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ABSTRACT. The effects of two types of prolonged oxygen
supplementation were tested in the kitten model of oxygen
induced retinopathy. Thirty-one litters were placed in 80%
oxygen for 65 h starting the 3rd day after birth to initiate
a moderately severe retinopathy. One-half of cach litter
thereafter served as controls, remaining in room air during
the development of the retinopathy. In the remaining half,
the retinopathy was allowed to develop in cither a variably
hyperoxic/hypoxic environment (one-half of each of 16
litters) or in an oxygen environment that was gradually
reduced te room air by 4 wk (one-half of each of 15 litters).
‘The retinopathy scores in the controls were comparable in
both studics and the same as in previous experience with
this model. Kittens exposed to the variable oxygen recovery
environment had significantly less severe retinopathy than
their room air recovery littermates (p < 0.05). The reti-
nopathy scores in the group with gradually withdrawn
oxygen did not differ from the littermate controls (power
> 80%). These data support the hypothesis that conditions
of oxygenation during the recovery process from an acute
oxygen-induced vascular injury have a significant effect on
the healing process. (Pediatr Res 22: 297-301, 1987)
Abbreviation

ROP, retinopathy of prematurity

ROP is a developmental disorder of the immature retinal
vasculature that occurs in a high proportion of the smallest
premature infants, up to 85% in those weighing less than 1 kg at
birth (1-9). This occurs despite the best current oxygen monitor-
ing capabilities: thus the ctiologic role implied by uncontrolled
oxygen administration in the 1940s and 50s (10) no longer
appears applicable. The contribution of oxygen to ROP as scen
in the 1980s is being seriously reconsidered (5. T 12).

Fortunately ROP heals without sequelac in most infants. how-
ever. there is no understanding as to why the remainder progress
{0 retinal scarring and sometimes retinal detachment. We sought
a possible explanation by examining recently published nursery
surveys and case control studies of severe ROP. They reveal that
alter controlling for gestational age and/or birth weight (the most
important predictors of ROP), investigators consistently find that
duration of administration of oxygen (in excess of 4 to 6 wk) is
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the best predictor of severe ROP (3-7). The problem with oxyeen
administration as an cxplanatory variable is. of course. that it is
nonspecific and its profonged administration usually just identi-
fics a particular infant as having a complex. unstable hospital
course. Therefore it is not surprising that other significant asso-
ciations with severe ROP that have been noted are apnea. apnea
requiring bagging. sepsis. amount of blood transfused. exchange
transfusions. intraventricular hemorrhage. infant of a diabetic
mother. twins. clevations in arterial carbon dioxide content. and
hyperoxic episodes and hypoxic episodes (3-10. 13, 14). While
we believe that these unstable physiologic conditions superim-
posed on the immature retinal vasculature. lead to the ROP. 1t
is unclear to what extent the oxvgen supplementation. per se
contributes. However. since ischemia is believed to be a major
component in the somewhat similar diabetic and sickle cell
retinopathies. we questioned whether hypoxemia might be play-
ing a significant role in the progression of ROP.

When oxvgen is given Lo premature infants there is a contin-
wous cffort on the part of physicians to discontinue the oxygen
in the hope of avoiding pulmonary oxygen toxicity, lowering
hospital expense. permitting the fant to be discharged home
and. it has been believed. to avoid ROP. While healthy infants
have arterial PaQ- values in the 90-100 torr range. Ievels of only
40-50 torr scem 1o be needed to avoid systemic hypoxia. The
fear of oxvgen toxicity has pressured physicrans 1o give just
enough oxveen to stay in the lower portion of the range between
these two pairs of figures, usually 40-80 torr (13). Characteristic-
allv then. infants receiving oxygen supplements generatly have
lower arterial oxvgen levels than normal healthy infants. Based
on this realization. we hypothesized that relatively continuous
hypoxia or intermittent hypoxia alternating with hyperoxic ept-
sodes during a prolonged period of necessary oxyvgen administra-
tion might be responsible for acute ROP progressing to the severe
form of the discase.

We studied this hvpothesis in the kitten. oxygen-induced reti-
nopathy model. In this model. initial PaO, values of around 280
torr (80% inspired oxveen) for 63 h imtiates a moderately severe
retinopathy that develops over the ensuing 2-4 wk. The cflects
of various oxvgenation levels on the development of that reti-
nopathy during the recovery period can then be studied. In a
previously reported investigation. we found that chronic mar-
ginal hypoxemia. induced by breathing 3% oxygen (arterial pO»
= 39 torr) during the recovery period resulted i significanthy
worse experimental retinopathy (16). Herein, we performed two
additional tests of recovery period oxygenation. In study A we
asked whether variable hypoxemia and hyperoxia, as might be
experienced  during an unstable premature’s convaleseence,
would result in a worsening of the retinopathy. In study B we
examined the hvpothesis first suggested by Szewezyk (17) and
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Bedrossian ef al. (18, 19) that gradually withdrawing oxygen after
an oxygen-induced injury would lessen the severity of the sub-
sequently observed retinopathy.

METHODS

Kittens from a chronically maintained colony of mixed breed
cats were used. The pregnant queens were separated from the
colony when palpation revealed they were pregnant, and their
dry cat food was supplemented with a wet cat food and vitamin
and iron mixture (Visinerol) throughout the remainder of the
pregnancy and lactation. The quecens were observed daily, and
the day kittens were discovered was defined as day 1. On day 3,
the queen and her kittens were placed in an infant incubator
(Air Shield Isolette, Hatboro, PA) at 27°C with the oxygen
concentration adjusted to 80 + 1%. The kittens were given
identification numbers at birth, and after 65 h, half of each litter
was randomly sclected (by drawing numbered cards from a box)
to return to room air for recovery or to remain in the incubator.
The flow rate for the various gases exceeded 10 liters/ min and
no accumulation of carbon dioxide occurred (measurement with
an infrared analyzer, carbon dioxide concentration = < 0.05%).

In study A, variable oxygen recovery, 16 litters (33 room air
recovery kittens and 37 variable oxygen recovery), the incubator
was subsequently connected to three gas sources (100% oxygen,
100% nitrogen, and 21% oxygen) that were cycled at 6-min
intervals by an automatic clock (Fig. 1). The oxygen concentra-
tion was recorded several times a day with a Beckman paramag-
netic oxygen analyzer, and on at least two or three occasions for
each litter in the variable study, oxygen was monitored contin-
uously for a period of 1-2 h to document the swings being
achieved in that particular incubator for that particular experi-
ment. The inset in Figure |1 shows a segment of one of those
monitoring periods and is typical of the rest. Maximum oxygen
concentration ranged from 37 to 43% and the minimum oxygen
ranged from 8 to 11%. Using a continuous trans-conjunctival
tissue oxygen monitor, tissue oxygen was monitored noninva-
sively for a 2-h period in one 7-day-old kitten during exposure
in the variable oxygen incubator in order to estimate the rate of
change in oxygenation at the tissue level (Orange Medical Instru-
ments, Costa Mesa, CA).

In study B, gradual withdrawal of oxygen, 15 litters (26 grad-
ually withdrawn kittens and 25 room air recovery), the oxygen
concentration in the incubator was initially dropped to 70% for
1 h, 60% for 1 h, and then to 50% oxygen. Thereafter it was
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lowered 3 to 1% per day as shown in Figure 2. The recovery
phase continued until 28 + 2 days of age when the kittens were
sacrificed, the vasculature perfused with india ink. and retinal
flat mounts prepared as previously described (20). The perma-
nently mounted retinae were coded and mixed so that the two
investigators could score them without knowledge of the treat-
ment used or of each others scores. The four subcategories of the
retinopathy are scored separately, the total permitting a worst or
maximal score of 13 and a normal score of 0 to 1 (16). Subcat-
egory A measures the extent of vascularization of the retina,
subcategory B the number and pattern of retinal vessels, subcat-
egory C the loss of periarteriolar capillary free zone, and subcat-
egory D the amount of extraretinal neovascularization. The
retinae were scored using a binocular dissecting microscope, and
if the total score assigned to a particular retina by the two
investigators differed by more than two points, the retina was
recoded and mixed in with a subsequent box for repeat scoring.
The final score for each kitten was the arithmetic mean of four
scores (right and left eyes as scored by each of two investigators).
There were two final scores for each litter (the average of the
room air kitten scores and the average of the experimental
oxygenation recovery kitten scores) and these were the ones used
for data analysis.

Sample sizes were based on our prior experience with this
model (16, 20). The predicted retinopathy scores following room
air recovery to 4 wk after 65 h of 80% oxygen started on day 3
were 5.3 = 2.5 (mean * SD) (16). Assuming that we wished to
be 80% certain (type II error = 0.20) that we would detect a
difference of at least 2 points in the retinal score (type [ error =
0.05, two-tailed paired 7 test), just over 15 litters would be needed.
Therefore, 16 litters were used to test each hypothesis (although
one litter was stillborn in study B). The paired ¢ test was chosen
to enhance comparison of experimental to control kittens in the
same litter because of the known litter to litter variability in
room air recovered retinal scores. Although a 7 test is not usually
applied to data which have upper and lower boundaries, the
experimental retinopathy scores fell in the midzone of the scoring
system and were approximately normally distributed, making its
use reasonable in this case.

RESULTS

Study A: variable oxygen recovery study. The kittens tolerated
the hyperoxia and variable recovery conditions well without
mortality and grew equally well in both environments (weight at
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Fig. 1. Variable oxygen recovery study design: the time course over 4 wk for each litter is shown. The inset shows an expansion of the stippled
area over several minutes for the variable oxygen concentration, as controlled in the infant incubator throughout the recovery time period. After the
initial 65-h exposure to 80% oxygen, half of each litter recovered in room air and half in the incubator with the variable oxygenation.
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Tapered oavgen recovery study design: the time course over 4 weeks for cach litter is shown. After the initial 63-h exposure 10 80%

oxygen, half of cach litter recovered in room air (dashed liney and the other half in the incubator with a gradually tapered oxveen coneentration

(solid line).

4 wk. 330 = 70 g in room air versus 314 = 82 g in variable
oxygen, mean =+ SD). Thirty-three kittens recovered in room ar
and 37 in the variable oxygen incubators.

The retinopathy results were the opposite of what had been
predicted. Figure 3 shows the mean and SEM- for the total
retinopathy scores and the subcategory scores from cach hitter.
The kittens in the variable oxveenation recovery group had lower
(better) retinopathy scores than their hittermates (paived 7 test. p
< (.01). This was also true when cach of the four subcategories
was examined separately. Table 1 shows the mean and S of the
paired differences between the room air kittens and their vanable
oxygenation recovered ittermates.

In our previoushy reported study of continuously hypoxemic
recovery we noted that retinal and/or vitreal hemorrhages were
found more frequently in kittens who recovered 1ina hypoxemic
environment than in their littermates who recovered in room air
(16). In the present study. retinal hemorrhage occurred in 14/

66, or 21% of room air recovered retinac and in 7/74. or 9% of

variable oxvgen recovered retinac (reported as number of ¢yves
rather than number of kittens, p <0 0,10, x7 test with Yates'
correction).

Results of the conjunctival tissuc oxygenation monitoring are
shown in Figure 4 and demonstrate that the rate of change in
tissue oxyeen levels closely reflected the rate of change m inspired
oxvgen, but that true tissue hypoxia was probably unhikely to
have occurred since the transconjunctival pO; never fell below
18 torr. at feast in this particular kitten. In additional monitoring
not shown. the mean transconjunctival PaO, was shown to rise
to 119 + 9 torr. in continuous 80% oxyvgen and fell to 15 = 1
torr in continuous 3% oxvgen. Transconjunctival pO. in room
air was 53 4 8 torr (all mean = SD).

Study B: gradual withdrawal of oxygen recovery. From the 15
remaining litters. 25 kittens recovered in room air and 26 in the
gradually withdrawn oxygen recovery incubators. The kittens in
room air grew slightly better (weights at 4wk, 394 + 72 ¢ in
FOOmM air versus 332 + 85 g in tapered oxygen. mean + SD.p <
0.02. Student's 7 test). The total experimental retinopathy scores
are shown praphically on the far right in Tigure S0 There were
no significant differences between the total scores or any of the
four subcategories (not shown) when analyzed by the patred /
test. which tested the differences between paired  hittermates
(Table 2). Retinal hemorrhages were also uncommon and did
not significantly differ between the room air recovery ( 1/30. 2%
of eyes) and gradually withdrawn oxygen recovery kittens (6/52.
129 of ¢eves).

DISCUSSION

These unexpected results fed first to a testing of the model’s
reproducibility. The retinopathy scores from the control kittens
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four subcategories of the scoring system and the otal score. 16 sinee
all room air recovery kittens from one litter were averaged as a single
value for that litter and all Kittens from the variable group from one htter
were averaged for a single value in the same htter. The cross-hatched
hars are the room air recovery halt litters and the open bary the variable
oxveen recovery halt litters.

in studies A and B. e room air recovery alter 65 hoof 80
oxvgen, were compared to previoushy published experience with
this model and were found to fall where expected (203, The room
air recovery scores were compared 1o the room: wir recoven
controls from the our previously reported study of hyposie
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Table 1. Experimental retinopathy scores*—variable
oxygenation recoveryt

Score component A ] B C D Total
Mean difference* 0.55 0.98 0.62 1.34 3.57
SD of differences 0.62 1.02 0.66 1.40 3.55

* The mean difference is the average of each of the differences for the
16 litters. Each individual litter difference is the average of the variable
oxygen recovery scores from the one to three kittens in one litter
subtracted from the average of the one to three room air recovery kittens
from the same litter.

T p value <0.01 for all (paired ¢ test).
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Fig. 4. Transconjunctival oxygen: transconjunctival partial pressure
of oxygen and simultaneous inspired oxygen in one kitten over 80 min.
The inspired oxygen is shown with closed circles connected by the solid
line and transconjunctival pO, (PcjO,) with open circles connected by a
dashed line. The shaded area shows the mean + 1 SD for the PcjO, in
room air.

recovery (16). Figure 5 shows graphically that the room air
recovery kittens from the reported study and the two current
studies (shaded bars) have mean scores that do not differ from
one another. These results confirm the reproducibility of this
model.

The experimental results serve to make an important point:
that the oxygenation status during recovery following an oxygen-
induced injury to the developing retinal vasculature in the kitten
does affect its healing process and the resultant retinopathy.
These findings support the preliminary findings of Bedrossian ez
al. (18, 19) who found that the methods of withdrawal of oxygen
from premature infants affected the incidence of ROP. Our
findings also support the clinical impressions of Szewczyk (17)
that late pulmonary disease in infants, such as pneumonia, might
precipitate or worsen ROP. We do not understand the degree to
which this can occur, nor its mechanism, but it is a potentially
important and as yet unappreciated factor in ROP.

The shape of the inspired oxygen level curve during the vari-
able oxygenation study was reflected quite closely in time at the
tissue level, as measured by a transconjunctival tissue electrode.
The magnitude of the changes, however, were blunted and it is
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Fig. 5. Comparison of the outcomes of three trials of recovery oxy-
genation following a 65-h 80% oxygen-induced retinopathy in the kitten.
The bars and whiskers show the mean, +1SD of the average scores for
each litter within a study group. The cross-haiched bars represent the
room air recovery halflitters and the open bars represent the experimental
condition recovery half litters. Results from the hypoxemic recovery
group have been previously published (16).

Table 2. Experimental retinopathy scores*—Gradual
Withdrawal of Oxygenation Recoveryt

Score component A B C D Total
Mean difference*  —0.20 0.0l -0.02  0.58 0.40
SD of differences 0.98 1.54 0.79 1.65 4.85

* The mean difference is the average of each of the differences for the
15 litters. Each individual litter difference is the average of the gradually
withdrawn oxygen recovery scores from the one to three kittens in one
litter subtracted from the average of the one to three room air recovery
kittens from the same litter.

T p value for all >0.10 (paired ¢ test), power >80%.

not clear whether the tissues experienced a net effect of hypox-
emia or hyperoxia. Study A however, shows that repeated, rela-
tively short periods of elevated pO, (less than 6 min) do not
worsen an existing oxygen-induced retinopathy in this model. If
the inspired oxygen level curve is mathematically averaged, it
can be seen that the kittens in study A experienced an average
inspired oxygen level of 28%, 7% above room air. A possible
explanation of our findings may be that this mildly elevated
oxygen level during a recovery period was beneficial. This hy-
pothesis is being investigated in the kitten model and if positive
might justify clinical testing.

It must be remembered, however, that the kitten oxygen-
induced retinopathy model has serious limitations when attempt-
ing to extrapolate these data to clinical trials. Outstanding is that
the retina in the kitten does not develop a thickened ridge of new
tissue within the retinal substance, nor does there seem to be
associated myofibroblast proliferation into the vitreous, although
the kitten does experience extensive vessel growth into the vit-
reous (21). Also although both Ashton er al. (22) and Patz ez al.
(23) initially reported that retinal detachments did occur in the
kitten model, this has not proven to be true in repeated attempts
to elicit full blown ROP in kittens (21) (Phelps DL, Rosenbaum
AL, unpublished data; Patz A, personal communication). Al-
though it would seem reasonable that conditions resulting in a
less severe oxygen induced retinopathy in this model could
interpolate to less severe ROP in humans, any promising theory
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must be cautiously tested in clinical trials before receiving wide-
spread application.

Work by Kretzer and Hittner (24) suggests that an active
angiogenesis factor is produced by the avascular retina to induce
vessel growth. and their hypothesis is that it is produced by
endothehial precursor cells, called spindle cells. that have been
damaged by oxvgen. Our findings are compatible with this
hypothesis in that various oxygenation levels could well influence
or control such an angiogenic factor, or the cells producing it.

An additional potential drawback of the kitten model in hght of

the Kretzer hypothesis is that spindle cells are sparse or absent
in the feline avascular retina (21, 24). On the other hand. 1t 1s
clear that the kitten. like other mammalian species studied.
producces a retinal derived angiogenic factor (25) and this factor
is subject 1o a regulatory effect from oxygen (26).

There is strong evidence in the kitten model of oxygen-induced

retinopathy that oxygenation status influences the course of

healing. Chronic hypoxia impairs the healing whereas variable
oxygenation lcads to improved healing. possibly through an
overall moderate increase in oxygen delivery to the injured retina.
These findings may justify cautious controlled trials of increased
oxygenation in infants with significant ROP.
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