging for screening ROP.(6, 20, 50)
The PhotoROP study included several sites in which examinations were performed with
indirect ophthalmoscopy at the bedside to classify severity of ROP. Images also were
obtained, transmitted to a central reading center and reviewed in a masked fashion.
Agreement was found between diagnoses oat the bedside and from image analysis, and also
showed no major difference in timing of “clinically significant ROP”, diagnosed from
images, and type 1 ROP.(6, 20) In a subsequent report, the presence of Stage 3 ROP, ROP in
Zone |, or Plus disease were collectively termed as “referral warranted” ROP to indicate the
need to have an infant evaluated by a trained ophthalmologist for possible treatment.(47)
Telemedicine approaches have proved successful in rural areas of Montana where there are
not ophthalmologists locally to screen premature infants.(192) It is also being studied to
manage the world-wide problem of increasing number of premature infants requiring
screening for ROP with insufficient numbers of local ophthalmologists trained to screen and
treat severe ROP.(54, 183) The eROP study provided strong support for the validity of
remote evaluation of referral-warranted ROP and found that use of contact camera imaging
to obtain images by non-physicians and transmission of images to a reading center read by
trained non-physician readers was reasonably reliable to detect serious ROP. (42, 134) For
features of referral warranted ROP (Table 1), eROP reported intergrader agreement as 0.43
for Zone | disease, 0.57 for Plus disease and 0.67 for Stage 3 ROP. (6) eROP also
determined predictors for development of referral warranted ROP after controlling for
gestational age and very low birth weight as pre-Plus, retinal hemorrhage, Stage 2 or
mechanical ventilation at first examination.(202)
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The Kamataka Internet Assisted Diagnosis of Retinopathy of Prematurity study (KIDROP)
screened 81 neonatal units of underserved rural India using an indigenously developed tele-
ROP model and successfully screened infants for ROP(183). KIDROP represents a
standardized telemedicine approach to ROP. Current guidelines of the The American
Academy of Ophthalmology published guidelines in 2015.(49) Since then several
publications from e-ROP have provided high-level evidence in considering telemedicine for
ROP, including that image characteristics at 34 weeks post-menstrual age predicted severe
ROP and may be useful once the approach has been validated.(203)

Several other approaches have been developed to capture images of the fundus, including the
use of IPhones. Although useful as adjuncts for bedside examinations, these methods are not
recommended in place of examinations by qualified ophthalmologists until validity has been
tested and demonstrated.

b. Spectral domain OCT: Structural features determined by spectral domain optical
coherence tomography (sd-OCT) correspond to histologic reports of premature and
developing infant retinas.(81, 175, 183) Typically, inner retinal layers remain and can be
retained into later years,(61) similar to that seen in foveal hypoplastic conditions like
albinism. The photoreceptor layer is also thinner or absent at early post-gestational ages and
develops later.(176) Cysts within the inner layers of the retina have been reported,(181)
before or after intravitreal anti-VEGF treatment.(44) In a study of infants in India, cysts
peaked at about 37 weeks post-gestational age and were associated with hyperopia. Vision
development was slowed compared to a control group of preterm infants without cysts but
improved by one year when the cysts resolved.(184) Further studies in larger populations are
required to determine if the short-term effect of cysts on visual acuity will affect later vision
or refractive errors. Longitudinal evaluations of optic nerve development showed
associations between large optic nerve cups and lower Bayley neurocognitive testing scores.
(171) Further study is warranted.

C. Screening and Treatment of ROP

1. Screening—Evidence-based screening guidelines are in place for most developed or
developing nations and are often based on gestational age, birth weight, and sometimes
criteria for infant sickness. Several predictive models have been developed based on infant
growth, birth weight, serum IGF-1 and other factors in order to reduce the burden of
screening infants for severe ROP. Serum IGF-1 levels were not found to be useful to exclude
infants from screening in part because of variations based on race and other factors, and the
difficulty in determining a threshold between 31 and 33 weeks post-gestational age that
would enable one to exclude infants from screening.(137) Although several studies were
performed in the US and throughout the world assessing algorithms that included infant
weight gain, only one study was deemed to provide sufficient evidence.(87) The American
Academy of Ophthalmology concluded that additional research was needed to optimize ROP
predictive model development before models were used widely to reduce the burden of ROP
screening examinations(87).
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Telemedicine approaches, such as those described above, suggest that screening for referral-
warranted ROP is reasonable and also determined predictors of referral warranted ROP.(192,
202)Once a diagnosis of “referral-warranted” ROP is made, however, resources and
protocols for transport and treatment of infants must be in place.

2. Treatment of Severe ROP—Initially, xenon arc photocoagulation was reported as a
treatment for acute proliferative ROP;(116) however, this method required a direct
ophthalmoscopic delivery system that was difficult to use even in the best situation of clear
media and well-dilating pupil without the persistence of the tunica vasculosa lentis. CRYO-
ROP reported that cryotherapy for threshold ROP significantly reduced an unfavorable
anatomic outcome and improved visual development compared to no treatment.(2, 3) At the
time of CRYO-ROP, there was no commercial system widely available to deliver laser to the
eye through indirect delivery systems. Indirect laser delivery systems were available for
ETROP, which found that treatment with laser (or cryotherapy) in type 1 ROP significantly
improved outcomes compared to standard care of threshold ROP.(45) This trial also included
a greater percentage of Zone | eyes, approximately 40% compared to relatively few in
CRYO-ROP, which may have reflected eyes with APROP.

Cryotherapy has been less commonly used for severe ROP since the advent of indirect laser
delivery systems in the late 1980°s. Cryotherapy may cause more inflammation, which is
involved in the pathogenesis of ROP,(82) and incur poorer outcomes than laser treatment.
Cryotherapy is associated with a small loss of visual field in children.(133) Several single
site or small-scale studies suggest that myopia is less severe in laser-treated than
cryotherapy-treated eyes (10). Myopia appeared mainly to be due to increased lens thickness
and not to longer axial length(38). The American Academy of Ophthalmology recommends
laser be performed for severe ROP whenever possible and that technology be obtained to
deliver laser by indirect delivery system as an optimal therapy to cryotherapy for severe
ROP.(157)

The standard of care for ROP now is laser ablation to the peripheral avascular retina for
severe ROP. Anesthesia can be administered by endotracheal intubation or with sedation
without general anesthesia in the operating room or in the neonatal nursery(148). Spots
should be of moderate intensity and approximately %2 to 1 spot size apart, extending
anteriorly from the ridge to the ora serrata. The use of contact imaging is helpful to detect
skip areas (Figure 5) that can occur in part from the “slope” created by scleral depression
that hides areas of untreated retina and expand sufficiently with ocular growth to stimulate
angiogenesis.

A two-staged laser treatment can safely cause regression with less risk of vitreous
hemorrhage in eyes with flat neovascularization.(182) First, laser is applied to the avascular
retina up to the flat neovascularization. Once regression of occurs, additional laser is then
placed in the newly created avascular bed where the flat neovascularization had been present
in order to prevent subsequent neovascularization(182) (Figure 6).

Anti-VEGF agents are currently considered for eyes with Zone I, Stage 3, and plus disease
and are being evaluated for type 1 ROP(48) and for agent, dose and some safety outcomes
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(Pediatric Eye Disease Investigative Group, NEI/NIH, NCT02390531 and RAINBOW study,
Novartis, NCT02375971). See IV. B.

3. Surgical Treatment of ROP—Early studies focused on reattachment of the retina in
Stage 5 ROP, and although it was technically possible to reattach retinas, visual results were
often limited. Now all efforts are to prevent Stage 5 ROP with lens-sparing vitrectomy when
progressive Stage 4 ROP is determined. Since there are risks in operating on preterm infant
eyes, determining the “window of surgical opportunity” is important. The region to enter the
eye safely so as not to injure the retina or lens is about 1 mm posterior to the limbus (Figure
7).(104) The firm vitreoretinal adhesion in infant eyes increases the risk of an inoperable
retinal detachment if a retinal tear occurs. It is also important to enter the vitreous cavity
perpendicularly to avoid injuring the lens, which is necessary for visual development.
Progression of ROP can lead to recurrent vascular activity with retinal detachment, which
reduces surgical success.(63) Therefore, it is important to intervene to prevent progressive
stage 4 ROP without adding unnecessary risk to the infant eye.(73) An experienced surgical
team includes the pediatric retinal surgeon, surgical assistant, anesthesiologist, nurses and
technicians well-versed in infant vitreoretinal surgery.

When progressive stage 4 ROP develops, a lens-sparing vitrectomy can be effective to
prevent stage 5 ROP(120) and preserve the lens for visual rehabilitation of the infant.
Although scleral buckling plays a role, lens-sparing vitrectomy has been reported to be more
effective in addressing surgical goals in Zone | or Zone Il progressive Stage 4 ROP.(71)
Several features have been associated with progressive Stage 4 ROP, including two or more
of the following: 6 or more clock hours of ridge elevation, recurrent or persistent Plus
disease in 2 quadrants, and vitreous condensation or haze.(73) Also important are the
presence of vitreous hemorrhage (86) or vitreous organization(37). It is helpful to determine
the angle between the posterior retinal veins, with increasingly acute angles suggestive of
peripheral traction. Vascularly active ROP is treated to reduce activity(198) before
proceeding with surgery to improve outcomes.(63)

The goals of surgery are to release vitreoretinal tractional components extending between
the ridge and the anterior eye, the peripheral retina extending to the ora serrata, the optic
nerve and the ridge creating “circumferential” traction. Retinotomies are avoided. Two or
three port vitrectomies are successfully used. Complete removal of the vitreous is not
attempted. An air bubble is placed into the vitreous cavity to maintain globe shape during
closure of the sclerotomies, but forceful fluid-air exchange to reattach the retina is avoided.
Once vitreous tractional forces are released, the retina reattaches over time (Figure 8).

Late vitreous hemorrhage can occur in patients with regressed ROP.(143) These can resolve
spontaneously, but retinal breaks should be ruled out or treated.

D. Changes in Philosophy of ROP Management: From Preventing Stage 5 ROP to
Preventing Severe ROP

The goal in the CRYO-ROP study was to prevent Stages 4 and 5 ROP, i.e., retinal
detachment. Despite improvement with cryotherapy, infants with Zone | ROP and APROP
had poor outcomes. Treatment for less severe ROP was recommended after the ETROP trial.
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However, infants born under 500 g birth weight were also at high risk of strabismus,
nystagmus, high myopia and abnormal retinal structure.(193) Astigmatism and strabismus
persisted through 6 years of age.(43, 178) The early treatment group had better visual acuity
outcomes than the conventional treatment group, but visual acuity outcomes were less than
20/40 in over 60% of early treated eyes at 6 years.(56) These findings support the
importance of long-term vision care of premature infants. Future efforts should focus not
only on preventing retinal detachment, but also on preventing severe ROP. One area of
current interest is in targeting effects from overactive VEGFR2 signaling to reorient
disordered developmental angiogenesis.(67) Greater understanding of neuro- and glial
vascular effects are important to understand interactions and crosstalk between cell types
that are important in angiogenic and neuronal development. Also, future studies are needed
to assess effects from prematurity or perinatal stresses on ROP and on visual development
potentially independent of ROP severity.

E. Changes in ROP Phenotype World-wide: The “Third Epidemic” of ROP

The first epidemic of ROP occurred because of unregulated oxygen use. As smaller infants
of younger gestational ages survived, the second epidemic of ROP was recognized. Now, a
“third epidemic” has been described in countries with sufficient resources to save premature
infants (68), but insufficient resources to provide optimal prenatal and perinatal care and
regulate and monitor oxygen.(54) Several believe the new “epidemic” reflects a repeat in
history and other factors like genetic differences. In developed countries, the risk of
blindness from ROP is <10%, but can be as high as 40% in developing countries(130) where
larger infants of older gestational ages have severe ROP.(155) This last observation
highlights the importance of developing specific ROP screening criteria for individual
regions throughout the world.

Another consideration regarding differences in ROP phenotypes is that of comparing effects
from new treatments in different patient groups. Intravitreal anti-VEGF treatment to growth-
restricted infants of younger developmental ages, as seen in the US, may have adverse
effects on organ development and more safety concerns than in infants of larger body
weights and older developmental ages (see also V. Current Clinical Trials).

V. Current Clinical Trials

A. Studies on Oxygen Saturation

The level of oxygenation safe for infants and to reduce ROP was readdressed after
recognition that stresses besides high oxygen at birth were associated with severe ROP. The
STOP-ROP (Supplemental Therapeutic Oxygen to Prevent ROP) study was designed to test
the effect of increased oxygenation in an effort to offset later hypoxia from avascular retina.
STOP-ROP found no increase in threshold ROP when premature infants with prethreshold
ROP were maintained at 96-99% oxygen saturation (SaO,) compared to 89-94% Sa0,.(4)
Subsequently, several small scale studies suggested low oxygen saturation targets reduced
ROP risk.(179) From these studies, the multicenter study, Surfactant, Positive Airway
Pressure, Pulse Oximetry Randomized Trial (SUPPORT) was performed to compare
intubation and surfactant vs. continuous positive airway pressure (CPAP) on a humber of
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outcomes, including ROP. Infants were assigned to target oxygen saturations of 85-89% vs.
91-95% Sa0,.(51) ROP occurred less often in the low oxygen saturation group, but
mortality was increased. There was variability in infant survival among the centers of
SUPPORT, but the Benefits of Oxygen Saturation Targeting Study Il (BOOST-II) in the UK
and Australia tested the same oxygen targets and found a greater survival among infants at
the higher oxygen saturation range.(167) The Canadian Oxygen Trial, however, did not find
any differences in ROP or mortality in infants assigned to either oxygen saturation range.
(152) There are differences in the infants enrolled in COT vs. SUPPORT or BOOST-II. Now
many neonatologists are concerned with risking infant survival by lowering oxygen
saturation targets as a strategy to manage ROP. Some believe that fluctuations in
oxygenation are more important in causing severe ROP than are absolute targets.(76) In
keeping to the strict range of target oxygen saturations, FiO, might be adjusted frequently,
and this practice may lead to swings in oxygen saturation in infants.

It is difficult to regulate oxygenation because of the inability to determine oxygen level
within retinal tissue in the individual premature infant. Currently oxygenation is
approximated by blood oxygen saturation (SaO,), which is a ratio of the amount of oxygen
bound to hemoglobin in red blood cells to the oxygen carrying capacity of that hemoglobin.
Sa0; is represented in a sigmoidal curve, known as the oxyhemoglobin dissociation curve
(Figure 9). Sa0, is affected by factors such as temperature, pH, CO,, the amount of oxygen
exchange at the lungs, and the type of hemoglobin (e.g. adult vs. fetal(70)). Compared to
adult hemoglobin, fetal hemoglobin has higher affinity for oxygen, but is less likely to
release oxygen because it requires a lower tissue PaO5 for release. Fetal hemoglobin persists
until about 6 months after birth and adult hemoglobin is produced. When preterm infants
require blood transfusions for anemia of prematurity, they are transfused with adult
hemoglobin. These situations can also affect SaO,. At greater than 60 mm Hg arterial
oxygen (Pa0O,), the oxyhemoglobin dissociation curve becomes flat meaning that at more
than 90% SaO», arterial oxygen content is hard to determine and can be at high levels that
are damaging to newly formed blood vessels. Neonatologists strive to maintain SaO, along
the slope of the curve. Difference in the extent of retinal vascularization of individual infant
eyes affects retinal oxygen content, and this is only assumed by the extent of inner plexus
vascularization. The deep retinal plexus develops after the inner plexus, but is not visible on
clinical examination, and retinal hypoxia may be greater in the deeper layers of the retina
than expected given the extent of inner retinal vascularization. The preterm infant’s
circulation also shunts venous and arterial blood, which reduces oxygen content.

There remains no consensus among neonatologists on optimal oxygenation targets for
overall infant health and to reduce ROP. In the SUPPORT study, there was variability of
overall survival among various NICUs, suggesting differences in treatment interventions,
genetics of the infant samples, or other characteristics of the populations of premature
infants.(11) One report of a post-hoc analysis of the data from the SUPPORT study found
that survival was strongly associated with infants appropriate for gestational age (AGA)
regardless of whether oxygenation targets were in the high or low oxygen saturation ranges.
In contrast, infants small for gestational age (SGA) had twice the mortality rate in the low
vs. the high oxygen saturation groups. Severe ROP was significantly reduced in AGA infants
in the low oxygen saturation group, but this was not the case for SGA infants. The post-hoc
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analysis generated an interesting hypothesis as to why differences might have been seen in
SUPPORT vs. other studies.(185) The Canadian Oxygen Trial did not find the same
outcomes as did SUPPORT or BOOSTII,(122) but infants with pulmonary hypertension may
have been excluded and different oxygen saturation monitors may have been used in COT
compared to SUPPORT and BOOST, which used Masimo devices. There is also the ongoing
concern that the actual tissue oxygen content or that delivered to tissue may vary across
neonatal intensive care units due to errors in probe placement, accuracy of pulse oximeters,
differences in adult vs. fetal hemoglobin content and extent of vascularized retina among
individual infants.(70, 97) There may also be effects due to differences in altitude between
NICUs, which affects barometric pressure and ambient oxygen content. A meta-analysis of 5
studies concluded that the quality of evidence was low to support conclusions that liberal
oxygen use was associated with lower mortality before discharge without a difference in
morbidities, including ROP.(106) Based on variability, individual neonatal intensive care
units may need to adjust oxygen requirements to their own needs. Center variability is partly
due to differences in patient characteristics and center intervention, but does not account for
all the variability in mortality across centers.(11) Ophthalmologists remain concerned that
high oxygen extremes increases the number of infants with severe ROP,(107) and
neonatologists are concerned that lowering oxygen may reduce infant survival.(106)

B. Anti-VEGF Studies

Evidence suggests that regulating VEGF signaling through VEGF receptors can restore
physiologic homeostasis and permit ordered developmental intraretinal angiogenesis thereby
reducing hypoxic peripheral avascular retina, which drives disordered angiogenesis, when
the infant is removed from high supplemental oxygen.(72, 206) Inhibition of VEGF also
reduces intravitreal vasoproliferation.(89, 186) Therefore, inhibiting VEGF signaling is
plausible not only to reorder developmental angiogenesis(206) to prevent vasoproliferation
and facilitate physiologic retinal vascular development, but also to reduce the need for
destructive therapies like laser or cryotherapy. Restoring VEGF signaling to physiologic
levels locally in the retina would seem an ideal treatment.

However, preclinical data support the substantial concerns with the use of anti-VEGF
treatment in ROP. First, VEGF is important in the development of the retinal vasculature and
other tissue beds (60, 164) and in homeostasis of developed vascular beds and of glia and
neurons.(89, 144) Inhibiting VEGF may inhibit physiologic angiogenesis and retinal
development and health.(89, 115, 144, 170, 195) It is difficult to modulate the dose of VEGF
inhibition in the individual preterm infant eye. One dose of bevacizumab, an anti-VEGF
agent, led to persistent avascular retina and recurrent disease (85, 160), even 2.5 years later.
(160-163, 166-168) (2, 10, 64, 67, 83, 149, 166) (2, 10, 64, 67, 83, 149, 166) (2, 10, 64, 67,
83, 149, 166) (2, 10, 64, 67, 83, 149, 166) (2, 10, 64, 67, 83, 149, 166) (2, 10, 64, 67, 83,
149, 166) (2, 10, 64, 67, 83, 149, 166) (2, 10, 64, 67, 83, 149, 166) (2, 10, 64, 67, 83, 149,
166) The direct comparison of anti-VEGF treatment between premature infant and adult
eyes also suggests that ¥4 the dose in vitreous in the infant eye would still be much less
diluted in the many fold smaller infant blood volume compared to the adult.(17, 66) VEGF
is important to kidney, brain, and lung development as well as to retinal health.(60)
Inhibiting VEGF thus raises concerns about developing organs in the premature infant.(60)
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Systemic VEGF levels can be reduced for up to 2 months following a single intravitreal
injection of 0.625 mg bevacizumab in a premature infant eye.(197) In adult diabetic patients,
imposed monthly anti-VEGF therapy for diabetic macular edema was associated with
increased risks of hypertension and vascular events,(26) but effects from inhibition of VEGF
are difficult to distinguish from those associated with prematurity. A study provided
evidence that infants treated with bevacizumab had worse cognitive scores than those treated
with laser, but the authors acknowledged the study was limited by being retrospective, non-
randomized and because infants treated with bevacizumab tended to be sicker with more
health problems.(114) Other studies have not found differences in cognitive outcomes of
infants treated with anti-VEGF vs. laser. All studies are limited by sample size and
differences in characteristics of preterm infants confounding comparison. Reduction of
VEGF does not regulate overproduction of other hypoxia-induced angiogenic factors, such
as angiopoietins or erythropoietin, and experimental evidence shows recurrent intravitreal
vasoproliferation occurs in association with upregulation of other angiogenic pathways when
capillary density was reduced following treatment with an intravitreal neutralizing antibody
to VEGF.(109) Perhaps OCT angiography, adapted for preterm infant eyes, can provide
greater insight into effects of prematurity and treatment on the deep capillary plexus.

Despite concerns, a number of relatively small series and some clinical trials have been
performed testing the role of various anti-VEGF agents on treatment of severe ROP. The
phenotype of ROP varies and in some developing countries, ROP occurs in more
developmentally mature and larger infants.(155) The same dose would be diluted more in
the systemic circulation in the larger infants. Controlled clinical trials accounting for
developmental age, weight, and other factors in premature infants are needed. Comparisons
between studies are not valid.

The Bevacizumab Eliminates the Angiogenic Threat of Retinopathy of Prematurity (BEAT-
ROP) study was the first clinical trial that compared anti-VEGF therapy with bevacizumab
to laser treatment for stage 3+ ROP,(113) a more severe ROP than type 1 ROP. BEAT-ROP
reported that inhibiting VEGF reduced Stage 3 ROP and also permitted some physiologic
retinal vascular development.(113) Infants, not eyes, were enrolled to reduce possible
crossover effects and were treated with 0.625 mg in 0.025 mL given as an intravitreal
injection to one or both eyes. Infants with Zone | or posterior Zone 11 ROP were reported to
have better outcomes defined as not requiring retreatment by 54 weeks post-gestational age.
In anti-VEGF-treated infants, retreatment occurred in 4% compared to 22% of laser treated
infants. (It should be remembered that treatment of flat neovascularization, which occurs in
Zone | and posterior Zone Il APROP, is often staged to reduce the risk of hemorrhage(182))

Five years after BEAT-ROP, a cohort of 11 patients (22 eyes) treated with intravitreal
bevacizumab and 17 patients (32 eyes) with laser showed recurrences in 3 eyes after
bevacizumab and 1 eye after laser. The average refraction of bevacizumab- treated eyes was
-2.4 D at 22.4 months post-gestational age and of laser-treated eyes was —5.3D at 37.1
months post-gestational age. A later study from a single site reported on recurrences after
intravitreal bevacizumab until 65 weeks adjusted age and included 75 infants from BEAT-
ROP and newly diagnosed infants with APROP or posterior Zone Il severe ROP.
Recurrences were seen in 8.3% of 241 infants and occurred in 90% at a mean of 52 weeks
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(45 to 55 weeks) on average 16.2 weeks after treatment.(112) Other studies have mixed
reports with only some suggesting that myopia after anti-VEGF treatment is less compared
to after laser treatment, and may reflect different populations of infants, types of agents and
doses used.(35) Recurrences of severe ROP have been reported after bevacizumab or
ranibizumab. Myopia does not appear to be due to increased axial length(36).

Data from carefully designed and executed clinical trials are needed before
recommendations are made as to whether anti-VEGF should be broadly considered for type
1 ROP, and if so, what agents, doses, and follow up plans are needed. The dose may not
correctly be assumed to the same in all infants with severe ROP because of differences in
blood/eye volumes between large vs. growth restricted infants and potential different needs
of growth factors on ocular and systemic health in more developed vs. less-developed
infants. Currently, the recommendations provided by the American Academy of
Ophthalmology and American Academy of Pediatrics (48) are for careful informed consent
since no anti-VEGF agent is approved for premature infant eyes. In cases in which corneal,
lens, or vitreous opacities preclude treatment with laser, bevacizumab is to be considered for
Zone |, Stage 3+ ROP but not Zone 11 ROP. Follow up should continue until the full extent
of the retina can be examined and deemed vascularized. A log of infants treated and dates of
treatment is important and clear communication between treating ophthalmologist and
neonatologist is essential upon transfer or discharge of the infant. Injection is safer when
given less than 1 mm posterior to the limbus to avoid injuring the retina and lens, but
injections were given 2.5 mm posterior to the limbus in the BEAT-ROP study, and retinal
detachments from injections were not distinguished from those due to progression of ROP in
the study. (113)

Currently at least two multicenter trials are underway for forms of severe ROP, one by the
Pediatric Eye Disease Investigator Group (PEDIG, NCT029390531) through National Eye
Institute to assess the lowest effective dose of bevacizumab given intravitreally and another
through Novartis (RAINBOW; NCT02375971) to compare laser to two doses of
ranibizumab in 0.05 mL.

C. Antioxidants

Antioxidant studies have not been as promising as hoped in preventing or treating ROP.
NADPH oxidase inhibitors have been beneficial in experimental OIR models.(145, 146)
NADPH oxidase, however, also has important effects on fighting infection in the immune-
compromised premature infant. Some antioxidants, such as vitamin E, showed benefit in
reducing retinopathy, but the safety profile was not adequate.(24) Other antioxidants may
not access intracellular signaling.

Lutein/zeaxanthin may reduce oxidative stress and theoretically provide a source of macular
pigment in developing photoreceptors. The studies currently have not shown an effect, but
may require increased sample size and refinement of studies based on doses needed and
timing of intervention.(108) N-acetyl cysteine was tested compared to control, but no effect
was found in reducing ROP severity.(162) It is important when assessing outcomes in
clinical trials to assess whether infant populations and outcomes, eg., ROP vs. severe ROP,
were similar among trials.
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The LIGHT-RORP clinical trial tested the hypothesis that increased light to premature infants
postnatally would affect severity of ROP. At birth, infants less than 1251 g were either
randomized to wear goggles that reduced visible light 97% and ultraviolet light 100% or
control until 31 weeks post-gestational age or 4 weeks after birth when the first eye
examination would be performed.(140) There was no effect on ROP severity by reducing
light. A subsequent Cochrane review also showed no effect on ROP from light exposure
during the first 7 postnatal days (90).

Since the LIGHT-ROP study, other intriguing experimental studies provided evidence that
prenatal light limits retinal ganglion cell number, hypoxia and VEGFA overexpression, thus
permitting hyaloidal regression and retinal vascular development to ensue in orderly fashion.
The mechanism appeared to be melanopsin dependent.(136) A study in human preterm
infants then followed and was conducted in Cincinnati, which is located in a region of the
world in which day length varies depending on the time of year. The hypothesis was that
infants in gestation during longer daylight would have more normal retinal vascular
development and, therefore, less severe ROP. A retrospective multiple logistic regression
analysis of 343 premature infants born smaller than 1251 g found that higher average day
length significantly reduced the likelihood of having severe ROP.(199) Further study is
warranted.

IGF-1 is important to the growth of the infant /n utero and is supplied largely by the mother
through the placenta. An infant born prematurely is incapable of producing IGF-1 and has
lower circulating levels than do full-term infants.(99) A Phase I clinical trial to study
infused recombinant IGF-1 and IGF binding protein 3 (IGFBP-3) did not reach the primary
outcome to reduce severe ROP but did show reduction in severity of secondary outcomes,
including bronchopulmonary dysplasia and severe intraventricular hypertension (Shire,
NCT01096784). Infusion of recombinant IGF-1 and IGF binding protein 3 (IGFBP-3) can
increase serum concentrations in human preterm infants.(98) A continuation study is
ongoing (Shire, Section D, NCT01096784; PEDAL, NCT02386839).

F. Erythropoietin and Derivatives

Early studies using the hormone, erythropoietin (EPO), to treat anemia of prematurity found
associations of EPO use with severe ROP.(27) Later, experimental evidence suggested that
timing of EPO administration made a difference in that EPO given early to reduce avascular
retina in Phase 1 OIR was not associated with severe retinopathy, but if inhibited during
Phase 2, OIR also reduced retinopathy.(8, 34) In another OIR study, during conditions of
high retinal VEGF expression, the EPO receptor interacted with and overactivated VEGF
receptor 2 in endothelial cells to cause intravitreal vasoproliferation.(201) Therefore, there
was concern that EPO and derivatives may increase the risk of developing severe ROP.(117)

Extreme prematurity is associated with neurodevelopmental delays and severe ROP.(142)
There is now renewed interest in the neuro- and tissue protective functions of EPO and
derivatives, such as darbepoietin.(9, 23, 105, 124, 142) Use of EPO in preterm infants
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reduced later cognitive impairment and has been proposed for other diseases with
neuropathy, including diabetes mellitus.(189) A recent clinical trial showed no increase (or
decrease) in severe ROP in infants treated early in life with a modified EPO, darbepoietin,
compared to control,(121) but the number of infants with ROP was small. Altogether, the
findings support additional study to understand the effects of EPO on EPO and VEGF
receptor signaling experimentally and to assess results from several carefully designed and
executed clinical trials on neurocognitive development and ROP. The Preterm Epo
Neuroprotection Trial (PENUT, NCT01378273) is testing EPO in preterm infants.(93)

G. Areas of Controversy

1. Inositol—Several studies, including a Cochrane Report, suggested that the essential
compound, inositol, was valuable in reducing ROP.(84) A recent clinical trial
(NCT01954082) to test the use of inositol to control ROP, however, has been stopped
because of safety concerns (clinicaltrials/gov).

2. Hypothermia—Experimental evidence suggests that hypothermia reduces brain damage
as well as retinal gliosis associated with perinatal hypoxia(139). Clinical trials have
demonstrated benefits from 3 days of cooling to 33-34 degrees C within 6 hours of perinatal
asphyxia, but have excluded infants born less than 36 weeks gestation(169).

Neonatal hypothermia is associated with higher mortality and morbidity. There is
considerable concern about hypothermia, and a call to develop a standardized approach to
collect and analyze hypothermia data has been made(102). One recent study from the
Canadian Neonatal Network determined the lowest rates of the composite outcome of severe
neurological injury, severe ROP, necrotizing enterocolitis, bronchopulmonary dysplasia, and
nosocomial infection was an admission temperature of 36.8 degrees C with a range of 36.5
and 37.2 degrees C.(103)

V. Future Directions

A. Genetics and Epigenetics

There have been a number of small-scale candidate gene studies to assess genetic variants in
association with ROP, but there is no consensus as to genetic variants associated with ROP.
This lack of consensus can exist because of differences in genetic pools, the abilities to
accurately diagnose ROP and severe ROP, and in resources and management of preterm
infants. Studies varied as to populations, gestational ages and birth weights of infants
enrolled and whether genotype associations were with ROP or treatment-requiring ROP (i.e.
severe ROP). The severity of ROP is an important consideration because much ROP
regresses spontaneously; however, even non-severe ROP may be associated with refractive
errors and visual impairment.(56) Genetic variants in VEGF, EPASI (both associated with
hypoxia regulation) in members of the WNT signaling pathway (important in development
and the disease familial exudative vitreoretinopathy (FEVR))(46, 96) and SOD (encodes
superoxide dismutase, an antioxidant enzyme) have been reported in association with any
ROP.(74) Members of the WNT pathway have been most commonly found in association
with severe ROP. Known mutations of FEVR were associated with intrauterine growth
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restriction and severe ROP in preterm infants of older gestational ages, suggesting that the
presence of FEVR mutations increases the risk of preterm birth and severe ROP in infants
who would not have been predicted to develop severe ROP based on degree of prematurity.
(41) In a large candidate gene study of blood from 1000 extremely low birth weight infants
enrolled in the Neonatal Research Network, intronic variants in the gene that encodes brain-
derived neurotrophic factor (BDNF) were highly associated with severe ROP compared to
either no ROP or non-severe ROP, (68, 74) supporting a link between vascular and neural
pathways in extreme prematurity and ROP.

ROP has been associated with multiple gestations, assisted reproductive technology, both
suggesting a genetic link. Genetically identical twins, however, do not always develop the
same severity of ROP. Also, ROP is affected by external factors, such as oxidative stress,
nutrition, and oxygen exposure, but not universally in all premature infants. Oxidative stress,
nutrition, sex differences and changes in development may affect gene expression through
the acetylation and methylation of DNA and have been proposed to help explain
unpredictable effects of external and genetic factors on ROP.(22, 75) These observations
support a hypothesis that epigenetic modifications by perinatal factors affect gene expression
and may predispose an infant to severe ROP or an infant genetically predisposed to ROP not
to manifest retinopathy. More study into these factors may help explain the tremendous
variability in ROP severity among premature infants.

B. Stem Cells/Progenitor Cells

Various stem cell or progenitor cells to repair damaged retinal vasculature (57, 123) have
been studied in experimental models of OIR. Endothelial colony forming cells (ECFCs), a
form of circulating stem cell/progenitor cell, can be harvested from umbilical cord blood,
bone marrow or peripheral blood. ECFCs have been shown to home into regions of vascular
injury induced by changes in tissue oxygenation, such as in regions adjacent to avascular
retina in OIR.(129) Although stem and progenitor cells are being explored in other human
diseases, their role in human ROP have yet to be determined. This line of inquiry is an
exciting one to promote physiologic vascularization in order to reduce the hypoxic stimulus
from broad areas of avascular retina once an infant is removed from high supplemental
oxygen but warrants more study.(173)

C. Metabolism in the Developing Retina

Retinal photoreceptors are highly metabolically active. As photoreceptor transduction and
connections with other retinal neurons develop, retinal metabolism increases.(9) Rods
differentiate after cones and this differentiation proceeds to the peripheral retina. The oxygen
demand is believed to drive physiologic retinal angiogenesis, but depending on other
stresses, can result in disordered intravitreal vasoproliferation. Changes during development
may help to explain cases of stuttering ROP with regression and newly formed Stage 3
disease.(65) Such cases are more common now as ever younger and more premature infants
survive.
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VI. Conclusion

Since the original observations of retrolental fibroplasia, many changes in technology,
science, and clinical medicine have improved our understanding of the pathogenesis of
retinopathy of prematurity. Technical advances in the ability to regulate environmental
conditions of the premature infant have improved the survival of extremely premature
infants. Scientific techniques to understand the molecular mechanisms involved in
pathophysiology provide insight into the normal and pathologic developmental angiogenesis
and are now exploring the role of neurovascular interactions in cognitive function and
angiogenesis. Important clinical trials have provided information as to the role of
oxygenation, screening and classification, and methods of treatment of severe ROP. It has
become increasingly recognized that ROP differs worldwide and that there is a need to
consider tailored screening and treatment approaches. Treatment of ROP remains an area of
study. Targeted therapies to reduce aberrant vasoproliferation and facilitate physiologic
retinal vascular development without harming the developing infant are needed.

VIl. Methods of Literature Review

Pub Med Searches were performed and included articles from 1946 through 2016 for the
terms “Retinopathy of Prematurity”, “Retrolental Fibroplasia”, and “Oxygen-Induced
Retinopathy”. Abstracts were reviewed from all languages. Articles were read from English
sources. From the abstracts, articles were reviewed that addressed areas of diagnosis,
external or environmental stresses involved in the pathophysiology, classification, screening,
treatment of severe ROP, genetics, oxygen or oxygenation, clinical studies. Specific studies
regarding premature infant care and historical context of incubators were searched using
Google.
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Rat 50/10 OIR

Figure 1.
Retinal flat mounts of oxygen-induced retinopathy: (Top) Mouse and (Bottom) Rat.

(courtesy of James Gilman, CRA, FOPS)
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Figure 2.
(A) Stage 1 ROP has a white line at the junction of vascularized and avascularized retina.

(B) Stage 2 ROP demonstrates a ridge at the junction of vascularized and avascularized
retina. (provided by Cyrie Fry, CRA, OCT-C)
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Figure 3.
Forms of Severe ROP (A). Stage 2 ROP with Plus disease; (B) Stage 3 ROP in posterior

Zone |l appears as flat neovascularization at the junction of vascular and avascular retina;
(C) Stage 3 ROP in peripheral severe ROP in Zone 2 at the junction in peripheral severe
ROP. (provided by Cyrie Fry, CRA, OCT-C)
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Figure 4.
(A) Exudative Stage 4 ROP in left eye; (B) Tractional Stage 4 ROP shown nasally in left

eye. (provided by Cyrie Fry, CRA, OCT-C)
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Figure 5.
Contact imaging following laser can be helpful to identify skip areas, where there is no laser.

(courtesy of James Gilman, CRA, FOPS)
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Figure 6.
Outlined area shows where subsequent laser was performed after initial treatment that led to

regression of flat neovascularization. Staged laser up to flat neovascularization in APROP
avoids vitreous hemorrhage. Later with regression, additional laser is necessary to prevent
subsequent vasoproliferation. (courtesy of James Gilman, CRA, FOPS)
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Safe Zone

Figure 7.
The preterm infant eye is smaller than the adult with <Imm zone to enter the vitreous cavity

without causing a retinal break or injury to the lens. (courtesy of James Gilman, CRA,
FOPS)
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Figure 8.
(A) Stage 4A-B ROP shows elevated retina involving the temporal arcade; (B) Following

lens-sparing vitrectomy and removal of vitreo-retinal tractional components without
retinotomy, the retina settles back. (courtesy of James Gilman, CRA, FOPS)
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10 20 30 40 50 60 70 80 90 100
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Oxyhemoglobin dissociation curve. Fetal hemoglobin (HbF) has a curve to the left of adult
hemoglobin (HbA). (courtesy of James Gilman, CRA, FOPS)
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Table 1
Definitions of Clinically-Important ROP
Severe ROP Diagnosis Zone | Stage Plus disease
a. Threshold Clinical exam lor il | 3 (5 contiguous or 8 total clock hours) | 4 quadrants
b. Type 1 Clinical exam | Any ROP with Plus disease 2 quadrants
| Stage 3 ROP without Plus disease 2 quadrants
I Stage 2 or 3 with Plus disease 2 quadrants
Referral-Warranted ROP (in either eye) | Contactimaging | | Any Stage
lorll | Stage 3 ROP
lorll 2 quadrants
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