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ARTICLE

Both Extremes of Arterial Carbon Dioxide Pressure
and the Magnitude of Fluctuations in Arterial Carbon
Dioxide Pressure Are Associated With Severe
Intraventricular Hemorrhage in Preterm Infants
Jorge Fabres, MD, MSPHa, Waldemar A. Carlo, MDa, Vivien Phillips, RNa, George Howard, DrPHb, Namasivayam Ambalavanan, MDa

Departments of aPediatrics and bBiostatistics, University of Alabama at Birmingham, Birmingham, Alabama

The authors have indicated they have no financial relationships relevant to this article to disclose.

ABSTRACT

OBJECTIVE. The goal was to test the hypothesis that extremes of PaCO2 during the first
4 days after birth are associated with severe intraventricular hemorrhage (grades
3 and 4).

METHODS.A single-center retrospective review of clinical and blood gas data in the
first 4 postnatal days for 849 infants with birth weights of 401 to 1250 g was
performed. The univariate and multivariate relationships of severe intraventricular
hemorrhage with maximal and minimal PaCO2, PaCO2 averaged over time (time-
weighted PaCO2), and measures of PaCO2 fluctuation (SD of PaCO2 and difference in
PaCO2 [maximum minus minimum]) were assessed.

RESULTS.Birth weight (mean � SD) was 848 � 212 g, and the median gestational age
was 26 weeks. Infants with severe intraventricular hemorrhage had higher max-
imal PaCO2 (median: 72 vs 59 mm Hg) and time-weighted PaCO2 (mean: 49 vs 47
mm Hg) values but lower minimal PaCO2 values (32 vs 37 mm Hg). High PaCO2, low
PaCO2, SD of PaCO2, and difference in PaCO2 predicted severe intraventricular
hemorrhage, but time-weighted average PaCO2 was not as predictive.

CONCLUSIONS.Both extremes and fluctuations of PaCO2 are associated with severe
intraventricular hemorrhage. It may be prudent to avoid extreme hypocapnia and
hypercapnia during the period of risk for intraventricular hemorrhage.
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INTRAVENTRICULAR HEMORRHAGE (IVH) is a major risk
factor for poor neurodevelopmental outcomes for ex-

tremely premature infants.1,2 Abnormal cerebral blood
flow (CBF) regulation is considered to predispose pa-
tients to IVH.3–6 Many animal and human studies have
established PaCO2 as one of the main regulators of
CBF,7–12 and several investigators have shown that ex-
tremely low or high levels of PaCO2 may be associated
with increases in neurologic morbidity rates.13–18 Higher
levels of PaCO2 may be associated with an increased risk
of IVH in very low birth weight (VLBW) infants, possibly
because of an increase in CBF secondary to hypercap-
nia.19 Low levels of PaCO2 are associated with the devel-
opment of periventricular leukomalacia (PVL) in venti-
lated premature infants, perhaps because of a decrease in
CBF and subsequent ischemia.12,16 Therefore, the safe
upper and lower limits of PaCO2 for VLBW infants need
to be determined, because PaCO2 targets for mechanical
ventilation strategies are needed.

Permissive hypercapnia or “minimal ventilation,” in
which higher levels of PaCO2 are tolerated, is often used
in the ventilatory management of extremely premature
infants, in an attempt to reduce ventilator-induced lung
injury and thereby diminish bronchopulmonary dyspla-
sia (BPD). BPD affects 25% of infants with birth weights
of 501 to 1249 g, as defined with the new physiologic
definition developed by the National Institute of Child
Health and Human Development Neonatal Research
Network.20 The new physiologic definition, which uses a
timed, room-air challenge for selected infants, has stan-
dardized the definition of BPD and reduced the variation
among centers, but significant variation in BPD among
centers persists.20 Clinical trials of permissive hypercap-
nia in adults have shown reductions in mortality rates
and the number of days of ventilation.21 Three random-
ized, controlled trials of a permissive hypercapnia strat-
egy for VLBW infants have been performed.22–24 One of
those studies reported reductions in rates of chronic lung
disease and death in the subgroup of 501-g to 750-g
infants.23 However, a meta-analysis combining 2 of the
trials failed to show any significant overall benefit of a
permissive hypercapnia/minimal ventilation strategy
targeting hypercapnia, compared with a routine ventila-
tion strategy aiming for normocapnia, but also showed
no adverse effects of a minimal ventilation strategy.25

However, with the small sample sizes and the avoidance
of a high or low target PaCO2 in those trials, it is not clear
whether the meta-analysis provided an adequately pow-
ered assessment of whether extremes of PaCO2 might
lead to a higher incidence of IVH in extremely premature
infants. We performed this retrospective study to test the
hypothesis that high and low levels of PaCO2, PaCO2

averaged over time (time-weighted PaCO2), and mea-
sures of PaCO2 fluctuation (SD of PaCO2 and difference in
PaCO2, ie, maximum minus minimum) in the first 4 days

after birth are associated with increased risk of severe
IVH.

METHODS
We studied all infants with birth weights between 401
and 1250 g who were admitted to the level III NICU at
the University of Alabama at Birmingham between Jan-
uary 1, 2000, and December 31, 2003. The protocol was
approved by the institutional review board for human
use. Infants were included if they survived until �96
hours of life and underwent �1 head ultrasound exam-
ination during the hospital stay after 96 hours. The
initial ultrasound examination was usually performed
between postnatal day 5 and day 7; any examinations
performed before 96 hours were not included for anal-
ysis. The ultrasound studies were performed by a certi-
fied radiology technician, and multiple images in angled
coronal, sagittal, and parasagittal planes were obtained.
The images were interpreted subsequently by a pediatric
radiologist, who could access essential clinical data (birth
weight, gestational age, postnatal age, and major clinical
problems such as respiratory distress syndrome). Review
of the ultrasound images was not performed for this
study.

Data were obtained from an electronic hospital ar-
chive of laboratory data and a NICU database. All data in
the NICU database were collected by a trained database
specialist, immediately after discharge of the infant, with
standard definitions. Data analyzed included main pre-
natal and neonatal variables that were shown previously
to be associated with severe IVH,1,2 including birth
weight, gestational age, pregnancy-induced hyperten-
sion, premature prolonged rupture of membranes, any
prenatal steroid use, 5-minute Apgar score, any use of
nasal continuous positive airway pressure (CPAP), and
use of intermittent mechanical ventilation (IMV). In
addition, data were collected on severe IVH (grades 3
and 4 in the classification described by Papile et al26),
cystic PVL, and blood gas results from the first 4 days
after birth. The highest and lowest PaCO2 values were
identified from the blood gas results obtained during the
first 96 hours of life. Measures of PaCO2 dispersion for
each patient, including the SD of PaCO2 and the maxi-
mum to minimum range (difference in PaCO2), were
calculated. A time-weighted PaCO2 was also calculated
(Fig 1). As can be noted from Fig 1, the time period
between 2 blood gas assessments is represented by the
PaCO2 of the second blood gas analysis, rather than by
the average of the PaCO2 results from the 2 blood gas
analyses, because blood gas samples are usually obtained
at intervals of a few hours and ventilator settings are
changed soon after a blood gas sample is obtained.
Therefore, because the PaCO2 usually changes rapidly,
most of the time period between blood gas analyses
usually reflects the PaCO2 associated with the subsequent
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blood gas assessment, rather than a mathematical aver-
age of the 2 PaCO2 values.

The relationships between the median highest, low-
est, time-weighted average, SD, and difference in PaCO2

and severe IVH were analyzed by using the Mann-Whit-
ney rank sum test and by the area under the curve
(AUC) of the receiver operating characteristic (ROC)
curve. ROC curves plot sensitivity versus 1 � specificity;
the more the AUC approaches 1, the higher the predic-
tive value. Dot plots were also used to show the distri-
bution and overlap of PaCO2 values for infants with and
without severe IVH, for each of the PaCO2 variables.
Similar analyses were performed for the subset of infants
who received IMV/CPAP (because PaCO2 could not be
controlled for infants not on respiratory support). The
relationships between median highest, lowest, and time-
weighted average PaCO2 and mild IVH (grades 1 and 2)
were also evaluated, to determine whether there was
dose dependence in the relationship between PaCO2 and
grade of IVH. A multivariate logistic regression analysis
with severe IVH as the dependent variable was per-
formed with independent variables including the main
prenatal and postnatal variables and the highest, lowest,
and time-weighted average PaCO2. All statistical analyses
were performed with SigmaStat 2.03 for Windows (Jan-
del Scientific, San Rafael, CA) and MedCalc 7.6 (Med-
Calc, Mariakerke, Belgium).

RESULTS
The 849 infants included in the study had a birth weight
(mean � SD) of 848 � 212 g and a gestational age of 26
� 2 weeks (Table 1); 21% were diagnosed as having
severe IVH and 5% as having PVL. A total of 71%
required IMV, and 79% received either CPAP and/or
IMV. Infants who did not require CPAP or IMV had a
lower incidence of severe IVH, compared with those
who received CPAP/IMV (6.3% vs 24.9%; P � .01).

Infants with severe IVH had significantly higher max-
imal PaCO2 and time-weighted average PaCO2 values,
whereas the minimal PaCO2 was significantly lower (Ta-
ble 2). Analysis of the AUC of the ROC curves indicated

that both extremes of PaCO2 were good predictors of
severe IVH (Table 3). AUC values of the ROC curves for
SD of PaCO2 and difference in PaCO2 were similar, indi-
cating that the magnitude of PaCO2 fluctuation was also
a good predictor of severe IVH. Statistically significant,
time-weighted PaCO2 did not predict severe IVH as well
as other PaCO2 variables. Maximal PaCO2 and difference
in PaCO2 were associated significantly with severe IVH
even for infants who did not receive either IMV or CPAP,
although the sample size of infants without IMV/CPAP
was limited and their incidence of severe IVH was lower
(n � 174; 11 with severe IVH) (Table 3). Infants receiv-
ing respiratory support (IMV or CPAP) had wider vari-
ations in their PaCO2 values, compared with those not
receiving support (maximal PaCO2: IMV/CPAP: median:
65 mm Hg; range: 54–77 mm Hg; no IMV/CPAP: me-
dian: 50 mm Hg; range: 45–57 mm Hg; minimal PaCO2:
IMV/CPAP: median: 34 mm Hg; range: 29–40 mm Hg;
no IMV/CPAP: median: 41 mm Hg; range: 35–45 mm
Hg; time-weighted average PaCO2: IMV/CPAP: median:
48 mm Hg; range: 40–49 mm Hg; no IMV/CPAP: me-
dian: 45 mm Hg; range: 43–53 mm Hg; difference in
PaCO2: IMV/CPAP: median: 30 mm Hg; range: 18–44
mm Hg; no IMV/CPAP: median: 8 mm Hg; range: 0–17
mm Hg; SD of PaCO2: IMV/CPAP: median: 9 mm Hg;
range: 6–12 mm Hg; no IMV/CPAP: median: 4 mm Hg;
range: 0–6 mm Hg; all P � .001).

FIGURE 1
Time-weighted PaCO2 calculation. In this example, the infant has 3 PaCO2 values for a
period of 10 hours. The equation shows how the time-weighted PaCO2 value would be
calculated.

TABLE 1 Patient Demographic Features

Birth weight, mean � SD, g 848� 212
Gestational age, mean � SD, wk 26� 2
Prenatal steroid use, % 73
IMV, % 71
IMV or CPAP, % 79
IVH (any degree), % 36
Severe IVH (grade 3 or 4), % 21
PVL, % 5

TABLE 2 Univariate Analyses of Maximal PaCO2, Minimal PaCO2,
Time-Weighted PaCO2, Difference in PaCO2, and SD of PaCO2
in Relation to Severe IVH (Papile Grade 3 or 4)

Severe IVH
(n � 179)

No Severe IVH
(n � 670)

P

Maximal PaCO2, median (25th
to 75th percentile range),
mm Hg

72 (61–89) 59 (50–70) �.001

Minimal PaCO2, median (25th
to 75th percentile range),
mm Hg

32 (27–37) 37 (31–42) �.001

Time-weighted PaCO2, median
(25th to 75th percentile
range), mm Hg

49 (44–54) 47 (41–52) �.01

Difference in PaCO2, median
(25th to 75th percentile
range), mm Hg

39 (26–55) 21 (11–35) �.001

SD of PaCO2, median (25th to
75th percentile range), mm
Hg

11 (8–15) 7 (4–11) �.001
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With the ROC curve and a dot plot (Fig 2) for each of
maximal PaCO2, minimal PaCO2, time-weighted PaCO2,
difference in PaCO2, and SD of PaCO2, an optimal thresh-
old was identified at which the highest sensitivity was
obtained with minimal loss of specificity (with increasing
sensitivity, specificity is lower). This optimal threshold
was determined automatically by the MedCalc software
and was confirmed through manual adjustment of the
threshold upward or downward and evaluation of the
sensitivity and specificity after these adjustments. Max-
imal PaCO2 of �60 mm Hg had 76% sensitivity and 54%
specificity, and minimal PaCO2 of �39 mm Hg had 81%
sensitivity and 42% specificity for severe IVH. Time-
weighted average PaCO2 of �52 mm Hg had 41% sensi-
tivity and 72% specificity (Fig 2). Infants with maximal
PaCO2 values of �60 mm Hg (n � 442; 52%) had a 31%
incidence of severe IVH, whereas infants with minimal
PaCO2 values of �39 mm Hg (n � 532; 63%) had a 27%
incidence. Infants with both maximal PaCO2 values of
�60 mm Hg and minimal PaCO2 values of �39 mm Hg (n
� 282; 33%) had a 38% incidence, whereas those
within the “optimal” range of PaCO2 values of 39 to 60
mm Hg (n � 156; 18%) had only a 3% incidence of
severe IVH.

In the multivariate logistic regression analysis, maxi-
mal PaCO2, minimal PaCO2, and time-weighted average
PaCO2 (either as continuous variables or as dichotomous
variables, with the thresholds noted above) were all
associated independently with severe IVH, in addition to

the clinical variables of lower gestational age, absence of
pregnancy-induced hypertension, absence of premature
rupture of membranes, lack of prenatal steroid exposure,
lower 5-minute Apgar score, and need for IMV (Table 4).
Additional multivariate logistic regression analyses with
SD of PaCO2 and difference in PaCO2 as independent
variables were performed, but the overall model fit was
similar and, because the predictive ability was being
parceled out among more variables, SD of PaCO2 and
difference in PaCO2 reduced the statistical significance of
the highest, lowest, and time-weighted average PaCO2

values (data not shown).
Any-grade IVH (grade 1, 2, 3, or 4) was also analyzed

in relation to PaCO2 variables. In comparison with infants
without IVH, infants with any-grade IVH had signifi-
cantly higher maximal PaCO2 (any-grade IVH: 66 mm
Hg: no IVH: 58 mm Hg; P � .001) and time-weighted
average PaCO2 (any-grade IVH: 48 mm Hg; no IVH: 47
mm Hg; P � .05) values, whereas the minimal PaCO2 was
significantly lower (any-grade IVH: 34 mm Hg; no IVH:
37 mm Hg; P � .001). However, these differences were
mainly attributable to severe IVH, because no significant
differences in PaCO2 were noted in infants with mild
(grade 1 or 2) IVH, compared with infants without IVH
(maximal PaCO2: mild IVH: 59 mm Hg; no IVH: 58 mm
Hg; P � .16; AUC: 0.54; 95% CI: 0.50–0.58; minimal
PaCO2: mild IVH: 36 mm Hg; no IVH: 37 mm Hg; P � .08;
AUC: 0.55; 95% CI: 0.51–0.59; time-weighted average
PaCO2: mild IVH: 47 mm Hg; no IVH: 47 mm Hg; P � .71;
AUC: 0.50; 95% CI: 0.46–0.54). Infants with PVL had
significantly lower minimal PaCO2 values (33 vs 36 mm
Hg; P � .05), but maximal and time-weighted average
PaCO2 values were not different (66 vs 61 mm Hg and 48
vs 48 mm Hg, respectively).

DISCUSSION
Our study indicates that extreme levels of PaCO2,
whether high or low, and wider variation in PaCO2 val-
ues for an individual neonate, as indicated by a larger SD
or difference in PaCO2, are associated with severe IVH in
VLBW infants and this association persists even after
adjustment for major perinatal variables. Although cau-
sality should not be inferred, it may be prudent to avoid
extremes of PaCO2 during the period of risk for IVH.

There are limitations to this retrospective study, be-
cause of biases resulting from confounding by factors
associated with the availability of data and imprecision
of estimates resulting from lack of a standard clinical
protocol and data collection procedures. Infants who are
sicker may have more blood gas evaluations, with ex-
tremes in blood gas values being more likely to be de-
tected. PaCO2 levels could not be controlled by clinicians
for the 21% of the infants who did not receive IMV or
CPAP. However, maximal PaCO2 and SD of PaCO2 were
associated with severe IVH even in infants who did not
receive IMV/CPAP, although the incidence of severe IVH

TABLE 3 AUC of the ROC Curve for PaCO2 Variables in Relation to
Severe IVH for All Infants and for the Subsets of Infants
Who Received CPAP/IMV (n � 675) or Did Not Receive
Such Respiratory Support (n � 174)

AUC 95% Confidence
Interval

P

Maximal PaCO2
All infants 0.70 0.67–0.73 �.0001
No CPAP/IMV 0.74 0.67–0.80 �.01
CPAP/IMV 0.66 0.65–0.70 �.0001

Minimal PaCO2
All infants 0.66 0.62–0.69 �.0001
No CPAP/IMV 0.57 0.50–0.65 .40
CPAP/IMV 0.63 0.60–0.67 �.0001

Time-weighted PaCO2
All infants 0.58 0.54–0.61 �.005
No CPAP/IMV 0.61 0.54–0.69 .20
CPAP/IMV 0.55 0.51–0.59 �.05

Difference in PaCO2
All infants 0.74 0.71–0.77 �.0001
No CPAP/IMV 0.73 0.66–0.79 �.01
CPAP/IMV 0.70 0.66–0.73 �.0001

SD of PaCO2
All infants 0.71 0.68–0.74 �.0001
No CPAP/IMV 0.68 0.60–0.74 .06
CPAP/IMV 0.68 0.64–0.71 �.0001

The AUC of the time-weighted PaCO2 was significantly lower than the AUCs of maximal PaCO2,
minimal PaCO2, difference in PaCO2, and SD of PaCO2 for all infants (P � .05).
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FIGURE 2
ROC curves (left) and dot plots (right) of maximal PaCO2 (A), minimal PaCO2 (B), time-weighted PaCO2 (C), PaCO2 maximum to minimum range (D), and SD of PaCO2 (E) in relation to the
outcome of severe IVH (Papile grades 3 or 4). The optimal threshold and the sensitivity (Sens) and specificity (Spec) for severe IVH are included for each dot plot.
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was lower in that population. Arterial blood gas samples
were drawn usually from indwelling arterial catheters,
but a few infants, especially those not requiring IMV, did
not have arterial access or the arterial catheters were
removed within 1 or 2 days after birth. Therefore, some
blood gas samples were arterialized capillary blood gas
samples or blood gas samples obtained through direct
arterial puncture. The 21% incidence of severe IVH in
this study is possibly higher than expected, because of
the center practice of aggressive resuscitation and very
low rates of early death (2% of all live-born extremely
low birth weight infants died within the first 24 hours
after birth), which led to an increase in early survival
rates and perhaps also an increase in the number of
infants at risk for IVH.

Our study has many strengths. The sample size for
this study and the number of blood gas samples analyzed
are larger than those of many similar studies. In addi-
tion, data from all blood gas samples from the first 4 days
were included, without limiting the analyses to selected
time points. Our study did not rely solely on measure-
ments of maximal PaCO2 but also included estimations of
both low PaCO2 and time-weighted PaCO2 and identified
optimal thresholds of both high and low PaCO2.

Time-weighted PaCO2 did not predict severe IVH as
well as either extreme level of PaCO2. Time-weighted
PaCO2 would not change much if the same infant has
alternating periods (fluctuations) of high and low PaCO2.
The association of a larger SD or difference in PaCO2 with
severe IVH suggests that this may indeed be the case.
Because the average PaCO2 was not much increased, it is
likely that infants with IVH were not harder to ventilate
and therefore did not have much sicker lungs (suggest-
ing a greater degree of immaturity), compared with
those without IVH. Extremes and fluctuations of PaCO2

were associated with severe IVH (grades 3 and 4) but not
with milder grades of IVH (grades 1 and 2). Therefore, it
is possible that abnormal levels of PaCO2 are more likely
involved in extension of preexisting hemorrhage, rather
than initiation or development of IVH. It is also possible
that severe IVH may lead to fluctuations in spontaneous
respiratory effort, resulting in fluctuations and more ex-

tremes in PaCO2. Unlike IVH, PVL was associated only
with a lower minimal PaCO2 and not with high, time-
weighted average, or fluctuating PaCO2, which confirms
previous observations.12,13,16,17 This difference may be at-
tributable to differences in the pathophysiologic features
of IVH and PVL.

Our study suggests that careful and frequent or con-
tinuous monitoring of PaCO2 may be important and that
extreme or widely fluctuating PaCO2 levels should be
avoided for VLBW infants. In the routine NICU setting,
oxygenation is monitored easily with pulse oximetry but
PaCO2 is monitored only infrequently with blood gas
analyses. Alternative methods to indicate trends in PaCO2

values, such as transcutaneous or end-tidal carbon diox-
ide measurements, are not used commonly. Although
moderate hypercapnia seems to be safe,22–25 more ex-
treme levels of hypercapnia during the period of risk for
IVH have not been proved to be safe.

The main finding from this study is that both ex-
tremes of PaCO2 are associated with increased risk of
severe IVH in VLBW infants. The sensitivities and spec-
ificities of the extremes of PaCO2 for severe IVH are not
high enough for use in clinical settings, but these thresh-
olds may prove useful in characterization of the patho-
genesis of severe IVH. Additional studies are necessary to
determine the mechanisms through which low and fluc-
tuating PaCO2 levels can lead to severe IVH. Possible
mechanisms may include ischemia during the period of
hypocapnia, followed by hemorrhage or extension of
existing hemorrhage during the period of reperfusion. It
is also necessary to confirm that marked fluctuations in
PaCO2 and secondarily in CBF are associated with severe
IVH. Clinical trials will be required to demonstrate that
avoidance of hypocapnia and extreme fluctuations of
arterial PaCO2 leads to reductions in severe IVH.
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