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SUMMARY 

Retinopathy of prematurity is a disease of developing 
blood vessels. Although it is seen predominantly in pre
mature infants requiring life support systems to survive, 
it does occur in full-term infants, infants with hypoxia, 

cyanotic heart disease and in stillborn infants. Although 
oxygen has been considered to be the prime aetiologic 
agent, evidence for this, particularly in recent years, is 
not compelling. The timing of the occurrence of the 
disease is closely related to the conceptional age of the 
infant rather than weeks post birth, birth weight, ges
tational age at birth. In addition, the case to case simi
larity of the disease, as well as the diverse cell types 
produced in unfavourable outcomes (cicatricial ROP), 
point to the possibility of an in utero insult to the clone of 
cells giving rise to the vascular endothelium providing 
blood supply to the neural retina. 

"A scientist is supposed to have a complete and 

thorough knowledge of some subject ... and is expected 

never to write on any topics of which he is not a complete 

master .... but it has become next to impossible for a 
single mind to fully command more than a small portion of 

the sum total . . .  I can see no escape from this dilemma 
than that some venture to embark on a synthesis of fact, 
and theories at the risk of making fools of ourselves." 

E. SchrOdinger, 19441 

INTRODUCTION 

In order to discuss the premature retina, I feel obliged to 
break the mould and attempt to do as Erwin Schrodinger 
did in his little book, "What is Life?". 1 This monograph 
provided an enormous stimulus for the field of molecular 
biology, in spite of the fact that almost every idea in it was 
wrpng. SchrOdinger might have been wrong on details, but 
he was right in asking the fundamental questions and in 
challenging the right minds of his era to think anew about 
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the problems of modem quantitative biology. In some 
small way, I would like to emulate him with regard to the 
premature retina and, particularly, its vascular 
development. 

NORMAL VASCULOGENSIS 

Let us assume that Professor Ashton was right several dec
ades ago when he formulated his theory of retinal vas
culogenesis.2-4 We develop retinal blood vessels by a 
simple and logical program: 

Mesenchyme�Capillary Meshwork�Mature Arteries and Veins 

Although some details may be incorrect (mesenchyme 
may not be precursor but may be glia or some sustentative 
tissue5-6), but the big picture is right. It is a finite process, 
begun at 16 weeks of gestational age in the warm, stable, 
hypoxic environment of amniotic fluid. It is destined, 
under normal circumstances, to be carried out in that 
environment. On a more basic level, the blood supply of 
the retina is the blood supply of an outpouching of the ven
tral diencephalonY The diencephalon along with the tel
encephalon arises from the first neuromere. Because of its 
origin, it must, in the final analysis, be under the control of 
a group of master or "smart genes

,,
9-12 which specify the 

cell division, differentiation and migration to distant sites 
necessary to give rise to the variegated structure of the 
central nervous system-the neural retina, the cerebral 
hemispheres, the lateral and medial geniculate and mid
line thalamic nucli. 

The point is: When premature birth occurs, we are privi
leged to observe a major histogenetic event-the develop
ment of the retinal blood vessels, which is usually hidden 
from our gaze (Fig. 1). What is more, we can study it in 
vivo as it plays itself out from vessels observable only in 
the posterior pole to vessels all the way across the retina to 
the ora serrata. We can witness, for example, how this 
system solves a very real problem of solid geometry
how adequately to cover the surface of a sphere with a 
meshwork of soft distensible tubes of varying diameters. 
In so doing, it adopts clearly different strategies in differ-
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Fig. 1. Artist conception of vasculo!?enesis with mesenchyme 
approachin!? the ora serrata. a chicken wire meshwork of 
capillaries immediately posterior to it. !?ivin!? rise to mature 
arteries and veins (with surviving capillary network hetween). 

ent locations. Compare, for example, the region of the 
major vascular arcades posteriorly versus the ora serrata 
anteriorly. Normal vasculogenesis is, in sum, a complex 
series of genetic and epigenetic events, which leads to the 
development of the final morphology of the retinal blood 
vessels at about term. I, 

ABNORMAL VASCULOGENESIS 

Retinopathy of prematurity (ROP) is, to a first approxi
mation, a disease of developing retinal blood vessels. Let 
us review what we might mean when we say this. First, 
there is an early stage of the disease which we never see 
but which, it is plausible to think, must occur. An injury, or 
series of injuries, wreak havoc to a smooth, coordinated, 
genetically-controlled developmental program which 
requires an extremely stable environment and changes it 
irreparably. The earliest intimation that something is 
wrong is a detectable change: An abrupt visible border or 
division between vascular and avascular tissue appears, 
located somewhere in time and space of the program (Fig. 

Fig. 2. Artist conception ()f the /I1JUI)' which results in 
retinopathy of prematurity. Capillary hed is wiped out and 
mesenchyme alld mature arteries and veins su/Tive in the eye. 
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2). One reads both dimensions at each retinal locus. We 
might venture to write a program for how this might come 
about (Table I). The earliest characteristic the clinician 
notes is that everything has come to a dead stop in the ret
ina. Observable vessels seem to end in a very fine, sinuous 
structure which is called a demarcation line.14 Map the 
structure with fluorescein and it fills with the dye15.16 and 
no capillary meshwork extends beyond it. It is best under
stood as a shunt formed to replace the destroyed (or not 
formed?) capillary bed. 

The second step, and it is crucial to separate it for pur
poses of understanding, is the injury-response program 
(Table II). Clinically, this is observed as the thickening of 
the linear demarcation line into a three-dimensional struc
ture, a ridge (Fig 3). What is bringing about this thick
ening? Is it purely hemodynamic? I doubt it on several 
grounds. First, the evidence of simultaneous new growth 
of tissue in the form of neovascular membranes at the time 
of the thickening is overwhelming. Both at the site of the 
shunt and behind it in already vascularised retina; and 
above it on the vitreal surface, if one looks carefully. 
Though the chemical content of the blood, particularly its 
oxygen, carbon dioxide, bicarbonate and pH concentra
tion, as well as its haemodynamics, pressure and velocity, 
are critical triggers to the growth of the dimensions of the 
structure, its real driving force is the resumption of angio
genesis. But angiogenesis with a difference, which is criti
cal to the outcome for the eye. After a time delay, 
angiogenesis begins in place with divide as its first com
mand. But instead of a straightforward angioblast to endo
thelium pathway, two paths are now open: Endothelium 
and/or other cell type-fibrocyte, glia, collagen precursor 
cell, etc. 

Migrate is its second command. But, once again, two 
paths are open and they, too, play a critical role in the out
come: Within and outside the internal limiting membrane 
of the retina. The balance between these two lead to the 
two general categories of outcome: Regression, 17.18 where 
endothelial production and migration within the internal 
limiting membrane predominate or cicatrization 17-20 

(detachment), where metaplastic cell production and 
migration outside the internal limiting membrane predom
inate and result in traction and retinal detachment. 

WHY GENETIC? 

Nothing up to this point is outside the mainstream of 
thought about ROP. However, following in Schrodinger's 
footsteps, I would now part company with mainstream 
thought about the disease. My thesis is that retinopathy of 
prematurity is a disease which is inexplicable without 
invoking an injury to the genetic program guiding vas
cularisation and that injury occurs most likely in utero. 
This is in stark contrast to the dogma of almost a half cen
tury that has held ROP to be a prime example of an iatro
genic disease. 

Table I 

STOP: Cell division/migration stops 

PICK UP THE PIECES: Shunt forms to replace lost capillary bed 
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Table II 

START: Resume angiogenesis program 
(35-40 weeks) 

� Endothelium 
DIVIDE: ANGIOBLAST: � Metaplastic cells 

MIGRATE: 
� Within ILM: Regression 
� Outside ILM: Traction detachment 

Let us examine the evidence for this astounding asser
tion. First, evidence on the positive side, with which we 
are familiar. This is the finding of disease, pathologically 
indistinguishable from ROP in anencephalics and other 
fetuses with severe central nervous system anomalies,21-23 
as well as in full-term infants.24,25 It also occurs in its mild
est form (the presence of a demarcation line) in stillborn 
infants.26 None of these infants have been exposed to any 
of the environmental factors thought to play a crucial role 
in the development of ROP. On the negative side is the 
intrinsic weakness of the oxygen hypothesis itself as 
reviewed by Luce/7 and, moreover, its failure to explain 
the development of the disease in hypoxemic infants28,29 
and in infants with cyanotic heart disease.3o 

On this point, a recent study31 delineated a quantitative 
and independent role for transcutaneous Pa0

2 
values in 

excess of 80 mmHg in both the incidence and severity of 
ROP. It is a role which is a minor one, much less strongly 
predictive of the outcome incidence and severity than 
either the birth weight of the infant (a marker for retinal 
vascular immaturity) or the five-minute Apgar score �7 (a 
marker for respiratory insufficiency at birth). 

The recent findings of Fielder's study32 of the onset of 
the disease as well as data from the CRYO-ROP study33 
are evidence of another sort. Both are in substantial agree
ment: the disease arises at a very specific time related to 
post-conceptional age rather than age post-birth. Across 
birth weight, gestational age, gender and racial categories, 
the disease occurs in the retina at a very specific time 
between about 32 and 34 weeks post-conception (Fig. 4 A 
and B). If one plots this in terms of frequency distributions 
when the disease occurs by birth weight groupings, it 
brings the peaks of the distribution very nicely together at 
the same point in time along the post-conceptional age 

Fig. 3. Early Stage 3 retinopathy of prematurity in the retina 
of an infant 36-weeks postconceptional age. 
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axis. The point is that such events, tightly time-locked to a 
clock that started ticking at conception rather than at birth 
points in the direction of an in utero event when all infants 
shared a common physical environment rather than an 
extrauterine environmental event. 

That is not to say that environmental factors do not play 
a role. The evidence to the contrary is enormous. But it has 
always been troubling to "explain" the inverse relation
ship between prematurity and the incidence and severity 
of the ROP by saying simply that it was "immaturity" that 
accounted for it. What, after all, is immaturity in this con
text? If, on the contrary, one looks at extrauterine environ
mental factors as a cumulative type of insult which 
modifies the severity rather than the occurrence of the 
disease then this begins to make sense. Infants of very low 
birth weight and gestational age have an exposure to pro
longed hostile extrauterine life during which the severity 
of their disease will be modified by environmental factors. 
The heavier, older infant will have a less prolonged expo
sure to hostile environment and, therefore, less severe 
disease. Within the framework of the hypothesis, the 
inverse relationship between birth weight and frequency 
and severity of the disease makes sense when considered 
from the aspect of an in utero and extrauterine insult. The 
in utero event brings about a change in the genetic pro
gramme controlling vasculogenesis. This change makes 
itself manifest at a very specific time post-conception as 
the earliest sign of the disease. The second event is the 
cumulative environmental influence on the disease which 
shapes its final morphology. 

This places in another light the whole systematic 
characterisation of the location, extent and severity of the 
disease, the fundamentals of the International Classifi
cation of Retinopathy of Prematurity (ICROP).14 Under 
this viewpoint, the least severe disease, which never gets 
any worse than Stage 1 (ICROP) and is most frequently, 
but not exclusively, located in the periphery, would be seen 
as the "proto-disease", a marker of the in utero insult. It 
would encompass only those changes in the vasculogene
sis component devoid of environmental influences. The 
more severe disease, both by location and development in 
severity over time, would then be seen as a more severe 
combination of both insults. This conception leads to sev
eral useful ways of looking at ROP and its environmental 
influences. By profiling the extra-uterine environment of 
the disease which remains Stage 1 throughout its course 
across different birth weights, gestational ages, and at dif
ferent locations in the retina, one could begin to identify 
the environmental influences which, by their very pres
ence or absence, result in the lack of progression of the 
"proto-disease." On the contrary, disease which is very 
severe in its manifestations would enable us to profile the 
environmental influences which produce this outcome. 
The former should have a very different environmental 
profile of extrauterine life than the latter, which progresses 
from Stage 1 through Stage 5. Formerly, we would pains
takingly compare populations of infants with and without 
ROP and look for differences in their extrauterine 
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Fig.4a. Onset o/threshold by chronological age and by birth 
weight. (Reproduced with permission.) 

environment as a way of characterising factors indepen
dently associated with ROP. Anyone who has been 
through this brute force exercise knows that it is singularly 
unrewarding. It is asking the wrong question of the wrong 
populations. Infants without an in utero insult to their vas
cular programme cannot develop the disease and can with
stand enormous environmental stresses of the type which 
would lead, in the ROP cohort, to severe disease. This 
makes the whole point of the exercise futile. The compari
son to examine is between infants with mild ROP (Stages 
1 and 2), which remains such throughout its course, and 
the infants with Stage 1-5 disease and look for environ
mental differences between these. 

While the argument above makes the case for an event, 
time-locked to in utero environment, it does not necess
arily imply a genetic basis for the phenomenon. These are, 
however, several clues available that suggest a genetic 
type of insult. The first is the stereotypical nature of the 
disease. Clinicians are so familiar with this that they often 
overlook it, but the resemblance between retinas with 
ROP of similar zone, extent and stage is one of its most 
familiar characteristics. Every retina with the disease (of a 
given level of severity) looks like every other retina with 
the same level. It is this very congruity that permitted the 
development of ICROP. Beyond that feature is still 
another-the diversity of the cell lines which participate in 
its outcome. In place of a simple vascular program which 
produces, in the normal, two, or at most three, cell types to 
build the vascular bed, retinopathy produces a whole 
range of diverse cell lines once the angiogenesis program 
begins again after the its initial sessile stage. These differ
ent cell lines are very appropriate for wound healing34,35 (a 
cicatrix), but highly inappropriate for the process of pro
viding a functional vascular network for a segment of the 
diencephalon. These different cell lines, many of which 
remain to be identified, would seem best explained as a 
result of a change in a master genetic programme. 

What does the future hold? Research, which in the past 
has been focused on angiogenesis factors,36,37 retinal 
enzymes, oxygen scavenegers38-45 and the like has, it 
appears, failed to provide a plausible and convincing 
explanation of why the disease occurs and how it occurs. 
The way then seems open to look at ROP in the eye of the 
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premature as an in vivo laboratory for the study of molecu
lar genetics and gene products. The search might begin 
with the armamentarium of the modern molecular gen
eticist to identify transcription factors, particularly RNA 
transcription factors,9 products of master or homeobox 
genes,46,47 controlling whole segments of the body and 
their development. Particularly those homeobox genes 
concerned with the formation of the first neuromere and its 
constituent parts_ I would suggest that we broaden our 
search beyond the retinal vasculature alone and look, for 
example, at the blood supply of the whole of the telen
cephalon and diencephalon for abnormalities in develop
ment. The association of intracranial bleeding48,49,5o and its 
complications and resulting scarring with ROP may not 
be, by any means, a fortuitous event. 

Retinopathy of prematurity has provided to a simple 
clinician, a fascinating challenge best echoed by Gerald 
Edelman's words on the future of modern molecular bio
logy, "The central questions of modern molecular biology 
are . _. 'How does the one-dimensional genetic code 
specify a three-dimensional cell, organism?' and 'How is 
the proposed answer reconciled with the relatively rapid 
changes in form occurring in relatively short (evolution
ary) times?"

,
51 
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