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Cerebrospinal Fluid Levels of High-Mobility Group Box 1
and Cytochrome C Predict Outcome
after Pediatric Traumatic Brain Injury
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Abstract

High-mobility group box 1 (HMGB1) is a ubiquitous nuclear protein that is passively released from damaged
and necrotic cells, and actively released from immune cells. In contrast, cytochrome c is released from mito-
chondria in apoptotic cells, and is considered a reliable biomarker of apoptosis. Thus, HMGB1 and cytochrome c
may in part reflect the degree of necrosis and apoptosis present after traumatic brain injury (TBI), where both are
felt to contribute to cell death and neurological morbidity. Ventricular cerebrospinal fluid (CSF) was obtained
from children admitted to the intensive care unit (ICU) after TBI (n = 37). CSF levels of HMGB1 and cytochrome c
were determined at four time intervals (0–24 h, 25–48 h, 49–72 h, and > 72 h after injury) using enzyme-linked
immunosorbent assay (ELISA). Lumbar CSF from children without TBI served as controls (n = 12). CSF HMGB1
levels were: control = 1.78 – 0.29, 0–24 h = 5.73 – 1.45, 25–48 h = 5.16 – 1.73, 49–72 h = 4.13 – 0.75, > 72 h = 3.80 – 0.90
ng/mL (mean – SEM). Peak HMGB1 levels were inversely and independently associated with favorable Glas-
gow Outcome Scale (GOS) scores at 6 mo (0.49 [0.24–0.97]; OR [5–95% CI]). CSF cytochrome c levels were:
control = 0.37 – 0.10, 0–24 h = 0.69 – 0.15, 25–48 h = 0.82 – 0.48, 49–72 h = 1.52 – 1.08, > 72 h = 1.38 – 1.02 ng/mL
(mean – SEM). Peak cytochrome c levels were independently associated with abusive head trauma (AHT; 24.29
[1.77–334.03]) and inversely and independently associated with favorable GOS scores (0.42 [0.18–0.99]). In
conclusion, increased CSF levels of HMGB1 and cytochrome c were associated with poor outcome after TBI in
infants and children. These data are also consistent with the designation of HMGB1 as a ‘‘danger signal.’’
Distinctly increased CSF cytochrome c levels in infants and children with AHT and poor outcome suggests that
apoptosis may play an important role in this unique patient population.
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Introduction

Traumatic brain injury (TBI) accounts for significant
morbidity and mortality among children in the United

States. According to the Centers for Disease Control and
Prevention, TBI accounts for an estimated 473,947 emergency
department visits, 35,136 hospitalizations, and 2174 deaths in
children 0–14 years of age annually (Faul et al., 2010). There
are many obstacles to identifying severity of injury and
prognostic outcome in children after TBI, including the di-
verse forms of primary injury and the impact of secondary cell
death cascades (primarily necrosis and apoptosis), especially
in cases of moderate and severe TBI.

High-mobility group box 1 (HMGB1) was originally de-
scribed in 1973 as a nonhistone DNA-binding protein
(Goodwin et al., 1973). Intracellularly it serves as a co-
transcriptional factor with the ability to serve as a structural
DNA-binding protein, stabilizing nucleosomes and regulat-
ing transcription (Agrawal and Schatz, 1997; Bustin and Re-
eves, 1996; Sutrias-Grau et al., 1999). HMGB1 can move
extracellularly via two mechanisms. The first involves the
passive release of HMGB1 from damaged or necrotic cells.
Interestingly, apoptotic cells do not release HMGB1, but in-
stead retain it within their cells (Scaffidi et al., 2002). Ad-
ditionally, through its interactions with receptor for advanced
glycation end (RAGE) products and members of the toll-like
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family of receptors (TLRs), including TLR2 and TLR4 (Klune
et al., 2008), it may represent a danger signal that alerts the
immune system to the presence of injured cells. The second
manner in which HMGB1 mobilizes to the extracellular space
involves its active secretion by immune cells. Specifically, in
macrophages and monocytes, HMGB1 is hyper-acetylated,
which allows it to accumulate in the cytosol and prevents it
from being translocated into the nucleus. HMGB1 is then
packaged into secretory lysosomes and secreted (Bonaldi
et al., 2003; Gardella et al., 2002). Extracellularly, HMGB1
activates the immune system by inducing dendritic cell mat-
uration, increasing secretion of inflammatory cytokines, and
activating neutrophils, monocytes, and natural killer (NK)
cells (Andersson et al., 2000; Fan et al., 2007; Klune et al., 2008;
Messmer et al., 2004; Raucci et al., 2007; Rouhiainen et al.,
2004). Furthermore, extracellular HMGB1 has been shown to
promote tissue repair and regeneration (Bianchi and Man-
fredi, 2007; Palumbo and Bianchi, 2004).

In 1994 Matzinger proposed the ‘‘danger model,’’ the idea that
antigen-presenting cells are activated by signals from injured
cells (Matzinger, 1994,2002). Matzinger originally theorized that
danger signals were more likely to be released during necrosis,
and not by apoptosis. Fink has suggested that damage caused by
trauma or ischemia can cause HMGB1 to be released from ne-
crotic tissue, and thus serves as a danger signal that alerts the
immune system to the presence of injured cells (Fink, 2007).
While current studies confirm the presence of danger signals
released during necrosis, evidence involving the apoptotic re-
lease of danger signals remains controversial (Rock et al., 2005).

Cytochrome c is best known for its role in the mitochondrial
electron transport chain, participating in oxidative phosphor-
ylation and ATP synthesis. Cytochrome c also has an integral
role in apoptosis. In response to apoptotic stimuli it is released
from the mitochondria into the cytosol. There, cytochrome c
binds apoptotic protease-activating factor-1 to form the
apoptosome, activating caspases responsible for the initiation
of the intrinsic apoptotic pathway (Kluck et al., 1997; Liu et al.,
1996). We have previously reported that increased cytochrome
c in cerebrospinal fluid (CSF) is a potential biomarker of
abusive head trauma (AHT; Satchell et al., 2005). Cytochrome
c and other biomarkers have the potential to predict severity of
injury and short- and long-term outcome, and may give in-
sights into potential therapeutic modalities after TBI (Berger
et al., 2006; Kochanek et al., 2008; Shore et al., 2007).

This study focuses on the CSF biomarkers HMGB1 and
cytochrome c in infants and children after severe TBI. These
biomarkers are examined with respect to relevant clinical
variables and outcome after TBI.

Methods

All procedures for this study were approved by the In-
stitutional Review Board at the University of Pittsburgh
Medical Center. As part of other past and ongoing clinical
studies, informed consent was obtained for collection of the
CSF made available for this study.

A clinical protocol for the treatment of children with severe
TBI has been used at our institution and has been previously
described (Adelson et al., 2005; Exo et al., 2011). Briefly, all
children with severe TBI received comprehensive neurocritical
care to rapidly stabilize and assess for injuries, prevent sec-
ondary insults, and promote neurological recovery, in accor-

dance with published guidelines (Adelson et al., 2003).
Intracranial pressure (ICP) monitoring was instituted for all
children with post-resuscitation Glasgow Coma Scale (GCS)
scores < 8 (although some children had an initial GCS score > 8,
but deteriorated) via an externalized ventricular drain. CSF
drainage was part of standard management throughout this
study. Intracranial hypertension (generally defined as ICP ‡ 20
mm Hg) was treated with step-wise escalations of care via a
protocol that included head positioning (raising the head of
the bed to 30�), analgesia with fentanyl, neuromuscular block-
ade with vecuronium, mild hyperventilation-normoventilation
(Paco2 * 35 mm Hg), and hyperosmolar therapy (mannitol or
3% NaCl). Second-tier therapies include barbiturate adminis-
tration, hypothermia, or decompressive craniectomy.

CSF collection

As previously described (Satchell et al., 2005), CSF was
continuously drained by gravity into a sterile buretrol at the
bedside at 3 cm above the mid-brain. Once drained, CSF of the
study subjects was extracted from this system using sterile
technique to minimize the risk of contamination. This proce-
dure was done daily for up to 7 days after TBI, with samples
analyzed at four time intervals (0–24 h, 25–48 h, 49–72 h,
and > 72 h after injury). Lumbar CSF from children without
TBI or meningoencephalitis (controls) was collected in a single
aliquot after diagnostic lumbar puncture. The CSF was im-
mediately centrifuged to remove cellular debris and frozen at
- 80�C until analysis. Enzyme-linked immunosorbent assay
(ELISA) kits for HMGB1 and cytochrome c were purchased
from Shino-Test Corporation (Kanagawa, Japan) and R&D
Systems (Minneapolis, MN), respectively. For both assays, the
plates were coated with detecting antibody and washed with
a buffered solution. Study samples (from both TBI subjects
and healthy controls) and known control solutions were ap-
plied to individual wells followed by application of a detector
antibody. Absorbances were quantified and concentrations of
study samples were calculated based on standard curves
generated from known solutions.

Statistical analysis

Clinical data collection included patient age, sex, mecha-
nism of injury, admission GCS score, Glasgow Outcome Scale
(GOS) score determined 6 months after injury, and mortality.
GOS was defined as GOS 1 = dead, 2 = vegetative state,
3 = severe disability, 4 = moderate disability, and 5 = normal.
Furthermore, good outcome was defined as a GOS score of 4
or 5, and poor outcome as a GOS score of 1–3. AHT was
diagnosed by the Child Protection Team at Children’s Hos-
pital of Pittsburgh independently of this study. Data are ex-
pressed as mean – standard error of the mean (SEM), or
median [range], as appropriate. For threshold analyses, in-
creased HMGB1 and cytochrome c levels were a priori defined
as levels more than 2 standard deviations (SD) above the
control means. Comparisons between control levels and peak
and mean levels in TBI patients were made using the Mann-
Whitney rank sum test. Changes over time were analyzed
using repeated-measures analysis of variance (RM-ANOVA).
Associations between CSF HMGB1 and cytochrome c and the
clinical variables age, sex, initial GCS score, mechanism of
injury (dichotomized into accidental TBI versus AHT), and
GOS scores were determined using univariate models.
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Multivariate models were constructed using variables with a
univariate p value < 0.2, or with severity of injury (initial GCS
score) forced into the model in the case of HMGB1. Receiver-
operating characteristic (ROC) curves were carried out for
peak HMGB1 and cytochrome c levels as a predictor of out-
come at 6 months. Statistical calculations were performed
with SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA) and
Stata/IC (StataCorp LP, College Station, TX).

Results

Demographic data for the TBI patients are shown in Table
1. There were 37 TBI and 12 control patients. In brief, the
control patients were younger than the TBI patients, and TBI
was more common in males than females. The initial GCS
scores were diverse, ranging from 3–15, but all had a GCS
score < 8 prior to implementation of ICP monitoring. The
mechanisms of injury showed that TBI as a consequence of
motor vehicle collisions was the most common etiology
(35.1%), followed by AHT (18.9%), and falls (18.9%; Table 2).

The temporal profile of CSF HMGB1 is shown in Figure 1A.
CSF HMGB1 levels did not change over time when examined
in epochs of 0–24 h, 25–48 h, 49–72 h, and > 72 h after injury
(Table 3; p > 0.05 comparing all epochs). Both mean and peak
CSF HMGB1 levels (4.83 – 0.81 and 10.17 – 2.11 ng/mL, re-
spectively) were increased compared with controls (1.78 –
0.29 ng/mL, p < 0.05; Fig. 1B). Figure 2 shows that the peak

HMGB1 level is inversely proportional to the GOS score at 6
months (rs = - 0.393, p = 0.016). Increased CSF HMGB1, was
independently associated with GOS when controlling for
initial GCS to adjust for injury severity (Table 4; p = 0.041).

The temporal profile of CSF cytochrome c is shown in
Figure 3. CSF cytochrome c did not change over time when
examined in epochs of 0–24 h, 25–48 h, 49–72 h, and > 72 h
after injury (Table 3; p > 0.05 for all epochs). Neither mean nor
peak CSF cytochrome c levels (1.27 – 0.70 and 2.27 – 1.12 ng/
mL, respectively) were increased compared with controls
(0.37 – 0.10 ng/mL). However, as with HMGB1, the peak cy-
tochrome c level was found to be inversely proportional to
GOS score at 6 months (rs = - 0.347, p = 0.036; Fig. 4). Ad-
ditionally, the peak CSF cytochrome c level was higher in
patients with AHT compared with accidental TBI patients
(9.13 – 5.46 versus 0.67 – 0.16 ng/mL, respectively; p < 0.05).
Increased CSF cytochrome c was independently associated
with AHT ( p = 0.017) and GOS ( p = 0.05), when controlling for
patient age, sex, and initial GCS score (Table 5).

Table 1. Demographic Data of the Study Subjects

Control patients
Number 12
Age, years [range] 2.1 – 1.0

[5 weeks–9 years]
Number of male patients (%) 6a (66.7)

Traumatic brain injury patients
Number 37
Age, years [range] 6.1 – 0.9

[5 weeks–16 years]
Number of male patients (%) 22 (59.5)
Initial Glasgow Coma Scale score 7 [3–15]
Glasgow Outcome Scale score

at 6 monthsb
4 [1–5]

Presence of contusion on initial
head CT scan (%)

12c (33)

Mean – standard error of the mean or median [range], as appro-
priate.

aUndocumented in 3 control patients.
b1 = dead, 2 = vegetative state, 3 = severe disability, 4 = moderate

disability, 5 = normal.
cUndocumented in 1 patient.
CT, computed tomography.

Table 2. Mechanism of Injury

n Percent

Motor vehicle collision 13 35.1
Abusive head trauma 7 18.9
Fall 7 18.9
Pedestrian/automobile accident 4 10.8
Bicycle/automobile accident 2 5.4
Other 4 10.8

FIG. 1. (A) Temporal profile of CSF HMGB1 levels in
children with severe TBI versus controls. (B) Mean and peak
CSF HMGB1 levels among TBI patients were increased ver-
sus controls (*p < 0.05; CSF, cerebrospinal fluid; HMGB1,
high-mobility group box 1; TBI, traumatic brain injury).
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Since both biomarkers were assayed in each CSF sample,
comparisons could be made to determine whether changes in
CSF HMGB1 levels paralleled changes in CSF cytochrome c.
CSF HMGB1 and cytochrome c in matched samples were
correlated (rs = 0.442, p < 0.001), supporting concurrent in-
creases in HMGB1 and cytochrome c in TBI patients. Sub-
group analysis further supported parallel increases in
HMGB1 and cytochrome c in both the group of patients with
poor outcomes (GOS score 1–3; rs = 0.320, p < 0.025; Fig. 5A),
and good outcomes (GOS score 4 or 5; rs = 0.473, p < 0.001).
However, simultaneous increases in both HMGB1 and cyto-
chrome c were not seen in patients with AHT (Fig. 5B;
rs = 0.122, p = 0.54), raising the possibility that apoptosis may
be relatively more prominent in these patients. However, the
smaller sample of AHT patients (7 of 37) than poor outcome
patients (13 of 37) may have influenced the statistical analysis.

ROC analysis of the performance of peak HMGB1 level to
predict outcome at 6 months had an area under the curve
(AUC) of 0.70 (95% confidence interval [CI] 0.51,0.90; Fig. 6A).
An HMGB1 cutoff point of 19.49 ng/mL had a sensitivity of
30.77% and specificity of 100%. ROC analysis of cytochrome c
levels revealed an AUC of 0.78 (95% CI 0.61,0.95; Fig. 6B), with
a cutoff point of 4.06 ng/mL with a sensitivity of 23.08% and a
specificity of 100%.

Discussion

We found that HMGB1 and cytochrome c represent CSF
biomarkers that independently predict poor outcome after

pediatric TBI. The cytochrome c-dependent cell death path-
way again appears to be readily detectable in patients with
AHT, consistent with previous reports indicating a prominent
role for apoptotic cell death in this unique TBI group (Satchell
et al., 2005).

Clinical studies involving HMGB1 have primarily focused
on plasma levels. Peltz and associates reported increased
plasma HMGB1 levels after trauma that were > 30-fold higher
than healthy controls within 1 h of injury, which peaked at 2–
6 h post-injury (Peltz et al., 2009). However, their study in-
volving 23 adults did not find a correlation between HMGB1
level and patient outcome. Cohen and colleagues performed a
larger study in 168 adults following severe trauma (Cohen
et al., 2009). They also reported that plasma HMGB1 levels
were increased early (within 30 min); however, they did
identify a correlation with severity of injury and survival.
While both studies included trauma patients with and with-
out brain injuries, TBI was not the main focus of their studies.
In fact, the Peltz group excluded patients with isolated head
injuries, while the study by Cohen and associates included
only 27% patients with severe head injury. Relatively little
information exists regarding CSF HMGB1 levels. CSF
HMGB1 levels have been shown to be increased in pediatric
patients with bacterial meningitis (Tang et al., 2008), and in
adult patients after subarachnoid hemorrhage (Nakahara
et al., 2009). To our knowledge, this is the first study exam-
ining CSF HMGB1 levels after pediatric or adult TBI.

HMGB1 measured in this study likely represents a combi-
nation of HMGB1 passively released during necrotic cell
death and actively secreted from macrophages and/or mi-
croglia. It is generally accepted that after TBI necrosis pre-
cedes apoptosis. While mean HMGB1 levels peaked in the

Table 3. Temporal Profile of Cerebrospinal Fluid HMGB1 and Cytochrome c Levels

Control 0–24 h 25–48 h 49–72 h > 72 h

HMGB1 (ng/mL) 1.78 – 0.29 5.73 – 1.45 5.16 – 1.73 4.13 – 0.75 3.80 – 0.90
Cytochrome c (ng/mL) 0.37 – 0.10 0.69 – 0.15 0.82 – 0.48 1.52 – 1.08 1.38 – 1.02

HMGB1, high-mobility group box 1.

FIG. 2. Peak CSF HMGB1 level plotted against 6-month
Glasgow Outcome Scale (GOS) score. The peak HMGB1 level
was found to be inversely proportional to GOS scores (rs =
- 0.393, p = 0.016; GOS: 1 = dead, 2 = vegetative state, 3 =
severe disability, 4 = moderate disability, 5 = normal; CSF,
cerebrospinal fluid; HMGB1, high-mobility group box 1).

Table 4. Associations between Increased

Cerebrospinal Fluid HMGB1a
and Clinical Variables

Univariate Multivariate

p OR [95% CI] p

Age 0.410 — — —
Sex 0.927 — — —
Initial Glasgow Coma Scale

score
0.271 0.87 [0.69,1.10] 0.241

Abusive head trauma 0.632 — — —
Glasgow Outcome Scale

score at 6 months
0.016 0.49 [0.24,0.97] 0.041

Presence of contusion on
initial head computerized
tomography scan

0.896 — — —

aIncreased HMGB1 defined as control mean – 2 standard devia-
tions

HMGB1, high-mobility group box 1; CI, confidence interval; OR,
odds ratio.
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0–24-h epoch, and cytochrome c levels did not peak until the
48–72-h epoch (Table 3), this was not statistically significant.
This is consistent with passive HMGB1 release from necrotic
cells, followed by later immune cell activation. Importantly,
our study found that increased CSF HMGB1 is independently
associated with poor outcome (6-month GOS score 1–3). The
neurodegenerative effects of HMGB1 have been described by
Goa and associates, who in a model of neuronal cell culture
found that HMGB1, whether released by necrotic or secreted
from inflammatory cells, acts on the microglia Mac1 receptor,
resulting in persistent neuroinflammation and chronic, pro-
gressive dopaminergic neurodegeneration (Gao et al., 2011).

In contrast to HMGB1, there are several studies examining
cytochrome c levels in CSF after TBI. In an adult series in-

cluding 9 patients following TBI, Darwish and Amiridze
(2010) detected increased cytochrome c levels in over half of
their samples. A correlation with outcome was not found,
possibly due to small sample size. In a pediatric study in-
cluding 67 infants and children, our laboratory reported that
the CSF cytochrome c level was independently associated
with AHT and female sex after TBI (Satchell et al., 2005). In the
present study, we found that the peak CSF cytochrome c level
was also independently associated with AHT, in addition to
outcome (6-month GOS score). However, in contrast to the
previous study by Satchell and co-workers (2005), we did not
detect an association between CSF cytochrome c and female
sex. The most likely explanation for this difference (in our
opinion) is related to the smaller sample size in the current
versus the previous study (37 versus 67 patients, respective-
ly). To definitively determine whether sex-based differences
in CSF cytochrome c exist, either a prospectively-collected
larger cohort and/or multivariate analysis using a combined
data set appears necessary.

While cytochrome c is recognized intracellularly as a
marker of apoptosis, there is uncertainty about the mech-
anisms by which it may move into the extracellular space,
which is necessary for detection in the CSF. Renz and as-
sociates found that cell death induced by apoptotic, but not
necrotic stimuli, resulted in the rapid release of cytochrome
c from the cell, allowing detection in the extracellular me-
dium (Renz et al., 2001). Ahlemeyer and colleagues simi-
larly found that cytochrome c is released extracellularly
after staurosporine-induced apoptosis, and suggested that
extracellular cytochrome c may contribute to neuronal ap-
optosis (Ahlemeyer et al., 2002). Several studies have since
been undertaken using the serum cytochrome c level as a
marker of apoptosis (Adachi et al., 2004; Barczyk et al.,
2005; Ben-Ari et al., 2003). Our data suggest that peak CSF
cytochrome c levels may reflect the degree of apoptosis
after TBI, possibly resulting in worse brain injury and ul-
timately poor outcome.

CSF aII-spectrin breakdown products (SBDPs) have been
used to evaluate the timing and impact of necrosis and apo-
ptosis after severe TBI in adult patients (Brophy et al., 2009;
Mondello et al., 2010; Pineda et al., 2007). SBDP150 and
SBDP145 result primarily from proteolysis by calpain,
whereas SBDP120 results primarily from proteolysis by

FIG. 3. Temporal profile of CSF cytochrome c levels in
children with severe TBI versus controls (CSF, cerebrospinal
fluid; TBI, traumatic brain injury).

FIG. 4. Peak CSF cytochrome c level plotted against 6-
month Glasgow Outcome Scale (GOS) score. The peak cy-
tochrome c level was found to be inversely proportional to
GOS score (rs = - 0.347, p = 0.036; GOS: 1 = dead, 2 = vegeta-
tive state, 3 = severe disability, 4 = moderate disability,
5 = normal; CSF, cerebrospinal fluid).

Table 5. Associations between Increased

Cerebrospinal Fluid Cytochrome c
a

and Clinical Variables

Univariate Multivariate

p OR [95% CI] p

Age 0.476 — — —
Sex 0.192 0.28 [0.02,3.25] 0.310
Initial Glasgow Coma

Scale score
0.890 — — —

Abusive head trauma 0.001 24.29 [1.77,334.03] 0.017
Glasgow Outcome Scale

score at 6 months
0.036 0.42 [0.18,0.99] 0.050

aIncreased cytochrome c level defined as control mean – 2 stan-
dard deviations

CI, confidence interval; OR, odds ratio.
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caspase-3, thus representing markers of necrosis and apo-
ptosis, respectively. Through the use of exposure and kinetic
characteristics, these studies suggest that necrosis is promi-
nent in adults after TBI (Brophy et al., 2009). Temporally,
SBDP145 peaks early after injury, while SBDP120 shows
sustained elevation that persists for at least 7 days after injury
(Mondello et al., 2010; Pineda et al., 2007).

There are limitations to using CSF levels of HMGB1 and
cytochrome c to directly compare the degree of necrosis and
apoptosis after TBI. Data regarding the release of HMGB1 and
cytochrome c in response to comparable necrotic or apoptotic
insults, and dose-response curves with regard to severity of
injury are not available. However, our data do suggest, sim-

ilarly to our previous report (Satchell et al., 2005), that ele-
vated CSF cytochrome c levels are independently associated
with AHT. Increased CSF cytochrome c in this population
often occurred without a simultaneous increase in CSF
HMGB1 (Fig. 5B), suggesting different cell death pathways
detected among patients with accidental TBI and AHT. AHT
has been commonly associated with poor outcome, and sev-
eral clinical aspects differ significantly from children pre-
senting with accidental TBI (Ewing-Cobbs et al., 1999; Keenan
et al., 2004). AHT patients are younger than accidental TBI
patients, primarily consisting of infants or toddlers. AHT
patients often present for medical attention in a delayed
fashion and with non-specific symptoms such as vomiting,
seizures, or apparent life-threatening events (Guenther et al.,
2010). AHT victims may undergo repeated insults prior to
presentation, including violent shaking and/or blunt trauma,
perhaps also with hypoxemia related to impact apnea
(Adamsbaum et al., 2010; Jenny et al., 1999; Keenan et al.,

FIG. 5. Scatterplot of CSF HMGB1 versus cytochrome c in
(A) patients with good outcomes (open circles; GOS score 4
or 5; rs = 0.473, p < 0.001), or poor outcomes (solid circles;
GOS score 1–3; rs = 0.320, p < 0.025), and (B) patients with
accidental TBI (open circles) and abusive head trauma (solid
circles; rs = 0.122, p = 0.54; CSF, cerebrospinal fluid; HMGB1,
high-mobility group box 1; GOS, Glasgow Outcome Scale).

FIG. 6. Receiver-operating characteristic (ROC) analysis
using (A) peak CSF HMGB1 as a predictor of outcome at 6
months (AUC = 0.70, 95% CI 0.51,0.90), and (B) peak CSF
cytochrome c as a predictor of outcome at 6 months
(AUC = 0.78, 95% CI 0.61,0.95; CSF, cerebrospinal fluid;
HMGB1, high-mobility group box 1; AUC, area under the
curve).
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2004). Furthermore, apoptosis is prominent in the developing
relative to the mature mammalian brain (Yakovlev et al.,
2001), consistent with cytochrome c release and apoptosis
contributing to pathology after AHT.

In terms of utility as prognostic biomarkers, both CSF
HMGB1 and cytochrome c appear very specific but not sen-
sitive in predicting outcome. For HMGB1 a cutoff point of
19.49 ng/mL had a sensitivity of 30.8% and specificity of
100%. For cytochrome c a cutoff point of 4.06 ng/mL had a
sensitivity of 23.1% and a specificity of 100%. Thus, having
high CSF HMGB1 and cytochrome c levels were highly pre-
dictive of poor outcome, but levels below their respective
cutoff values were not indicative of good outcome. As such, a
panel of biomarkers appears necessary to accurately predict
outcome at both ends of the spectrum with high sensitivity
and specificity.

This study has other limitations. Detection of CSF HMGB1
using ELISA technology does not differentiate between
HMGB1 that is passively released versus that actively se-
creted into the extracellular space. Thus, HMGB1 levels
measured by this technique may represent necrotic cell death,
immunomodulatory release from macrophages and mono-
cytes, or a combination of both after TBI. Two-dimensional gel
electrophoresis followed by immunoblotting (Kim et al., 2006)
has the ability to identify the different forms of HMGB1, as
actively secreted HMGB1 is hyper-acetylated; however, this
capacity was not possible using ELISA. An additional limi-
tation of our study is the difficulty in obtaining age-matched
CSF controls, as the majority of children undergoing diag-
nostic lumbar puncture are infants and toddlers. Therefore
our control group represents a younger population than our
TBI group, with the exception of the subgroup with AHT.
Finally, while our sample size (n = 37) was sufficient to iden-
tify correlations between these CSF biomarkers and clinical
outcome, our study may have been underpowered to detect
associations with other clinical variables such as sex of the
patient, which was previously shown using a larger patient
cohort (Satchell et al., 2005).

In summary, CSF HMGB1 and cytochrome c appear to be
useful biomarkers that independently predict neurological
outcome after TBI, perhaps reflecting degrees of necrosis and
apoptosis, respectively. In the clinical setting, HMGB1 and
cytochrome c could be combined with other biomarkers to
form a panel to predict neurological outcome. AHT is a un-
ique population in whom apoptosis is readily distinguishable,
perhaps implying that anti-apoptotic agents may be effective
in this subgroup of TBI patients.
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