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Ventilatory management patterns in very low birth weight
newborns, particularly iatrogenic hypocapnia, have occasionally
been implicated in perinatal brain damage. However, such rela-
tionships have not been explored in large representative popula-
tions. To examine the risk of disabling cerebral palsy in mechan-
ically ventilated very low birth weight infants in relation to
hypocapnia and other ventilation-related variables, we conducted
a population-based prospective cohort study of 1105 newborns
with birth weights of 500–2000 g born in New Jersey from
mid-1984 through 1987, among whom 777 of 902 survivors
(86%) had at least one neurodevelopmental assessment at age 2 y
or older. Six hundred fifty-seven of 777 assessed survivors
(85%), of whom 400 had been mechanically ventilated, had
blood gases obtained during the neonatal period. Hypocapnia
was defined as the highest quintile of cumulative exposure to
arterial PCO2 levels �35 mm Hg during the neonatal period.
Disabling cerebral palsy was diagnosed in six of 257 unventi-
lated newborns (2.3%), 30 of 320 ventilated newborns without
hypocapnia (9.4%), and 22 of 80 ventilated newborns with
hypocapnia (27.5%). Two additional ventilatory risk factors for
disabling cerebral palsy were found—hyperoxia and prolonged
duration of ventilation. In a multivariate analysis, each of the

three ventilatory variables independently contributed a 2- to
3-fold increase in risk of disabling cerebral palsy. These risks
were additive. Although duration of mechanical ventilation in
very low birth weight newborns likely represents severity of
illness, both hypocapnia and hyperoxia are largely controlled by
ventilatory practice. Avoidance of arterial PCO2 levels �35 mm
Hg and arterial PO2 levels �60 mm Hg in mechanically venti-
lated very low birth weight infants would seem prudent. (Pediatr
Res 50: 712–719, 2001)

Abbreviations
CBF, cerebral blood flow
CHCE, cumulative hypocapnia exposure
CHOE, cumulative hyperoxia exposure
CI, confidence interval
CP, cerebral palsy
DCP, disabling cerebral palsy
GA, gestational age (at birth)
PaCO2, arterial PCO2

PaO2, arterial PO2

PVL, periventricular leukomalacia
VLBW, very low birth weight

The successes of neonatal intensive care during the past two
decades in reducing neonatal mortality have not been matched
by success in reducing the risk of CP and other neurodevelop-
mental disorders. The population prevalence of CP has
changed little in developed countries during the past three
decades (1–7).

CP has generally been thought to be caused by antepartum or
intrapartum factors. But some recent studies in low birth
weight infants have focused on the relationship of components
of neonatal intensive care, particularly the management of

mechanical ventilation, as risk factors for brain damage. Sev-
eral studies have pointed to the possibility that the iatrogenic
induction of hypocapnia (low PaCO2) might cause brain dam-
age, mediated via the well-established effects of hypocapnia in
decreasing CBF. Under normal circumstances, a direct mono-
tonic relationship between CBF and PaCO2 and an inverse
relationship of CBF to PaO2 provide a compensatory mecha-
nism through which hypoxemia or hypercapnia can provoke
cerebral vasodilation. However, under circumstances of artifi-
cial hypocapnia or hyperoxemia the same mechanism could
result in an inappropriate reduction in CBF.

Although some neonatologists try to avoid hypocapnia (8,
9), studies supporting such a policy have not been definitive.
Studies linking hypocapnia with brain damage have generally
included only small numbers of VLBW newborns, and have
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for the most part used ultrasonographic evidence of white
matter damage, rather than the diagnosis of CP, as the outcome
measure of interest.

We therefore explored the association between hypocapnia
and DCP in a large, population-based cohort of infants �2000
g who have been the subjects of long-term follow-up. Data
collected on these infants allow for an approximation of their
CHCE during their first 8 d of life, as well as other ventilatory
variables that may also contribute to risk of DCP.

This analysis was undertaken to test the hypothesis that
CHCE in the first neonatal week was associated with an
increased risk for DCP. In the course of evaluating possible
confounding or effect-modifying factors, however, we discov-
ered two other ventilatory factors with risks for DCP similar in
magnitude to those of hypocapnia: CHOE and a duration of
ventilation beyond that predicted by GA. This report also
presents data relative to these two variables and their relation-
ship to the association between DCP and hypocapnia, but we
emphasize that, unlike the case for hypocapnia, their relation-
ship to DCP was not hypothesized a priori.

METHODS

Study Population. This study was approved by the Institu-
tional Review Board of Columbia University College of Phy-
sicians and Surgeons and the University Committee on Re-
search in Human Subjects of Michigan State University.
Written informed consent was obtained from the parents of
participating children.

Between September 1, 1984, and June 30, 1987, 1105
newborns weighing 501 to 2000 g at birth were enrolled in a
prospectively studied cohort that consisted of all live births and
transported-in newborns cared for in three newborn intensive
care units in central New Jersey. The cohort has been described
in detail elsewhere (10). From examination of the New Jersey
vital data, we know that the study population constitutes 83%
of the total population of 1318 births weighing 500 to 2000 g
born in the three-county region during this time period. Twen-
ty-six percent of the cohort was African-American and 25%
were products of multiple births. Extensive data were collected
on each mother-infant pair from the mother’s prenatal record,
the record of her labor and delivery, the infant’s hospital
record, and a maternal interview soon after the delivery of her
child.

Of the 1105 infants enrolled, 982 (89%) were born in the
study center, and 123 (11%) were born outside the study
center. One hundred sixty-seven infants died in the hospital
and 37 died later, leaving 901 infants available for follow-up
examination at age 2 y. Seven hundred twenty-one of these
children were seen for follow-up examination at age 2 y, and
an additional 56 had their age 2 neurodevelopmental status
assessed by maternal interview or questionnaire.

For the purposes of this study, we focused on the 953 (86%)
infants in the sample in whom neonatal blood gas measure-
ments had been performed within the first 8 d of life. Five
hundred eighty-five of these 953 infants had been mechanically
ventilated. One hundred fifty-five (16.3%) died before dis-
charge, 31 died between discharge and age 2 y, and 110 (14.3%

of survivors) were otherwise lost to follow-up. The subjects of
this study were the 657 remaining infants (400 ventilated and
257 unventilated) with an examination or maternal interview at
age 2 y. Ninety-three of these infants weighed �1000 g at
birth. Relevant characteristics of newborns from the variously
sampled subgroups of the cohort are shown in Table 1 (11).
Among survivors, follow-up was less likely to be accom-
plished with infants who were nonwhite or born outside the
study center.

Neurologic Examination at Age 2 and Diagnosis of DCP.
Age at assessment was 2 y after the expected due date based on
the mother’s menstrual history. The examination focused on
the detection of major developmental handicaps. Motor status
was quantitatively assessed by a specially trained nurse or
nurse-practitioner, who examined the child’s motor tone, ex-
trapyramidal movements, and tendon reflexes in all limbs and
scored each on an ordinal scale. The nurse noted the preser-
vation of primitive reflexes and obtained goniometric measure-
ments of the range of hip abduction and extension, popliteal
extension, and ankle dorsiflexion. If the nurse could not se-
curely classify the child as free of motor disorder, the child was
referred to one of four consultant child neurologists. The
neurologist completed a form identical to the nurse’s screening
form except that goniometry was not repeated, and classifica-
tion of CP by subtype (disabling or nondisabling) was re-
corded. Because many referred children were not seen by the
child neurologist, medical records were also used, in combi-
nation with the nurse’s assessment, to assign the diagnosis of
CP.

CP was classified as disabling when, in addition to specific
neurologic findings, any of the following conditions were met:

1. Inability to walk 10 steps unaided by age 2 y
2. Bayley motor score �1 SD lower than performance score
3. Receipt of physical therapy for motor disability
4. Receipt of surgical intervention for motor disorder
5. Use of braces or other physical assistance devices
From the 657 infants who are the subject of this review, 58

cases of DCP were diagnosed at age 2 y. Fifteen arose from the
group with birth weight �1000 g. Reliability of the diagnosis
of DCP by these criteria was recently assessed through review
of a sample of 51 records from this study by six expert
international reviewers. The kappa score for the discrimination
of DCP from nondisabling CP and from normal averaged 0.87
across reviewers (12). The majority of children classified at age
2 y as having DCP have been examined later, and all but one
was classified at age 9 y as having definite CP. Although no
new cases of DCP have thus far been confirmed in later
examinations in this cohort, a comprehensive review of the
records of all children with motor difficulties at age 9 y is
currently in progress.

Neonatal Blood Gas Sampling and Assessment of Cumu-
lative Hypocapnia and Hyperoxemia. Blood specimens for
measurement of PaO2, PaCO2, and pH were taken throughout the
neonatal period as a part of the clinical management of each
newborn. Among ventilated newborns, the source of the blood
was listed as arterial or from the umbilical artery in 89.5%,
capillary in 8.5%, and not specified in 2%, whereas among

713VENTILATION AND RISK OF CEREBRAL PALSY



unventilated newborns, the blood gas source was arterial or
umbilical arterial in 62.6% and capillary in 36.7%.

A PaCO2 � 35 mm Hg (4.7 kPa) has sometimes been viewed
as a lower threshold for clinical management of ventilated
infants. Because this figure also defined the lowest quintile of
first PaCO2 in our cohort, we analyzed our data with the
definition of hypocapnia as �35 mm Hg. Similarly, clinical
practice has sometimes used 60 mm Hg as an upper threshold
for PaO2. We thus define hyperoxemia here as �60 mm Hg.

Although the exact time at which blood gases were drawn
was not recorded, the recording of infant measurements was
divided into intervals defined by the performance of cranial
ultrasound examinations, whose timing was recorded. Thus,
the intervals between blood gas measurements could be ap-
proximated for each infant. The first ultrasonographic scan was
performed at a median age of 5 h, with the interquartile range
2–9 h. A second scan was performed at a median age of 24 h,
interquartile range 23–27 h. All blood gas measurements ob-

tained before the second scan were recorded for each infant,
and after this time, daily highest and lowest values for each
blood gas measurement were recorded for the next week of
life. Surviving ventilated infants had a median of 18 recorded
blood gas measurements. For each sample, during the first 8 d
of life in which the PaCO2 was �35 mm Hg, the difference
(35 � PaCO2) was multiplied by the time interval in hours for
which that measurement was extrapolated to apply. The sum of
such products for each infant constituted what we term the
CHCE. In units of millimeters of mercury times hours, CHCE
ranged from 0 to �1200 mm Hg · h, with a mean and median
in ventilated infants of 204 and 142 mm Hg · h, and in
unventilated infants of 40 and 0 mm Hg · h.

A similar calculation was performed for PaO2, multiplying
(PaO2 � 60) by the length of each time interval inclusive of a
value �60 mm Hg. The sum of such products constituted the
CHOE. Again in units of millimeters of mercury times hours,
CHOE ranged from 0 to �9000 mm Hg · h, with mean and

Table 1a. Listing of relevant newborn characteristics by sampling criteria*

Characteristics All study infants Blood gases obtained

Blood gases obtained,
mechanically

ventilated

Blood gases obtained,
ventilated, survived,

and followed up

N 1105 953 637 400
Gestational age (wk) 31.0 (3.6) 30.6 (3.4) 29.4 (3.2) 30.0 (2.8)
Birth weight (g) 1393 (407) 1352 (400) 1223 (387) 1308 (355)
Thyroxine (z score)† �1.6 (1.1) �1.7 (1.1) �2.1 (0.9) �2.0 (1.0)
One-minute Apgar �3 24.2% 25.8% 35.0% 28.0%
Five-minute Apgar �3 8.9% 8.9% 11.3% 7.3%
Survival to discharge 84.7% 83.7% 76.1% 100%
Transferred in 10.0% 10.3% 11.8% 11.3%
Multiple gestation 25.7% 26.7% 26.5% 27.1%
Nonwhite 32.3% 31.8% 33.1% 31.3%
Male 52.0% 53.2% 56.4% 53.5%
Mechanically ventilated 58.6% 66.8% 100% 100%
Experienced labor‡ 72.1% 71.4% 71.7% 66.8%
C-section delivery 47.1% 48.0% 46.6% 54.0%

* Each listed group is a subset of the one preceding it. For continuous variables, means and SD (in parentheses) are tabulated.
† Initial newborn screening value, expressed in SD units below mean (Reuss et al. [11]).
‡ Delivered vaginally, had cesarean section for complication of labor, or experienced regular painful contractions with or without cervical dilatation.

Table 1b. Listing of relevant newborn characteristics by sampling criteria*

Characteristic

Study infants
without

blood gases

Blood gases obtained,
no mechanical

ventilation

Blood gases obtained,
mechanically
ventilated, no

follow-up

Blood gases obtained,
ventilated, survived,

and followed up

N 153 316 237 400
Gestational age (wk) 33.5 (3.4) 32.8 (2.6) 28.4 (3.6) 30.0 (2.8)
Birth weight (g) 1650 (356) 1613 (281) 1080 (397) 1308 (355)
Thyroxine (z score)† �0.8 (1.1) �1.1 (0.9) �2.4 (0.8) �2.0 (1.0)
One-minute Apgar �3 13.8% 7.3% 46.8% 28.0%
Five-minute Apgar �3 8.6% 4.1% 18.1% 7.3%
Survival to discharge 90.8% 99.1% 36.3% 100%
Transferred in 7.9% 7.3% 12.7% 11.3%
Multiple gestation 21.6% 25.9% 25.5% 27.1%
Nonwhite 35.4% 29.3% 36.1% 31.3%
Male 43.9% 46.8% 61.2% 53.5%
Mechanically ventilated 6.6% 100% 100% 100%
Experienced labor‡ 76.2% 70.7% 80.5% 66.8%
C-section delivery 41.4% 50.6% 34.2% 54.0%

* For continuous variables, means and SD (in parentheses) are tabulated.
† Initial newborn screening value, expressed in SD units below mean (Reuss et al. [11]).
‡ Delivered vaginally, had cesarean section for complication of labor, or experienced regular painful contractions with or without cervical dilatation.
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median in ventilated infants of 2368 and 1962 mm Hg · h, and
among unventilated infants of 530 and 208 mm Hg · h. The
Pearson correlation coefficient relating CHCE and CHOE was
0.44.

We calculated the severe portion of CHCE by calculating as
above, but using a threshold of 20 mm Hg (2.7 kPa) rather than
35 mm Hg. Severe CHCE ranged from 0 to 132 mm Hg · h
among ventilated newborns; only 60 of 400 subjects had been
subjected to periods of severe hypocapnia by this definition.
Moderate CHCE then was calculated as CHCE minus severe
CHCE, i.e. intensity and duration of PaCO2 levels of 20–35 mm
Hg.

Relationships of membership in the upper quintile of CHCE
with other possible causes of DCP are noted in Table 2 (13).
We accounted for the possibility of confounding owing to these
causes by including them with the primary exposures in mul-
tivariate logistic regression models.

Statistical Methods. Baseline characteristics of groups of
newborns were compared using a �2 test for categorical vari-
ables and a t test for continuous variables. Odds ratios with
confidence levels for categorical variables were calculated
using the “Statcalc” procedure in Epi-Info 6.02 (Centers for
Disease Control and Prevention (CDC), U.S.A., and World
Health Organization, Geneva, Switzerland). To describe the
presence or absence of DCP as a function of one or more
explanatory variables, either continuous, such as GA, or di-
chotomous, such as presence or absence of labor, logistic
regression models were constructed using “proc logistic” in
SAS 6.12 (SAS Institute, Cary, NC, U.S.A.). Models were
chosen to examine the effect of various potential confounders
on the odds ratios associated with the primary exposures.

We assumed that prolonged ventilation might be a marker
for, rather than a cause of, brain injury. As duration of venti-

lation was related to GA (Pearson correlation coefficient,
�0.36), we adjusted duration of ventilation for GA by per-
forming a linear regression analysis, among all ventilated
survivors, of ventilation duration in relation to GA using “proc
reg” in SAS. We then considered duration beyond that pre-
dicted by GA (predicted duration in days, 112.7 � 3.25 � GA
in weeks), if duration was �4 d, as a possible independent risk
factor. The correlation of duration of ventilation with CHCE
was 0.21, and with CHOE, 0.26.

Our measure of base excess for each infant was a time-
weighted mean of base excess values calculated by a standard
algorithm from blood gases obtained during the same interval
for which CHCE and CHOE were calculated. Fetal growth rate
was calculated as birth weight divided by the median birth
weight for GA in a standard cohort (14).

RESULTS

Overall DCP Rates. The diagnosis of disabling CP was
made in 58 (8.8%) of 657 infants for whom we had both blood
gas and follow-up data; 52 of the 58 cases occurred in venti-
lated infants.

Unadjusted Associations of DCP with Ventilation Risk
Factors. The prevalence of DCP was 2.3% (6 of 257) in
unventilated and 13% (52 of 400) in mechanically ventilated
infants (odds ratio, 6.3; 95% CI, 2.5–16.4). The rates of DCP
within ventilated infants by quintile of CHCE are displayed in
Table 3. Although the univariate rates show a statistically
significant linear trend, when entered in a logistic regression
model with other potential confounders only the rate of DCP in
the highest quintile was significantly higher than that of the
lowest quintile. Thus for subsequent analyses we consider an
infant as “exposed to cumulative hypocapnia” if in the upper
quintile of CHCE.

DCP rates within ventilated infants by quintile of CHOE are
displayed in Table 4. As with CHCE, only the rate of DCP in
the highest quintile was significantly higher than that of the
lowest quintile when analyzed multivariately. We therefore
consider an infant as exposed to cumulative hyperoxia if he or
she was in the upper quintile of CHOE.

Associations of DCP with Ventilatory Risk Factors Taken
Singly and in Combination. Rates of DCP for ventilated
infants with various combinations of the primary ventilatory
exposures (cumulative hypocapnia, cumulative hyperoxemia,
and prolonged ventilation) are displayed in Table 5. Mechan-
ical ventilation alone increased the odds of DCP by a factor of
2.7. This risk was not significantly added to by any of the three
ventilatory exposures when these were found in isolation,
although the odds ratios for hypocapnia and prolonged venti-
lation were both above unity when compared with ventilated
infants without risk factors. When any two of the ventilatory
risk exposures were present, the risk of DCP was increased
about 7- to 9-fold, compared with ventilated infants with none
of the risk factors. Although only 14 infants (of whom seven
were �1000 g birth weight) had all three ventilatory risk
exposures, eight of them (five of seven weighing �1000 g)
developed DCP, an odds ratio 20 times that of ventilated
infants free of risk factors, and 56 times that of unventilated

Table 2. Characteristics of ventilated newborns (N � 400) exposed
and not exposed to the highest quintile of cumulative hypocapnia*

Characteristics Quintiles 1–4 Quintile 5

N 320 80
Gestational age 30.2 (2.8) 29.2 (3.0)�
Birth weight 1347 (353) 1150 (324)�
Thyroxine† �2.0 (0.9) �1.9 (1.1)
One-minute Apgar �3 37.5 25.6�

Five-minute Apgar �3 8.7 6.9
Ventilation duration (d) 10.7 (16.4) 15.7 (18.8)�
Transferred in to NICU 9.1% 20.0%�

Multiple gestation 28.8% 20.3%
Nonwhite 30.2% 35.9%
Male newborn 55.0% 44.3%
Experienced labor‡ 63.6% 79.2%�

C-section delivery 55.9% 46.3%
Cumulative hyperoxemia§ 13.7% 45.0%�

Prolonged ventilation¶ 21.9% 31.2%

* For continuous variables, means (SD) are listed.
† Initial newborn screening value, expressed in SD units below mean

(Wilson et al. [13]).
‡ Delivered vaginally, had cesarean section for complication of labor, or

experienced regular painful contractions with or without cervical dilatation.
§ Highest quintile of CHOE.
¶ Duration of ventilation beyond that predicted by GA.
� p � 0.05 for difference between groups.
Abbreviation: NICU, neonatal intensive care unit.
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infants. The excess risks conferred by these exposures ap-
peared to be additive; no significant interactions were found.

Of the 61 infants with DCP from the entire original study
cohort, 23 arose in the 605 infants without any of the three
ventilatory exposures (3.8%), whereas 38 cases occurred
among the 172 infants with at least one of these exposures
(22.1%). The population attributable risk fraction from having
any combination of the three exposures is 0.51 (95% CI,
0.36–0.67). This can be interpreted to mean that, if the rela-
tionships were causal, avoidance of these three exposures
would reduce DCP in this population by just over 50%.
Similarly, the population attributable risk fraction associated
with CHCE or CHOE without prolonged ventilation is 0.41
(95% CI, 0.27–0.56).

Multivariate Analysis. We constructed a multivariate model
in which we attempted to assess the unique contribution of
each ventilatory exposure, adjusting for the other two as well
as for other potential confounders. When only the number of
blood gas samples obtained was adjusted for, cumulative hy-
pocapnia was significantly associated with approximately a

3-fold increase in the odds of DCP (model 1, Table 6). When
hyperoxemia and prolonged ventilation were added (model 2),
all three ventilatory exposures were significantly associated
with DCP, each more than doubling the odds. When six
correlates (in these data) of DCP are entered into the model—
GA, fetal growth rate, average base excess, multiple birth
status, race, and sex—the estimates of the effects of the three
ventilatory exposures remain �2.0, although prolonged venti-
lation is no longer significant at the 0.05 level (model 3). The
effect sizes were also not much affected by adding to the model
three other potential confounders—presence of labor, transfer
status, and severe hypothyroxinemia (model 4). In this most
conservative model, cumulative hyperoxemia is no longer
significant at the 0.05 level; thus cumulative hypocapnia is
found to be the only ventilation-associated risk factor that is
statistically significant regardless of the multivariate model in
which it is placed, attaining a p value of approximately 0.03
and a multivariate odds ratio of 2.6 (model 4). The multivariate
odds ratio associated with an infant’s having both cumulative
hypocapnia and prolonged ventilation is estimated to be 8.0

Table 3. Prevalence of DCP in ventilated newborns by quintiles of cumulative hypocapnia exposure

Quintile CHCE range (mm Hg �h) Cases/total in group (%)
Unadjusted odds ratio

(95% CI)
Multivariate Ratio*

(95% CI)

1 �24 5/81 (6.2) Reference (1.0) Reference (1.0)
2 24–95 5/76 (6.6) 1.1 (0.3, 4.5) 1.1 (0.3, 4.3)
3 95–203 9/82 (11.0) 1.9 (0.5, 6.8) 2.0 (0.6, 6.8)
4 203–354 11/81 (13.6) 2.4 (0.7, 8.4) 2.1 (0.7, 6.9)
5 �354 22/80 (27.5)‡ 5.8 (1.9, 18.6)† 5.3 (1.7, 16.2)

* Controlled for GA, fetal growth ratio, and prolonged ventilation.
† p �0.01 compared with lowest quintile.
‡ p �0.001 for linear trend.

Table 4. Prevalence of DCP in ventilated newborns by quintiles of cumulative hyperoxemia exposure

Quintile CHCE range (mm Hg �h) Cases/total in group (%)
Unadjusted odds ratio

(95% CI)
Multivariate Ratio*

(95% CI)

1 �775 3/80 (3.75) Reference (1.0) Reference (1.0)
2 776–1630 7/80 (8.75) 2.5 (0.5, 12.5) 2.0 (0.5, 8.2)
3 1631–2300 9/80 (11.25) 3.3 (0.8, 15.8) 2.4 (0.6, 9.4)
4 2301–3510 8/80 (10.0) 2.9 (0.6, 14.2) 2.2 (0.5, 8.8)
5 �3510 25/80 (31.25)‡ 11.7 (3.1, 51)† 7.7 (2.1, 27.5)

* Controlled for GA, fetal growth ratio, and prolonged ventilation.
† p � 0.05 compared with lowest quintile.
‡ p � 0.001 for linear trend.

Table 5. Prevalence and odds ratios for DCP by ventilatory risk factors

Ventilatory risk factor

Cases/total %

Odds ratio
compared with

unventilated infants
(95% CI)

Mechanical
ventilation

Cumulative
hypocapnia

Cumulative
hyperoxemia

Prolonged
ventilation

0 0 0 0 6/257 2.3 Reference
� 0 0 0 14/228 6.1 2.7 (1.0, 8.1)

Mechanical ventilation with any one ventilatory risk factor 11/103 10.7 5.0 (1.6, 15.7)
� � 0 0 3/33 9.1 4.2 (0.8, 20.3)
� 0 � 0 1/22 4.5 2.0 (0, 17.6)
� 0 0 � 7/48 14.6 7.1 (2.0, 25.5)

Mechanical ventilation with any two ventilatory risk factors 19/55 34.5 22.1 (7.7, 67)
� � � 0 7/22 31.8 19.5 (5.1, 77)
� � 0 � 4/11 36.4 23.9 (3.9, 127)
� 0 � � 8/22 36.4 23.9 (6.4, 93)

Mechanical ventilation with all three ventilatory risk factors 8/14 57.1 55.8 (12.5, 270)
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(found by exponentiating the sum of the regression parameters
for the two factors), and for all three factors together is
estimated to be 16.5.

Among unventilated infants (calculations not shown), nei-
ther CHCE nor CHOE was a risk factor for DCP either as a
univariate predictor or in a multivariate model. Values of these
variables corresponding to the upper quintile among ventilated
infants did not occur in unventilated infants.

When the effect of CHCE was partitioned into that conferred
by severe versus moderate CHCE (logistic regression not
shown), the significant predictive power was found to reside
entirely within the moderate fraction. When the effect of CHCE
was partitioned into that contributed in the first 24 h versus the
remainder of the first week of life, CHCE after the first 24 h
explained most of the variance in DCP prevalence.

DISCUSSION

Our data show a strong relationship between exposure to a
modest degree of hypocapnia and the risk of developing dis-
abling degrees of CP, diagnosed at age 2 y. To a slightly lesser
degree, and not significantly in all multivariate models, this
was found for cumulative hyperoxemia as well. Concern that
hypocapnia is merely a marker for the hyperventilation re-
sponse of the infants to metabolic acidosis is offset by our
finding that cumulative hypocapnia is only weakly correlated
with base excess (Pearson r � 0.01 in ventilated, �0.10 in
unventilated, infants). Moreover, hypocapnia does not predict

DCP in unventilated infants, and the effect of hypocapnia was
unaltered by control for base excess in ventilated infants.

Our measures of exposure to cumulative hypocapnia and
hyperoxemia are admittedly imprecise. The exact time of each
measurement and the course of PaCO2 and PaO2 between mea-
surements could only be approximated. However, there is no
reason to believe that the degree or direction of error differed
in infants with and without DCP, and this nondifferential
measurement error is more likely to have biased our study
toward the null.

Our multivariate analysis confirms that the association re-
mains when adjusted for a number of other possible causal
factors for DCP, including the two other ventilatory variables
we explored more deeply. We cannot rule out the possibility
that hypocapnia exposure might be associated with an unex-
amined or a yet unrecognized causal factor that confounds its
relationship with DCP. Our data set, for example, contains only
the clinical diagnosis of chorioamnionitis, and not the patho-
logic diagnosis obtainable through systematic examination of
placental pathology. Thus, although adjustment for clinically
diagnosed amnionitis did not alter the effects of the ventilatory
risk factors (data not shown), we cannot in these data assess the
effects of pathologically defined chorioamnionitis. It is diffi-
cult, however, to imagine a mechanism by which infection
would be strongly linked to the cumulative exposure to hypo-
capnia, a requisite for confounding of the association with
DCP.

Table 6. Multivariate odds ratios for DCP with 95% CI and test of significance for risk factors

Risk factor Model 1* (N � 400) Model 2* (N � 400) Model 3* (N � 390) Model 4* (N � 336)

Cumulative hypocapnia 2.9 (1.6, 5.5) 2.2 (1.1, 4.5) 2.2 (1.0, 4.7) 2.6 (1.1, 6.4)
p � 0.001 p � 0.03 p � 0.04 p � 0.03

Cumulative hyperoxemia 2.5 (1.3, 5.1) 2.4 (1.1, 5.2) 2.1 (0.9, 5.0)
p � 0.01 p � 0.02 p � 0.10

Prolonged ventilation 2.9 (1.5, 5.6) 2.3 (0.9, 5.9) 3.0 (1.0, 8.9)
p � 0.002 p � 0.09 p � 0.04

Gestational age† 0.9 (0.6, 1.5) 0.9 (0.7, 1.5)
p � 0.83 p � 0.59

Fetal growth rate† 1.2 (0.8, 1.8) 1.3 (0.8, 2.0)
p � 0.40 p � 0.34

Base excess† 0.9 (0.6, 1.3) 1.0 (0.7, 1.6)
p � 0.47 p � 0.94

Duration of ventilation† 1.3 (0.9, 1.9) 1.3 (0.8, 1.9)
p � 0.16 p � 0.25

Multiple gestation 1.3 (0.7, 2.3) 1.6 (0.8, 3.2)
p � 0.40 p � 0.18

Nonwhite race 1.6 (0.7, 3.5) 1.6 (0.7, 3.8)
p � 0.25 p � 0.30

Male gender 1.3 (0.6, 2.5) 1.3 (0.6, 2.7)
p � 0.51 p � 0.52

Presence of labor 1.3 (0.5, 3.1)
p � 0.55

Outborn, transferred 1.0 (0.3, 4.0)
p � 0.94

Severely low thyroxine‡ 2.7 (1.2, 5.8)
p � 0.01

* Independent variables in logistic model 1 included cumulative hypocapnia and duration of ventilation. Model 2 added prolonged ventilation and cumulative
hyperoxemia. Model 3 added GA, fetal growth rate, average base excess, multiple gestation, race, and sex. Model 4 added the presence of labor, transfer status,
and severe hypothyroxinemia.

† Odds ratios for continuous independent variables correspond to the addition of one standard deviation to the exposure.
‡ Screening serum thyroxine �2.6 SD below the mean thyroxine level for term newborns (see Reuss et al. [11]).
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Cumulative hypocapnia could be confounded by overall
severity of disease, were this category correlated with duration
of ventilation, but we controlled for the number of blood gas
values obtained or duration of ventilation in all of our multi-
variate analyses without eliminating the association of hypo-
capnia and DCP. In fact, the correlation between ventilation
duration and cumulative hypocapnia is not particularly high
(Pearson r � 0.21).

Confounding by severity of disease might nevertheless occur
if sicker infants had blood gases tested more often, as only the
highest and lowest values of each day were recorded. Mechan-
ically ventilated infants generally had blood gases sampled
4–6 times daily, however, and variation in the ability of this
variable to capture hypocapnia should have been minimal.
Hypocapnia is also not a marker of birth asphyxia, as it is only
weakly related to first-day mean base excess among ventilated
infants.

A plausible mechanism by which hypocapnia could increase
the risk of DCP has been known for some decades. Work in
experimental animals, as well as in human newborns, shows
that CBF is positively associated with PaCO2 (15–21). Under
normal circumstances such a mechanism could be protective
against brain damage from mild to moderate asphyxia or
hypotension, as both would be likely to be associated with
hypercapnia and the resulting increase in CBF would appro-
priately deliver adequate oxygen levels to brain cells. These in
vivo laboratory studies suggest, however, that artificial produc-
tion of hypocapnia is likely to lead to decreased CBF at a time
when the brain is vulnerable to ischemic injury.

The control of CBF by PaCO2 is apparently not linear,
becoming less marked at very low levels of PaCO2 (19). This
may possibly explain why our findings appear to be specific to
moderately reduced PaCO2 levels (20–35 mm Hg), rather than
severe reductions (PaCO2 � 20 mm Hg). The relationship of
CBF to PaCO2 is less marked in newborn animals than in adults
(18, 22), and is less pronounced for flow to white matter than
to other brain areas (16, 17). These two latter observations,
although made in experimental animals, might be interpreted
as casting some doubt on our posited causal pathway of
hypocapnia through CBF to DCP. On the other hand, Vannucci
and associates (23, 24), working in the immature rat, found
CBF and cerebral glucose utilization to be better preserved in
normocapnic and hypercapnic rats than in hypocapnic animals,
and suggested that hypercapnia could be beneficial through
such mechanisms as a generalized suppression of oxidative
metabolism and a blunting of the neurotoxicity of excitatory
neurotransmitters.

Although the net effect of these physiologic studies suggests
a concern with moderate hypocapnia, studies on newborns to
date have tended to concentrate on the effects of marked
hypocapnia. Greisen et al. (25) found that three of seven
infants with PaCO2 levels � 15 mm Hg in the first 24 h of life
experienced significant neurodevelopmental abnormalities, a
rate higher than seen in two control groups. Graziani et al. (26)
found PaCO2s � 17 mm Hg to be associated with development
of CP, and Ikonen et al. (27) found the duration of time spent
with PaCO2 � 30 mm Hg to be a risk factor for PVL. Fujimoto
et al. (28) found any PaCO2 � 20 mm Hg to be a risk factor for

PVL, whereas Wiswell and associates (29), using an area under
the threshold variable similar to ours (but with a lower thresh-
old for hypocapnia) found no relationship of hypocapnia to
PVL. More recently Salokorpi et al. (30) explored the effect of
experiencing at least two episodes of PaCO2 � 22.5 mm Hg,
finding an odds ratio for CP of 2.1, although significance was
not attained. In a case-control study involving 26 infants �32
wk with PVL, Okumura et al. (31) found that the cases had
been exposed to more hypocapnia. In none of these studies
were cohorts larger than 300 infants studied. In the only large
cohort study to date, Damman et al. (32) found among 799
�28-wk infants that first-day PaCO2 values in the lowest quar-
tile were predictive of white matter echolucencies, although
multivariate significance was not attained.

Because the same overventilation that produces hypocapnia
may also result in hyperoxemia, we assessed DCP risk in
relation to measures of cumulative exposure to each. PaO2 has
been found to bear a similar inverse monotonic relationship to
CBF in experimental animals (33) and in adult (34) and infant
humans (35) as does PaCO2. In our data hypocapnia is slightly
better supported as a risk factor for DCP, by virtue of its
statistical survival in all multivariate models. However, cumu-
lative hypocapnia and cumulative hyperoxemia are correlated
(Pearson r coefficient � 0.44), and thus each is to some extent
a marker for the other. Because of this collinearity, either one
of these two exposures appears as a substantially stronger risk
factor when the other is not included in the same model.

The characteristic of a prolonged requirement for mechani-
cal ventilation, beyond that predicted by GA, has emerged
from our analyses as an additional risk factor for DCP. The
relationship of duration of ventilation to GA was similar in our
data to that found among neonates delivered in Northern
California more recently (13). We initially hypothesized that
because the requirement for prolonged ventilation might mark
the most seriously brain-injured babies, hypocapnia would
add little or no additional risk of DCP in this group. Instead,
we found that the two risk factors seemed to be fairly
independent of each other (Pearson r for CHCE and duration
of ventilation � 0.21) and did not interact in their effect on
the risk of DCP. Prolonged ventilation could be the result of
white matter damage, or could be a marker for severity of
illness. Alternatively, prolonged ventilation may have ex-
posed infants to hypocapnia beyond that recorded in our
data.

The length of follow-up necessary to be certain of the DCP
outcome could give rise to concern about the generalizability
of our results to the modern situation, in which VLBW infants
may be exposed to antenatal steroids or to neonatal surfactant
therapy. Although the use of surfactant may modify the fre-
quency of hypocapnia or hyperoxemia, there is no obvious
mechanism by which the effects of these conditions on the
brain should be modified. Antenatal steroids could conceivably
modify these effects, if steroids affect components of the causal
pathway linking the blood gas conditions with DCP.

Our study offers the strengths of its population basis, large
cohort size, longitudinal follow-up, careful compilation of data
on possible confounders, and ability to approximate individual
exposure to moderate levels of hypocapnia and hyperoxemia.
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Our CHCE variable is a measure of both duration and degree
of exposure to PaCO2 levels below the level of 35 mm Hg, a
level formerly considered as quite modest hypocapnia. Our
results indicate a nearly 3-fold increase in risk for CP for
infants experiencing the upper quintile of such exposure, when
adjusted for a number of potential confounding factors.

The effect size of the ventilatory variables presented here
was substantial. If the effects of cumulative hypocapnia and
hyperoxia are causal, we estimate that their avoidance would
reduce the risk of DCP in a population such as ours by 41%.
The policy of avoiding hyperoxia to minimize the risk of
retinopathy of prematurity is already standard practice, and
most nurseries try to avoid PaO2 levels of �70 mm Hg, while
avoiding dips �50 mm Hg. However, our study suggests that
a more stringent restriction, to levels of 50–60 mm Hg, might
be advisable.

A policy of permissive hypercapnia has also been recom-
mended to decrease the risks of chronic lung disease and PVL
(8, 9, 36), but this has not yet become standard practice.
Moreover, there is no consensus on what level of hypocapnia
must be avoided or minimized. In this study the threshold for
brain damage associated with hypocapnia was found at approx-
imately 35 mm Hg, and we note that this effect was found in a
sample that included more mature infants than did previous
studies. Although it may be impractical and possibly even
inadvisable to avoid any exposure at all to PaCO2 � 35 and
PaO2 � 60 mm Hg in neonates requiring mechanical ventila-
tion, the duration of such exposures can more easily be
minimized.

Our findings will need to be corroborated by others before
hypocapnia can be considered as clear a risk factor for CP as
hyperoxemia is for retinopathy. In the interim, however, these
findings deserve to be seen as cautionary observations that
suggest that it is prudent to avoid prolonged hypocapnia, as
well as prolonged hyperoxia, when this is consistent with the
provision of prompt and adequate ventilatory support to pre-
mature infants.
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