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ABSTRACT

The purpose of the present study was to test the hypothesis
that newborns =28 wk gestation who have a Pco, measurement
in the lowest gestational age-specific quartile (hypocarbia) on the
first day of life are not at increased risk for ultrasonographic
white matter echolucency (EL) after adjustment for confounders.
The sample consisted of 799 infants =28 wk gestation born
during 1991-1993. Forty-eight infants with EL were classified as
cases and compared with 751 controls, i.e. those without EL. We
performed univariable comparisons, stratified analyses, and mul-
tivariable logistic regression. In the univariable analyses, hypo-
carbia on the first day of life was associated with an increased EL
risk. The odds ratios for the hypocarbia-EL relationship were
prominently elevated in the strata of infants who did not have
other major risk factors for EL (e.g. gestational age 2628 wk,

White matter EL predicts spastic cerebral palsy among
preterm very-low-birth-weight infants (1-3). Among the risk
factors we previously found for EL are subnormal neonatal
thyroid hormone levels (4), absence of antenatal exposure to
corticosteroid (5), and inflammation of the fetal vessels in the
chorionic plate or umbilical cord (fetal vasculitis) (6). Al-
though hypoxia-ischemia is a causative factor in controlled
experimental settings (7, 8), its role as a risk factor for EL in
preterm infants is less clear (9).

Extremely low carbon dioxide levels appear to be associated
with an increased risk for ultrasound-defined WMD (10-15)
and cerebral palsy (16, 17). Many of these studies, however,
suffer from small numbers and/or the lack of adjustment for
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normothyroxinemia, no characteristics of antenatal infection). In
the multivariable analyses, the association diminished after ad-
justment with a hypocarbia propensity score (odds ratio = 1.7,
95% confidence interval, 0.8-3.2) or with potential confounders.
(Pediatr Res 49: 388-393, 2001)

Abbreviations
Paco,, partial pressure of arterial carbon dioxide
MAP, mean arterial pressure
OR, odds ratio
EL, echolucency
PVL, periventricular leukomalacia
WMD, white matter damage

potential confounders in multivariable analyses. In the present
study, we compared the occurrence of hypocarbia among 48
infants with ultrasonographic EL to that among 751 infants
who did not have EL. Our study has the advantages of large
size (n = 799), detailed high-quality data about outcome and
many antecedents, and the use of a propensity score to adjust
for antecedents of hypocarbia.

METHODS

Permission. The present study was approved by the Institu-
tional Review Boards of all participating centers. Written
informed consent was obtained before enrollment of an infant
was initiated.

Sample. The multicenter cohort that provided the study
population for these analyses enrolled 1607 very-low-birth-
weight infants (500—1500 g) born January 1, 1991 through
December 31, 1993 at five medical centers in the cities of
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Boston, MA, New York City, NY, and New Brunswick, NJ,
who had at least one of three cranial ultrasound scans at times
established by the study design (4—6, 18-21). Infants with
major malformations were excluded.

Defining preterm populations by birth weight rather than
gestational age results in an overrepresentation of growth-
restricted infants at older gestational ages (22). To minimize
this bias, we limited these analyses to infants whose gestational
age was = 28 completed wk (n = 799).

Data collection. We used standardized data collection forms
for the documentation of pre- and postnatal exposures and
ultrasound (i.e. outcome) findings. The infant’s sociodemo-
graphic characteristics, mother’s characteristics and exposures
during pregnancy, events leading to preterm delivery, and labor
and delivery characteristics were collected by interview of the
mother and from detailed review of medical records.

Ultrasound data. Manuals were created to standardize the
ultrasound-scanning procedure and the interpretation of scans.
The six standard coronal views were those recommended by
Teele and Share (23). The five sagittal views include the
midline, each lateral ventricle, and lateral to each lateral ven-
tricle. Protocol scans were obtained once during the first 4
postnatal d (median = d 1), once between postnatal d 5-15
(median = d 7), and once between d 15 and 60 (median = d
21). The first protocol cranial ultrasound set of scans was
available for 766 infants, the second set for 688, and the third
set for 637.

Each set of scans was read independently by two sonolo-
gists. Scans were brought to a consensus committee if either
reader identified an EL anywhere in the cerebral white matter.
The definite diagnosis of EL required consensus among a
minimum of three sonologists reading together about the pres-
ence, size, and location of all hypoechoic white matter
abnormalities.

Hypocarbia. The lowest Pco, on postnatal d 1 in an arterial
or capillary serum sample was the basis for our definition of
hypocarbia. Because Pco, on d 1 increases with increasing
gestational age (Fig. 1), we created a Z score for the lowest
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Figure 1. The lowest carbon dioxide measurement on postnatal d 1 in 799
preterm infants plotted against gestational age. The solid line indicates the Pco,
level separating the lowest from the three upper Pco, quartiles. The dashed line
defines Pco, <30 mm Hg. The symbol x indicates infants with white matter EL
on neonatal cranial ultrasound. Dots represent individual control infants or
control infants sharing the same gestational age and Pco,
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Pco, that adjusts for completed weeks of gestation. This was
achieved by subtracting the gestational age-specific median
from each child’s Pco, and dividing the resulting number by
the gestational age-specific SD of Pco,. We then defined those
infants in the lowest Z-score quartile as hypocarbic. Thereby,
an infant needed to be below the solid line in the Figure to be
classified as having been exposed to hypocarbia. Infants above
the solid line were classified as not exposed, including infants
between the two lines who would have been classified as
exposed had we used a fixed cutoff value of Pco, for exposure
definition, for example, 30 mm Hg (dashed line, Fig. 1).

Potential confounders. Gestational age was defined by an-
tenatal ultrasound (33%), dates (64%), or examination in the
delivery suite (3%). The birth weight distribution within each
gestational age week was normalized using a Z score. A birth
weight Z score of < —1 indicates a birth weight more than 1
SD below the gestational age-specific median. Antenatal mag-
nesium sulfate, corticosteroid, and antibiotic therapy were
recorded as present or absent. Chorioamnionitis was defined as
the presence of polymorphonuclear leukocytes in the chorion
or chorioamnion. Fetal vasculitis is a morphologic character-
istic of a fetal inflammatory response we define as polymor-
phonuclear leukocytes in the wall of a blood vessel in the
umbilical cord or chorionic plate (6).

We calculated the lowest MAP using the following formula:
lowest MAP = lowest diastolic blood pressure + (pulse
pressure/3), where the pulse pressure = lowest systolic pres-
sure — lowest diastolic pressure. We created a Z score for the
lowest MAP among infants classified by their completed weeks
of gestation. This was achieved by subtracting the gestational
age-specific median from each child’s MAP and dividing the
resulting number by the gestational age-specific SD of MAP.
We finally defined those infants in the lowest epoch-specific
MAP Z-score quartile as hypotensive. The administration of
vasopressors and volume expanders was included as either
present or absent. A neonatal white blood cell count <6000
was defined as leukopenia. Hypothyroxinemia of prematurity
was defined as a neonatal total thyroxine serum value <5.3
rg/dL, the cutoff between the lowest quartile and the remain-
der of our entire sample (4).

Hypothesis. The main null hypothesis of this study is that
infants with EL are no more likely than those without EL to be
exposed to hypocarbia during the first 24 h of life.

Specific analytic issues. All 47 infants with EL (cases) were
compared with 751 without EL (controls). Infants who had an
echodensity were excluded if they had no EL and no later
ultrasound scan to establish that the echodensity either disap-
peared (so they could be considered controls) or became an EL
(so they could be considered cases).

In our exploratory analyses, exposure to hypocarbia was
more frequent among infants with EL only on the first day of
life but not later (Table 1). We, therefore, did not include
exposure information from later time points.

We compared the prevalence of potential confounders
among cases and controls. We considered confounders to be
those variables that were unequally distributed (p = 0.3) (24)
among infants classified by exposure (hypocarbia) and by
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Table 1. Prevalence (column percent) of hypocarbia among infants
with and without white matter EL on d 1, d 2—4, and d 5-7

White matter EL

Yes No
Hypocarbia on d (max. n = 48) (max. n = 751) p
1 36 23 0.02
2-4 25 25 0.56
5-7 21 26 0.29

outcome (EL) and unlikely to be situated on the presumed
causal pathway from hypocarbia to EL.

Hypocarbia may be a marker of an antecedent (e.g. mechan-
ical ventilation leading to hypocarbia; see Table 2). To avoid
attributing to hypocarbia what may more appropriately be
attributed to its antecedents, which include medical care deci-
sions, we created a propensity score (25) for hypocarbia. In
brief, we fit a logistic regression model that predicted hypo-
carbia, including the antecedent variables associated with hy-
pocarbia on the univariable level with a p value = 0.3 (24).
These were gestational age <26 wk, birth-weight Z score <
—1, male sex, maternal receipt of antenatal magnesium sulfate,
initiator of preterm delivery, labor >12 h, rupture of membrane
>24 h, maternal leukocytosis, antenatal antibiotic treatment,
mechanical ventilation, systemic hypotension on d 1, neonatal
leukopenia on d 1, neonatal hypothyroxinemia, and adminis-
tration of volume expanders and/or vasopressors on d 1 (see
Tables 3-5). The propensity score is the predicted probability
of hypocarbia based on the model. We used this score as a
covariable with hypocarbia in multivariable logistic regression
models predicting EL. We also created logistic regression
models using different sets of individual confounders instead of
the propensity score.

With a sample size of 799 infants, an estimated exposure
prevalence of 25% among controls (e.g. the lowest quartile of
Pco,), and 48 infants with EL, our analyses have a statistical
power of 93% to detect a doubling in EL risk with hypocarbia.

Terminology. Some investigators use terms such as IVH
grade IV, cystic PVL, or even ischemic lesions for ultrasound
findings. We prefer the umbrella term EL to avoid any a priori
attribution of pathologic diagnoses or etiologic inferences to
sonographic findings (9, 26).

We use the term Pco, for carbon dioxide values from our
study. When referring to the work of others, we use either Pco,
or Paco, in accordance with the other authors’ terminology.

RESULTS

On the first day of life, 36% of infants with EL had hypo-
carbia compared with 23% of those without (Table 1). The

Table 2. Percent of infants with white matter EL on d 1 among
799 infants =28 wk gestation in groups of infants defined by the
presence/absence of hypocarbia and mechanical ventilation

Hypocarbia on d 1

Yes No
Yes 10 (167) 6 (427)
Ventilation
No 0 (15) 2 (190)

No. in parentheses are the no. of infants in each of the four groups.
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finding that later hypocarbia was not associated with EL
prompted us to focus on the first day of life in all further
analyses.

Of the 182 infants with hypocarbia, only 15 (8%) were not
ventilated, and none of these infants had EL (Table 2). Among
infants who were ventilated, hypocarbia appeared to increase
the EL risk from 6 to 10%, whereas the EL risk was apprecia-
bly lower among nonventilated infants.

Gestational age and male sex were the only infant charac-
teristics related to both hypocarbia and EL with a p value = 0.3
(Table 3). The only obstetric, maternal, and placental variables
identified as potential confounders were duration of labor >12
h and maternal antenatal antibiotic therapy (Table 4). The
major postnatal characteristics associated with both hypocarbia
and EL were mechanical ventilation, hypotension, hypothyrox-
inemia, and volume expander/vasopressor treatment (Table 5).

In the total sample of infants =28 wk, hypocarbia was
associated with a 90% EL risk increase in the univariable
analysis and with a 70% risk increase when we adjusted with
the propensity score (Table 6). Adjustment for individual
confounders and the propensity score or for sets of confounders
without the score did not reduce the OR appreciably below 1.7
(data not shown). In high-risk strata (i.e. among infants who
were <26 wk or hypothyroxinemic or exposed to antenatal
antibiotic treatment), the risk for EL after hypocarbia was not
increased. On the other hand, it was tripled in the correspond-
ing low-risk strata. It was also increased approximately 2-fold
in one high-risk stratum of infants who received volume
expanders or vasopressors.

DISCUSSION

In univariable analyses and in strata of infants at otherwise
low risk for EL, hypocarbia appeared to be a significant risk
factor for EL. Because unadjusted prevalences of EL led to the
impression that some antecedents of hypocarbia (e.g. ventila-
tion) are more important than hypocarbia in distinguishing who
develops white matter EL (Table 2), we adjusted for a propen-
sity score derived from variables that predict hypocarbia.

Propensity scores are used in observational studies to adjust
for nonrandom treatment allocations (25). We adjusted for
nonrandomly occurring differences in background variables
associated with hypocarbia because hypocarbia is closely re-
lated to a nonrandomly allocated treatment, i.e. ventilation. By
reducing 14 antecedents of hypocarbia to one summary score,
we also reduced the degrees of freedom in our logistic regres-
sion model.

The resulting multivariable risk estimate is relatively small
(OR = 1.7) and not statistically significant (95% confidence
interval, 0.8—-3.2). However, our finding of an OR of 1.7 may
be real whether statistically significant or not. Thus, there could
be a 60 to 70% risk increase we cannot explain away using the
antecedent variables we have at hand. This would leave us with
the challenge of explaining how hypocarbia may be associated
with EL.

First, there may be a causal relationship. In experimental
models, decreases in systemic Pco, levels are associated with
decreased cerebral blood flow, which in turn has been sug-
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Table 3. Infant characteristics (column percents) among infants =28 wk (n = 799) classified by hypocarbia and by white matter EL

Hypocarbia White matter EL
Yes No Yes No

Characteristic maximum 7 (182) 617) P (48) (751) P
White matter EL 9 5 0.03
Pco2 in lowest gestational 35 22 0.03

age-specific quartile

Pco2 <30 mm Hg 60 37 0.001
Gestational age <26 wk 31 35 0.15 52 33 0.007
Birth weight Z score <—1 25 17 0.01 19 19 0.58
Male 49 53 0.16 46 53 0.21
Singleton 72 74 0.37 83 73 0.07

Table 4. Obstetric, maternal, and placenta characteristics (column percents) among infants <28 wk (n = 799) classified by hypocarbia
and by white matter EL

Hypocarbia White matter EL
Yes No Yes No
Characteristic maximum 7 (182) (617) p (48) (751) p
Antenatal magnesium sulfate 49 46 0.24 44 46 0.42
Any antenatal corticosteroids 53 50 0.37 29 52 0.001
Initiator of delivery
Preterm labor 49 45 0.06 46 46 0.99
Premature rupture of membranes 31 31 33 31
Toxemia / PIH* 14 11 10 11
Other 7 14 10 12
Duration of labor >12 h 36 29 0.06 38 30 0.16
Duration of membrane rupture > 24 h 32 27 0.14 31 28 0.39
Cesarean section delivery 56 57 0.41 42 58 0.02
Maternal fever > 100.4°F 28 30 0.31 40 29 0.09
Maternal white blood cell count > 20 k 25 23 0.28 27 23 0.32
Maternal antibiotic therapy 42 46 0.23 52 45 0.19
Any chorioamnionitis 61 59 0.40 70 59 0.16
Fetal vasculitis 42 43 0.53 60 42 0.04

* PIH, pregnancy-induced hypertension

Table 5. Postnatal characteristics (column percents) among infants =28 wk (n = 799) classified by hypocarbia and by white matter EL

Hypocarbia White matter EL
Yes No Yes No
Characteristic maximum 7 (182) (617) P (48) (751) p
Mechanical ventilation 92 69 <.001 90 73 0.007
Lowest MAP <23 mm Hg 36 36 0.51 47 35 0.08
Lowest MAP in lowest gestational 28 25 0.28 32 26 0.22
age-specific quartile
Leukopenia (WBC < 6 K) 27 24 17 26 24 49
Highest Pco2 > 60 mm Hg 15 26 .001 21 24 .38
Highest Pco2 in highest gestational 14 28 <.001 21 25 32
age-specific quartile
Hypothyroxinemia 32 36 21 55 33 .005
Volume expander or vasopressor 75 52 <.001 73 56 .01

gested as a risk factor for brain abnormalities (27). Second,
hypocarbia may be a marker for a risk factor we did not
measure. The strong association of hypocarbia with variables
of intervention (mechanical ventilation, vasopressor or volume
expander treatment) suggests that hypocarbia may be a mea-
sure of illness severity, which in turn may be either a cause or
a marker of WMD.

As always, some stratified analyses suffer from small num-
bers more than others. However, in some strata, the association
between hypocarbia and EL was statistically significant. Some
of these were in strata of infants who may be considered at
lower overall risk than their peers in the counterstratum (>26

wk gestational age, normothyroxinemic, and infants not ex-
posed to antenatal antibiotic treatment). Here, the concept of
competing risks may apply. In short, only if an infant is not at
risk for some other reason may he be at increased risk for EL
due to hypocarbia.

The only other stratum in which hypocarbia was associated
with a significantly increased EL risk was the one characterized
by the receipt of volume expanders or vasopressors. This
finding is not consistent with a competing-risks hypothesis
because infants with white matter EL were more likely than
controls to be exposed to volume expanders or vasopressors
(Table 5). Unfortunately, we lack information about the hypo-
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Table 6. Unstratified and stratified analyses among infants =28 wk (n = 799)

OR (95%, CI)

Crude Adjusted*
UNSTRATIFIED 1.9 (1.05-3.6) 1.7(0.8-3.2)
STRATIFIED
Gestational age <26 wk yes 1.3 (0.5-3.3) 1.0 (0.3-2.8)
no 3.1 (1.3-7.2) 2.6 (1.0-6.7)
Any antenatal corticosteroid yes 1.8 (0.6-5.6) 1.5 (0.4-5.0)
no 2.1 (.98—4.4) 1.6 (0.7-3.6)
Fetal vasculitis yes 1.5 (0.5-4.5) 1.0 (0.3-3.6)
no 2.0 (0.6-6.8) 3.2 (0.8-13)
Hypothyroxinemia yes 1.2 (0.4-3.8) 1.6 (0.6-4.4)
no 3.8 (1.7-8.6) 3.1 (1.1-8.9)
Volume expanders or vasopressors yes 24 (1.2-4.8) 2.3 (1.1-4.7)
1o i i
MAP in lowest gestational age-specific quartile yes 2.1 (0.7-6.2) 3.0 (0.9-10)
no 1.8 (0.9-3.9) 1.3 (0.6-3.0)
Female yes 2.0 (0.9-4.7) 2.1 (0.9-5.3)
no 1.8 (0.7-4.5) 1.0 (0.4-2.9)
Any antenatal antibiotic yes 1.2 (0.4-3.0) 0.9 (0.3-2.9)
no 3.1 (1.3-7.3) 2.7 (1.1-6.6)
Mechanical ventilaton yes 1.7 (0.9-3.3) 1.7 (0.9-3.4)
no i i

Strata are defined by the presence or absence of the characteristics on the left. All OR and 95% confidence intervals (CI) are for hypocarbia predicting white

matter EL.
* Multivariable models adjusting with a propensity score for hypocarbia.
1 Calculation not possible.

carbia-EL relationship in the counterstratum.

Previous reports on the relationship between hypocarbia and
cerebral WMD or its correlates are of considerable heteroge-
neity regarding sample definition and size, definition of hypo-
carbia, and analytic methods. Initially, studies were small and
did not use multivariable techniques (10, 16). Most subsequent
studies were larger (11-13), but still no multivariable data
analyses were reported by some (13). Hypocarbia was a risk
factor for PVL in some (14) but not all studies of high-
frequency jet ventilation (15, 28).

Case reports such as one reporting tachypnea after extuba-
tion in a child who later developed PVL (29) do not allow for
any causal inference. The interesting question remains, why do
infants hyperventilate after extubation? Salokorpi et al. (17)
recently reported that a Paco, <3 kPa (25 mm Hg) on two
occasions during the first 3 wk of life was associated with a
(statistically insignificant) doubling of cerebral palsy risk, but
no multivariable analyses were offered.

Strengths and limitations. Among the strengths of our study
are the large sample, the data quality, the use of a gestational
age-specific definition of hypocarbia, and the use of a hypo-
carbia propensity score in multivariable models. Among the
disadvantages are the use of Pco, values from different sources
(i.e. arterial, venous, and capillary serum samples) and the
availability of only one (the lowest) Pco, value obtained on the
first postnatal day.

CONCLUSION

After adjustment with a propensity score, hypocarbia on the
first day of life was not associated with a significant risk
increase for EL among preterm infants =28 wk gestation. The
modestly increased risk (OR 1.7) may indicate either a true

causal effect of hypocarbia or that hypocarbia is a marker for
other risk factors or even causes of EL.
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