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Abstract
To evaluate the association between cerebral palsy (CP) or infant death and putative cord blood
biomarkers of neurologic injury, we performed a nested case-control secondary analysis of a
multicenter randomized trial of magnesium sulfate (MgSO4) versus placebo to prevent CP or
death among offspring of women with anticipated delivery from 24 – 31 weeks' gestation. Cases
were infants who died by 1 year (n=25) or developed CP (n=16), and were matched 1:2 to a
control group (n=82) that survived without developing CP. Umbilical cord sera concentrations of
S100B, neuron-specific enolase (NSE) and the total soluble form of the receptor for advanced
glycation end-products (sRAGE) were measured by ELISA in duplicates. Maternal characteristics
were similar between the 2 groups. Cases were born at a lower gestational age (GA) and had lower
birth weight compared with controls. There were no differences in concentrations of the three
biomarkers and the composite outcome of CP or infant death. However, S100B was higher
(median 847.3 vs. 495.7 pg/ml; p=0.03) in infants who had CP and total sRAGE was lower
(median 1259.3 vs. 1813.1 pg/ml; p=0.02) in those who died compared with the control group.
When corrected for delivery GA and treatment group, both differences lost statistical significance.
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In conclusion, cord blood S100B level may be associated with CP, but this association was not
significant after controlling for GA and MgSO4 treatment.
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1. Introduction
Cerebral palsy (CP) is characterized by aberrant control of movement or posture appearing
early in life, and not the result of recognized progressive disease (ACOG & AAP, 2003).
Currently, it is estimated that the prevalence of CP is 1.5 to 2.5 per 1000 live births (Paneth
et al., 2006). These numbers have been stable despite the advances in neonatal and perinatal
care which resulted in reductions in mortality of extremely premature infants (Paneth et al.,
2006; Winter et al., 2002). The leading risk factor for CP as well as perinatal and infant
death is prematurity with both CP and death rates inversely proportional to the gestational
age (GA) at birth (Saigal and Doyle, 2008).

A definite etiology for CP is never found for the majority of cases. It has been hypothesized
that CP is the result of neuronal injury or insult to the developing brain secondary to
inflammatory, hypoxic, excitatory, or oxidative injury; and that the timing of that insult is in
the prenatal or perinatal period in about 70% of the cases in infants born preterm and 85% in
those born at term (Hagberg et al., 2001). Although CP is generally not diagnosed until the
second year of life or later, it is possible that biomarkers present at birth could predict the
risk of its development (or non-development). If such prediction were possible, neonates
who are at highest risk and who would benefit most from any neuroprotective therapies
might be identified (Perlman, 2006).

Some of these potential markers are brain-specific and are elevated in the serum after brain
injury. Examples include the calcium binding protein S100B and neuron-specific enolase
(NSE) (Marchi et al., 2004; Nagdyman et al., 2001; Nguyen et al., 2006; Park et al., 2004;
Ramaswamy et al., 2009; Thorngren-Jerneck et al., 2004). Others, such as the advanced
glycation endproducts (AGEs) or their receptor (RAGE), are associated with the activation
of the fetal inflammatory processes that potentiate tissue injury (Buhimschi et al., 2009;
Ramaswamy et al., 2009). Direct inflammatory mediators such as the various interleukins,
TNF-α, and others are also involved (Buhimschi et al., 2009; Kaukola etal., 2004;
Ramaswamy et al., 2009). The biology of the RAGE pathway is complicated and dependent
on its ligands as well as on a soluble truncated form of the receptor (sRAGE) which acts as a
decoy receptor and an inhibitor of the native receptor (Buhimschi et al., 2009). It has been
shown that S100B, a brain specific marker of neurologic injury, interacts with RAGE to
amplify its downstream signal leading to accelerated cellular injury, and that activation of
the RAGE pathway in the setting of fetal inflammation is associated with reduced levels of
its soluble truncated form (i.e. sRAGE) (Buhimschi et al., 2009).

We hypothesized that, in neonates subsequently diagnosed with CP, select biomarkers of
brain injury in umbilical cord blood could differentiate neonates with CP from those who
survived without CP. Because death would preclude the diagnosis of CP, we also included
death in the outcome. Thus, the objective of our study was to evaluate the association
between infant death by 1 year of corrected age or the diagnosis of CP and potential
umbilical cord blood markers of fetal neurologic injury. Additionally, we intended to test
whether the relationship between these biomarkers and the outcomes (CP, death, and the two
combined) was modified by antenatal exposure to magnesium sulfate (MgSO4).
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2. Materials & Methods
2.1 Study Design

This was a secondary analysis and a nested case-control study of the Eunice Kennedy
Shriver National Institute of Child Health and Human Development (NICHD) Maternal-
Fetal Medicine Units Network “Randomized Clinical Trial of the Beneficial Effects of
Antenatal Magnesium Sulfate”, in which women who had singleton or twin gestations
between 24-316/7 weeks' gestation and at high risk for imminent preterm birth were
randomized to receive either magnesium sulfate (MgSO4) infusion or placebo (Rouse et al.,
2008). Women were enrolled at 20 institutions between December 1997 and May 2004. For
this analysis, cases were infants who died by 1 year of corrected age or were diagnosed with
CP at or beyond 2 years of corrected age. The control group included infants who survived
until 2 years of age without CP. Subjects enrolled in the trial and who had available
umbilical cord blood serum and two-year data on neurological outcomes or death were
included. We excluded cases of fetal demise and neonates with major congenital
malformations or genetic syndromes. Cases were matched at a ratio of 1:2 to controls for
ethnicity/race, infant gender, and number of fetuses. The primary outcome of the study was
a composite of infant death by 1 year or development of CP (any severity) among survivors
as assessed at 24-28 months of life (corrected for prematurity). The secondary outcomes
analyzed included infant death by 1 year of age and CP (any severity). Because of the
limitation in our sample size, we did not perform a subgroup analysis for moderate-severe or
mild CP. Details about the definitions and diagnoses of these selected outcomes are
described elsewhere (Rouse et al., 2008).

2.2 Laboratory testing
Venous umbilical cord blood was obtained in a red top tube and centrifuged for 10 minutes
(3400 RPM) within 2 hours of birth. Serum was aliquoted and stored at -70C. All samples
available from the original study were shipped on dry ice for batch analysis in a single lab at
the University of Texas Medical Branch in Galveston, Texas. Personnel performing the
laboratory analysis were blinded to case/control status.

Umbilical cord serum neuron-specific enolase (NSE), S100 calcium binding protein B
(S100B) and the total soluble form of the receptor for advanced glycation end-products
(sRAGE) were measured with commercially available enzyme-linked immunosorbent assay
(ELISA) kits and according to the manufacturer's recommendations. Grossly hemolyzed
samples (n=12) were not included in NSE analysis. Immunoassay kits for NSE, S100B and
sRAGE were purchased from Alpha Diagnostic International (San Antonio, TX, USA),
BioVendor, LLC (Chandler, NC, USA) and R&D Systems (Minneapolis, MN, USA)
respectively. The detection limits for the 3 assays are 1 μg/L, 5 pg/mL, and 4.1 pg/mL
respectively. The inter- and intra-assay coefficients of variation were <10% for all analytes.
All samples were run in duplicate and the mean values used in analyses.

2.3 Statistical Analysis
Statistical analyses were performed using SAS statistical software (SAS Institute, Cary,
NC). Maternal and neonatal continuous variables were compared with the use of the
Wilcoxon ranksum test, and categorical variables with the chi-square or Fisher's exact test.
Biomarker concentrations were analyzed both as continuous and categorical variables. Data
were divided into categories using the 75th percentile (S100B and NSE) or the 25th

percentile (sRAGE) of control samples from patients in the placebo group (n=43). We had
nearly 80% power to detect an odds ratio of 3.0 in the primary outcome of interest using
these thresholds and the available sample size. Logistic regression was used to analyze the
association between biomarker concentrations and neonatal outcomes, while including the
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effect of delivery GA and study treatment group. Similarly, we studied the effect of latency
after preterm premature rupture of membranes (pPROM) on the relationship between
neonatal outcomes and biomarker concentrations. We did not adjust for multiple
comparisons. A two-sided P-value of less than 0.05 was considered to indicate statistical
significance, and no adjustments were made for multiple comparisons.

3. Results
41 infants who developed CP (n=16) or infant death (n=25) and met all study criteria were
matched by race, infant gender, and number of fetuses to 82 controls. Infants with serum
available for testing were similar for maternal characteristics, but were on average 204
grams heavier at birth and were born one week later in gestation. This difference is likely
related to the difficulty of obtaining sufficient cord blood from the smallest neonates.
Maternal and neonatal characteristics for the analyzed cohort are summarized in Tables 1
and 2. Neonates who died or had CP weighed less at birth and were born at earlier
gestational ages compared with the control group. In addition they had lower Apgar scores
at one and 5 minutes and were more likely to have had neonatal sepsis. On the other hand,
there were no significant differences between cases and controls in such maternal
characteristics as preterm premature rupture of membranes (pPROM), clinical
chorioamnionitis, mode of delivery or treatment allocation (i.e. MgSO4 or placebo).

There were no differences in S100B, NSE or total sRAGE concentrations between infants
who died or developed CP and controls, nor in the percentage of them who had highest
quartile concentrations of S100B (above 871.5 pg/mL) or NSE (above 20.8 μg/L), or lowest
quartile sRAGE concentration (below 1058.5 pg/mL). The odds of developing the combined
outcome, adjusted for delivery GA and study treatment group, for those infants who had
biomarker concentrations in these quartiles were not significantly increased (Table 3).

We then performed analyses for the individual outcomes of CP (Table 4) and death (Table
5). Umbilical cord serum concentrations of S100B were significantly higher in neonates who
developed CP compared with the control group (median 847.3 vs. 495.7 pg/mL; p=0.03),
however that difference became statistically non-significant when adjusted for GA at
delivery and treatment group (p=0.51). Cord serum concentrations of sRAGE were
significantly lower in those who died than in controls (median 1259.3 vs. 1813.1 pg/mL;
p=0.02), and also more cases had sRAGE concentrations in the lowest quartile (44.0% vs.
19.8%, p=0.02), respectively, but those differences also lost significance when corrected for
GA at delivery and treatment allocation (OR 2.19, 95% CI 0.77 - 6.19; p=0.14).

We also tested whether the relationship between the biomarkers and each outcome (CP,
death, and the two combined) was modified by MgSO4 treatment. After adjusting for GA at
delivery, we did not find any significant interaction in our models between any of the
biomarkers and MgSO4 treatment (P-values for interaction: 0.16 – 0.81; data not included),
and there were no significant differences in the biomarker concentrations between neonates
who received MgSO4 and those who received placebo. (Table 6) Additionally, we did not
find any significant effect of latency after pPROM on the relationship between the neonatal
outcomes and biomarker concentrations.

4. Discussion
In this group of high risk neonates, in univariable analyses, umbilical cord blood
concentrations of S100B and total sRAGE were associated with the diagnosis of CP and
perinatal death, respectively. However, after controlling for the GA at birth and MgSO4
treatment allocation, none of the umbilical cord blood biomarkers studied were associated

Costantine et al. Page 4

Int J Dev Neurosci. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with infant death or development of CP, or any of the secondary outcomes. Moreover, no
association was found between MgSO4 treatment and the biomarker concentrations.

We chose to investigate 3 potential markers of neonatal neurologic injury because of their
reported associations with adverse neonatal outcomes. S100B is a calcium-binding protein,
predominantly expressed and released by astrocytes in the central nervous system. It is
involved in intracellular calcium homeostasis, and has been shown to play a role in the
regulation of glial proliferation, neuronal differentiation, maturation as well as other
neuroprotective actions at very low extracellular concentrations (Michetti et al., 2002).
When present at higher (micromolar) levels, S100B is thought to have apoptotic and
neurotoxic effects (Hu et al., 1997). S100B is usually limited to the central nervous system
and only present at minimal concentrations in the peripheral circulation in normal subjects
with intact blood brain barrier. Therefore, it has been used as a marker of blood brain barrier
disruption and glial injury or death when released by injured astrocytes and detected in the
peripheral circulation (Marchi et al., 2004; Michetti et al., 2002). The protein has a short half
life and is excreted mainly in the urine (Marchi et al., 2004). Many studies have shown that
levels of S100B are higher in the cord blood of growth restricted fetuses that had “brain
sparing” redistribution blood flow pattern in utero (Gazzolo et al., 2002), as well as cord
blood or urine of newborns who had hypoxic ischemic encephalopathy (HIE) (Distefano et
al., 2009; Gazzolo et al., 2004; Nagdyman et al., 2001; Qian et al., 2009; Thorngren-Jerneck
et al., 2004), those who developed severe adverse neurologic outcomes or died at 1 year of
age after an episode of HIE at birth (Gazzolo et al., 2003), and those who were later
diagnosed with CP or died (Park et al., 2004; Thorngren-Jerneck et al., 2004). Amniotic
fluid and neonatal urine S100B levels have also been shown to be associated with fetal and
neonatal death, respectively (Florio et al., 2004; Gazzolo et al., 2005).

NSE is a glycolytic enzyme localized primarily within neurons and neuroendocrine cells,
and its release has been used as another marker of neurologic injury and an indicator of poor
prognosis in multiple clinical scenarios including HIE (Celtik et al., 2004; Nagdyman et al.,
2001; Nguyen et al., 2006; Verdu Perez et al., 2001). An increase in both NSE and S100B
serum levels is associated with severe brain injury, worse neurologic outcomes and mortality
(Distefano et al., 2009; Nguyen et al., 2006; Vos et al., 2004).

Animal and human studies suggest that infection and inflammation lead to fetal
inflammatory response, and that this inflammation is associated with brain injury and
subsequent development of CP (Clark et al., 2008; Yoon et al., 2000). The host's defense to
an inflammatory insult involves a group of intracellular proteins called damage-associated
molecular pattern molecules or DAMPs, such as S100B (Lotze et al., 2007; Medzhitov
2008). When released into the extracellular milieu secondary to cellular injury, these
DAMPs, including S100B, activate the receptor for advanced glycation end-products
(RAGE) (Buhimschi et al., 2009, Lotze et al., 2007). Binding of ligands to RAGE results in
activation of multiple cellular signaling cascades mediated by NFκB, which in turn amplifies
cell dysfunction and tissue damage (Buhimschi et al., 2009; Lotze et al., 2007). A naturally
occurring soluble truncated variant of RAGE (sRAGE) is thought to act as a decoy receptor
for RAGE leading to inhibition of its activity. (Buhimschi et al., 2009; Schlueter et al., 2003;
Yonekura et al., 2003) sRAGE has been proposed as a marker of RAGE axis activation.
Fetal systemic concentrations of sRAGE are inversely related to the intensity of the fetal
inflammatory response. sRAGE consumption is associated with tissue damage and organ
failure in fetuses who mount a robust inflammatory response. (Buhimschi et al., 2009)

The major strength of this study is that it was nested in a multicenter trial where the
outcomes were clearly defined and rigorously ascertained, and the data and specimens
carefully collected in a standardized fashion. On the other hand, with the available sample
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size, this study had limited power to detect differences in individual outcomes or within
groups such as GA categories at birth, infant gender, ethnicity/race, or development of
chorioamnionitis, or for particular types and/or severity of CP; or to refute the possible role
of S100B or RAGE pathway in tissue injury leading to neurologic damage. Other limitations
to the study include that we only measured total sRAGE. Other isoforms of sRAGE (e.g.
esRAGE) exist, participate to the total pool of sRAGE, but were not investigated in this
study. Additionally we did not investigate the inflammatory or acid-base status of the fetus
at birth.

The findings from our study do not refute the hypothesis that the development of CP may be
secondary to a prenatal and/or intrinsic brain injury or susceptibility. Because of the kinetics
of some of these markers, measuring these markers at birth may not highlight their role in
the pathophysiology of insults that may have occurred earlier in utero. Also, the relation
between S100B and sRAGE with CP may be compartment specific. Systemic concentrations
may not reflect brain parenchymal concentrations/activity. In addition, the final clinical
outcome of neonates at risk of developing CP or other long term neurodisabilities could be
influenced by the interaction of the neonates with the postnatal environment.

In conclusion, after controlling for GA and MgSO4 treatment, we did not find the umbilical
cord blood markers studied to be useful in differentiating neonates who developed CP or
suffered death from those who did not.
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ELISA enzyme-linked immunosorbent assay

GA gestational age

pPROM preterm premature rupture of membranes

HIE hypoxic ischemic encephalopathy
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Research Highlights

• In the univariable analysis, umbilical cord serum concentrations of S100B were
significantly higher in neonates who developed cerebral palsy compared with
the control group

• In the univariable analysis, cord serum concentrations of the total soluble form
of the receptor for advanced glycation end-products (sRAGE) were significantly
lower in neonates who died compared with controls, and more perinatal death
cases had sRAGE concentrations in the lowest quartile

• There were no differences in cord serum concentrations of neuron-specific
enolase or sRAGE between neonates who developed cerebral palsy and controls

• None of the studied biomarkers was associated with the composite outcome of
death or cerebral palsy.

• Our findings do not negate that markers of neurologic damage leading to
cerebral palsy may be detected in the fetus at birth
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Table 1
Maternal demographic and obstetric characteristics of cases and controls

Cases *
(n=41)

Controls *
(n=82) P-value

Maternal age (yrs) 25.8 ± 6.0 26.2 ± 5.9 0.70

Ethnicity 1.0

 African American 21 (51.2) 42 (51.2)

 Caucasian 16 (39.0) 33 (40.2)

 Hispanic 3 (7.3) 6 (7.3)

 Other 1 (2.4) 1 (1.2)

Education (yrs) 12.0 ± 1.8 12.3 ± 2.4 0.24

Smoked during pregnancy 13 (31.7) 22 (26.8) 0.57

Alcohol during pregnancy 3 (7.3) 6 (7.3) 1.0

Drug use during pregnancy 6 (14.6) 9 (11.0) 0.57

Married / living with partner 17 (41.5) 46 (56.1) 0.13

Nulliparous 11 (26.8) 30 (36.6) 0.28

In MgSO4 group 18 (43.9) 39 (47.6) 0.70

pPROM 34 (82.9) 68 (82.9) 1.0

Antenatal corticosteroids (any) 41 (100.0) 78 (95.1) 0.30

Mode of delivery: 0.09

 SVD 20 (48.8) 53 (64.6)

 Operative vaginal delivery 0 (0.0) 3 (3.7)

 Cesarean 21 (51.2) 26 (31.7)

Preeclampsia 2 (4.9) 1 (1.2) 0.26

Chorioamnionitis, clinical 9 (22.0) 11 (13.4) 0.23

*
Cases were infants who developed cerebral palsy or died before they would be evaluated.

Controls were infants who survived until 2 years of age without developing cerebral palsy.

Data presented as mean ± SD or n (%)

MgSO4 = magnesium sulfate, pPROM = preterm premature rupture of membranes, SVD = spontaneous vaginal delivery
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Table 2
Neonatal characteristics of cases and controls

Cases *
(n=41)

Controls *
(n=82) P-value

Gestational age at birth (wks) 27.9 ± 2.7 30.5 ± 2.6 <0.001

Birth weight (g) 1134 ± 444 1574 ± 532 <0.001

SGA 1 (2.4) 2 (2.4) 1.0

Male gender 25 (61.0) 50 (61.0) 1.0

1 minute Apgar score < 3 12 (29.3) 5 (6.1) <0.001

5 minutes Apgar score <7 15 (36.6) 9 (11.0) <0.001

Newborn sepsis £ 16 (39.0) 7 (8.5) <0.001

*
Cases were infants who developed cerebral palsy or died before they would be evaluated.

Controls were infants who survived until 2 years of age without developing cerebral palsy.

Data presented as mean ± SD or n (%)

SGA=small for gestational age.

£
Early or late onset, culture proven sepsis
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