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ABSTRACT: Proper diagnosis of mild inflicted traumatic brain
injury (ITBI) is difficult; children often present without a history of
trauma and with nonspecific symptoms, such as vomiting. Previous
studies suggest that biomarkers may be able to screen for brain injury
in this population, but these studies focused on only a few biomar-
kers. We hypothesized that using multiplex bead technology we
would be able to identify multiple differences in the serum biomarker
profile between in children with ITBI and those without brain injury.
We compared the concentrations of 44 serum biomarkers in 16
infants with mild ITBI and 20 infants without brain injury. There
were significant group differences in the concentrations of nine of the
44 markers. Vascular cellular adhesion molecule (VCAM) (p � 0.00)
and IL-6 (IL-6) (p � 0.00) had the most significant group differences;
IL-6 was higher after ITBI, whereas VCAM was lower. Using
VCAM and IL-6 in classification algorithms, we could discriminate
the groups with a sensitivity and specificity of 87% and 90%,
respectively. The results suggest significant changes in the serum
biomarker profile after mild ITBI. Future research is needed to
determine whether these biomarkers can screen for brain injury in
infants with nonspecific symptoms. (Pediatr Res 65: 97–102, 2009)

Inflicted traumatic brain injury (ITBI) is a leading cause of
death from traumatic brain injury (TBI) in infants (2,3).

Proper diagnosis of ITBI is often difficult even for experi-
enced, astute physicians because caretakers rarely provide a
history of trauma (4,5), children present with nonspecific
symptoms, such as vomiting or fussiness (6) and physical
examination can be normal (7,8). As a result, misdiagnosis is
common and can have catastrophic medical consequences
(9,10). The importance of timely diagnosis of ITBI cannot be
overemphasized: if not recognized, child abuse is an escalat-
ing form of trauma that often ends in death or disability (11).

The frequency with which ITBI is misdiagnosed and the
resulting morbidity and mortality are compounded by the lack
of a well-established screening test to help physicians identify
children who might benefit from evaluation with cranial com-
puted tomography (CT). We previously reported on the pos-
sible use of serum biomarkers as screening tools for infants at
increased risk of missed ITBI—infants without a history of
trauma and with nonspecific symptoms (12–15). We focused
on three well-established and relatively brain-specific mark-

ers: neuron-specific enolase, S100B, and myelin-basic protein.
Our study evaluating these markers as screening tools for ITBI
in high-risk infants showed that a combination of neuron-
specific enolase and myelin-basic protein was 79% sensitive
and 70% specific for brain injury (14). Contrary to previous
literature in adults and older children, S100B was not specific
for brain injury in infants.

Biomarker concentrations in our previous studies have been
measured using ELISA. ELISA allows for measurement of
only one biomarker at a time and requires up to 100 �L of
serum for each biomarker. In young children, it is difficult to
collect large sample volumes and 100 �L may be the entire
sample.

Multiplex bead technology employs uniquely labeled mi-
crospheres processed as an immunoassay tagged with fluores-
cent labeled markers. A flow cytometer equipped with a
complex optic system identifies and quantifies each protein.
Advantages of this technique are the small volume required—
�100 �L can provide results for up to 100 proteins—and the
fact that because it measures multiple markers simultaneously,
it is less labor-intensive than ELISA. A recent study in our
laboratory was the first to use this technology in cerebrospinal
fluid (CSF) from children with severe TBI (16). To our
knowledge, it has not been used previously with serum from
pediatric TBI patients. Unlike our previous studies, which
have focused on brain-specific markers, the proteins measured
using multiplex beads are markers of systemic response to
tissue injury.

Therefore, the objectives of this study were to explore the
feasibility of using multiplex bead assays to measure serum
biomarkers in children with ITBI and compare multiple bi-
omarkers in children with mild ITBI (cases) to those without
brain injury (controls). We also sought to assess the potential
screening value of nonbrain specific biomarkers. We did not
seek to evaluate the use of these markers to determine the
etiology (e.g. abuse versus not abuse) of TBI, but only to
characterize differences in the biomarker profile between chil-
dren with and without brain injury. We hypothesized that there
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would be multiple differences in the serum biomarker profile
between these groups.

METHODS

Subjects. The study was exempt by the University of Pittsburgh Institu-
tional Review Board because it used blood collected with consent as part of
previously approved protocols. Children were eligible as cases if they pre-
sented with a Glasgow Coma Scale score of 15 and were given a diagnosis of
ITBI by the Children’s Hospital of Pittsburgh Child Protection Team. Defin-
ing whether an injury is inflicted based on the conclusion of a Child Protection
Team is frequently used in studies of ITBI (2,9,17). When trauma was not
initially recognized, as was true in most cases, the Glasgow Coma Scale score
was assigned retrospectively based on emergency department documentation.
In each ITBI case, the time of injury was unknown and was defined as the
time at which the child began exhibiting symptoms. If that was unknown, then
patient presented to the emergency department for care was used as the time of
injury. CT scans were evaluated by a pediatric neuroradiologist as part of routine
clinical care. There were two groups of controls. For both groups, children were
�1 y of age, afebrile (defined as temperature �38.3°C), had no diarrhea and no
history of trauma. The first group presented to Children’s Hospital of Pittsburgh
emergency department with symptoms, which would place them at increased
risk for a brain injury as previously defined by several studies evaluating
infants at risk for missed ITBI (9,14). These symptoms included vomiting,
fussiness, an apparent-life threatening event, or a possible seizure. As part of
their evaluation, these infants had blood drawn and a head CT that was
normal. The second group went to the operating room for elective outpatient
surgery, which required general anesthesia (e.g. hernia repair) and had no
history of any neurologic concerns. In these cases, blood was collected at the
time vascular access was obtained. Enrollment was not consecutive and was
based on availability of the investigators. Some infants in the second control
group did not have a head CT because it was not clinically indicated.

Biomarker measurement. Five separate multiplex bead array assays (Bio-
Source 38-plex, Linco CVD1 4-plex, Linco CVD2 1-plex for haptoglobin,
Linco CVD2 1-plex for fibrinogen, and a bead developed at the University of
Pittsburgh Cancer Institute to measure heat shock protein 70) were used to
measure 44 markers according to the manufacturers’ instructions. The mark-
ers measured included heat shock protein 70, matrix metallopeptidase-9
(MMP-9), plasminogen activator inhibitor-1, intracellular adhesion molecule
(ICAM), vascular cellular adhesion molecule (VCAM), fibrinogen, haptoglo-
bin, and 38 cytokines �IL-1� and �, IL-2, 4, 5, 6, 7, 8, 10, 12, 13, 15, and 17,
and the associated receptors for IL1, and 2, tumor necrosis factor (TNF �),
and TNF receptor-1 (TNFR1) and 2 (TNFR2), interferon-� (IFN-�) and
IFN�, granulocyte-macrophage colony-stimulating factor, granulocyte- colony-
stimulating factor, macrophage inflammatory protein 1� and 1�, IFN inducing
protein-10, monokine induced by �-interferon, eotaxin, RANTES, monocyte
chemoattractant protein1, 2, and 3, death receptor 5, epidermal growth factor 1,
fibroblast growth factor �, hepatocyte growth factor (HGF), VEGF, and growth-
regulated oncogene ��. Marker concentrations were quantified when they were
within the appropriate limits of each standard curve.

Statistical analysis. Descriptive statistics and graphical displays (i.e. dot
plots) were used to compare the demographics of the groups and the distri-
bution of each marker in each group. Spearman’s (nonparametric) correlation
was calculated to quantify the relationships between each pair of markers. The
Wilcoxon rank-sum test was used to evaluate the significance of differences in
marker expression between groups. Semipartial correlations from a logistic
regression model were used to evaluate the unique contribution of each
variable to the prediction of group. All p values are two-sided, and �0.05 was
considered statistically significant. These statistical tests were conducted
using SPSS Software (Version 14, SPSS Inc, Chicago, IL).

Three different algorithms—linear classification (18–20), five nearest
neighbors (21) and tree classification (22)—were used to separate subjects by
group. The linear classification algorithm calculates a line so that most of one
group lies on one side, whereas most of the other group lies on the other side.
An unknown patient is classified based on which the side of the line it lies.
The five nearest neighbor’s algorithm classifies the group of an unknown
patient by finding the five patients in a master dataset, which are nearest to the
unknown patient and selecting the group, that most of these patients belong to.
The tree classifier algorithm builds a binary tree of decision nodes and
associates each terminal node with either the group of cases or controls. These
three algorithms were performed using Matlab (Version 7.0.0, Mathworks
Inc.).

RESULTS

Patient demographics. The concentrations of 44 biomark-
ers were compared in 16 cases and 20 controls. Of the 20
controls, 15 (75%) presented with nonspecific symptoms as
described above and 5 (25%) presented for an out-patient
surgical procedure; these groups are analyzed as a single
control group because, as discussed below, there was no
difference in any of the biomarker concentrations between the
groups. There were no differences in the proportion of male or
white patients between cases and controls. The mean (SD) age
of the cases was slightly greater than that of controls �7.5 (7.3)
versus 3.4 (2.6) mo, p � 0.05�. The mean (SD) time after
injury at which the blood sample was collected for cases was
26.0 (25.2) h. All cases had a head CT as part of clinical care:
12 of 16 (75%) had an acute subdural hemorrhage(s), 3 (19%)
also had probable or definite chronic subdural hemorrhage(s),
6 (38%) had an intraparenchymal contusion or hemorrhage, 3
(19%) had a skull fracture, and 4 (25%) had evidence of early
cerebral edema. Of the 16 cases, 38% (6/16) had extra-cranial
injuries, all of which were rib and/or metaphyseal fractures.
Serum biomarker concentrations. Of the 44 markers mea-

sured, 21 markers had concentrations which were undetectable
in �50% of subjects with no group differences, 14 markers
were detectable in both cases and controls, but without group
differences and nine markers had significant differences be-
tween cases and controls (Table 1). There were no differences
in the concentrations of any of the markers between the two
control groups, and thus they were merged into a single
control group. The markers with significant differences be-
tween cases and controls were VCAM (p � 0.00), IL-12 (p �
0.02), MMP-9 (p � 0.00), ICAM (p � 0.03), eotaxin (p �
0.04), HGF (p � 0.00), TNFR2 (p � 0.05), IL-6 (p � 0.00),
and fibrinogen (p � 0.00) (Fig. 1). Markers that were higher
in cases were MMP 9, HGF, fibrinogen, and IL-6. Markers
that had higher concentration in controls were ICAM, VCAM,

Table 1. Classification of markers in cases and controls

Markers which could not be quantified because
they are below the standard curve in �50%
of patients in both groups (n � 21)*

Markers detectable, but
with no difference
between groups
(n � 14)

Markers higher in
controls (n � 5)

Markers higher in cases
(n � 4)

hsp70, IL-2, 4, 5, 7, 8, 10, 13, 15, 17, IL-1R,
IL-1�, DR5, EGF, FGF�, GCSF,GMCSF,
MCP3, MIG, IFN� and �

TNF�, VEGF, pai1, IL-1�,
MCP1, MIP1�, MIP1�,
RANTES, IP10, IL-2R,
TNF receptor1, MCP2,
GRO�, haptoglobin

ICAM, VCAM, IL-12,
eotaxin, TNF
receptor2

MMP9, HGF, fibrinogen,
and IL-6

*One additional marker, IL-6 receptor, could not be quantified because the concentrations were above the standard curve in all subjects and controls.
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IL-12, eotaxin, and TNFR2. There was no difference in bi-
omarker concentrations between cases with and without extra-
cranial injuries.

Because of concern of the effect of multiple comparisons on
the type I error rate, we calculated semipartial correlations
from a single logistic model using each of the 23 markers. The
biomarkers with significant partial correlations were the same
as those with differences by Wilcoxon’s rank sum with one
exception; TNFR2 had a p � 0.05 by Wilcoxon’s rank sum,
but a nonsignificant partial correlation. The biomarkers with
significant partial correlations were then used in a regression
analysis. This produces a single omnibus �2 test, which fixes
the overall type 1 error level at 0.05. Using these markers, the
�2 was significant (p � 0.00), the model fit was acceptable
(Cox and Snell R2 � 0.575) and the correct classification rate

was 88%. These data therefore support our original conclu-
sions and suggest that with the possible exception of TNFR2,
the markers identified previously are good candidates to be
evaluated in a prospective validation.
Correlation between biomarkers. Analysis of the correla-

tions between each of the nine markers with significant dif-
ferences between cases and controls showed multiple signif-
icant correlations (Table 2). The strongest positive
correlations were between ICAM and VCAM (r � 0.49, p �
0.00), MMP-9 and HGF (r � 0.86, p � 0.00), ICAM and
TNFR2 (r � 0.57, p � 0.00), and IL-6 and eotaxin (r � 0.76,
p � 0.01). The strongest inverse correlation was between
MMP-9 and VCAM (r � �0.45, p � 0.01).
Classification algorithms. Using VCAM and IL-6—the

two markers with the most significant differences between

Figure 1. Distribution of serum concentrations of markers with significant differences between cases and controls. *p � 0.05; ¶p � 0.00. Horizontal lines represent
mean values.

Table 2. Spearman correlations between biomarker concentrations

Marker VCAM ICAM IL-6 IL-12 MMP-9 HGF Eotaxin Fibrinogen TNFR2

VCAM 1.0 0.65* �0.38† 0.27 �0.45‡ �0.35† �0.35 �0.21 0.37†
ICAM X 1.0 0.00 0.41† �0.20 �0.04 �0.16 �0.09 0.57*
IL-6 X X 1.0 0.40† 0.12 0.24 0.76‡ 0.22 �0.32
IL-12 X X X 1.0 �0.38† �0.22 0.46† �0.18 0.28
MMP-9 X X X X 1.0 0.86* 0.07 0.49‡ �0.25
HGF X X X X X 1.0 0.21 0.34 �0.30
Eotaxin X X X X X X 1.0 0.33 0.07
Fibrinogen X X X X X X X 1.0 �0.29

* p � 0.00.
† p � 0.05.
‡ p � 0.01.
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groups in Wilcoxon’s rank sum test—cases and controls were
separated using the algorithms described above. Only two
markers were evaluated to avoid over-fitting with this small
sample. The classification (with leave-one-out cross-
validation) using only VCAM and IL-6 shows a sensitivity of
87% and specificity of 90% for discrimination of cases and
controls (Fig. 2). The sensitivity and specificity of all three
algorithms were virtually identical, supporting the robustness
of the results.

Although the sensitivity and specificity of the combination
of VCAM and IL-6 was high, we repeated the five nearest
neighbor and separating hyperplane classification algorithms
using IL-6 and MMP-9, the two markers that were most
significantly increased after TBI. The reason for repeating the
analysis with MMP-9 and IL-6 was twofold; first, the decrease
in VCAM concentrations after TBI was unexpected on a
physiologic basis and thus we questioned whether it would be
clinically acceptable as a marker of injury and second, on a
clinical basis, it is more difficult to use a biomarker whose
concentration decreases, rather than increases, after injury.
This is particularly true when the marker’s concentration is in
the nanogram per milliliter range. The classification using the
five nearest neighbor algorithm with MMP-9 and IL-6 shows
a sensitivity of 81% and specificity of 90%. The separating
hyperplane algorithm had the same specificity with a sensi-
tivity of 94%.

DISCUSSION

This is the first study to use multiplex bead technology to
simultaneously measure serum biomarkers after pediatric TBI
of any etiology. Our ability to measure 44 markers allowed for

identification of multiple novel biomarkers that are either
increased or decreased after TBI compared with controls and
suggests that this technique is an efficient method to identify
new biomarkers of interest. This study was also unique be-
cause the cases were children with mild TBI; most of the TBI
biomarker literature focuses on patients with moderate to
severe TBI.

The significant group differences for nine of the 44 biomar-
kers tested demonstrates that even children with mild ITBI
have a biomarker profile, which is distinct from that of
similarly aged children without TBI. The differences in the
biomarker profile suggest that these markers may be able to
assist in the biochemical discrimination of two groups of chil-
dren, which can be difficult to distinguish clinically: young
children with nonspecific symptoms because of common child-
hood illnesses and those with the same symptoms because of
TBI. It is important that our findings and particularly the derived
classification algorithms be prospectively validated in a different
cohort of patients.

It is important to recognize that we did not evaluate the use
of these markers to discriminate etiology (e.g. abuse versus
not abuse) of TBI, but only to identify the presence of TBI.
Thus, use of these markers would not change the way in which
ITBI is diagnosed, but would only be used to alert the treating
physician to the possible presence of brain injury and thereby
prompt neuroimaging in a patient who would otherwise be
discharged without it. The similar patterns for many biomar-
kers in children with TBI of different etiologies is supported
by a recent study by Buttram et al, (16) which demonstrated
no differences in the CSF cytokine response between children
with ITBI and those with noninflicted TBI (16). Similarly,
because the markers evaluated in this study are not brain-
specific, they would be unlikely to distinguish patients with
TBI from those with noncranial trauma. Hensler et al (23)
measured serum concentrations of several biomarkers includ-
ing IL-6 and 10 in adults with severe TBI and compared them
to concentrations in adults with multiple significant noncranial
injuries, and found no difference in the concentrations be-
tween groups. In our population of interest—well-appearing
infants at increased risk of abuse—severe extra-cranial inju-
ries are unlikely. This is supported by our own data; none of
the extra-cranial injuries in the cases was severe and there was
no difference in the biomarker concentrations between cases
with and without extra-cranial injuries.

Although several of these markers have been shown to be
increased in the presence of fever (24,25) and in a wide variety
of pediatric illnesses, including enteroviral meningitis (IL-6)
(26), influenza (IL-6) (25), and rotatvirus (IL-6, IL-10, and
IFN-gamma) (27), we do not believe this a clinical limitation
given our target population. The population at risk for ITBI
that would be targeted by a biomarker screen is afebrile
infants with nonspecific symptoms.

We were unable to assess whether the increase in serum
concentrations of the biomarkers was due to increased leakage
from brain into blood because of blood-brain barrier dysfunc-
tion or the result of a systemic response to brain injury.
Kossman et al (28) performed a study in which 20 adults with
severe TBI had simultaneous CSF and serum IL-6 measure-

Figure 2. A scatter plot of the normalized concentrations of IL-6 and
vascular cellular adhesion molecule (VCAM). Scatter plot concentrations
were normalized to allow for simultaneous visualization of two biomarkers
with concentrations, which were of different orders of magnitude. The median
concentration for each marker was set to zero and other values were calculated
as the number of SD above or below the median. Two extreme IL-6
outliers—one in each group—were removed for purposes of the scatter plot.
F � controls, E � cases.
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ments as well as assessment of blood-brain barrier dysfunc-
tion. Their results suggest that although CSF is the origin of
serum IL-6 on day 1 after injury, the source of IL-6 at later
time points is extra-cerebral and released as part of the
systemic response to injury. This has not been addressed in
pediatric TBI.

Our finding that ICAM, VCAM IL-12, and TNFR2 con-
centrations were lower in children with ITBI compared with
controls is contrary to previous CSF literature, which showed
increased concentrations of these markers after TBI (29–33).
There are no published studies of serum IL-12 concentrations
or CSF or serum eotaxin concentrations after human TBI. The
limited literature related to serum ICAM and TNFR2 concen-
trations after human TBI includes only adult patients with
severe TBI; two studies demonstrated increased serum ICAM
(31) and TNFR2 (34) concentrations and a third (35) demon-
strated no difference in initial serum ICAM concentrations,
but significantly higher concentrations 96 h after TBI. It will
be important to analyze serum concentrations of these markers
in children with TBI of different severities and etiologies to
better assess whether these differences are related to severity
or etiology of injury (e.g. abuse versus not abuse) or patient
age (e.g. adult versus pediatric). Many factors such as the
stress response could initiate a systemic injury response in the
setting of ITBI. It will also be important to assess the possible
contribution of timing to these biomarker differences. It is not
surprising that the mean time of sample collection for the ITBI
cases was 26 h after injury/onset of symptoms, because there
is often a delay in seeking medical care in cases of abuse. The
effect of this delay on the biomarker concentrations will need
to be evaluated using serial samples collected in infants and
young children with noninflicted TBI in whom early samples
are available.

The increased serum MMP-9, IL-6, and fibrinogen concen-
trations are consistent with previous TBI literature in adults
(28,36,37). There is one report showing increased CSF HGF
concentrations after pediatric TBI. In this report, increased
HGF concentrations were associated with young age and poor
outcome (Fink, E, et al. CSF analysis of HGF concentrations
in infants and children after TBI, Society of Critical Care
Medicine 31st Critical Care Congress. January 26–30, 2002,
San Diego, California, abstract: A140).

The study’s most significant limitation was the modest
sample size. We were unable to simultaneously evaluate more
than two markers in the classification tree. Although the
number of cases is small from a statistical standpoint, it is
relatively large from a clinical perspective; in a large chil-
dren’s hospital with a level I trauma center and a large child
abuse program, it took several years to enroll 16 children with
ITBI and a Glasgow Coma Scale score of 15. This highlights
both the difficulty obtaining consent from this population and
the difficulty of recognizing mild ITBI. Epidemiologically, the
majority of infants diagnosed with ITBI have severe ITBI; this
is unlikely to be the result of a marked difference in the epide-
miology of ITBI and noninflicted TBI, but rather the result of the
clinical problem we are trying to address, the difficulty in recog-
nizing more mild forms of ITBI. Despite this limitation, we were

able to classify subjects with �85% accuracy using VCAM and
IL-6.

Several of the control patients did not have a head CT as
part of clinical care; as a result, we cannot rule out the
possibility that one or more of them had brain injury. If,
however, any of the controls had an undetected TBI, this
would make the difference between the groups artificially
smaller. We believe it is unethical to perform a head CT in a
child in whom there is no clinical indication (e.g. for research
purposes) because of the radiation risk associated with head
CT in young children (38–40).

In summary, this is the first study to multiplex bead tech-
nology to simultaneously assess multiple serum biomarkers in
children with ITBI. We have identified several novel biomar-
kers, which are either increased or decreased after mild pedi-
atric ITBI compared with controls. The results support our
hypothesis that there are differences in the serum concentra-
tions of nonbrain specific biomarkers in children with ITBI
compared with those without brain injury. A panel of biomar-
ker, which includes a combination of brain-specific and tissue
injury response markers, may be better able to discriminate
patients with and without brain injury than a panel of either
type of marker alone. A prospective validation using a larger
patient population is essential to allow for potentially exciting
classification analyses using a greater number of both brain-
specific and nonbrain specific biomarkers.
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