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Abstract

Objective—To determine if selected pro-inflammatory and anti-inflammatory cytokines/
mediators of inflammation reported to be related to development of cerebral palsy predict
neurodevelopmental outcome in extremely low birth weight infants.

Study design—Infants with birth weights < 1000 g (n=1067) had blood samples collected at
birth and on days 3+1, 7+1, 14+3, and 21+3 to examine the association between cytokines and
neurodevelopmental outcomes. The analyses were focused on five cytokines (IL-1pB, IL-8, TNF-a,
RANTES, and IL-2) reported to be most predictive of CP in term and late preterm infants.

Results—IL-8 was higher on days 0-4 and subsequently in infants who developed CP compared
with infants who did not develop CP in both unadjusted and adjusted analyses. Other cytokines
(IL-12, IL-17, TNF-B, SIL-ra, MIP-1p) were found to be altered on days 0-4 in infants who
developed CP.

Conclusions—CP in former preterm infants may, in part, have a late perinatal and/or early
neonatal inflammatory origin.

Despite advances in perinatal care and improved survival, the incidence of
neurodevelopmental handicap, including cerebral palsy (CP), mental retardation, blindness,
and/or deafness, has not declined in extremely low birth weight (ELBW) infants. The
etiology of neurodevelopmental morbidity, including CP, remains unclear but is thought to
be multifactorial. In the past, neurodevelopmental morbidity was attributed to hypoxia and/
or ischemia associated with perinatal asphyxia; however, only a small proportion of
neurologically impaired children have evidence of acute perinatal stress. There is increasing
evidence that intrauterine or early postnatal inflammation may play a role in the
development of CP.1:2

Perinatal infection or inflammation may lead to fetal inflammatory response, premature
delivery, and white matter brain injury. Occult infection or inflammation may be an
important precursor of neurodevelopmental handicap. Data from a meta-analysis indicated
that clinical chorioamnionitis was significantly associated with a 1.9-fold increase in CP in
preterm infants and a 4.7-fold increase in CP in term infants.2 Measurement of inflammatory
mediators may help clarify the role of perinatal infection/inflammation in the
pathophysiology of neurodevelopmental handicap because routine bacterial cultures may be
negative in the presence of a true bacterial or non bacterial infection or inflammatory
process.? It is still unclear whether infection and/or inflammatory mediators result in or
exacerbate neurodevelopmental morbidity or if alterations in cytokine concentrations are
simply the result of markers of the pathologic process or are associated with its
development.
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Increased pro-inflammatory cytokines [interleukin-1 (IL-1), IL-8, IL-9, tumor necrosis
factor-a (TNF-a), and regulated upon activation, normal T-cell expressed and secreted
(RANTES)] during the first days after birth were found to have 100% sensitivity and 100%
specificity in the prediction of CP in late preterm and term infants in a case controlled study
(31 with CP and 65 controls).! Anti-inflammatory cytokines (IL-2 and 1L-3) were found to
be decreased in the infants with CP.1 In this study, blood samples were obtained on any day
between days 1 and 18 (median 2 days; mean £ SD 3.5£3.4 days). Another study of preterm
infants did not confirm these findings.# Because cytokines may be elevated at different times
and have different half lives after exposure to inflammatory stimuli, future studies need to
separately analyze early neonatal samples and those samples taken later in the neonatal
period to determine possible timing of neurological damage. As inflammatory cytokines act
in concert and may have opposite effects on the inflammatory processes, both pro-
inflammatory and anti-inflammatory cytokines should be assessed. This study was designed
to test the primary hypothesis that selected pro-inflammatory cytokines/mediators of
inflammation and anti-inflammatory cytokines (IL-1f, IL-8, TNF-o, RANTES, and IL-2) at
birth and/or up to day 3%1 are predictive of development of moderate or severe CP.

This cohort study was performed in the 17 centers of the NICHD Neonatal Research
Network from 1999-2002. Infants weighing 401-1000 g at birth were screened for
eligibility. Infants were excluded if they were > 72 hours of age or if they had a major
congenital anomaly that would affect neurodevelopmental outcome (e.g. trisomies,
structural congenital heart defect, diaphragmatic hernia, congenital hydrocephalus,
encephalocele, and holoprosencephaly). The study was approved by the institutional review
boards at participating centers, and written informed consent was obtained from the
parent(s). Whole blood spots were collected on filter paper (about 0.2 ml per day) on days 0
(cord blood or on day 0-1), 3+1, 7+1, 14+3, and 21+3 and frozen to —70° C. Clinical data
were collected by trained research coordinators using standardized registry forms. The
stored blood spots were analyzed in a batch for 25 cytokines (including IL-1p, IL-8, TNF-a,
RANTES, and IL-2 because of their reported predictive ability for CP1) using a multiplex
Luminex assay (Luminex Corp., Austin, TX) with established reliability.>

Details of the neurodevelopmental assessment at 18—-22 months corrected age have been
published previously.® The Bayley Scales of Infant Development Il and a neurological
assessment’ were administered by certified examiners trained for reliability and masked to
cytokine data. The Mental Development Index (MDI) and the Psychomotor Development
Index (PDI) were derived. CP was defined as a non-progressive central nervous system
disorder characterized by abnormal muscle tone in at least one extremity and abnormal
control of movement or posture. Moderate or severe CP included children who were non-
ambulatory or required an assistive device for ambulation. CP was classified by type,
including diplegia, hemiplegia, and quadriplegia. Neurodevelopmental impairment was
defined as a score below 70 on the MDI, a score below 70 on the PDI, moderate or severe
CP, severe hearing loss (presence of bilateral hearing aids), and/or blindness (no functional
vision in either eye).

The primary hypothesis was that in logistic regression analysis, pro-inflammatory cytokines/
mediators of inflammation and anti-inflammatory cytokines at birth and/or up to day 3+1 are
independently predictive of development of moderate or severe CP. We also hypothesized
that cytokines are independently predictive of other measures of neurodevelopmental
impairment in these infants.
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The primary analyses were performed for CP and measures of neurodevelopmental
impairment in survivors using clinical data and average cytokine levels on days 0 and 3z1.
Additional analyses were performed for cytokine levels through day 21 and for other
cytokines to test for a secondary hypotheses. Due to the skewness of the data, non
parametric two-sample median tests were used to analyze the association of cytokine levels
to CP. Initial exploratory unadjusted analysis and final confirmatory analyses, adjusted for
variables selected a priori, were conducted to independently assess the association of
cytokine levels with CP and other measurements of neurodevelopmental impairment.
Variables included in the multivariable regression adjustment were race, sex, gestational
age, birth weight, antenatal steroid therapy, and study center. A more complex model with
maternal insurance, maternal hypertension, and chest compressions at birth was also tested.
Because of the large number of centers relative to the number of subjects, the analyses used
mixed models incorporating random intercept for center to adjust for center effects. Due to
the skewness of the data, non parametric tests were used for unadjusted analyses, and
cytokine levels were log-transformed in adjusted analyses. Cytokine concentrations over
time in survivors without CP and in infants who developed CP were explored graphically by
plotting population median values over time, in order to evaluate temporal profiles of the
cytokines over the first three postnatal weeks. All statistical analyses were performed by the
data coordinating center (RTI International).

Of 1067 ELBW infants enrolled in the study, 855 (80%) infants survived to 18-22 months
corrected age, and 755 of the survivors (88%) had neurodevelopmental assessment
completed. Several of the demographic variables and hospital outcomes differed between
the infants who developed CP (n = 102) and those who did not develop CP (n = 653) (Table
). Infants with CP were more likely to be males, of lower gestation, of lower birth weight,
outborn, resuscitated, treated with a full course of antibiotics soon after birth, and to have
more hospital morbidities, especially neurological ones (Table I). Mothers of infants with
CP were more likely to be African American and have Medicaid, and were less likely to
have hypertension. 281 infants had neurodevelopmental impairment; 37 had
neurodevelopmental impairment due to moderate-severe CP and one or more other
measures, 8 for CP only, 124 for MDI < 70 only, 31 for PDI < 70 only, 5 for deafness only,
and none for blindness only. The remaining 76 had MDI < 70 and one or more other
measures. Demographic variables and hospital outcomes for surviving infants followed to
18-22 months corrected age and those lost to follow-up were comparable, except that
infants who completed the follow up were more likely female (54 vs. 42%, P = 0.03), had
lower birth weights (777+133 vs. 808+141 grams, P = 0.03), and had more antenatal steroid
exposure.

Cytokine blood levels and outcomes — primary hypothesis

IL-8 was elevated on days 0-4 in infants who developed moderate to severe CP, as well as
in those who developed any CP (Table I1). IL-8 increased between day 0 and day 3 in both
infants with CP and without CP (Figure and Table I11; available at www.jpeds.com). After
adjustment using multivariable logistic regression analysis, the differences in IL-8 remained
significant for day 3 samples (Table IV; available at www.jpeds.com). A more complex
model adding maternal insurance, maternal hypertension, and chest compression yielded
similar results (data not shown). A unit increase in log IL-8 (measured in pg/ml) on day 3
was associated with a 54% increase (p < 0.001) in the odds of any CP and a 73% increase (p
=0.002) in the odds of moderate-severe CP. Race and gestational age were statistically
significant covariates for any CP and gestational age was a significant covariate for
moderate-severe CP. IL-8 levels were also elevated in infants who subsequently had a
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neurodevelopmental impairment and a PDI < 70 (Table V). IL-18, TNF-a, RANTES, and
IL-2 did not differ consistently between infants with or without CP. IL-1p, IL-8, TNF-q,
RANTES, and IL-2 levels were not associated with the type of CP (data not shown). TNF-a
was decreased at birth in infants who subsequently had a MDI < 70.

Secondary hypothesis

IL-8 but not IL-1pB, TNF-a, RANTES, or IL-2 differed on days 0-21 between infants who
went on to develop CP and those without CP (Figure). Levels of other analyzed cytokines
and proteins showed significant differences between the infants with and without CP (Table
VI; available at www.jpeds.com).

DISCUSSION

This study demonstrates that levels of selected cytokines and proteins are altered soon after
birth in ELBW infants who subsequently develop CP. Of cytokines previously reported to
have a high prognostic ability for CP in term and near term infants, IL-8 level was
significantly increased on days 0—4 as well as on each of the three sampling dates through
day 21 in the group of ELBW infants who subsequently developed CP. Furthermore, IL-8
gene polymorphisms indicate that over production of IL-8 is associated with CP and other
motor deficits. In addition, other cytokines and proteins also differed between infants with
CP and those without CP on days 0-4, so this adds to the limited data on their potential
association with neurodevelopmental impairment in infants. These data suggest that
perinatal (i.e. late prenatal and/or early neonatal) inflammation, as reflected by the increased
pro-inflammatory cytokines early after birth, is associated with increased risk for CP and
other measures of motor deficits.

The strengths of this study include validated laboratory testing,®> comprehensive
neurodevelopmental assessment® performed by trained/certified study personnel,
prospective data collection using standardized forms and definitions, and a large sample size
of ELBW infants. Although infants were only followed until 18-22 months corrected age
when the diagnosis of CP in some children may not be able to be confirmed, a previous
large cohort study found that 86% of the infants with severe disability (including CP) at 30
months still had moderate to severe disability at six years of age.® CP occurs predominately
in the most immature infants, and this study included the largest cohort of ELBW infants so
far studied for cytokine analysis. However, it is possible that the contribution of
inflammation to CP is smaller in extremely preterm infants who are at high risk for other
neurological insults, such as intracranial hemorrhage and periventricular leukomalacia,
compared with more mature infants. A weakness of the study is the lack of clinical or
histological data on chorionamnionitis.

The interpretation of the results should be restricted as support of an association only and
not necessarily a causal relationship. These findings suggest that a late prenatal and/or early
neonatal inflammation accounts for only a relatively small part of the variance of CP and
other motor impairments in ELBW infants. Furthermore, IL-8 was the only one of five
cytokines tested as part of the primary hypothesis that was found to consistently have
abnormal levels in the infants with CP. Further research is necessary to confirm or refute the
findings.

Several cohort studies, a meta-analysis of these studies,? and a large cohort study® suggest
that maternal and/or neonatal inflammation or infection may lead to long-term
neurodevelopmental handicap and in particular, CP.2 These associations have been observed
in preterm as well as in term infants. Inflammatory cytokines and other mediators may play
an important role in normal and abnormal brain development,1:210-15 and therefore, may be
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involved in the development of permanent brain damage and serious neurodevelopmental
handicap. Mechanisms that may mediate the putative role of infection/inflammation remote
to the brain on brain damage have been proposed.16:17 Gestational age and birth weight were
found to be covariates in the association of cytokine levels and CP and other
neurodevelopmental deficits in the current study. When controlling for prematurity, at least
two studies have shown that the association between inflammation/infection and CP
disappears.18:19 Other associations with increased risk of CP noted in the current study
included Medicaid insurance, maternal hypertension, male sex, African American race, and
outborn status.

Single nucleotide polymorphisms have been associated with CP.20-22 V/ariants for cytokine
genes including IL-8 were associated with CP in preterm infants. The variants of IL-8
reported are associated with increased production of 1L-8. Variants of several genes were
associated with CP in girls but not in boys. However, there was minimal overlap (IL-8,
TNF-B) between the single-nucleotide polymorphisms tested in that study and the cytokines
measured in the current study. A recent systematic review identified other promising
candidate genes.22 However, cohorts were usually small, without controls, and not
ethnically diverse. The finding of altered I1L-8 and other cytokines observed in the ELBW
infants in the current study suggest that these and other related genes may be involved with
the pathophysiology and/or predisposition to CP.

Existing clinical and experimental evidence emphasizes the pivotal role of IL-8 in neutrophil
infiltration and tissue damage during cerebral injury caused by ischemia-reperfusion, anoxia,
and traumas.23-25 Early elevations of 1L-8 is associated with neonatal disorders including
bronchopulmonary dysplasia, retinopathy of prematurity, and death.26-2% High levels of 1L-8
support the accumulation of activated neutrophils in the cerebral blood vessels, which
contributes to the injury by physically obstructing microvascular perfusion and by releasing
various bioactive mediators.3° In vitro, neutrophils, unlike lymphocytes, can cause direct
neuronal injury by exacerbating kainic acid-induced excitotoxicity or oxygen glucose
deprivation.3! In rodent models, inhibition of 1L-8 effects using monoclonal anti-I1L-8
antibodies or pharmacological inhibitors of its cognate receptors is neuroprotective during
cerebral ischemia.32:33 In contrast, other experiments have found IL-8 to be neuroprotective,
including in neonatal models of asphyxia.3*

In summary, most cytokines that have been previously shown to have high prognostic ability
for CP in term and near term infants during the first days after birth did not differ between
preterm infants with and without CP. Only IL-8 levels differed significantly between infants
with and without CP after covariate adjustment. Race, sex, and gestational age were
significant covariates found to be associated with differences in risk for CP. Additional
cytokines from exploratory analyses differed between infants with and without CP. This
study provides further support that a late prenatal and/or early neonatal exposure to
inflammation may predispose infants to neurodevelopmental impairment, the marked
overlap of the cytokine values limits the prognostic ability of this testing in ELBW infants.
In addition, hospitalization findings, including a full course of antibiotics at birth,
periventricular leukomalacia, porencephalic cyst, intraventricular hemorrhage, meningitis,
seizures, retinopathy of prematurity, and bronchopulmonary dysplasia, were associated with
CP. Investigations of genetic polymorphisms and other genetic variations of cytokine and
other gene expression during this vulnerable developmental window may uncover novel
mechanisms or associations that link cytokine specific genes to an increased risk for CP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure.

Cytokine levels (median values) in infants with CP and in those without CP. Overall, 1L-8
but not IL-1B, TNF-a, RANTES, or IL-2 differed on days 0-21 between the infants who
went on to develop CP and those without CP. Statistical results of the comparison of
cytokine levels at each time point are identified. (*p < 0.05 for comparison of infants with
versus those without CP)
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Table 1

Maternal and Infant Characteristics of the Cerebral Palsy and No Cerebral Palsy Subjects

Cerebral Palsy (N =102)  No Cerebral Palsy (N =653) p value™

Maternal characteristics

Age - years - Mean £ SD 27+6 277 0.67
Married - no. (%) 44 (44) 285 (44) 1.00
African American - no. (%) 60 (59) 293 (45) 0.01
Educational level - no. (%) 0.79
< 9t grade 11 (11) 88 (14)
10t - 12t grade 18 (19) 110 (17)
> 12! grade 68 (70) 442 (69)
Insurance - no. (%) 0.02
Medicaid 79 (81) 432 (68)
Private 15 (15) 153 (24)
Other/none (HMO and Self-pay) 3(3) 54 (8)
Pregnancy complications - no. (%)
Multiple birth 18 (18) 147 (23) 0.30
Hypertension (incl. pre-eclampsia and eclampsia) 19 (19) 189 (29) 0.03
Any rupture of membranes prior to delivery 64 (72) 476 (80) 0.10
Rupture of membranes > 24 hours 22 (22) 154 (24) 0.71
Antenatal steroids 77 (76) 518 (79) 0.51
Maternal antibiotics 66 (65) 470 (72) 0.16
Antepartum hemorrhage 17 (17) 90 (14) 0.44
Mode of delivery 0.91
Vaginal 40 (39) 250 (38)
Cesarean section 62 (61) 403 (62)
Infant characteristics - no. (%)
Gestational age - wk, Mean + SD Mean 25.5+1.9 Mean 26.2+1.9 <0.001
Birth weight - g, Mean + SD Mean 735+136 Mean 784+132 <0.001
Male 56 (55) 288 (44) 0.04
Inborn 89 (87) 619 (95) 0.007
Chest compressions and/or drugs at birth 16 (16) 52 (8) 0.02
Early onset sepsis 1(2) 7() 1.00
Late onset sepsis 48 (47) 251 (39) 0.10
Full antibiotic course at birth (= 5 days) 61 (60) 298 (46) 0.01
Prophylactic indomethacin 25 (25) 148 (23) 0.70
Periventricular leukomalacia 13 (13) 18 (3) <0.001
Porencephalic cyst at 36 weeks 6 (6) 2(0.3) <0.001
No intraventricular hemorrhage 49 (48) 477 (74) <0.001
Intraventricular hemorrhage - grade 1 15 (15) 64 (10)
Intraventricular hemorrhage - grade 2 7(7) 49 (8)
Intraventricular hemorrhage - grade 3 11 (11) 33 (5)
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Cerebral Palsy (N =102) No Cerebral Palsy (N =653) p value™
Intraventricular hemorrhage - grade 4 20 (20) 24 (4)
Meningitis 12 (12) 26 (4) 0.003
Neonatal seizures 24 (24) 33 (5) <0.001
Bronchopulmonary dysplasia at 36 weeks 68 (67) 303 (46) <0.001
Steroids for bronchopulmonary dysplasia 40 (39) 152 (23) <0.001
Necrotizing enterocolitis > Stage Il 12 (12) 46 (7) 0.11
Retinopathy of prematurity 86 (86) 421 (67) <0.001
Retinopathy of prematurity with surgery 33(33) 70 (11) <0.001

*

Page 14

p values are from Fisher exact test for categorical variables and from Wilcoxon two-sample test (t approximation) for continuous variables. Chi-

square is used for mothers’ education level, mothers’ insurance, and intraventricular hemorrhage.
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Table 2

Unadjusted comparison of average cytokine levels in pg/ml on days 0—4 in infants with moderate-severe
cerebral palsy and in infants with any degree of cerebral palsy.

Moderate-Severe Cerebral Palsy No Moderate-Severe Cerebral Palsy  p value*
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Median IQR Median IQR
IL-1B 203 335 120 336 0.06
IL-8 2363 3301 1652 2449 0.04
TNF-a 76 78 58 80 0.34
RANTES 59772 89680 80059 70707 0.20
IL-2 46 48 50 64 0.53
Any Cerebral Palsy No Cerebral Palsy p value™
Median IQR Median IQR
IL-1B 163 351 119 332 0.06
IL-8 2340 3732 1635 2273 0.01
TNF-o 69 89 58 76 0.32
RANTES 65875 87966 80413 69480 0.15
IL-2 45 56 50 65 0.44

IQR = interquartile range;
TNF-a. = Tumor necrosis factor

RANTES = Regulated upon activation, normal T-cell expressed, and secreted

*
p values are from non-parametric two-sample median test
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Multivariable regression analysis for neurodevelopmental impairment, Mental Developmental Index < 70, and
Psychomotor Developmental Index < 70. Cytokine were averaged among samples from days 0—4 and then
log-transformed due to skewness.

Neurodevelopmental Impairment

IL-1B
IL-8
TNF-a
RANTES
IL-2

OR
0.92
117
0.85
0.97
1.08

Cl
0.80-1.06
1.00-1.37
0.72-1.01
0.78-1.21
0.92-1.28

p value
0.27
0.049
0.07
0.79
0.34

Significant covariates
Race, gender, birth weight
Gender, birth weight
Race, gender, birth weight
Race, gender, birth weight
Race, gender, birth weight

Mental Developmental Index < 70

IL-1B
IL-8
TNF-a
RANTES
IL-2

OR
0.89
1.16
0.84
0.98
1.05

Cl
0.79-1.01
0.98-1.36
0.71-0.98
0.78-1.23
0.89-1.24

p value
0.08
0.08
0.03
0.84
0.58

Significant covariates
Race, gender, birth weight
Race, gender, birth weight
Race, gender, birth weight
Race, gender, birth weight
Race, gender, birth weight

Psychomotor Developmental Index < 70

IL-1B
IL-8
TNF-a
RANTES
IL-2

OR
0.94
121
0.90
0.94
0.99

Cl
0.79-1.12
1.00 - 1.46
0.73-1.11
0.71-1.23
0.81-1.21

p value
0.48
0.047
0.32
0.63
0.91

Significant covariates
Gender, birth weight
Gender, birth weight
Gender, birth weight
Gender, birth weight
Gender, birth weight
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