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least 2 of the first 3 postnatal days was associated with a dou-
bling of the risk of ROP in zone 1 (2.5, 1.4–4.4) and of pre-
threshold/threshold disease (2.1, 1.4–3.3), a 70% risk increase 
for plus disease (1.7, 1.04–2.8), while a 40% risk increase for 
ROP stage 3 or higher did not achieve statistical significance 
(1.4, 0.96–2.0).  Conclusion:  Infants exposed to high PCO 2 , 
low pH and high PaO 2  appear to be at increased risk of more 
severe ROP.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 More than half a century ago, prolonged exposure to 
high oxygen concentration was identified as an impor-
tant contributor to retrolental fibroplasia, the potentially 
blinding disorder now known as retinopathy of prematu-
rity (ROP)  [1, 2] . Despite efforts to reduce oxygen expo-
sure, ROP remains a common disorder among low gesta-
tional age (GA) newborns  [3–5] .
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 Abstract 

  Objective:  This study tested the hypothesis that preterm in-
fants who had a blood gas derangement on at least 2 of the 
first 3 postnatal days are at increased risk for more severe 
retinopathy of prematurity (ROP).  Method:  1,042 infants 
born before 28 weeks’ gestational age (GA) were included. 
An infant was considered to be exposed if his/her blood gas 
measure was in the highest or lowest quartile for GA on at 
least 2 of the first 3 postnatal days.  Results:  Multivariable 
models adjusting for confounders indicate that exposure to 
a PCO 2  in the highest quartile predicts ROP (stage 3, 4 or 5: 
OR = 1.6, 95% CI = 1.1–2.3); zone 1: 2.0, 1.1–3.6; prethreshold/
threshold: 1.9, 1.2–3.0; plus disease: 1.8, 1.1–2.9). Estimates 
are similar for a low pH for zone 1 (2.1, 1.2–3.8), prethreshold/
threshold (1.8, 1.1–2.8), but did not quite achieve statistical 
significance for ROP stage 3, 4, or 5 (1.4, 0.9–2.0) and plus dis-
ease (1.5, 0.9–2.4). A PaO 2  in the highest quartile for GA on at 
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  As neonatologists try to achieve blood oxygen concen-
trations that minimize risks of damage to brain, lung and 
retina, controversy continues about how low blood oxy-
gen levels can/should be without damaging any organ 
 [6–9] . In this report, we explore the relationships between 
blood oxygen, carbon dioxide, and pH levels during the 
first 3 postnatal days and severe ROP in a contemporary 
cohort.

  Methods 

 The ELGAN Study was designed to identify characteristics 
and exposures that increase the risk of structural and functional 
neurologic disorders in extremely low gestational age newborns 
(ELGANs)  [10–16] . During the years 2002–2004, women deliver-
ing before 28 weeks’ gestation at one of 14 participating institu-
tions in 11 cities in 5 states were asked to enroll in the study. The 
enrollment and consent processes were approved by the individ-
ual institutional review boards.

  Mothers were approached for consent either upon antenatal 
admission or shortly after delivery, depending on clinical circum-
stance and institutional preference. 1,249 mothers of 1,506 infants 
consented. A total of 464 of these infants either died, did not have 
blood gas assessments on at least 2 of the first 3 postnatal days, or 
did not have a retinal examination. The remaining 1,042 infants 
compose the sample for this report.

  Demographic and Pregnancy Variables 
 After the infant’s delivery, a trained research nurse inter-

viewed each mother in her native language using a structured data 
collection and following procedures contained in a manual. 
Shortly after the mother’s discharge, the research nurse reviewed 
the maternal chart using a second structured data collection 
form. The medical record was relied on for events following ad-
mission. The clinical circumstances that led to each maternal ad-
mission and ultimately to each preterm delivery were operation-
ally defined using both data from the maternal interview and data 
abstracted from the medical record  [14] .

  Newborn Variables 
 GA estimates were based on a hierarchy of the quality of avail-

able information. Most desirable were estimates based on the 
dates of embryo retrieval or intrauterine insemination or fetal ul-
trasound before the 14th week (62%). When these were not avail-
able, reliance was placed sequentially on a fetal ultrasound at 14 
or more weeks (29%), last menstrual period without fetal ultra-
sound (7%), and GA recorded in the log of the neonatal intensive 
care unit (1%). The birth weight Z-score is the number of standard 
deviations the infant’s birth weight is above or below the median 
weight of infants at the same GA in a standard dataset  [17] .

  Placentas 
 Placentas were placed in a sterile examination basin and trans-

ported to a sampling room. 82% of the samples were obtained 
within 1 h of delivery. The microbiologic and histologic proce-
dures are described elsewhere in detail  [18, 19] .

  Blood Gases 
 On postnatal days 1, 2, and 3, we collected information about 

the lowest, modal, and highest PaO 2 , PCO 2 , and pH. Only arte-
rial blood was used for oxygen measurements (indicated by the ‘a’ 
in PaO 2 ). Measurements of PCO 2  and pH were arterial except for 
7 ELGANs on day 1, 15 on day 2, and 60 infants on day 3, all of 
whom had these measurements made on venous blood. We calcu-
lated quartiles of PCO 2  and pH separately for arterial and venous 
measures, assigned a child’s measure to the upper quartile based 
on whether her measure was arterial or venous, and combined the 
resulting dichotomous values.

  In our sample, the blood gas measurement that defined the 
highest and lowest quartile varied by GA and by postnatal day 
( table 1 ). We therefore classified infants by whether or not their 
extreme value each day was in the extreme quartile for their GA 
(23–24, 25–26, and 27 weeks). Because an extreme measure on 1 
day could reflect a transient event, we required that an infant be 
in the extreme quartile on at least 2 of the 3 days to be considered 
‘exposed’ to such extremes.

  Our not having blood gas measurements on all 3 of the first 3 
postnatal days might be an example of informative missingness. 
In essence, children who did not have a blood gas on postnatal day 
3 were more likely to be physiologically stable than infants who 
had a set of blood gas measurements that day. Children who did 
not have day 3 measurements are also much less likely than others 
to have postnatal day 2 measurements that are in any extreme 
quartile. We, therefore, considered it reasonable to assign these 
newborns to the group with non-extreme measurements on post-
natal day 3. This allows us to include these children in this sample, 
and thereby avoids our inflating odds ratios inappropriately.

Table 1.  The values that define the highest and lowest quartiles of 
each blood gas displayed on the left on each day in each gesta-
tional age group

Blood gas Postnatal
day

G estational age, weeks
23–24 25–26 27

Lowest quartile 1 40 42 40
PaO2, mm Hg 2 43 45 44

3 43 45 43

Highest quartile 1 152 145 143
PaO2, mm Hg 2 98 100 92

3 103 95 93

Lowest quartile 1 27 29 29
PCO2, mm Hg 2 33 35 35

3 33 33 35

Highest quartile 1 65 67 63
PCO2, mm Hg 2 60 64 60

3 58 57 56

Lowest quartile 1 7.15 7.20 7.22
pH 2 7.14 7.17 7.22

3 7.16 7.19 7.22
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  We collected the minimum and maximum blood gas values 
each day. Because we cannot tell if extreme pH and PCO 2  mea-
surements are paired, we did not calculate base excess. We did not 
require any blood gases to be taken as per protocol. All measure-
ments were taken at the discretion of the attending physician. 
Thus, there is no standardized frequency of blood gas measure-
ments in this study.

  Eye Examinations 
 Participating ophthalmologists helped prepare a manual and 

data collection form, and then participated in efforts to minimize 
observer variability. Definitions of terms were those accepted by 
the International Committee for Classification of ROP  [20] .

  ELGAN ophthalmologists used indirect ophthalmoscopy. 
Only one of our sites used RetCam with any frequency.   In keeping 
with guidelines  [21] , the first ophthalmologic examination was 
within the 31st to 33rd postmenstrual week.   In accordance with 
follow-up examination guidelines, infants at high risk of ROP 
were examined weekly, while those with no ROP present at first 
examination were re-examined every 2–3 weeks. Photographs 
were encouraged in case of doubt about classification. We did not 
include information about treatment because Early Treatment for 

ROP (ETROP) guidelines, including suggested policy changes, 
were released during the recruitment phase  [22] .

  Data Analysis 
 The generalized form of the null hypothesis we evaluated is 

that children who have a blood gas in an extreme quartile on 2 of 
the first 3 postnatal days are not at higher risk of severe ROP than 
children who did not have that blood gas extreme on 2 of the first 
3 postnatal days. We evaluated five blood gas extremes (lowest 
quartile of PaO 2 , highest quartile of PaO 2 , lowest quartile of PCO 2 , 
highest quartile of PCO 2 , lowest quartile of pH) in models that 
included the three of the other four blood gas extremes as well as 
other confounders. Confounders were selected by their associa-
tion with a blood gas extreme and stage 3 or higher ROP, biologic 
plausibility or previous identification in the literature ( table 2 ). All 
conditional logistic multivariable models included a hospital clus-
ter term (to account for the possibility that infants born at a par-
ticular hospital are more like each other than like infants born at 
other hospitals)  [23] . The contributions of relevant variables are 
presented as risk ratios with 95% confidence intervals.

  In this sample, children who had a PCO 2  in the highest quar-
tile tended to have a pH in the lowest quartile more commonly 
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  Fig. 1.  Box-and-whisker plots of highest PaO 2  ( a ), highest PCO 2  
( b ), and lowest pH ( c ) on each postnatal day of infants with no 
ROP, stage 1–2 ROP, and stage 3–5 ROP. The median is indicated 
by the line closest to the middle of the box, while the top and bot-
tom of the box indicate the 25th and 75th centiles. The dispersion 
of blood gases is indicated by the length of the vertical lines ema-
nating from each box, as well as the black dots, which identify 
outliers.   
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than expected if their co-occurrence was independent of the oth-
er (data not shown). As expected, models with both of these vari-
ables provided evidence that these two variables shared discrimi-
nating information. Consequently, we present two multivariable 
models for each ROP classification. Model 1 includes a variable 
for high PCO 2 , but not for low pH. Model 2, on the other hand, 
has a variable for low pH, but not for high PCO 2 .

  We summarize some of our data with box-and-whisker dis-
plays of the central tendency and dispersion of blood gases in ROP 
groups ( fig. 1 ). The central tendency is indicated by the line close 
to the middle of the box, which is the median, and by the top and 
bottom of each box, which indicate the 25th and 75th centiles. The 
dispersion of blood gases is indicated by the length of the vertical 
lines that emanate from the box, as well as by the black dots, which 
identify outliers.

  Results 

 On each postnatal day, we observed an upward trend 
for highest oxygen and carbon dioxide with increasing 
ROP severity ( fig. 1 ). Infants with more severe ROP had 
lower pH levels on each postnatal day.

  Identification of Confounders   ( table 2 )   
 We created  table 2  to identify confounders, those vari-

ables associated with a blood gas extreme, and with stage 
3 or higher ROP. Our comments about the tables are lim-
ited to potential confounders.

Table 2.  Distribution of ROP stage 3, 4 or 5 and infants who had a blood gas extreme (defined as a PaO2, PCO2, 
or pH in the highest or lowest quartile for gestational age on at least 2 of the first 3 postnatal days) listed at the 
top of each column on within strata of potential confounders, listed on the left (these are row percents)

Potential confounder Blood gas extreme ROP
stage 3
or higher

Row
nlowest highest lowest highest lowest

PaO2 PaO2 PCO2 PCO2 pH

Pre-pregnancy Body Mass Index
<18.5 22 19 25 28 28 30 67
≥18.5, <25 24 19 22 22 20 30 514
≥25, <30 18 27 21 18 21 32 204
≥30 22 22 23 24 25 35 207

Aspirin
Yes 32 15 23 23 25 49 43
No 21 22 22 22 22 30 955

Highest WBC1

>20,000 26 21 19 21 16 38 210
≤20,000 21 21 23 22 23 30 812

Initiator of delivery
Preeclampsia 26 28 22 32 28 38 138
Fetal indication 38 18 11 31 36 36 45
Spontaneous 21 20 23 20 20 31 857

Decidual hemorrhage/fibrin
deposition
Yes 20 14 20 23 22 37 158
No 22 22 22 21 21 31 797

Gestational age 
23–24 weeks 21 20 22 24 23 51 255
25–26 weeks 22 21 22 20 20 33 488
27 weeks 22 22 22 23 23 13 299

Birth weight Z-score2

<–2 23 22 25 27 39 45 64
≥–2, <–1 28 27 25 33 28 41 150
≥–1 21 20 21 20 19 29 828

Overall row percent 22 21 22 22 22 32
Maximum column number 227 221 230 229 225 331 1,042

1 W hite blood cell count (WBC) within the interval before delivery to 48 h post-delivery.
2 Birth weight Z-scores based on standard of Yudkin et al. [17].
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  Maternal consumption of aspirin was associated with 
both high and low extremes of PaO 2  as well as with stage 
3 or higher ROP. Infants whose mother presented with 
preeclampsia were at increased risk of hypercapnia and 
severe (i.e. stages 3, 4 and 5) ROP, while newborns deliv-
ered for fetal indications were at increased risk of hypox-
emia, hypercapnia and acidemia, as well as severe ROP.

  Decidual hemorrhage or fibrin deposition was associ-
ated with a small risk increase for severe ROP, but not 
with blood gas extremes.

  Newborns in the lowest birth weight Z-score category 
(i.e.  ! –2) were at the highest risk of acidemia and stage 3 
or higher ROP. Although the risk of severe ROP increased 
dramatically with progressively lower GA, blood gas ex-
tremes did not (largely because we defined the boundar-
ies for blood gas extremes within GA groups) (see  table 1 ).

  We did not see an effect of sex on ROP risk or on the 
association between blood gases and ROP.

  ROP Severity Classifications and Blood Gases   ( table 3 )   
 Infants with stage 3 or higher ROP were more likely 

than their peers to be exposed to a high PaO 2 . Further, 
infants with plus disease were more likely than their peers 
to be exposed to a high PCO 2    or low pH. Stratifying new-
borns by the presence/absence of zone 1 or prethreshold/
threshold disease resulted in even more prominent differ-
ences in hyperoxemia frequency, as well as prominent 

differences in frequencies of hypercapnia and acidemia. 
This increased difference is probably due to the fact that 
‘stage 3 or higher’ includes ROP in all zones, thereby di-
luting the effect.

  Multivariable Analyses   ( table 4 )   
 After adjustment for confounders, our multivariable 

models indicated several significant relationships be-
tween blood gas extremes and ROP, which were more 
prominent when ROP was dichotomized by zone or pre-
threshold/threshold than by stage. First, higher arterial 
O 2  levels were significantly associated with zone 1, pre- 
and threshold ROP, and the presence of plus disease, 
while the association with stage 3 or higher disease did 
not reach statistical significance (both models). Second, 
high PCO 2  levels were invariably significantly associated 
with increased risk of ROP stage 3 or higher, zone 1, pre-
threshold and threshold ROP and the presence of plus 
disease (model 1). Third, very similar effects were present 
with exposure to low pH (model 2).

  Discussion 

 This is the first large-scale epidemiologic study of the 
relationship between blood gas extremes and ROP risk in 
ELGANs. Our main finding is that high blood concentra-

Table 3.  Percentages of children classified by their ROP status (on the left) who satisfied the blood gas criterion 
at the top of each column (these are row percents)

ROP
severity

Blood gas extreme
lowest
quarti le
PaO2

highest
quartile
PaO2

lowest
quartile
PCO2

highest
quartile
PCO2

lowest
quartile
pH

row
n

Stage 3, 4, or 5
Yes 20 27 24 26 25 331
No 23 19 21 20 20 711

Zone 1
Yes 20 37 19 30 35 89
No 22 20 22 21 20 953

Prethreshold or threshold
Yes 25 31 21 33 32 174
No 21 19 22 20 20 868

Plus disease
Yes 28 28 22 36 31 134
No 21 20 22 20 20 908

Overall 22 21 22 22 22
Column number 227 221 230 229 225 1,042
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tions of   carbon dioxide and oxygen, and low blood pH in 
the first 3 postnatal days are significantly associated with 
an increased risk of severe ROP. These relationships re-
main statistically significant after adjustment for each of 
the other blood gases, as well as non-blood gas confound-
ers.

  Low GA and low birth weight are the strongest risk 
factors for ROP  [3, 4] . Other known antecedents include 
low insulin-like growth factor 1  [24] , varying vascular 
endothelial growth factor levels  [25] , systemic infection 
 [26] , inflammation  [27] , and genetic predisposition  [28, 
29] . Intraventricular hemorrhage appears to be associat-
ed with ROP, probably via shared risk factors  [30, 31] .

  Hypercarbia and acidosis increase retinal neovascu-
larization in animal models  [32, 33] . The presumed se-
quence is that hypercarbia promotes vessel dilation, 
which leads to increased oxygenation and increased 
blood flow, which in turn contributes to abnormal retinal 
vascularization  [5] .

  Prior smaller clinical studies yielded inconsistent re-
sults  [34, 35] . In a study of 91 mechanically-ventilated in-

fants of mean GA 29 weeks, a measurement of hypercar-
bia or hypocarbia on the first 3 postnatal days was not 
associated with an increased risk of ROP  [35] . The au-
thors suggested that cumulative exposure integrated over 
time might be a better way to capture potentially adverse 
events. Similar ‘negative’ results were found in another 
underpowered study, of 25 infants less than 30 weeks GA, 
in which neither carbon dioxide tension nor duration of 
hypo-/hypercarbia correlated with ROP  [36] . Investiga-
tors of both studies suggested further investigation in 
larger cohorts.

  In contrast to the above studies, we defined exposure 
as a blood gas measure in the highest or lowest quartile 
for GA on 2 of the first 3 postnatal days, rather than using 
a mean value or an upper limit. In this way, we are better 
able to perform risk analyses, while internally   adjusting 
for GA.

  In our study the infants exposed to PCO 2  values in the 
highest quartile for their GA experienced carbon dioxide 
levels that exceed those defined as hypercarbia in previ-
ous studies  [35] . In contrast, we found that a pH in the 

Table 4.  Odds ratios1 (and 95% CI) of the association between blood gas extremes (defined as a blood gas mea-
sure in the highest or lowest quartile for gestational age) and the risk of ROP (the referent group for each set of 
analyses consists of all children who did not have the ROP classification listed at the top of each set of columns)

Blood gas Stage 3, 4, or 5 Zone 1

model 1 model 2 model 1 model 2

Lowest PaO2 0.9 (0.6, 1.4) 1.0 (0.7, 1.5) 0.6 (0.3, 1.1) 0.6 (0.3, 1.2)
Highest PaO2 1.4 (0.95, 2.0) 1.4 (0.96, 2.0) 2.5 (1.5, 4.5) 2.5 (1.4, 4.4)
Lowest PCO2 0.8 (0.6, 1.2) 0.8 (0.6, 1.2) 0.7 (0.4, 1.5) 0.7 (0.4, 1.4)
Highest PCO2 1.6 (1.1, 2.3) – 2.0 (1.1, 3.6) –
Lowest pH – 1.4 (0.9, 2.0) – 2.1 (1.2, 3.8)

Blood gas Prethreshold or threshold P lus disease

model 1 model 2 model 1 model 2

Lowest PaO2 1.1 (0.7, 1.7) 1.1 (0.7, 1.8) 1.4 (0.9, 2.3) 1.5 (0.9, 2.4)
Highest PaO2 2.1 (1.3, 3.3) 2.1 (1.4, 3.3) 1.7 (1.02, 2.7) 1.7 (1.04, 2.8)
Lowest PCO2 0.8 (0.5, 1.3) 0.8 (0.5, 1.3) 0.8 (0.5, 1.4) 0.8 (0.5, 1.4)
Highest PCO2 1.9 (1.2, 3.0) – 1.8 (1.1, 2.9) –
Lowest pH – 1.8 (1.1, 2.8) – 1.5 (0.9, 2.4)

1  All models are adjusted for maternal Body Mass Index >30, maternal use of aspirin during pregnancy, WBC 
>20,000 within 48 h of delivery, delivery for preeclampsia or fetal indication, decidual hemorrhage/fibrin de-
position in placenta, gestational age (23–24, 25–26, 27 weeks) and birth weight Z-score <–1, definite early sepsis, 
definite late sepsis and all of the other blood gas extremes in the model. These models include a hospital cluster 
term to account for the possibility that infants born at a particular hospital are more like each other than like 
infants born at other hospitals.
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lowest quartile was associated with an increased risk of 
severe ROP.

  Finally, we found that exposure to higher arterial oxy-
gen levels in the first 3 postnatal days is associated with 
more severe ROP. This is consistent with previous studies 
and current clinical practice advocating the benefits of 
lower blood oxygen saturation during the first few weeks 
of life  [37, 38] . Further, lowering oxygen alarm set-points 
appears to lead to a decreased risk of severe ROP accord-
ing to a structured formal review performed by our own 
group  [39] , and in recently published studies of policy 
changes  [40–43] . This is currently the topic of ongoing 
randomized trials.

  Our study included 1,042 ELGANs, of whom 800 
(77%) developed stage 1 or higher ROP, 331 (32%) devel-
oped stages 3–5 ROP, 89 (9%) developed zone 1 ROP, and 
174 (17%) developed prethreshold/threshold disease. 
Compared to previous studies with samples of fewer than 
100 infants, this is an appreciable increase in sample size, 
and an appreciable increase in power. While most prior 
studies did not fully address confounding variables, we 
created multivariable models adjusting for a host of con-
founders. Consequently, our findings have the potential 
to improve our understanding of the relationship be-
tween blood gas extremes and severity of ROP.

  The weaknesses of our study are those of all observa-
tional studies. Further, we assume that a blood gas de-
rangement on 2 of the first 3 postnatal days constitutes 
an ‘exposure’. We used this operationalized definition 
since we had no access to continuous blood gas measure-
ments. Thus, we did not see any way of modeling fluc-
tuations of blood gases in a consistent and thus meaning-
ful fashion. Finally, we are unable to differentiate between 

respiratory and metabolic acidosis, a clinically relevant 
distinction that might deserve further investigation.

  In light of the biologic plausibility of our findings, we 
suggest that blood-gas-associated ROP risk be considered 
in discussions of clinical practice. While oxygen satura-
tion has dominated most of the recent ROP literature, the 
role of hypercarbia and acidosis in severe ROP may war-
rant further clinical consideration and study. This is es-
pecially important in light of recommendations about the 
safety and efficacy of ‘permissive hypercarbia’  [44] . Our 
findings, however, justify concerns raised in current dis-
cussions  [45] .

  Conclusion 

 In summary, we found that repeatedly high blood con-
centrations of oxygen and carbon dioxide and low blood 
pH are associated with increased risk of severe ROP. Fur-
ther studies might help better characterize the relation-
ships of oxygenation, ventilation and acidosis with risk of 
ROP development in ELGANs.
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