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In term neonatal encephalopathy, little is known about the
relationship between early inflammatory markers, neonatal brain
injury, and long-term neurodevelopmental outcome. Our goal
was to determine whether neonatal serum cytokine levels are
associated with cerebral metabolism assessed by proton magnetic
resonance spectroscopy (MRS), with magnetic resonance imag-
ing (MRI) abnormalities, and with neurodevelopmental outcome
at 30 mo of age. Levels of seven cytokines [IL-1�, IL-6, IL-8,
IL-9, IL-12, IL-13, and tumor necrosis factor (TNF)-�] were
measured in dried neonatal blood by immunoaffinity chromatog-
raphy in a prospective cohort of 62 term newborns at risk of
neonatal encephalopathy. MR images (n � 61) were scored and
lactate/choline and N-acetyl-aspartate (NAA)/choline were mea-
sured by MRS (n � 42) on median day of life 6 in the deep gray
nuclei (DGN) and in the watershed/cortical zone (WS). Neuro-
developmental outcome (n � 54) was considered abnormal if the
infant died or if cognitive delay and/or functional motor deficit
were detected at 30 mo. IL-1�, IL-6, IL-8 and TNF-� were
significantly associated with lactate/choline in the DGN (p �
0.03, 0.02, 0.03, and 0.01 respectively), but not in the WS (all p
� 0.1). Cytokines were not associated with NAA/choline in any
region or with MRI scores. Children with abnormal neurodevel-

opmental outcome had higher neonatal levels of IL-1�, IL-6,
IL-8, and lower levels of IL-12 (p � 0.04, 0.03, 0.01, 0.03
respectively). Elevated inflammatory cytokines were associated
with impaired cerebral oxidative metabolism, but not with de-
tectable MRI changes in the neonatal period. Understanding the
link between elevated cytokines and outcome would inform
novel strategies of cerebral protection. (Pediatr Res 56: 960–
966, 2004)

Abbreviations
DGN, deep gray nuclei
ECMO, extracorporeal membranous oxygenation
1H-MRS, proton magnetic resonance spectroscopy
MDI, Mental Development Index
MRI, magnetic resonance imaging
NAA, N-acetylaspartate
NE, neonatal encephalopathy
NMS, neuromotor score
RANTES, “regulated on activation, normal t-cell expressed
and secreted” chemokine
TNF-�, tumor necrosis factor-�
WS, watershed/cortex

Recent evidence suggests that inflammatory cytokines play a
role in the pathogenesis of NE. Elevated levels of IL-6 and
IL-8 in the cerebrospinal fluid of term newborns have been
correlated with the more severe encephalopathy (1). In term
neonates born to mothers with clinical chorioamnionitis, the
highest levels of IL-6, IL-8, and RANTES were measured in
neonates who had NE and/or seizures (2). Furthermore, the
neonatal inflammatory response may also influence neurode-
velopmental outcome, as elevated cytokines in term newborns
with NE correlate with early outcome (1). Neonatal serum

cytokines (IL-1, IL-8, IL-9, TNF-�, and RANTES) were also
significantly higher in term infants who later developed cere-
bral palsy (CP) (3,4).
However, the association of cytokines with neonatal brain

metabolism, brain injury, and longer-term cognitive and motor
outcome in term NE has not yet been determined. The objec-
tive of this cohort study was to determine whether neonatal
serum cytokine levels are associated with 1) measures of
cerebral metabolism assessed by 1H-MRS, 2) abnormalities
consistent with brain injury on MRI, and 3) neurodevelopmen-
tal outcome assessed by developmental and neuromotor eval-
uations at 30 mo of age.

METHODS

Subjects. This cohort was derived from a prospective study
designed to ascertain the MRI predictors of neurodevelopmen-
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tal outcome in term and near-term newborns at risk of NE.
Consecutive newborns admitted to the Intensive Care Nursery
at UCSF and an affiliated county hospital were screened be-
tween October 1993 and January 2000 to enroll 125 newborns
with at least one of the following: 1) umbilical artery pH �7.1;
2) umbilical artery base deficit �10; 3) Apgar score �5 at 5
min of life; or 4) overt NE as assessed by a neonatologist (Fig.
1). Newborns were excluded if their gestational age was �36
wk, or if they had major congenital malformations, metabolic
diseases, or infections (toxoplasmosis, other agents, rubella,
cytomegalovirus, herpes simplex (TORCH). The protocol was
approved by the Committee for Human Research at the Uni-
versity of California San Francisco and voluntary informed
consent was obtained from parents or legal guardians. Follow-
ing enrollment, all families were approached for additional
consent to participate in the cytokine study. For the 72 new-
borns enrolled in the cytokine study, 62 stored neonatal blood
samples were available for analysis of cytokine levels, making
up the cohort presented here (Fig. 1).
Cytokines. Neonatal blood levels of inflammatory cytokines

were measured using previously established methodology
(3,5). Heel-stick blood was drawn in all newborns on the first
days of life as part of California’s mandatory newborn screen
for genetic diseases. All newborns requiring ECMO had their
blood samples obtained before initiation of this therapy. Spots
of whole blood were dried on Guthrie card filter papers, then
preserved at �26°C at the Genetic Disease Branch of the
California Department of Health Services. After obtaining
approval from the California Committee for the Protection of
Human Subjects, we retrieved blood spots from 62 subjects.
Those processing the blood spots were blinded to the subjects’
clinical history. After processing, the protein content of each
sample (equivalent to 15 �L of whole blood) was measured
spectrophotometrically at 260/280 nm. The eluates were deri-
vatized with the fluorochrome Cy5 (Research Organics, Cleve-
land, OH) and the volume was adjusted to normalize the
protein content to 1 �g/mL before injection into the analytical
system. The samples were analyzed by recycling immunoaf-
finity chromatography as described (5). Twenty-five-microliter
samples were injected into serially connected microcolumns,

each column containing a different immobilized capture anti-
body. As the capture antibodies retained their specific analyte,
the remainder of the sample passed on to the subsequent
columns. The analytes were released by treatment with acidic
buffer, then measured by laser-induced fluorescence detection.
The analysis included IL-1�, IL-6, IL-8, IL-9, IL-12, IL-13,
and TNF-�.
Neonatal condition. Clinical chart review included informa-

tion relevant to the analysis of cytokine levels: placental or
neonatal infection, neonatal blood transfusions, ECMO treat-
ment, or maternal steroids, and score for neonatal acute phys-
iology-perinatal extension (SNAP-PE) as an overall measure of
systemic illness severity in the first 24 h of admission.
Magnetic resonance data. Of the 62 newborns in the cyto-

kine study, 61 were studied with brain MRI; 1 newborn was
clinically unstable for imaging. Of these 61 newborns, 42 had
1H-MRS performed as well (1H-MRS was introduced to the
study protocol in 1995) (Fig. 1). The same MR scanner and
techniques were used for the entire cohort. The newborns were
imaged at a median of 6 d of life (range, 2–16 d), as soon as
they were clinically stable to be transported safely to the MR
scanner and imaging time was available.
MRI of the brain in all newborns included 4 mm (1 mm gap)

sagittal and axial spin echo images [500/11/2 repetition time
(TR)/echo time (TE)/excitations], and 4 mm (2 mm gap) axial
spin echo images (3,000/60, 120/1) through the entire brain.
MRI abnormalities on the T1- and T2-weighted sequences
were scored using a system previously described for the deter-
mination of neuromotor outcome (6) in the DGN as follows: 0
� normal DGN or isolated focal cortical infarct; 1 � abnormal
signal in thalamus; 2 � abnormal signal in thalamus and
lentiform nucleus; 3 � abnormal signal in thalamus, lentiform
nucleus, and perirolandic cortex; and 4 � more extensive
involvement. Findings in the WS were scored as follows: 0 �
normal WS; 1 � single focal infarction; 2 � abnormal signal
in anterior or posterior watershed white matter; 3 � abnormal
signal in anterior or posterior watershed cortex and white
matter; 4 � abnormal signal in both anterior and posterior
watershed zones; and 5 � more extensive cortical involve-

Figure 1. Flowchart illustrating cohort formation.

961CYTOKINES, MRS, AND OUTCOME IN NE



ment. The maximum score on any sequence for both regions
was used for the analysis.

1H-MRS may be used to detect elevation in lactate levels
(lactate/choline), indicating disturbance in cerebral oxidative
metabolism, and diminution in NAA levels (NAA/choline),
indicating delayed cellular maturation, cellular damage, dys-
function, or death (7). Proton spectra were acquired from the
DGN and frontal watershed zone (5 cm3 voxels) (Fig. 2) as
these regions are particularly vulnerable to injury in the term
newborn (8). 1H-MRS was performed using the point-resolved
spectroscopy (PRESS) technique to acquire long echo time
spectra with the PROBE (PROton Brain Exam; General Elec-
tric Medical Systems, Milwaukee, WI) sequence in under 5
min with TR � 2 s, TE � 288 ms, and a total of 128
acquisitions, as previously described (9). After acquisition, the
1H-MRS data were transferred off-line and analyzed on a
SPARC workstation (Sun Microsystems, Mountain View,
CA). The 1H-MRS data were Fourier transformed and baseline
fitted. The peak areas were integrated for the choline, creatine,
NAA, and lactate resonances.
Developmental examinations. Pediatric neurologists

blinded to the neonatal information assigned a NMS at stan-
dardized exams: 0 � normal; 1 � abnormal tone or reflexes or
primitive reflexes; 2 � abnormal tone and reflexes; 3 �
decreased power and tone or reflex abnormality; 4 � cranial
nerve involvement and any motor abnormality; 5 � cranial
nerve involvement and spastic quadriparesis; and 6 � death
(10). Cognitive development was satisfactorily scored for each
child using the MDI of the Bayley Scales of Infant Develop-
ment II test (11). Twelve-month (n � 60) and 30-mo (n � 54)

neurodevelopmental outcome was classified a priori as func-
tionally normal if the MDI �70 and the neuromotor score �3
(no functional abnormality of motor power). Outcome was
abnormal if the infant died, if the NMS�3, or if the MDI�70.
The cutoff values for the NMS and the MDI were chosen to
identify infants who would be targeted for rehabilitation
services.
Data analysis. Statistical analysis was performed using Stata

5 (Stata Corp., College Station, TX). The predictor variables
were the individual cytokine levels, and the main outcome
variables were the ratios of lactate/choline and NAA/choline in
the two brain regions, and neurodevelopmental outcome. Mul-
tivariable linear regression was used to test the association of
cytokine levels with brain metabolite ratios while controlling
for the day of life the blood sample was obtained and the MR
study was performed. This association was presented as scat-
terplot graph without the adjustment. Spearman rank test was
used to correlate the metabolite ratios with the MRI scores.
Mann-Whitney U tests and Fisher’s exact tests were used to
compare the clinical characteristics in the normal and abnormal
outcome groups, and Wilcoxon matched-pairs signed-ranks
tests were used to compare outcome measures at 12 and 30 mo
of age. Logistic regression was used to compare levels of
cytokines in the normal and abnormal outcome groups while
controlling for the day of life the blood sample was taken.

RESULTS

Subject selection. The 72 newborns enrolled in the cytokine
study did not differ from the other newborns in the parent study
(Fig. 1) with regard to MRI scores or neurodevelopmental
outcome (all p � 0.5). Although blood samples could not be
located for 10 newborns enrolled in the cytokine study, these
newborns had a similar distribution of injury on MRI compared
with the 62 newborns whose blood spots were analyzed (all p
� 0.2).
Infant and maternal characteristics. The 62 singleton new-

borns had a mean gestational age (GA) of 39.2 wk (SD of 1.8
wk), mean birth weight of 3265 g (SD of 607 g), and 40 were
male. Maternal age (mean, 29.4 � SD 4 y) and ethnic origin
were representative of the San Francisco Bay Area population:
27 Caucasian, 14 Asian/Pacific Islander, 12 Hispanic, 6 Afri-
can-American, 2 Native American, and 1 mixed. Less than
10% of mothers (6/62) had clinical suspicion of placental
infection at birth, defined as maternal fever or leukocytosis,
fetal tachycardia, and foul smell of uterus contents. The cyto-
kine levels of the six newborns born to mothers with clinical
chorioamnionitis were not significantly different from those
without chorioamnionitis (all p � 0.1, Mann-Whitney U test).
Ten placentas were available for histopathologic evaluation, of
which three showed histologic chorioamnionitis. Only one of
these three mothers showed clinical signs of chorioamnionitis
as well. The majority (59/62) of infants received antibiotic
treatment in the neonatal period, and one infant had neonatal
sepsis proven by positive blood culture. Two mothers received
steroid treatment for asthma during labor. The cytokine levels
of the neonates who had seizures did not significantly differ
from the levels measured in neonates without seizures, and

Figure 2. (A) Location of 1H-MRS voxels superimposed on axial T2 brain
MR images of a term neonate (boxes). The DGN voxel includes lentiform
nuclei, ventrolateral thalamus, and posterior limb of the internal capsule. The
WS voxel includes primarily subcortical white matter in the region between the
anterior cerebral artery and middle cerebral artery distributions. (B) Represen-
tative proton spectra of a newborn with normal neurodevelopmental outcome
(voxels as shown, PRESS techniques TR 2 s, TE 288 ms, and 128 acquisi-
tions). Note the absence of a lactate peak, and also that the amplitude of the
NAA peak is intermediate between that of the choline (Cho) and creatine (Cre)
peaks. (C) Representative proton spectra of a newborn with abnormal neuro-
developmental outcome (voxels as shown, PRESS techniques TR 2 s, TE 288
ms, and 128 acquisitions). Note the presence of a lactate doublet, and the
relative diminution of the NAA peak compared with the spectrum in B.
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none of the cytokines were associated with seizure severity (all
p � 0.05).
Cytokines. Blood was collected for the cytokine analysis on

median of 2d of life (range, 1–8 d). Only one newborn had
blood drawn after 8 d (on d 17); removing this newborn did not
alter the results of subsequent analyses. The cytokine concen-
trations did not correlate with the day of life the blood was
drawn (p � 0.1). The cytokine levels of the 12 neonates who
received blood transfusion before their heel-stick samples were
obtained did not significantly differ from the levels measured in
the rest of the cohort (p � 0.6). The cytokines significantly
correlated with each other, except IL-13 (Table 1).
MR data. Lactate/choline increased significantly with IL-

1�, IL-6, IL-8, and TNF-� in the DGN but not in the WS zone,
adjusting for the day of life the blood was drawn and the MR
was performed (Table 2). The association remained significant
without the adjustments (Fig. 3). IL-9, IL-12, and IL-13 were
not associated with lactate/choline in either region. The mea-
sured cytokines were not associated with NAA/choline (Table
2). Similarly, the cytokine levels were not associated with the
structural MRI scores (all p � 0.05). However, structural MRI
scores were significantly correlated with lactate/choline and
NAA/choline in each respective region (p � 0.05).
Neurodevelopment. Of the 54 children whose neurodevel-

opment was assessed at 30 mo of age, 20 had abnormal
outcome (Table 3): 3 were deceased due to complications of
NE before reaching 6 mo of age, 4 had isolated cognitive
impairment (MDI �65 in all; NMS � 1 in two, NMS � 2 in
two), 5 had isolated neuromotor impairment (MDI �80 in all;
NMS � 3 in three and NMS � 5 in two children), and 8 had
mixed cognitive and motor abnormalities (MDI �50 in all;
NMS � 3 in one, NMS � 5 in seven). Of the 8 children lost
to follow-up at 30 mo of age, 5 showed normal and 1 abnormal
neurodevelopment at the 12-mo exam and 2 were not assessed.
Overall, there was a decrease in median MDI scores from 12 to
30 mo but not in median neuromotor scores (Table 4). Specif-
ically, seven children with normal outcome at 12 mo declined
in status: three had isolated motor and four had isolated
cognitive abnormalities at 30 mo. Two children with isolated
motor impairment at 12 mo showed no impairment at 30 mo.
Of the 10 children with mixed abnormalities at 12 mo, 1 had
isolated cognitive, 1 had isolated motor impairment, and 8 still
had mixed abnormalities at 30 mo. None of the children with
mixed abnormalities at 12 mo were later diagnosed as normal.
Children with abnormal 30-mo outcome had more severe

NE, and were more likely to have neonatal seizures and to have

been delivered by cesarean section than children with normal
outcome (Table 3).
The one neonate with proven neonatal sepsis had abnormal

outcome. His cytokine levels were in the lower range of the
abnormal outcome group, and removing him from the analysis
did not alter the results.
Neonatal levels of IL-1�, IL-6, and IL-8 were significantly

higher in children with abnormal outcome at 30 mo compared
with those with normal neurodevelopment (Table 5). Con-
versely, IL-12 concentrations were lower in neonates with later
abnormal outcome.

DISCUSSION

In term NE, elevations in neonatal serum inflammatory
cytokines were associated with impaired cerebral oxidative
metabolism in the neonatal period, and with abnormal neuro-
developmental outcome at 30 mo of age. This is consistent
with our previous observation in this cohort that neonatal levels
of cytokines were elevated in children with abnormal neuro-
motor outcome at 12 mo of age (3).
Similarly, others have found that levels of IL-6 and IL-8 in

the cerebrospinal fluid (CSF) of term newborns correlate with
the degree of encephalopathy, and IL-6 levels correlate with
outcome (1). Our findings are supported by a recent study of
term newborns with NE that showed high plasma levels of IL-6
and high CSF levels of IL-6 and TNF-� compared with
controls. The high CSF/plasma ratios for these cytokines sug-
gest that they are produced in the CNS in addition to their
transport through the blood-brain barrier (12). Term infants
born to mothers with clinical chorioamnionitis reached highest
plasma concentrations of IL-6, IL-8, and RANTES when they
presented with NE and/or seizures (2).
Cytokines may act as a final common pathway for CNS

injury initiated by a variety of insults, including hypoxia-
ischemia, infection, reperfusion, and excitotoxins. Whether
inflammatory cytokines are directly pathogenetic in neonatal
brain injury or are a result of the brain injury itself is not yet
understood. Studies in neonatal rodent models show that hy-
poxia-ischemia stimulates IL-1�, IL-6, and TNF-� and che-
mokine gene expression (13) and IL-1� and IL-6 bioactive
protein production (14) in the CNS, and that cytokines aggra-
vate ischemic brain injury (15). Increase of inflammatory
proteins is accompanied by accumulation of neutrophils in the
damaged area, activation of microglia/macrophages, lympho-
cytes, and astrocytes, which may persist for days after the

Table 1. Correlation coefficients between neonatal cytokine levels

Cytokines IL-1� IL-6 IL-8 IL-9 IL-12 IL-13 TNF-�

IL-1� 1
IL-6 0.9167* 1
IL-8 0.8613* 0.9064* 1
IL-9 0.848* 0.8205* 0.7489* 1
IL-12 �0.2881† �0.2633† �0.2592† �0.2741† 1
IL-13 0.0762 0.0768 0.0305 0.043 �0.1589 1
TNF-� 0.8774* 0.8492* 0.7854* 0.7897* �0.2053 0.0559 1

Correlations are marked as * p � 0.0001 or † p � 0.05.
Statistical comparisons based on pairwise correlation tests.
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insult implicating a chronic state of inflammation (16). Cyto-
kines also stimulate microglia and astrocytes to produce other
cytokines, chemokines, nitric oxide, excitatory amino acids,
cyclooxygenase, and reactive oxygen species (17, 18), which
are particularly detrimental to the immature brain due to the
enhanced vulnerability of maturing cells (19–21). Recent in
vitro studies suggest that cytokines impair glutamate trans-
porter function in astrocytes (22) and in oligodendrocytes (23),
thus potentiating glutamate-mediated oxidative stress. Cyto-
kines inhibit the differentiation and proliferation of oligoden-
drocyte precursors, which affects active myelination and may
lead to white matter injury (24,25). Together, these data sug-

gest several potential mechanisms through which the cytokine
signaling may lead to or exacerbate neonatal brain injury.
To our knowledge, this is the first study exploring the

association of systemic inflammatory markers with anaerobic
brain metabolism in human newborns after hypoxia-ischemia.
In bacterial meningitis animal models, when anaerobic metab-
olism also occurs in the CNS, TNF-� and IL-1� correlate with
CSF lactate levels (26), and TNF-� increases lactic acidosis in
the CSF by reducing cerebral oxygen uptake and cerebral
blood flow (27). The association of cytokines with oxidative
stress is further supported by our observation that proinflam-
matory cytokines were associated with elevated lactate in the

Table 2. Correlation of neonatal cytokine levels with cerebral metabolite ratios assessed by proton-MRS

Cytokines

Lactate/choline
Deep gray nuclei

Lactate/choline
Watershed/cortex

NAA/choline
Deep gray nuclei

NAA/choline
Watershed/cortex

Coef* p Value Coef* p Value Coef* p Value Coef* p Value

IL-1� 0.0018 0.03 0.0009 0.5 �0.0007 0.2 0.0002 0.7
IL-6 0.0019 0.005 0.0013 0.2 �0.0005 0.3 0 0.9
IL-8 0.0033 0.007 0.0025 0.2 �0.0004 0.6 0.0002 0.9
IL-12 �0.0046 0.3 �0.0105 0.2 0.0039 0.2 0.0038 0.5
TNF-� 0.0014 0.01 0.0009 0.3 �0.0003 0.4 0.0005 0.4

Statistical comparisons based on linear regression while controlled for day of life MR spectroscopy was done and blood was drawn.
* Multivariable linear regression coefficients express change in cerebral metabolites per unit increase in cytokine levels.

Figure 3. Association between neonatal serum cytokines and cerebral lactate/choline in the DGN. In univariate analysis, the lactate/choline increases with IL-1�
(p � 0.05), IL-6 (p � 0.007), IL-8 (p � 0.01) and TNF-� (p � 0.01). The shaded areas represent 95% confidence interval.
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DGN but not in the WS zone. MRI studies of term newborns
with NE show the DGN as the most severely injured area
(8,28,29), which corresponds to the spatial distribution of
lactate measured by 1H-MRS (9,30). The measured cytokines
were not associated with structural abnormalities detected by
MRI. It is possible that early neonatal MR scans merely are not
sensitive enough to reveal mild structural injury.
The presence of neonatal seizures in term encephalopathic

newborns is a reliable indicator of poor neurologic outcome
(31,32). As we have shown previously, increasing neonatal
seizure severity was independently associated with structural
injury and increased lactate/choline in the deep gray matter and
the watershed zones (33). Cytokine levels were not associated
with the severity of neonatal seizures, making it unlikely that
the association of cytokines with impaired cerebral metabolism
was confounded by the presence of seizures.
Our finding that elevated neonatal cytokines are associated

with neurodevelopmental outcome is consistent with the find-
ings of Nelson et al. (4) of higher levels of IL-1�, IL-8, IL-9,
TNF-�, and RANTES in mostly term newborns who later
developed cerebral palsy (CP). However, in very premature
infants the neonatal cytokine levels did not distinguish children

with CP from the control group (34). A recent study of 78
bio-markers measured in term and preterm infants later devel-
oping CP showed that the pattern of inflammatory markers
differs in the two populations (35), suggesting that the path-
ways responsible for brain injury change with maturity. Our
previous study of the current cohort at 12 mo of age showed
that children with abnormal neuromotor outcome had elevated
neonatal levels of IL-6, IL-8, and IL-9 compared with children
with normal motor development (3). Our current study at 30
mo of age found an association of neonatal inflammatory
markers with neurodevelopment, incorporating cognitive mea-
sures in addition to the motor outcome, as NE may result in
impairments in each of these realms.
Although the accuracy and reliability of measuring a spec-

trum of substances in archived neonatal blood samples has
been established earlier (3,4), a shortcoming of this method is
that it provides only a snapshot of the inflammatory cascade at
the time of the blood draw. The wide time window of the blood
draw (1–8 d) and the MR studies (2–16 d) is a limitation of the
current study, although this measurement biased our results
toward the null hypothesis. Given this measurement bias, we
may have underestimated or overlooked an association be-
tween serum cytokines and cerebral metabolism or neurode-
velopmental outcome. Given the number of cytokines mea-
sured, it is important to note the consistency of association of
the cytokine levels with lactate/choline in the DGN and not in
the WS region. Due to the large overlap in the distribution of
cytokine levels between the normal and abnormal outcome
groups, these inflammatory markers, in isolation, are not strong
prognostic predictors of neurodevelopmental outcome. Further
investigations with serial bio-markers and MRI measures are
needed to assess the relationship of the pro- and anti-
inflammatory markers to the timing of injury and how these
markers are interrelated and change over time.
In a cohort study, we are unable to prove a causal link

between the inflammatory environment, NE, and subsequent
neurodevelopmental impairment. The relationship of these fac-
tors may be distinct from systemic neonatal infection or cho-
rioamnionitis. Further studies are needed to explore if modu-
lating this pathway in the term human newborn will improve
cognitive and motor outcomes.
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Table 3. Neonatal characteristics of children with normal and
abnormal neurodevelopmental outcome at 30 mo

Normal outcome
(n � 34)

Abnormal
outcome (n � 20)

p
Value

Male gender, n (%) 21 (61%) 15 (75%) 0.2
Gestational age at delivery
(wk)*

39.5 (38.9–40) 38.7 (37.7–39.7) 0.13

Birth weight (g)* 3270 (3140–3435) 3077 (2744–3410) 0.2
Cesarean section, n (%) 13 (38%) 13 (58%) 0.05
Umbilical artery pH* 7.07 (6.85–7.3) 7.02 (6.83–7.15) 0.5
Apgar score at 5 min* 5.3 (2–8) 4.05 (2–7) 0.02
ECMO treatment, n (%) 1 (3%) 2 (10%) 0.3
Meconium staining at birth,
n (%)

20 (59%) 11 (55%) 0.06

Neonatal seizures, n (%) 7 (21%) 16 (80%) 0.0001
Encephalopathy score† 3 (0–6) 6 (2–6) 0.0001
SNAP-PE score† 23 (11–38) 27.5 (15–57) 0.008
Neonatal sepsis, n (%) 0 1 0.6
Clinical chorioamnionitis,
n (%)

6 0 0.06

Age at heel-stick sample
(d)†

2 (1–17) 2 (1–8) 0.4

Age at MRI (d)† 6 (2–11) 6.5 (2–16) 0.2

Data are reported as * mean (95% CI) or † median (range). Statistical
comparisons based on Mann-Whitney U tests and Fisher’s exact tests.

Table 4. Outcome of children (n � 54) assessed at 12 mo and 30
mo

Outcome 12 mo 30 mo p Value

Neuromotor score* 1 (0–6) 2 (0–6) 0.4
Cognitive score (MDI)* 92 (�50–120) 84 (�50–121) 0.004
Motor abnormalities† 2 (4%) 5 (9%) 0.25
Cognitive abnormalities† 0 4 (7%) 0.04
Mixed abnormalities† 10 (19%) 8 (15%) 0.1
Abnormal outcome 15 20 0.09
Normal outcome 39 34

Data are reported as *median (range) or †number (percent). Statistical
comparisons based on Wilcoxon matched-pairs signed-ranks tests.

Table 5. Neonatal cytokine levels of children with normal and
abnormal neurodevelopmental outcome at 30 mo of age

Cytokine Normal outcome (n � 34) Abnormal outcome (n � 20)
p

Value

IL-1� 59.8 (46.1–88.1; 23.1–182.1) 86.9 (71.8–100.3; 36.6–147.5) 0.04
IL-6 71.9 (40.4–95.3; 17–165.7) 88.5 (61.9–118.9; 33.6–158) 0.03
IL-8 41.6 (24.1–56.7; 8.6–91.5) 55.9 (43.2–68.2; 15.7–88.1) 0.01
IL-9 25.45 (17.3–43.2; 4.7–90) 34.9 (24.5–65; 6.9–85.6) 0.1
IL-12 11.9 (9.7–16.4; 6.6–32.1) 10.8 (6.5–13.6; 4.8–18.6) 0.03
IL-13 23.4 (19.6–31.6; 13.7–50.5) 29.8 (26.1–35.1; 14.6–49.7) 0.1
TNF-� 71.2 (43.2–101.6; 21.9–204.3) 91.1 (60.2–140.1; 33.2–178.4) 0.1

Cytokine levels are reported in pg/mL as median (interquartile range; total
range). Statistical comparisons based on logistic regression while controlling
for day of life the blood sample was taken.
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