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Recent evidence strongly implicates the inflammatory re-
sponse to intrauterine infection in the pathogenesis of neonatal
brain and lung injury. We hypothesized that lung and brain injury
in preterm infants occurs during a common developmental win-
dow of vulnerability as the result of an inflammatory response in
different compartments. To determine whether inflammatory
markers in these compartments are associated with bronchopul-
monary dysplasia (BPD) or cranial ultrasound (CUS) abnormal-
ities in infants �33 wk gestation age (GA) and �1501 g birth
weight, we analyzed placental pathology and serum and cerebro-
spinal fluid (CSF) IL-6, IL-1�, and tumor necrosis factor-�
(TNF-�) concentrations in 276 infants. Logistic regressions were
performed stratified by GA. Histologic chorioamnionitis was
significantly associated with BPD in infants �28 wk GA (OR
3.6, p � 0.027). Maternal stage of chorioamnionitis significantly
correlated with severity of BPD. Presence of a fetal inflammatory
response indicated by fetal vasculitis or elevated cytokines was
not associated with the development of BPD. Serum IL-6 �17
pg/mL was associated with an abnormal CUS in infants �28 wk
GA (OR 3.36, p � 0.023) but not �28 wk GA. CSF concentra-

tions of IL-6 �6.5 pg/mL and TNF-� �3 pg/mL were associated
with abnormal CUS in infants �28 wk GA (IL-6 OR 3.0; TNF-�
OR 3.5; p � 0.05 each case) but not �28 wk GA. These data
suggest that in infants �28 wks GA, BPD may be initiated by
inflammatory mediators in amniotic fluid, but brain injury may
involve variations in the systemic inflammatory response.
(Pediatr Res 55: 1009–1017, 2004)

Abbreviations
BPD, bronchopulmonary dysplasia
CI, confidence interval
CSF, cerebrospinal fluid
CUS, cranial ultrasound
GA, gestational age
IVH, intraventricular hemorrhage
OR, odds ratio
PMA, postmenstrual age
PVL, periventricular leukomalacia
TNF-�, tumor necrosis factor-�
WMD, white matter damage

Preterm birth is the leading cause of perinatal morbidity
and mortality in the world (1) and is the second leading
cause of infant mortality in the United States. Preterm labor
and preterm premature rupture of membranes account for
80% of preterm deliveries (2). There is accumulating evi-
dence that intrauterine infection is a major factor in preterm

labor and preterm premature rupture of the membranes,
particularly in gestations of �30 wk duration (2). Intrau-
terine infection has also been implicated in the pathogenesis
of adverse neonatal sequelae, including bronchopulmonary
dysplasia (BPD), intraventricular hemorrhage (IVH), white
matter damage (WMD) such as periventricular leukomalacia
(PVL) and ventriculomegaly, and long-term disabilities
such as cerebral palsy (3–5). It has been proposed that
23–32 wk gestation is a developmental period during which
the lung and brain share a vulnerability to injury mediated
by infection/inflammation (3, 4). During this period of
saccular lung development (4) and predominance of the
oxidative stress–sensitive preoligodendrocyte in the fetal
brain (6 – 8), exposure of the fetus to intrauterine infection/

Received July 18, 2003; accepted January 7, 2004.
Correspondence: Rose Marie Viscardi, M.D., Department of Pediatrics, University of

Maryland Hospital, Room N5W68, 22 S. Greene St., Baltimore, MD 21201; e-mail:
rviscard@umaryland.edu

The University of Maryland Special Research Initiative Support Program and National
Institute of Health Grant R01 HL71113-01 (R.M.V.) supported this work.

DOI: 10.1203/01.pdr.0000127015.60185.8a

0031-3998/04/5506-1009
PEDIATRIC RESEARCH Vol. 55, No. 6, 2004
Copyright © 2004 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

1009



inflammation alters developmental signaling by mechanisms
not completely understood.

Infection-induced up-regulation of inflammatory cytokines
has been proposed to be the causative link between intrauterine
infection and lung and brain injury (4, 5). Elevated concentra-
tions of proinflammatory cytokines IL-6, IL-1�, IL-8, and
tumor necrosis factor-� (TNF-�) in amniotic fluid (9), tracheal
aspirates (10–15), blood (16–18), and brain tissue (19–21)
have been associated with adverse outcomes in preterm infants.
We propose that intrauterine infection–induced injury to the
preterm lung and brain is initiated in utero, occurs during a
developmental-dependent window of vulnerability, and is me-
diated by the inflammatory response in specific compartments.
To our knowledge, no previous study has evaluated the inflam-
matory response in all three relevant compartments (fetopla-
cental unit, fetal circulation, and CNS) simultaneously. The
purpose of this prospective study was to determine whether
evidence of inflammation in placenta, blood, or cerebrospinal
fluid (CSF) increases the risk for BPD defined as oxygen
dependence at 28 d or cranial ultrasound (CUS) abnormalities
(IVH and/or WMD) in very low birth weight infants. To define
further the developmental period of vulnerability, we com-
pared the association of inflammatory markers to outcomes in
infants �28 wk gestation and in more mature infants.

METHODS

Sample. Inborn infants who had GA �33 wk and birth
weight �1501 g and were admitted to the neonatal intensive
care units at the University of Maryland Medical System and
Mercy Medical Center (Baltimore, MD, U.S.A.) between June
1999 and June 2002 were eligible for this study. Infants with
congenital brain/neural tube defects or confirmed congenital
TORCH infections were excluded. Parental consent was ob-
tained, and the University of Maryland, Baltimore, and Mercy
Medical Center Institutional Review Boards approved the
study protocol.

Because CSF samples were the most limiting in this study,
we performed a sample size analysis for CUS abnormalities
with and without elevated CSF IL-6. We determined the
sample size that would provide 80% power to reject the null
hypothesis of equal CUS abnormality rates in infants with and
without elevated CSF IL-6 when the rates are in fact 65% with
and 40% without elevated CSF IL-6. For achieving 80% power
with a two-sided � level of 0.05 and a 1:1 ratio of infants in the
two groups, 85 infants were required in each group. Sufficient
subjects who had a lumbar puncture performed as part of a
sepsis evaluation were enrolled to achieve the determined
sample size.

Serum and CSF cytokines. After informed consent was
obtained, cord blood (2 mL) or venous blood (1 mL)
obtained within 12 h of delivery were drawn aseptically, and
the serum was separated, aliquoted, and stored at �80°C for
cytokine measurements. Because cytokine levels rapidly
decline after birth (22, 23) and for specifically evaluating
cytokine concentrations in response to fetal events rather
than postnatal events, blood sampling was limited to �12 h

of age. Two thirds of the serum samples were cord and the
remainder were venous samples.

For enrolled infants for whom a lumbar puncture was per-
formed as standard neonatal intensive care unit practice as part
of a sepsis evaluation within 72 h after delivery, sufficient CSF
was removed for routine clinical studies (bacterial culture,
glucose and protein, and cell count and differential) and an
additional 1.0 mL was removed for cytokine measurements.
Lumbar punctures were not performed for study purposes only.
CSF was obtained from 173 (63%) study subjects at a median
age of 14.5 h (range, 1–71 h). Serum and CSF samples were
centrifuged at 1000 � g to pellet cells, and the supernatants
were stored at �80°C until analysis. Cytokines (TNF-�, IL-1�,
and IL-6) were measured in duplicate in serum and CSF
samples using standard two-antibody ELISA with commercial
antibody pairs and recombinant standards (Endogen, Boston,
MA, U.S.A.) as previously described (24). A curve was fit to
the standards using a computer program (Softpro: Molecular
Devices), and cytokine concentrations from each sample were
calculated from the standard curve. Assay sensitivities were 3,
0.78, and 1.5 pg/mL for TNF-�, IL-1�, and IL-6, respectively.

Placental pathology. Placental studies were performed on
230 (83%) of the 276 study subjects. There were no differences
in incidence of BPD and CUS abnormalities in infants with and
without placental examination. Formalin-fixed, paraffin-
embedded, and hematoxylin- and eosin-stained sections of
umbilical cord, membrane roll, placental disc near the cord
insertion site as well as the midpoint between cord insertion,
and periphery of the placental disc were prepared (25). The
sections were reviewed in a blinded manner according to a
standard protocol (26). Histologic chorioamnionitis was sepa-
rated into maternal and fetal involvement and assigned a stage
according to the scheme proposed by Redline et al. (26).
Maternal stages were as follows: stage 1, neutrophils in sub-
chorionic plate; stage 2, neutrophils in the chorionic laevae;
stage 3, neutrophils in the chorion laevae and adjacent amnion;
4, neutrophil karyorrhexis or eosinophilia of basement mem-
brane without amnionic epithelial sloughing; and stage 5,
neutrophils plus amnionic epithelial sloughing. Fetal vasculitis
was defined as polymorphonuclear infiltration of the chorionic
vessels or umbilical cord (26). Fetal stages were as follows:
stage 1, neutrophils in chorion vessels only; stage 2, neutro-
phils in umbilical vein wall; stage 3, neutrophils in all three
umbilical vessels; stage 4, neutrophils in Wharton’s jelly; and
stage 5, concentric umbilical perivasculitis.

CUS scans. Serial CUS examinations were performed on
273 (99%) subjects using a high-frequency variable bandwidth
transducer (5.5–8.5 MHz; Acuson Sequoia 512, Mountain
View, CA, U.S.A.) for detection of WMD and IVH at the
following time points: 1) between 3 and 7 postnatal days, 2) at
28–30 postnatal days, and 3) at 34–36 wk postmenstrual age
(PMA) or pretransfer or predischarge and as clinically indi-
cated. Because of practical constraints, obtaining scans before
performing the lumbar puncture was not attempted. CUSs were
reviewed and classified as normal or abnormal with the fol-
lowing diagnoses: 1) germinal matrix/IVH (27), 2) transient
periventricular echodensities (resolution without progressing
to echolucencies) (28), 3) persistent periventricular echodensi-
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ties (echodensities present on two or more scans without
resolution or progression to echolucencies) (29), 4) periven-
tricular echolucencies, and 5) ventricular enlargement. WMD
included periventricular echodensities and echolucencies and
ventricular enlargement. A single radiologist at each site read
scans. For determining interrater agreement, both radiologists
read a subset of scans. The agreement between radiologists was
75% with a � of 0.53 for presence of any CUS abnormality,
62.5% with a � of 0.45 for presence and severity of IVH, and
87.5% with a � of 0.6 for WMD lesions. For scans with
different interpretations, the primary reader’s interpretation
was used.

BPD

A recent National Institutes of Health/National Institute of
Child Health and Human Development/ORD (Office of Rare
Diseases) workshop on BPD proposed the following defini-
tions for BPD: 1) no BPD, supplemental O2 �28 d; 2) mild
BPD, supplemental O2 for 28 d but breathing room air at 36 wk
PMA; 3) moderate BPD, need for �30% fraction of inspired
oxygen at 36 wk PMA; and 4) severe BPD, need for �30%
fraction of inspired oxygen or positive pressure support at 36
wk PMA (30). For pulmonary outcomes in this study, the
moderate and severe stages of BPD were combined.

CLINICAL VARIABLES

The following variables were evaluated: 1) demographic
variables; 2) obstetric variables including maternal drug use,
parity, multiple gestations, preterm labor, preterm premature
rupture of membranes, pregnancy-induced hypertension (de-
fined as a systolic blood pressure �140 mm Hg and a diastolic
blood pressure �90 mm Hg plus proteinuria with or without
edema), clinical chorioamnionitis (maternal temperature
�38°C and two of the following: uterine tenderness, malodor-
ous vaginal discharge, fetal tachycardia �160 bpm, or mater-
nal white blood cell count �15,000), antepartum hemorrhage,
use of medications (MgSO4, other tocolytics, antenatal ste-
roids, antibiotics), evidence of fetal heart rate abnormalities,
and mode of delivery; and 3) neonatal factors, including Apgar
scores at 1 and 5 min, need for resuscitation, birth weight,
gestational age by best obstetric estimate (31), length, head
circumference, size for gestational age, sex, administration of
exogenous surfactant, patent ductus arteriosus, early or late
culture-confirmed sepsis, necrotizing enterocolitis, hypoten-
sion (defined as mean blood pressure �10th percentile for
weight and postnatal age sustained for �2 consecutive h during
the first 96 h of age (29), duration of mechanical ventilation
and supplemental oxygen, and hypothyroxinemia (total T4
�5.3 �g/dL) (32). Admission complete blood count and dif-
ferential, C-reactive protein on admission and 12–24 h age,
blood and CSF bacterial culture results, CSF cell count and
differential, and CSF glucose and protein concentrations were
recorded.

STATISTICAL ANALYSIS

The t test was used to compare continuous variables, and the
�2 or Fisher exact test was used to compare categorical vari-

ables. Univariate odds ratios (ORs) and 95% confidence inter-
vals (CIs) were calculated for all variables for outcomes BPD
and CUS abnormalities. Because the range of cytokine con-
centrations was large, for analyses, cytokine data expressed as
pg/mL were dichotomized using the median of serum and CSF
IL-6 concentrations and serum IL-1� concentrations for the
entire sample and the lower cutoff of ELISA sensitivity for
TNF-� concentrations and CSF IL-1� concentrations. Step-
wise logistic regressions were performed to identify the clinical
variables significantly associated with each inflammatory vari-
able (histologic chorioamnionitis, fetal vasculitis, white blood
cell count, absolute neutrophil count, and serum and CSF
cytokine concentrations). The contribution of each inflamma-
tory variable to risk for BPD or CUS abnormalities was then
evaluated in logistic regression models that included the po-
tential confounders identified in the stepwise analyses. All
multivariate analyses were performed with and without strati-
fication by GA �28 wk and �28 wk. For determining whether
there were interactions of postnatal variables with the inflam-
matory variables for each outcome, interaction terms were
generated and included in regression models. All statistical
analyses were performed using Stata (Stata Corp., College
Station, TX, U.S.A.). A p � 0.05 was considered significant.

RESULTS

Cohort characteristics and outcomes. A total of 276 infants
were enrolled. The clinical characteristics and primary out-
comes are presented in Table 1. The mean (SD) GA of the
cohort was 27.6 � 2.5 wk and mean birth weight was 987 �
281 g. Overall mortality was 6.5% with 14 deaths occurring
before the subjects reached 36 wk PMA. Of the survivors, 37%
had mild BPD and 21% had moderate to severe BPD as defined
by the recent National Institutes of Health criteria (30). The
majority of infants who developed BPD were �28 wk GA.
CUS abnormalities were documented on one or more serial
scans in 138 (50%) of the entire cohort. The CUS diagnoses for
the entire cohort included IVH grade 1, 20%; grade 2, 10%;
grade 3, 8.7%; grade 4, 5.4%; PVL, 7.6%; and ventriculo-
megaly, 13%. The overall frequency of CUS abnormalities was
higher in infants � 28 wk (99 of 175; 57%) than in infants �28
wk (39 of 101; 39%; p � 0.006). The incidence of severe IVH
(�grade 3) was 22-fold higher in infants �28 wk (38 of 175;
22%) than in infants �28 wk (1 of 101; 1%; p � 0.001; Table
1). There were no differences in age of lumbar puncture
between infants with and without CUS abnormalities. CSF
pleocytosis (�40 white blood cells corrected for red blood
cells) was detected in 15 (9%) CSF samples. Only one CSF
was culture positive for Staphylococcus epidermidis.

Characteristics of infants with and without chorioamnio-
nitis. Histologic chorioamnionitis was present in 147 (64%) of
230 placentas submitted for pathologic examination. The inci-
dence of histologic chorioamnionitis was inversely related to
GA (�28 wk, 72.5%; �28 wk 48%; p � 0.001; Table 2). All
but one case of fetal vasculitis occurred in association with
histologic chorioamnionitis. Clinical variables associated with
an increased risk for histologic chorioamnionitis are presented
in Table 3. The clinical diagnosis of chorioamnionitis was
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made in only 40% of cases of histologic chorioamnionitis,
indicating that the majority of intrauterine infections are sub-
clinical. Infants who were exposed to histologic chorioamnio-
nitis were more likely to receive �7 d of mechanical ventila-
tion and �28 d of supplemental oxygen.

Because 99% of placentas with fetal vasculitis had mem-
brane inflammation, the specific contributions of maternal and
fetal involvement to risk for a systemic inflammatory response
were assessed in logistic regression analyses in which the
sample of infants was restricted to those with chorioamnionitis
without fetal involvement (n �34) to assess chorioamnionitis
alone, or to those with presence of fetal vasculitis. As shown in
Table 4, inflammation of the fetal membranes and cord was
significantly associated with blood and CSF inflammatory
variables. The admission absolute neutrophil count was higher
in infants who were exposed to histologic chorioamnionitis
and/or fetal vasculitis. Elevated serum IL-6 concentration �17
pg/mL and IL-1� concentration �5.4 were associated with

increased risk for chorioamnionitis and fetal vasculitis. In
contrast, serum TNF-� concentrations �3 pg/mL were signif-
icantly associated with umbilical cord but not fetal membrane
inflammation. Of the three cytokines measured in CSF, only
elevated IL-1� was associated with fetal vasculitis, and none
was associated with histologic chorioamnionitis. Serum IL-6
concentrations were significantly correlated with paired serum
IL-1� (r2 � 0.803) and TNF-� (r2 � 0.481) concentrations (p
� 0.05 each case). CSF IL-6 concentration correlated with
CSF IL-1� concentration (r2 � 0.402) but not with CSF
TNF-� concentrations. Serum cytokine concentrations did not
correlate with CSF cytokine concentrations even when the anal-
yses were restricted to paired samples obtained at �24 h of age.

Inflammatory indicators and risk for BPD. Variables asso-
ciated with BPD in univariate analyses are shown in Table 5.
In a logistic regression model adjusted for confounding vari-
ables including GA, histologic chorioamnionitis was associ-
ated with BPD (OR 3.13, 1.2–8.2; p � 0.02). After stratifica-

Table 2. Distribution of maternal and fetal stages of histologic chorioamnionitis by gestational age

23–24 wk (N � 30)* 25–26 wk (N � 53) 27–28 wk (N � 66) 29–30 wk (N � 46) 31–32 wk (N � 35) P value

Histologic chorioamnionitis 27 (90) 45 (89) 36 (55) 25 (54) 14 (40) �0.001
Maternal stage

1 3 (11) 6 (13) 2 (6) 3 (12) 0 (0) 0.002
2 1 (4) 7 (16) 3 (9) 5 (20) 6 (43)
3 6 (22) 16 (36) 10 (29) 7 (28) 5 (36)
4 4 (15) 4 (11) 6 (17) 4 (16) 1 (7)
5 13 (48) 12 (27) 15 (43) 6 (24) 2 (14)

Fetal vasculitis 18 (60) 34 (64) 31 (47) 19 (41) 12 (34) 0.029
Fetal stage

1 1 (6) 5 (15) 2 (6) 0 (0) 1 (8) 0.32
2 2 (11) 5 (15) 4 (13) 1 (5) 4 (33)
3 2 (11) 10 (29) 5 (16) 4 (21) 3 (25)
4 9 (50) 9 (26) 18 (58) 9 (47) 3 (25)
5 4 (22) 5 (15) 2 (6) 5 (26) 1 (8)

* Based on total 230 placentas reviewed. See “Methods” for definition of stages.

Table 1. Characteristics of study cohort

Variable �28 wk GA (N � 177) �28 wk GA (N � 102) P value

Birth weight 834 � 207 1247 � 184 �0.001
GA 26 � 1.6 30.3 � 1.1 �0.001
Race (% black) 135 (76) 75 (74) 0.666
Days IMV 18 (0–150) 1 (0–46) �0.001
Days supplemental O2 50 (0–173) 3.5 (0–77) �0.001
Survival 161 (92) 99 (97) 0.068
BPD† 140 (85) 14 (14) �0.001

Mild 87 (53) 11 (11)
Moderate/severe 53 (32) 3 (3)

CUS abnormalities‡ 99 (57) 39 (39) 0.004
All IVH 92 (53) 31 (31) �0.001
IVH grade

Grade 1 35 (20) 21 (21) �0.001
Grade 2 19 (11) 9 (9)
Grade 3 23 (13) 1 (1)
Grade 4 15 (9) 0 (0)

All WMD 31 (18) 12 (12) 0.198
PVL 16 (9) 5 (5) 0.206
Ventriculomegaly 29 (17) 7 (7) 0.022

IMV, intermittent mechanical ventilation.
* Data are presented as mean � SD, number positive (% positive), or median (range).
† Based on 265 subjects who survived to 36 wk PMA.
‡ Based on 276 subjects with CUS
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tion by gestational age, histologic chorioamnionitis remained
significantly associated with BPD in infants � 28 wk GA, but
not in infants �28 wk GA (Table 6). Maternal stage of
chorioamnionitis was significantly correlated with severity of
BPD as defined by duration of supplemental oxygen and
ventilation (Fig. 1). Forty percent of infants who developed
moderate-severe BPD were exposed to long standing or necro-
tizing amnionitis (maternal stages 4 and 5) compared with 34%
of infants who developed mild BPD and 19% of infants

without BPD. The presence of a fetal inflammatory response
indicated by fetal vasculitis or elevated inflammatory cytokines
in serum and CSF was not associated with the development of
BPD. There were no significant interactions of any inflamma-
tory variable with postnatal clinical variables such as duration
of mechanical ventilation or sepsis for BPD risk.

Inflammatory indicators and risk for CUS abnormalities.
Clinical variables associated with an increased risk for CUS
abnormalities are shown in Table 7. After adjustment for

Table 3. Factors associated with histologic chorioamnionitis

No CA‡ (n � 83) CA (n � 147) OR 95% CI P value

Black race 51 (61) 118 (80)* 2.7† 1.4–5 0.001
Preterm labor 51 (61) 133 (90) 8.6 3.9–18.7 �0.001
PPROM 21 (25) 80 (54) 3.8 2.1–6.9 �0.001
Duration ROM �12 h 20 (24) 88 (60) 5.5 3–10 �0.001
Clinical CA 7 (8) 59 (40) 7.7 3.3–17.9 �0.001
PIH/preeclampsia 28 (34) 4 (3) 0.06 0.02–0.17 �0.001
Maternal indocin Rx 9 (11) 34 (23) 2.6 1.2–5.7 0.02
Maternal antibiotics 48 (58) 131 (89) 8.2 3.9–17 �0.001
Cesarean section 63 (76) 62 (42) 0.3 0.14–0.48 �0.001
GA �28 wk 42 (51) 39 (27) 0.4 0.2–0.66 0.001
IUGR 12 (14) 1 (0.7) 0.04 0.005–0.32 0.002
BW �1000 g 47 (57) 59 (40) 0.6 0.3–0.95 0.031
IMV �7 d 33 (40) 77 (52) 1.8 1.05–3.2 0.031
Oxygen �28 d 33 (40) 89 (60) 2.6 1.5–4.6 0.001

PPROM, preterm premature rupture of the membranes; ROM, rupture of membranes; CA, chorioamnionitis; IUGR, introuterine growth restriction; PIH,
pregnancy-induced hypertension.

* Number positive (% positive).
† Unadjusted odds ratio.

Table 4. Inflammatory factors associated with chorioamnionitis and fetal vasculitis

No CA‡
(n � 83)*

CA
(n � 34) OR 95% CI P value

No FV
(N � 116)

FV
(N � 114) OR 95% CI P value

WBC �9.2 � 103 26 39 1.8† 0.8–4.4 0.175 29 71 6.1 3.4–10.8 �0.001
ANC �8730 24 48 2.9 1.2–6.9 0.016 31 68 4.7 2.7–8.3 �0.001
CSF WBC �7 40 57 2.0 0.7–5.7 0.196 45 56 1.5 0.8–2.9 0.178
Serum IL-6 � 17 pg/mL 15 54 6.6 2.2–20 0.001 27 73 7.1 3.5–14.5 �0.001
Serum IL-1� � 5.4 pg/mL 15 45 4.8 1.6–14.3 0.005 25 77 11 4.9–22.5 �0.001
Serum TNF� � 3 pg/mL 16 22 1.5 0.4–5.3 0.556 18 35 2.5 1.1–5.5 0.029
CSF IL-6 � 6.5 pg/mL 44 56 1.6 0.5–5 0.455 48 53 1.2 0.6–2.4 0.568
CSF IL-1� � 0.78 pg/mL 23 31 1.5 0.4–5.5 0.529 25 43 2.2 1.03–4.8 0.042
CSF TNF-� � 3 pg/mL 10 19 2.0 0.4–10.3 0.397 13 20 1.7 0.6–4.5 0.278

FV, fetal vasculitis; WBC, white blood cell count; ANC, absolute neutrophil count.
* Percentage positive.
† OR calculated for sample restricted to infants with CA without FV.

Table 5. Clinical risk factors for BPD

BPD (N � 151)* No BPD (N � 111) OR† 95% CI P value

Female sex 69 (46) 56 (50) 0.8 0.5–1.35 0.447
GA � 28 wk 14 (9) 86 (77) 0.03 0.01–0.06 �0.001
BW � 1000 g 34 (23) 95 (86) 0.05 0.03–0.094 �0.001
PIH/preeclampsia 15 (10) 21 (19) 0.46 0.23–0.94 0.034
IUGR 6 (4) 9 (8) 0.46 0.16–1.33 0.152
Preterm labor 131 (87) 84 (76) 2.1 1.1–4.0 0.023
Antenatal steroids 123 (81) 95 (86) 0.7 0.38–1.45 0.378
Surfactant 135 (89) 37 (33) 16.9 8.8–32.4 �0.001
Hypotension �96 h age 72 (48) 9 (8) 10.5 4.9–22.2 �0.001
PDA‡ 115 (76) 28 (25) 9.5 5.4–16.7 �0.001
IMV �7 d 116 (77) 8 (7) 43.9 19.4–99.2 �0.001
Late onset sepsis (�3 d) 79 (53) 15 (14) 6.9 3.7–13.0 �0.001
T4 � 5.3 �g/dL 77 (52) 9 (8) 12 5.6–25.5 �0.001

† Unadjusted OR. PDA, patent ductus arteriosus, T4, serum thyroxine.
* Number positive (% positive).
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confounding variables with or without stratification for GA,
neither histologic chorioamnionitis nor fetal vasculitis was
associated with CUS abnormalities (Table 8). In regression
models including GA as a variable, serum IL-6 � 17 pg/mL
and CSF IL-6 � 6.5 pg/mL were associated with CUS abnor-
malities (serum IL-6 OR 1.88, 95% CI 1.01–3.5; p � 0.045;
CSF IL-6 OR 2.13, 95% CI 1.14–4.0; p � 0.018). After
stratification by GA and adjustment for confounding, elevated
serum IL-6 was associated with an abnormal CUS in infants
�28 wk GA but not in infants �28 wk GA (Table 8). Because
elevated cord serum IL-6 concentration is reported to be
associated with decreased blood pressure in preterm infants
(33), we assessed whether systemic hypotension was associ-
ated with serum IL-6 in the current cohort. Elevated serum
IL-6 was not associated with hypotension in either GA sub-
group. Moreover, there was no significant interaction of serum
IL-6 and hypotension in either subgroup. When stratified by
GA, CSF concentrations of IL-6 �6.5 pg/mL and TNF-� �3
pg/mL were associated with abnormal CUS in infants �28 wk
GA but not in infants �28 wk GA. Although elevated serum
and CSF IL-1� concentrations were associated with fetal vas-
culitis, they were not significantly associated with CUS abnor-
malities. An elevated CSF cell count was not significantly
associated with placental inflammation or abnormal CUS.

There were no significant interactions of any inflammatory
variable with postnatal clinical variables for CUS risk.

DISCUSSION

In this study, we demonstrated that placental inflammation is
associated with BPD and that elevated CSF IL-6 and TNF-�
are associated with CUS abnormalities in infants �28 wk GA.
There are a number of possible study limitations, however.
First, because lumbar punctures were performed only in infants
with suspected sepsis, there may have been a selection bias
toward infants with greater exposure to inflammation and
possibly higher CSF cytokines than would be present in the
whole cohort. Second, although serial scans were performed to
maximize detection of lesions, some lesions may have been
missed. Third, the concordance of radiologists was moderate
but within the reported concordance for neonatal CUS inter-
pretations (34). Fourth, the timing of the first scan at 3–7 d of
age did not allow us to determine the timing of IVH. Finally,
because the sample size of infants �28 wk with BPD was
likely too small to draw conclusions about the relationship of
chorioamnionitis and BPD, our discussion is limited to the
findings in infants �28 wk GA.

Determination of the risk factors for BPD and development
of effective intervention strategies have been hampered by
differences in diagnostic criteria among studies such as time of
assessment (28 d versus 36 wk PMA) (35, 36), inclusion of
radiographic criteria (35, 37), and tracheal aspirate cytology
(38). Using diagnostic criteria for BPD that were recom-
mended by a recent National Institute of Child Health and
Human Development/National Heart, Lung, and Blood Insti-
tute/ORD workshop (30), the present study demonstrated that
infants who were �28 wk GA and were exposed to histologic
chorioamnionitis had an increased risk for BPD (oxygen de-
pendence at 28 d). Our observations agree with the findings of
Watterberg et al. (10) that exposure to histologic chorioamnio-
nitis is associated with increased risk for BPD. In contrast, in
a case-control study, Van Marter et al. (39) observed that
histologic chorioamnionitis alone was associated with de-
creased risk for chronic lung disease (oxygen dependence at 36
wk PMA) but was associated with an increased risk for chronic
lung disease in infants who were exposed to prolonged me-
chanical ventilation or postnatal sepsis (combined clinical and
culture-proven sepsis). In a retrospective study, Redline et al.
(40) observed that histologic chorioamnionitis tended to be
increased in white infants and decreased in black infants with

Table 6. Inflammatory factors associated with BPD stratified by GA and adjusted for confounding variables

BPD �28 wk GA BPD �28 wk GA

Adjusted OR* 95% CI P value Adjusted OR 95% CI P value

Histologic CA 3.63 1.2–11.4 0.027 5.15 0.61–43.7 0.133
FV 1.55 0.61–3.96 0.351 0.75 0.17–3.25 0.7
WBC �9.2 � 103 1.66 0.7–3.92 0.247 2.8 0.85–9.03 0.089
ANC �8730 1.2 0.5–2.83 0.67 2.1 0.7–6.5 0.216
Serum IL-6 �17 pg/mL 2.17 0.75–6.25 0.15 0.71 0.16–3.1 0.65
Serum IL-1� �5.4 pg/mL 2.8 0.93–8.6 0.065 0.56 0.11–3.03 0.51
Serum TNF-� �3 pg/mL 0.95 0.26–3.4 0.95 0.45 0.05–4 0.475

* Adjusted for confounding variables determined by stepwise regression analyses of the association of clinical variables for each inflammatory variable.

Figure 1. Relationship of BPD severity and maternal stage of chorioamnio-
nitis. Percentage of study infants with and without BPD (30) with no histologic
chorioamnionitis (�) or maternal involvement by stages (see “Methods”).
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oxygen dependence at 36 wk PMA. In our prospective study,
logistic regressions including interaction terms for clinical
variables did not demonstrate significant interactions of histo-
logic chorioamnionitis with any clinical variable for BPD risk.

The frequency of amnionitis (maternal stages 3, 4, and 5)
was higher in infants with more severe BPD. The secretion of
inflammatory cytokines into amniotic fluid in response to
intrauterine infection by amniotic epithelium (41, 42) or by
infiltrating phagocytic cells may initiate lung injury in utero.
Amniotic fluid concentrations of IL-1�, IL-6, TNF-�, and IL-8
are higher in pregnancies that produce infants who develop
BPD than in pregnancies that produce infants without BPD (9).
Increased concentrations of IL-6, IL-1�, and IL-8 are detected
in tracheal aspirates of preterm infants on the first day of life
associated with prolonged rupture of the membranes (43) and
histologic chorioamnionitis (10, 11, 44), respectively. In trans-
genic mice, overexpression of TNF-�, TGF-�, IL-6, or IL-11
inhibits alveolarization, suggesting that prolonged exposure of
the preterm lung to a proinflammatory environment may con-
tribute to abnormal septation (45). Taken together, these ob-
servations suggest that intrauterine infection–mediated fetal
lung injury in infants �28 wk is the result of direct effects of
proinflammatory cytokines on the developing distal airways.
Airway injury/inflammation may be augmented in infants � 28
wk by postnatal exposure to mechanical ventilation, oxygen,
and infection. More mature infants with intrauterine inflamma-
tion are less likely to be exposed to these risk factors.

The presence of a fetal inflammatory response characterized
by fetal vasculitis or elevated serum IL-6 was not significantly

associated with BPD. The lack of an association of the fetal
inflammatory response with risk for BPD in the present study
differs from previous reports (16, 17, 46). Because our study
and others (44) have demonstrated that indicators of the fetal
inflammatory response (fetal vasculitis, elevated serum IL-6)
are highly correlated with histologic chorioamnionitis (inflam-
mation of fetal membranes), it is difficult to distinguish the
independent contribution of the different compartments to out-
come risk. The strength of the current study is the simultaneous
assessment of inflammation in all relevant compartments.

Previous epidemiologic and placental pathology studies
have identified intrauterine infection as a significant indepen-
dent predictor of neonatal CUS abnormalities and later neuro-
logic impairment including cerebral palsy. Preterm infants who
are exposed to chorioamnionitis have a 2- to 4-fold increased
risk of IVH (18, 47–50) and a 6-fold increased risk for PVL
(51, 52). WMD occurs in 65% of preterm infants who are born
to mothers with culture-positive amniotic fluid or histologic
chorioamnionitis compared with 9% of infants who are born to
mothers without evidence of intrauterine infection (9). Fetal
vasculitis significantly increases the risk for early (�10 d) and
late (�10 d) PVL in a large multicenter cohort of very low
birth weight infants (34). The presence of nonocclusive chori-
onic plate thrombi in placentas with chorioamnionitis is asso-
ciated with neurologic impairment in very low birth weight
infants at 20 mo of age (26), suggesting that placental inflam-
mation activated coagulation may contribute to brain injury in
utero.

Table 7. Clinical risk factors for CUS abnormalities

Abnormal CUS (N � 135)* Normal CUS (N � 138) OR† 95% CI P value

Preterm labor 117 (86) 106 (77) 1.96 1.04–3.7 0.037
PPROM‡ 69 (51) 50 (36) 1.84 1.1–3 0.014
Duration ROM �12 h 70 (52) 54 (39) 1.7 1.03–2.7 0.035
Maternal MgSO4 107 (79) 90 (65) 2.0 1.2–3.4 0.013
Cesarean section 58 (43) 85 (62) 0.5 0.3–0.8 0.002
GA �28 wk 39 (29) 62 (45) 0.5 0.3–0.8 0.006
BW �1000 g 55 (41) 75 (54) 0.6 0.4–0.9 0.025
PIH/preeclampsia 6 (4) 28 (20) 0.27 0.12–0.6 0.001
IUGR 5 (3.6) 11 (8) 0.43 0.15–1.3 0.132
IMV �7 d 79 (58) 54 (39) 2.2 1.3–3.5 0.002
Surfactant 101 (75) 82 (59) 2.02 1.2–3.4 0.007
Hypotension �96 h age 55 (41) 35 (25) 2.0 1.2–3.4 0.008
Late-onset sepsis 57 (43) 41 (30) 1.7 1.04–2.84 0.034
Survival 123 (91) 133 (96) 0.3 0.1–0.98 0.046

* Number positive (% positive).
† Unadjusted OR.

Table 8. Inflammatory variables associated with CUS abnormalities stratified by GA and adjusted for confounding variables

Abnormal CUS �28 wk GA Abnormal CUS �28 wk GA

Adjusted OR* 95% CI P value Adjusted OR 95% CI P value

Histologic CA 1.2 0.6–2.5 0.56 1.93 0.8–4.8 0.161
FV 1.39 0.7–2.7 0.32 1.9 0.7–4.9 0.169
Serum IL-6 �17 pg/mL 1.55 0.7–3.4 0.27 3.36 1.2–9.5 0.023
Serum IL-1� �5.4 pg/mL 1.65 0.7–3.7 0.216 1.25 0.46–3.4 0.66
Serum TNF-� �3 pg/mL 1.15 0.5–2.8 0.761 0.9 0.25–2.9 0.81
CSF IL-6 �6.5 pg/mL 3.0 1.34–6.7 0.007 1.4 0.5–4.0 0.523
CSF IL-1� �0.78 pg/mL 1.0 0.43–2.2 0.96 1.98 0.6–6.2 0.239
CSF TNF-� �3 pg/mL 3.5 1.1–11.3 0.04 1.3 0.4–4.6 0.697

* Adjusted for confounding variables determined by stepwise regression analyses of the association of clinical variables for each inflammatory variable.
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In support of the “cytokine hypothesis of brain injury” (5),
we provide evidence that the increased risk for CUS abnor-
malities in infants �28 wk GA is associated with an increased
expression of IL-6 and TNF-� in the CNS compartment.
Because CUS scans were not performed before the CSF was
obtained, we cannot determine whether the proinflammatory
cytokines were released in response to injury or directly con-
tributed to brain injury. Because of the lack of correlation of
paired serum and CSF cytokines, it is unlikely that serum-
derived cytokines diffusing across the immature blood-brain
barrier are a major source of the elevated CSF cytokines.

The preterm brain may be particularly vulnerable to the
inflammatory/cytotoxic effects of cytokines. The process of
myelination may be particularly susceptible to disruption by
cytokine exposure. IL-6 shifts the development of the oligo-
dendrocyte precursor cell in vitro from becoming myelin-
producing oligodendrocytes to astrocytes (53). This may ex-
plain, in part, the astrocytosis in WMD (5). Before 28 wk GA,
the white matter is mostly populated with the oxidative injury–
sensitive preoligodendrocyte (7), suggesting that this period is
particularly sensitive to inflammation-mediated injury. Vascu-
lar developmental immaturity may increase the susceptibility
of the preterm brain to ischemia as a result of cytokine-
activated coagulation/thrombosis pathways (26, 48), suggest-
ing a convergence of the “vascular hypothesis” (8) and the
“cytokine hypothesis” (5). Rupture of the ependyma by IVH
may expose the adjacent white matter to CSF cytokines (48).

In the current study, elevated serum IL-6 was associated
with an increased risk for CUS abnormalities in infants �28
wk GA. Although cord serum IL-6 concentration is associated
with decreased blood pressure in preterm infants (33), suggest-
ing that the risk for brain injury in these more mature infants
exposed to IL-6 may be due, in part, to systemic and cerebro-
vascular hemodynamic disturbances, we did not observe an
association of serum IL-6 with systemic hypotension. Alterna-
tively, because there are bidirectional interactions of systemic
and CNS cytokines, the brain may be injured by cytokines
generated outside the CNS. Systemic sepsis or subcutaneously
administered endotoxin induces brain IL-1 and IL-6 in mice
(54). In juvenile rhesus monkeys, i.v. administration of IL-1�
induces brain-derived IL-6 in CSF, suggesting that the brain
responds to peripheral activation. Furthermore, systemic in-
flammatory cytokines may exacerbate injury mediated by ex-
citatory neurotransmitters such as glutamate released in re-
sponse to hypoxia-ischemia (55, 56). In a model of ibotenate-
induced excitotoxic brain injury in newborn mice, systemic
pretreatment with IL-1�, IL-6, or TNF-� exacerbates ibote-
nate-induced brain lesions (56). Further investigation will be
needed to determine the relative contribution of inflammation
in the circulatory and CNS compartments to brain injury during
different stages of development.

Nelson et al. (57) found no correlation of inflammatory
cytokines measured at 2–3 postnatal d with later diagnosis of
spastic cerebral palsy in a cohort of preterm infants. However,
it remains to be determined whether cytokine measurements in
blood or CSF obtained soon after birth and therefore largely
reflecting intrauterine conditions will be markers for later
neurosensory impairment. Because intrauterine infection/

inflammation is a major factor in preterm birth and adverse
sequelae in gestations of �28 wk, intervention strategies
should focus on early identification of high-risk women and the
development of drugs to modulate the inflammatory response
(55).
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