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The fetal inflammatory response has been suggested as causal
in neonatal morbidity. Serial levels of circulating cytokines were
evaluated in 74 infants with a mean gestational age (GA) of 27.1
wk. Pro-inflammatory and modulatory (IL-4, IL-10) cytokines
were analyzed from cord blood, and at 6, 24, and 72 h postnatal
age. Measure of cytokine burden over time was assessed by
calculating the area under curve (AUC) for analyzed levels
(0–72 h). Premature rupture of membranes (PROM) was asso-
ciated with higher levels of IL-2 at birth and at 6 h, of IFN-� at
6 and 24 h postnatal age and of TNF-� at 6 and 24 h. Levels of
IFN-� at 6, 24, and 72 h were increased in infants developing
white matter brain damage (WMD) compared with those without
WMD. Infants with arterial hypotension requiring dopamine
treatment had an increase in IL-6 with a peak at 6 h of age.
Severe intraventricular hemorrhage (IVH) was associated with
increase in AUC, whereas WMD was associated with increase in
AUC. A fetal immune response with increased postnatal levels of
IFN-� was associated with development of WMD. PROM was

associated with a T-helper 1 cytokine response with increased
levels of IFN-�. Type of inflammatory response appears of
importance for subsequent morbidity. (Pediatr Res 58: 946–952,
2005)

Abbreviations
AUC, area under curve
CI, confidence interval
GA, gestational age
IFN-�, interferon-�
IVH, intraventricular hemorrhage
MABP, mean arterial blood pressure
OR, odds ratio
PROM, premature rupture of membranes
PVL, periventricular leukomalacia
Th, T-helper
TNF-�, tumor necrosis factor-�
WMD, white matter brain damage

Antenatal infection is considered to be a major cause of
preterm birth and elicits a fetal inflammatory response that has
been suggested to be causal in both early acute neonatal
morbidity and in chronic neurologic morbidity (1,2). Preterm
labor and rupture of membranes, histologic chorioamnionitis,
and funisitis have been associated with early neonatal brain
injury and cerebral palsy (CP) (3–6). Elevated levels of pro-
inflammatory cytokines in amniotic fluid, fetal and umbilical
cord blood, and in postnatal blood during the first 12 h have
been correlated to hemodynamic impairment, IVH, WMD, and
CP (2,5,7–9). On the other hand, a recent study failed to show

any association between postnatal circulating cytokines at a
median age of 2.4 d and development of CP in preterm infants
(10).

Induced inflammation in humans results in rapid changes in
circulating levels of cytokines with a half-life varying between
different cytokines (11). A study with postnatal serial sampling
inferred that levels of several circulating pro-inflammatory
cytokines were highest after birth and subsequently declined in
a small group of preterm infants indicating that cytokine levels
in neonatal blood may be very different from levels in umbil-
ical cord blood (12,13). This may explain the lack of associa-
tion between postnatal circulating cytokines and development
of CP in the study by Nelson et al. (10). The process of birth,
associated with stress and major physiologic changes, may
have a profound effect on the circulating inflammatory re-
sponse in the preterm infant. Therefore, a serial assessment of
circulating cytokine levels at defined time points, incorporating
the transition from fetal to neonatal life, may improve under-
standing of the association between systemic inflammatory
response and morbidity in preterm infants.
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The theory of a preferential Th1 or a Th2 differentiation with
a subsequent Th1 (TNF-�, IFN-�, IL-2, IL-12) or a Th2 (IL-4,
IL-6, IL-10) cytokine response being implicated in tissue
damage or protection has been explored in several different
areas of disease (14). Genetic and environmental factors, e.g.
properties of inducing microbial compounds may influence the
Th1/Th2 differentiation resulting in different patterns of cyto-
kine response (14). PROM is a condition with a high combined
prevalence of intra-amniotic inflammation and infection and
has been associated with increased levels of Th1 cytokines in
umbilical and maternal blood (15–17). The Th1/Th2 paradigm
may prove useful for distinguishing mechanistic links between
the fetal inflammatory response and postnatal morbidity in
preterm infants.

The aim of this study was to evaluate circulating levels of
pro-inflammatory and modulatory cytokine levels in umbilical
cord blood and in neonatal blood at 6, 24, and 72 h of postnatal
age and determine their relationship to PROM as a marker of
antenatal inflammation, early hemodynamic changes, and mor-
phologic brain damage in preterm infants. We aimed to eval-
uate changes in cytokine levels over time as differences be-
tween defined time points and to perform an integrated
assessment of cytokine burden over time.

METHODS

Study population and clinical routines. The study was a 2-y (February
2001 to February 2003) prospective cohort study of infants born at Lund
University Hospital. The study was approved by the Regional Committee for
Research Ethics at Lund University.

Pregnant women with a risk of delivery before 32 wk were identified and
included before delivery after written informed consent from both parents. The
acceptance rate for participation in the study was 86%. Inclusion criteria were
a GA �32 wk at birth, antenatal informed consent, and absence of major
congenital anomalies. All pregnancies were dated by ultrasound at 17–18
gestational weeks. Seventy-four infants were enrolled in the study. After
delivery, the infants were admitted to the Neonatal Intensive Care Unit, Lund
University Hospital.

An umbilical or peripheral arterial catheter was inserted within 1 h after
birth for blood sampling, including blood culture and for continuous blood-
pressure monitoring (M3153A, Viridia Surveillance Center, Hewlett-Packard,
Palo Alto, CA). Indication for treatment of arterial hypotension was a MABP
(mm Hg) lower than the infants’ GA in weeks during the first 3 postnatal days.
Treatment of arterial hypotension included intravenous infusion of dopamine
in a starting dose of 3–5 �g/kg/min with a subsequent increase up to maximum
of 15 �g/kg/min and/or volume expansion (fresh frozen plasma, 5% albumin,
0.9% sodium hydrochloride, or packed erythrocytes if hemoglobin levels were
below 140 g/L) until MABP had reached acceptable levels and the infant had
sufficient diuresis, i.e. a urinary output of �2 mL/kg/h.

Quantitative analysis of plasma cytokines. Sampling was performed from
umbilical cord blood and from arterial blood at 6, 24, and 72 h through the
indwelling arterial line. Blood samples were collected in a Vacutainer tube
containing the anticoagulant EDTA (BD Biosciences, San Jose, CA), put on
ice, and delivered within 20 min to the local chemical laboratory where the
plasma was separated into several aliquots and then stored in a freezer
(�70°C) until analyzed in one batch at 7 mo after termination of the study.
Levels of pro-inflammatory (TNF-�, IFN-�, IL-1�, IL-2, IL-6, IL-8, IL-12)
and modulatory (IL-4, IL-10) cytokines in plasma were determined by cyto-
metric bead array (CBA; BD Biosciences) and flow cytometry according to the
manufacturer’s recommendations. This assay is based on a mixture of six
microbead populations with distinct fluorescent intensities (FL-3) precoated
with capture antibodies specific for each cytokine and uses the sensitivity of
fluorescence detection by flow cytometry to measure soluble cytokines in a
particle-based immunoassay. Each bead provides a capture surface for a
specific cytokine and is analogous to an individually coated well in an ELISA
plate. Briefly, 50 �L of mixed beads coated with cytokine-specific capture
antibodies were added to 50 �L of patient plasma and incubated for 1.5 h at
room temperature. After washing, 50 �L of phycoerythrin-conjugated (PE)
anti-human inflammatory cytokine antibodies were added. Simultaneously, 50

�L of standards for each cytokine (0–5000 pg/mL) were treated likewise to
generate a standard curves. Two-color flow cytometric analysis was performed
using a FACSCalibur flow cytometer (BD Biosciences). Data were acquired
and analyzed using BD Biosciences CBA software. Forward- versus side-
scatter gating was used to exclude any sample particles other than the 7.5-�m
polystyrene beads. Flow cytometric analysis was performed and analyzed by a
single operator and cytokine concentrations were determined based on the
standard curves using the CBA software. The lower limit of detection for the
various cytokines evaluated ranged from 2 to 10 pg/mL. For results above the
upper limit of detection, serial dilution of the sample was performed to
accurately determine cytokine levels. A level of �0.1 pg/mL was regarded as
nondetectable.

Hemodynamic evaluation. Values of mean, systolic, and diastolic arterial
blood pressure, oxygen saturation, and heart rate were digitally stored every 15
min during the first 72 h. In the infants without an indwelling arterial line (n
� 9), noninvasive blood pressure (neonatal blood pressure cuff, Hewlett
Packard) was obtained every 60 min and documented in the protocol. Admin-
istered treatment with dopamine was prospectively registered during the first
72 h of life.

Cranial ultrasonography. Repeated ultrasound examinations of the brain
were performed by two of the investigators (I.H.-P., D.L.) using an Acuson XP
512 (7.5 MHz) or Acuson Sequoia (8.5 MHz) (Mountain View, CA) at 1, 3,
and 7 postnatal days, at 6 wk, and at 40 gestational weeks. Data from the
ultrasound brain examinations were stored digitally and forwarded to the
Department of Pediatric Radiology, where the images were reviewed by a
pediatric radiologist. Images with suspected abnormalities where reassessed by
a pediatric radiologist blinded to the clinical history. Severe IVH was defined
in the presence of IVH grade 3 and/or parenchymal hemorrhagic infarction.
WMD was defined in the presence of periventricular echodensities persisting
for more than 7 d or periventricular cysts (18).

Clinical data. Antenatal data were obtained from maternal records. Pre-
eclampsia was defined as blood pressure �140/90 mm Hg and albuminuria
�0.3 g/L/d, and PROM as a rupture of membranes before the onset of labor.
Suspected maternal infection was defined in the case of elevated maternal
C-reactive protein �5 mg/L and/or fever �38°C. Clinical chorioamnionitis
was defined when two of the following criteria were present: maternal fever
�38°C, maternal tachycardia, fetal tachycardia, malodorous amniotic fluid,
and uterine tenderness. The total number of doses of antenatal steroids and the
time point of the last dose before delivery were registered. The infants were
defined as small for gestational age (SGA) if the deviation of birth weight
(BW) was �2 SD below the gestational age-related mean of the population
(19). Neonatal data were obtained from the infants’ hospital records until home
discharge. All infants remained in the tertiary level NICU in Lund for more
than 72 h.

Statistical analysis. Statistical analysis was performed using SPSS v 11.5
for Microsoft Windows (SPSS Inc., Chicago, IL). Plasma levels of the
respective cytokines from umbilical cord and at 6, 24, and 72 h of postnatal age
were used to calculate an AUC as an assessment of cytokine burden over time
in each subject. AUC was calculated according to the trapezium rule (20).
AUC was only calculated in subjects with three or more valid plasma samples
(59 subjects with 4 samples, 10 subjects with 3 samples; n � 69). Calculated
AUC was adjusted for total sampling period, being either 66 or 72 h, thus
achieving a weighted average level over time. Levels of cytokine levels at the
respective sampling points as well as the calculated AUC were logarithmically
transformed to obtain a normal distribution of values. Average MABP (0–72
h) was calculated as the mean of aggregated data for each subject. Relation-
ships between antenatal variables and cytokine levels with adjustment for other
variables was assessed by using multiple regression analysis. Univariate
analysis of cytokine levels at specific time points were assessed using the
Kruskal-Wallis test for groups of uneven size. Relationships between cytokine
levels and categorical or continuous outcome variables were assessed using
logistic regression analysis (backward log-likelihood ratio) or multiple linear
regression analysis as appropriate with adjustment for gestational age and
gender. Correlations between cytokines were assessed with the Spearman rank
correlation coefficient and differences between paired samples by the Wilcoxon
rank sum test.

RESULTS

Clinical features of the study population. All mothers
received antenatal steroid treatment. Of the 74 infants, 30
(40%) had mothers with PROM occurring at a median (range)
of 8 (1–72) d before delivery, 18 (24%) were delivered due to
maternal preeclampsia, 22 (30%) had mothers with suspected
maternal infection, 5 (7%) had mothers with clinical chorio-
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amnionitis, and 53 (72%) had mothers who had received
antenatal antibiotic treatment. Fifty-two of the infants (70%)
were delivered by cesarean section and 34 (46%) were either
twins or triplets.

The 74 infants had a mean [SD (range)] gestational age at
birth of 27 [2.0 (23–31)] wk with a mean (SD) birth weight of
1007 (280) g. Thirty-nine (53%) of the infants were males and
20 (27%) had a birth weight SGA. Twenty-five (34%) infants
received dopamine treatment and 40 (54%) volume expansion
during the first 72 h of life. Ultrasound examinations according
to the study protocol showed that 17 (23%) infants developed
any IVH, 6 (8%) severe IVH, and 8 (11%) WMD. Only one
infant had a positive blood culture at birth.

Three infants died, one infant after 4 h, one infant after 24 d
(both with Escherichia coli infection) and one infant after 2 d
(persistent pulmonary hypertension and parenchymal cerebral
hemorrhage).
PROM and cytokines. Levels of cytokines at the respective

times of sampling were analyzed in infants with and without
maternal PROM. Table 1 demonstrates the antenatal charac-
teristics and postnatal outcome according to presence or ab-
sence of PROM. WMD was more frequent in surviving infants
after PROM compared with in those without PROM. The three
infants who died were all delivered after PROM.

Infants delivered after PROM (n � 30) had higher levels of
IL-2 at birth and at 6 h (p � 0.012 and p � 0.004), of IFN-�
at 6 and 24 h postnatal age (p � 0.021 and p � 0.011), of
TNF-� at 6 and 24 h (p � 0.014 and p � 0.041), and AUC
(IFN-�) (p � 0.037) compared with infants not delivered after
PROM (n � 44). Levels of other cytokines did not differ
significantly at the respective sampling points in relation to
PROM although levels of IL-6 exhibited differences when
analyzed over time within the respective groups. In infants
delivered after PROM, median level of IL-6 was highest at
birth and decreased to a lowest median value at 72 h (p �
0.033) compared with infants not delivered after PROM who
exhibited a significant increase from birth to 6 h of age (p �
0.022) with a subsequent decrease at 72 h (p � 0.039). Median

levels and distribution of IFN-�, IL-2, TNF-�, and IL-6 ac-
cording to presence or absence of PROM are illustrated in
Figure 1.

Median levels of IL-6, IL-8, and IL-10 were significantly
decreased by 72 h compared with levels during the first 24 h of
life in infants with and in those without maternal PROM (p �
0.01 for both). Median levels of IL-1�, IL-12, and IL-4 re-
mained unchanged from birth and up to 72 h in both groups.
Levels of TNF-� and IL-1� were overall low with a few
exceptions and with measured levels frequently below the
detection level of the assays at all studied time points.

Levels of the modulatory cytokine IL-10 changed similarly
between the studied time points in studied infants as is illus-
trated for each infant in Figure 2. Median level of IL-10
increased from birth to that at 6 h of age (p � 0.001), followed
by a decrease between 6 and 24 h and between 24 and 72 h (p
� 0.001 and p � 0.002, respectively).

Correlations were analyzed between AUC of measured cy-
tokines. Three groups of cytokines were identified with posi-
tive correlations between the AUC of the cytokines within the
respective groups. The respective groups were: 1) IL-6, IL-8,
and IL-10 (r � 0.49–0.68); 2) IFN-�, IL-1�, and IL-12 (r �
0.34–0.69); and 3) TNF-�, IL-4, and IL-2 (r � 0.38–0.52).
IL-10 also exhibited significant correlations to IFN-� and IL-4
(r � 0.4 for both). All described correlations with p � 0.01. No
inverse correlations were observed between AUC of measured
cytokines.

Table 1. Antenatal characteristics and postnatal outcome
according to presence or absence of premature rupture of

membranes.

PROM
(N � 30)

Non PROM
(N � 44) P value

Gender (male) 18 (60) 21 (48) 0.299
Chorioamnionitis 4 (13) 1 (2) 0.151
Maternal antibiotic treatment 30 (100) 23 (52) �0.001
Suspected maternal infection 13 (43) 9 (20) 0.035
Preeclampsia 0 (0) 18 (41) �0.001
Preterm labor 20 (67) 9 (20) �0.01
Gestational age (weeks) 27.0 (1.7) 27.2 (2.1) 0.753
Birth weight (g) 1070 (260) 965 (289) 0.112
SGA 1 (3) 19 (43) �0.001
Dopamine treatment 8 (27) 17 (39) 0.382
White matter brain damage 6 (22) 2 (4) 0.049*
IVH (grade III/IV) 3 (11) 3 (7) 0.676
Died 3 (10) 0 (0) 0.063

Value expressed as mean (SD) or number (percentage). PROM, premature
rupture of membranes; SGA, small for gestational age; IVH, intraventricular
hemorrhage;* statistical difference calculated on surviving infants.

Figure 1. Plasma levels of IFN-�, IL-2, TNF-�, and IL-6 (log pg/mL) at birth
and at 6, 24, and 72 h postnatal age according to presence (shaded columns, n
� 30) or absence (unshaded columns, n � 44) of PROM. Plasma levels of
IFN-�, IL-2, and TNF-� were increased in infants with PROM as compared
those in infants without PROM at indicated postnatal ages (*p � 0.05, **p �
0.01). Plasma levels of IL-6 increased from birth to 6 h of age in infants
without PROM (*p � 0.05), with a subsequent decrease at 72 h (*p � 0.05).
Level of IL-6 was highest at birth and decreased at 72 h of age in infants with
PROM (*p � 0.05). Medians and interquartile ranges are indicated.
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Cytokines and arterial hypotension. Increases in AUC
(IL-6) and in AUC (IL-8) were associated with a decrease in
MABP (0–72 h) (r � �0.37, p � 0.002, and r � �0.39, p �
0.001, respectively). A weaker inverse association was ob-
served between AUC (IL-1�) and MABP (r � �0.27, p �
0.027). No associations were present between MABP (0–72 h)
and AUC of any of the other cytokines. Levels of IL-6 at 6 h
(r � �0.36, p � 0.003) and of IL-8 at 24 h (r � �0.46, p �
0.001) exhibited the strongest inverse association with average
MABP (0–72 h).

Increases in AUC (IL-6), AUC (IL-8), and AUC (IL-10)
were associated with dopamine treatment during the first 72 h,
(OR, 11.8, 95% CI, 2.6–53.5, p � 0.001; OR, 17.9, 95% CI,
2.5–129.9, p � 0.001; and OR, 13.1, 95% CI, 2.1–80.5, p �
0.001, respectively). Assessment of cytokine-levels at the re-
spective sampling points showed that an increase in IL-6 at 6 h
exhibited the strongest association with dopamine treatment (p
� 0.001). Described associations remained significant after
adjustment for GA and gender.

Infants receiving dopamine treatment (0–72 h) for arterial
hypotension (n � 25) had a temporal pattern of IL-6 showing
a marked increase in levels of IL-6 from those in umbilical
cord 58 (2–342,646) pg/mL (median, range) to those at 6 h of
age 923 (19–866,057) pg/mL, p � 0.011, compared with
unchanged levels in infants not requiring dopamine, 38 (1.5–
8454) and 33 (4.5–634) pg/mL respectively, (p � 0.186).
Temporal course of IL-6 in infants with and without dopamine
treatment for arterial hypotension is shown in Figure 3. A level
of IL-6 �184 pg/mL at 6 h was predictive of dopamine
treatment (0–72 h), with a sensitivity of 67% and a specificity
of 93% and with a positive predictive value of 84% and a
negative predictive value of 84%.
Cytokines and development of WMD and severe IVH.

Increase in AUC (IFN-�) was associated with development of

WMD (OR, 26.0. 95% CI, 2.9–232.7, p � 0.002). Levels of
IFN-� at birth, 6, 24, and 72 h were increased in infants
developing WMD compared with those without WMD: p �
0.057, p � 0.017, p � 0.005, and p � 0.04 respectively.
Median levels and distribution of IFN-� at sampling points in
relation to development of WMD are given in Figure 4.

Temporal course of IL-6 in infants developing WMD was
different compared with those requiring dopamine treatment
for arterial hypotension. Median level (range) of IL-6 at birth
was 124 (5–342,648) pg/mL and showed a tendency to de-
crease at 6 h, 54 (24–231,723) pg/mL (p � 0.09), in infants
developing WMD.

Increases in AUC (IL-6) and in AUC (IL-8) were associated
with development of severe IVH (OR, 2.8, 95% CI, 1.1–6.9,
p � 0.023 and OR, 13.2, 95% CI, 1.5–116.3, p � 0.01,

Figure 2. Individual plasma levels of IL-10 (log pg/mL) at birth and at 6, 24,
and 72 h postnatal age in preterm infants (n � 74).

Figure 3. Individual plasma levels of IL-6 (log pg/mL) at birth and at 6, 24,
and 72 h postnatal age in infants requiring dopamine treatment for arterial
hypotension (n � 25) and in those not requiring dopamine treatment (n � 49).

Figure 4. Plasma levels of IFN-� (log pg/mL) at birth and at 6, 24, and 72 h
postnatal age in infants developing WMD (shaded columns, n � 8) compared
with infants without WMD (unshaded columns, n � 66). Levels of IFN-� were
increased in infants with WMD at indicated postnatal ages (*p � 0.05, **p �
0.01). Medians and interquartile ranges are indicated.
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respectively. No significant associations were observed be-
tween levels of IL-6 and IL-8 at the respective time points of
sampling and development of severe IVH. Average MABP
(0–72 h) was not associated with development of severe IVH
or WMD in multivariate analyses and affected neither the
relationship between AUC of IL-6 and IL-8 and severe IVH
nor that between AUC (IFN-�) and WMD.

DISCUSSION

Increased levels of circulating pro-inflammatory cytokines
during the first 72 h of life were associated with arterial
hypotension and with the development of brain damage as
detected by ultrasound. Assessment of cytokine burden over
time, as obtained by AUC from levels in umbilical cord and in
postnatal blood up to 72 h postnatal age, showed the following:
1) increases in AUC of IL-6, IL-8, and IL-10 were associated
with arterial hypotension; 2) increases in AUC of IL-6 and IL-8
were associated with severe IVH; and 3) PROM was associated
with increased postnatal levels of IFN-�, which in turn were
associated with WMD. Infants with arterial hypotension re-
quiring treatment had an early postnatal increase in IL-6,
suggesting a recent induction of a systemic inflammatory
response. Development of WMD, with increased postnatal
levels of IFN-� at repeated time points, was neither associated
with arterial hypotension nor with an early postnatal increase in
IL-6.

Serial analysis of circulating cytokine levels at defined time
points showed that levels of several cytokines change rapidly
and by a large magnitude within the same subject, often by
several orders. Subsequently, an assessment of circulating
cytokine levels at a singular time point may not detect signif-
icant elevations and may therefore fail to detect relevant
associations between inflammatory response and morbidity
(12,21). IL-6 and IL-8 exhibited similar changes over time,
with levels being highest in umbilical cord or at 6 h postnatal
age and subsequently decreasing and, in the vast majority of
subjects, reaching lowest levels by 72 h of age. The modulatory
cytokine IL-10 exhibited a characteristic temporal pattern with
a postnatal peak at 6 h postnatal age and with a subsequent
decrease up to 72 h of age in the majority of subjects. These
changes over time suggest that systemic inflammatory activity
during the first 3 d of age is initiated in utero in the majority of
preterm subjects. This is an important finding and, although not
unexpected, reinforces the hypothesis of fetal inflammatory
response being associated with postnatal neurologic and respi-
ratory morbidity.

Correlation analysis between plasma levels of different cy-
tokines revealed several patterns of interest. Levels of the
modulatory cytokine IL-10 were positively associated with
those of the pro-inflammatory cytokines IL-6, IFN-�, and IL-8,
supporting an operating counter-regulatory mechanism during
early postnatal age in preterm infants. Serial analysis of IL-10
revealed an extremely homogenous temporal profile with a
distinct peak at 6 h occurring in almost all infants. IL-10 is
produced by Th2 cells, B cells, and macrophages as well as by
several placental tissues and has a down-regulatory effect on
production of pro-inflammatory cytokines (22). Parturition in-

creases placental IL-10 production in response to pro-
inflammatory stimuli, and catecholamines have been shown to
be effective stimulants for IL-10 secretion in humans (22,23).
Although levels of IL-10 were positively correlated to those of
several pro-inflammatory cytokines, suggesting that IL-10 in-
creased as a counter-regulatory mechanism, the observed early
postnatal increase in IL-10 suggests an effect of birth per se.
The influence of early invasive procedures such as umbilical
catheterization on systemic inflammatory response is unknown
but may hypothetically have affected levels of circulating
cytokines at 6 h of age.

Levels of TNF-� and IL-1� were frequently nondetectable
at all studied time points. Yanowitz et al. (7) detected TNF-�
in cord blood in only 20% of the preterm infants. Lipopoly-
saccharide stimulation in adults results in an earlier dose-
dependent peak for TNF-� than for IL-6. To some extent,
TNF-� triggers the release of IL-6 (11). IL-6 has a suppressive
effect on the production of both TNF-� and IL-1� (24). This
suggests that levels of TNF-� and IL-1� may have peaked
before birth, thereby escaping detection in postnatal blood and
in turn disabling a meaningful evaluation of their relation to
morbidity.
Inflammatory response and arterial hypotension. Increased

circulating levels of IL-6 and IL-8 were associated with a
decrease in MABP, with levels of IL-6 at 6 h postnatal age
being a good predictor of requirement of dopamine treatment
for arterial hypotension. These findings are similar to those of
Yanowitz et al. (7), who showed an association between IL-6
in umbilical cord blood, histologic chorioamnionitis, and a
decrease in MABP at 4–6 h postnatal age. The temporal
pattern of IL-6 revealed that circulatory impairment was prev-
alent in those infants exhibiting an increase in IL-6 during the
first 6 h of life. The described early postnatal increase of IL-6,
often by several orders, with a peak at 6 h, suggests a recent
induction of the inflammatory response. Several monoamines,
including dopamine, have been shown to increase synthesis of
IL-6, thus inferring that exogenous dopamine may have caused
the described increase in IL-6 (23,25). This seems less likely as
dopamine treatment initiated before 6 h of age was not asso-
ciated with higher levels of IL-6 at 6 h compared with levels in
infants receiving dopamine at a later age. Similarly, dopamine
treatment initiated after 6 or 24 h of age did not result in a
subsequent increase in IL-6.

Increased systemic pro-inflammatory activity may affect
several mechanisms leading to circulatory impairment. Pro-
inflammatory cytokines cause an increased production of NO
by up-regulating inducible NO-synthase, resulting in decreased
vessel wall tone (26). Up-regulation of adhesion molecules
with increased adhesion of leukocytes to the endothelial wall
causes a release of proteases and reactive oxygen species (27).
Increased reactive oxygen species generation is present during
inflammation and can cause an inactivation of catecholamines
(28). Activation of all these mechanisms leads to increased
vascular permeability and peripheral vasodilation with a de-
crease in vascular resistance. IL-6 as well as IL-8 appear to be
present in high concentrations and with a relatively long
half-life during the inflammatory response in the preterm in-
fant. IL-6 is readily detected and therefore a sensitive circula-

950 HANSEN-PUPP ET AL.



tory marker of timing and magnitude of the inflammatory
response.

Arterial hypotension has been considered a risk factor for
cerebral injury inasmuch as the germinal matrix and cerebral
white matter are highly vulnerable to hypoperfusion due to the
watershed vascular supply in these areas. We found no asso-
ciation between average MABP during the first 72 h and either
IVH or WMD in our study. We did, however, find an associ-
ation between increases in levels of IL-6 and IL-8 and devel-
opment of severe IVH, as did Heep et al. (8). Other studies
suggests that low cerebral blood flow rather than blood pres-
sure is associated with brain damage and that cerebral blood
flow can be maintained in spite of low MABP (29,30). Lipo-
polysaccharide-induced inflammation in fetal sheep has shown
resulting fetal hypoxia due to a reduction of placental blood
flow with a subsequent reduction in cerebral oxygen delivery
(31). No study has, to our knowledge, shown an actual de-
crease in cerebral blood flow due to inflammation in the
absence of induced asphyxia.
Inflammatory response and WMD. Circulating levels of

IFN-� were increased in infants developing WMD. The major
pathologic feature of WMD or PVL is a chronic disturbance of
myelination, which suggests that the oligodendrocyte cell lin-
eage is affected. WMD usually develops between 24 and 32 wk
gestation, and during this period the human parietal white
matter is populated mostly by oligodendrocyte progenitors.
Several in vitro studies have shown that IFN-� reduces prolif-
eration and viability of oligodendroglial cells and their progen-
itors, the preoligodendrocytes, appear to be more sensitive than
the more differentiated cells (32). This would appear to support
our finding of elevated circulating IFN-� being actually impli-
cated in the pathogenesis of WMD. The findings of increased
circulatory levels of these cytokines does not necessarily imply
increased levels within the CNS. However, administration of
endotoxin in fetal sheep seems to increase blood-brain barrier
permeability and cytokines in the circulation have been shown
to cross the blood-brain barrier, although it is unknown
whether this passage is sufficient to cause an inflammatory
responses within the brain (33,34). Intravenous administration
of lipopolysaccharide in vivo results in neuropathological le-
sions similar to those in PVL (35). Lipopolysaccharide acti-
vates circulating immune cells and microglia through the toll-
like receptor resulting in synthesis of pro-inflammatory
cytokines and reactive oxygen species. Both of these substance
groups have known damaging effects to oligodendrocyte pro-
genitors (36).

The increased circulating levels of IFN-� observed in infants
with WMD may reflect elevated levels of the same cytokine
within the brain. A common stimulus, one of various possible
microbial compounds, may initiate activation of immune cells
within the vascular system as well as the microglia within the
brain resulting in elevated levels of IFN-� in both compart-
ments. Increased circulatory levels of IFN-� may also increase
blood-brain barrier permeability, resulting in infiltration of
circulatory immune cells to the brain with subsequent in-
creased local pro-inflammatory activity causing damage to
oligodendrocyte progenitors. Very recently, Bell et al. (37)
showed a 20-fold increase in levels of IFN-� protein in the fetal

brain in a rat model with lipopolysaccharide-induced intrauter-
ine inflammation. Expression of IFN-� protein has also been
shown to be increased in macrophages and activated astrocytes
in human perinatal brains with PVL (38). The same study
showed that the IFN-� receptor was expressed in human
premyelinating oligodendrocytes, which suggested a potential
for IFN-� induced toxicity to those cells via receptor-mediated
mechanisms. Those results suggest that our finding of in-
creased circulating levels of IFN-� in preterm infants who
developed WMD may reflect increased levels of the same
cytokine within the brain and more importantly, that IFN-�
may be implicated in the pathogenesis of WMD.

Infants to mothers with PROM had increased circulating
levels of IFN-�, IL-2, and TNF-�, all three cytokines belong-
ing to the Th1 subset of T-helper cells. A Th1 predominance
with increased levels of IFN-� in cord blood and in maternal
blood after PROM has been observed previously (16,17).
Infants to mothers with PROM have also been suggested to be
at an increased risk for development of cystic PVL (6,39). Our
finding of increased levels of IFN-� in infants delivered after
PROM and in infants developing WMD supports the associa-
tion between induced antenatal inflammation and WMD and
proposes a possible mechanistic pathway. In the absence of
placental histology, we chose PROM as a marker of antenatal
inflammation because it has been shown as a condition with a
high prevalence of intra-amniotic inflammation and infection
(15).

We found positive correlations between circulatory levels of
IFN-�, IL-10, and IL-12 within the whole study group indicat-
ing that levels of the respective cytokines were frequently
increased simultaneously. IL-10 has modulating effects on
production of IFN-� and inhibits IFN-� mediated oligodendro-
glial death by suppressing inducible nitric oxide synthase
(iNOS) thus inhibiting NO-production (40). IL-12, on the other
hand, can induce IFN-� production (14). We were unable to
show any interaction between IFN-�, IL-10, and IL-12 in the
development of WMD when applying multivariate analysis.
Such analysis is, however, limited by the relatively small
number of infants developing WMD in the present study.

The pro-inflammatory cytokine IFN-� is a member of the
Th1 cytokine family, as opposed to IL-6 and IL-10, which
belong to the Th2 cytokine pattern. Increased synthesis of
cytokines belonging to either the Th1 or the Th2 pattern has
been ascribed to differences in the inducing compound (14).
The finding of increased IFN-� in association with WMD as
opposed to that of IL-6 in association with IVH and circulatory
impairment may depend on differences in the microbial com-
pounds responsible for inducing the inflammatory response.

The described early postnatal increase in circulatory levels
of IL-6 associated with arterial hypotension was not present in
infants developing WMD. On the contrary, levels of IL-6 were
relatively high in the umbilical cord, with a tendency to
decrease at 6 h in infants developing WMD. This observation
lends further support to our hypothesis that induction of in-
flammatory response probably took place earlier in infants
developing WMD than in those exhibiting an immediate rise in
IL-6 after birth and with postnatal arterial hypotension requir-
ing treatment.
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We suggest that an induction of inflammatory response in
utero that is not followed by delivery presents a greater risk for
development of WMD than an inflammatory response leading
to immediate delivery. This is supported by a recent study
showing that T-cell activation in umbilical cord blood reflect-
ing in utero initiation of inflammatory response was followed
by early cerebral damage as detected by magnetic resonance at
a median age of 2 d (9).

In conclusion, we found that increased postnatal circulating
levels of IFN-� were associated with PROM and with devel-
opment of WMD, whereas increased levels of IL-6 and IL-8
were associated with severe IVH and arterial hypotension.
Based on our data and those of previous studies, we hypothe-
size two mechanistic pathways leading to different entities of
impairment. Early induction of inflammation causing a prefer-
able activation of Th1 cytokines, such as IFN-�, TNF-�, and
IL-2, leads to disturbed oligodendrocyte viability with an
increased risk for subsequent development of WMD. Inflam-
mation followed by an immediate delivery, with an early
postnatal increase in IL-6 and IL-8, leads to circulatory im-
pairment and subsequent risk for IVH. Thus, timing and type of
induction of inflammatory response appear of importance for
subsequent morbidity.
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