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Abstract

As an astrocytic protein specific to the central nervous system, S100b is a potentially useful marker in outcome prediction

after traumatic brain injury (TBI). Some studies have questioned the validity of S100b, citing the extracerebral origins of

the protein as reducing the specificity of the marker. This study evaluated S100b as a prognostic biomarker in adult

subjects with severe TBI (sTBI) by comparing outcomes with S100b temporal profiles generated from both cerebrospinal

fluid (CSF) (n = 138 subjects) and serum (n = 80 subjects) samples across a 6-day time course. Long-bone fracture, Injury

Severity Score (ISS), and isolated head injury status were variables used to assess extracerebral sources of S100b in serum.

After TBI, CSF and serum S100b levels were increased over healthy controls across the first 6 days post-TBI ( p £ 0.005

and p £ 0.031). Though CSF and serum levels were highly correlated during early time points post-TBI, this association

diminished over time. Bivariate analysis showed that subjects who had temporal CSF profiles with higher S100b con-

centrations had higher acute mortality ( p < 0.001) and worse Glasgow Outcome Scale (GOS; p = 0.002) and Disability

Rating Scale (DRS) scores ( p = 0.039) 6 months post-injury. Possibly as a result of extracerebral sources of S100b in

serum, as represented by high ISS scores ( p = 0.032), temporal serum profiles were associated with acute mortality

( p = 0.015). High CSF S100b levels were observed in women ( p = 0.022) and older subjects ( p = 0.004). Multivariate

logistic regression confirmed CSF S100b profiles in predicting GOS and DRS and showed mean and peak serum S100b as

acute mortality predictors after sTBI.
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Introduction

Prognosis of patient outcome after traumatic brain injury

(TBI) primarily incorporates clinical predictors, such as age,

pupillary reactivity, motor score, and computerized tomography

(CT) characteristics; these variables only provide moderate sensi-

tivity and specificity for accurate prognosis.1,2 Additional studies

suggest that predictive models, built using large populations with

TBI, vary in their applicability to other populations. Predictive

models are also subject to variation, based on covariate utilization3

and incorporation of baseline characteristics.1 The heterogeneity

involved with TBI mechanism, injuries, treatments, and recovery

patterns may contribute to this issue.4 The incorporation of bio-

markers into predictive outcomes models may be one approach to

address this heterogeneity.

Proteomic biomarkers are a part of mainstream clinical care used

to quantitatively assess and define injury in almost every organ

system, except the brain.5,6 With the absence of specific prognostic

tools, there is increasing interest in identifying biomarkers that are

both sensitive and specific to the central nervous system (CNS) to

aid in diagnosis and prognosis for individuals sustaining TBI.6

Brain-specific markers measureable in serum have received the

most attention for their translational potential in patient care and

management, with more-limited studies of these same markers

occurring in cerebrospinal fluid (CSF).7–9

S100b is a low-molecular-weight (9–13 kDa), Ca2 + -binding

protein primarily found in astrocytic glial cells of the CNS.10 S100b

has significant calcium homeostatic functions and is secreted by

astrocytes for neuroprotective and -trophic cellular functions in the

CNS.11 As a neuroprotective factor, S100b prevents mitochondrial

failure and cell death in the absence of glucose by increasing cel-

lular [Ca2 + ] concentrations.12 Additionally, S100b functions as a

neurotrophic factor by promoting neurite outgrowth and astrocytic

proliferation that result in increased neuronal function.13

S100b is specifically found in the cytoplasm and nucleus, and

less than 1% of this protein is secreted in a regulated fashion.14

Elevated CSF S100b levels after severe brain injury may reflect

ongoing structural damage and cell death. Numerous studies have
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demonstrated increased S100b levels, significantly above control

levels, after severe TBI (sTBI) in both CSF and serum.7,8,15

However, strategies employed for correlating S100b levels to

outcome vary based on outcomes measures used, biofluid sampled,

and time of sample collection relative to time of injury.9,16–23 Most

of these studies have focused on serum measurements and have

found the strongest positive predictive correlation with mortality.

Further, these studies suggest predictive differences between serum

S100b measures upon admission, compared to later time points

(e.g., after 24 h postinjury), possibly resulting from the potential

confounding factor of extracerebral sources of S100b contributing

to values measured in serum, temporal changes in blood–brain

barrier (BBB) integrity after injury, or evolving secondary injury

cascades over time.

The promise of serum S100b as a viable diagnostic and/or

prognostic biomarker is tempered by two major limitations. First,

because the S100b protein is too large to pass through an intact

BBB from the CNS to the blood, there have been limited attempts at

establishing the correlation between serum and CSF S100b con-

centrations specific to injury.24 Watson and colleagues suggest that

BBB permeability for S100b is increased after exercise in warm

environments.25 Another early study demonstrates that CSF S100b

levels are more predictive of outcome than serum S100b levels,

citing that serum S100b may be derived more from an impaired

BBB than intraparenchymal pathology.26,27 However, it is not yet

fully understood whether serum S100b levels are primarily asso-

ciated with extent of brain damage or BBB integrity. A second

limitation of S100b is that the peripheral origins, or source con-

tributions, of serum S100b are not fully elucidated, and serum

levels may be attributed to extracerebral injuries, such as bone

fracture, burns, and muscle injury.28,29 In a study evaluating pa-

tients with acute uncomplicated orthopedic fractures without head

injury, serum S100b levels were higher than control in 29% of the

patients within the first 24 h after injury.30 Also, some studies report

acute increases in serum S100b after swimming and running,25,31

suggesting that exercise can cause extracerebral S100b release

without neuronal damage. Others argue that extracerebral sources

of S100b, such as in adipocytes,4 limit S100b as a viable brain-

specific TBI biomarker.

Kleindienst and colleagues directly compared CSF and serum

S100b concentrations in a sTBI population (n = 71) by generating

S100b CSF/serum ratios, analogous to the albuminCSF/albuminserum

quotient (QA).32 Their data showed limited effectiveness of this

S100b ratio as a clinical biomarker of BBB dysfunction. However,

no studies have explored temporal relationships between CSF and

serum S100b levels, particularly in relation to outcome. As such, our

study quantitatively assessed both CSF and serum S100b concentra-

tions in a large population with severe TBI and comparatively assessed

the prognostic utility of single-point estimates, as well as longitudinal

S100b biomarker profiles derived from CSF and from serum.

Based on the literature cited above, the primary aim of this study

was to characterize serum and CSF time-course profiles during the

first week after severe TBI. This study used a multivariate approach

to comparatively assess the predictive value of longitudinal serum

and CSF profiles versus single-point estimates for aggregated

temporal S100b values for subjects with sTBI on global and

functional outcome. Secondary aims were to evaluate sample-to-

sample CSF to serum S100b correlations over time from each

population and to demonstrate the degree to which extracerebral

contributions of S100b in serum (e.g., long-bone fracture and an-

atomic injury scales) confound the utility of serum S100b to predict

global outcome for those with sTBI over time.

Methods

Subjects

This prospective cohort study was approved by the University of
Pittsburgh’s Institutional Review Board (Pittsburgh, PA). Serum
(n = 80 subjects; n = 224 samples) and CSF (n = 138 subjects;
n = 499 samples) samples were collected from patients enrolled at
our level 1 trauma center, where TBI was confirmed by CT scan.
Enrollment criteria for this study included (1) age ‡ 16 years and
(2) Glasgow Coma Scale (GCS) score £ 8 indicating sTBI. Sub-
jects were included for analysis if there were at least two time
points of CSF or serum sample collection during the first 6 days
postinjury. Patients were excluded from enrollment if they had any
of the following: cardiac or respiratory arrest before admission;
documented prolonged hypoxia or hypotension before admission;
evidence of brain death within the first 3 days after injury; an
Abbreviated Injury Score (AIS) of 5 in any region other than the
brain; or penetrating TBI. When possible, CSF was collected up to
twice-daily for 6 days by an external ventricular drain (EVD)
placed for clinical care. Serum was collected daily for 6 days.
Clinical care issues, such as medical stability, minimal CSF output,
clinical need for EVD, or removal from the intensive care unit
(ICU), affected the collection of CSF and serum samples. Con-
secutive patients were recruited and consented by a next of kin.
There was overlap between the CSF and serum cohorts (n = 58
subjects; n = 246 samples).

For comparison, healthy controls were recruited and CSF
(n = 15) and serum (n = 6) S100b levels examined. CSF was col-
lected by lumbar puncture, and serum was collected through a
venous blood draw, specifically done for research. Control subjects
had no previous record of TBI or neurological disease.

Brief description of clinical care

All subjects with TBI enrolled were admitted to the neurotrauma
ICU and received treatment consistent with the Guidelines for the
Management of Severe Traumatic Brain Injury.33 Temperature was
monitored regularly, and a subset of subjects received moderate
hypothermia if they were enrolled in a randomized, controlled
clinical trial evaluating moderate hypothermia after sTBI. A small
number of the subjects in the population (n = 12 for the CSF cohort
and n = 11 for the serum cohort) received hypothermia treatment
during time of sample collection. A small number of subjects (n = 7
serum and n = 14 CSF cohort) were also involved in the Citicoline
Brain Injury Treatment (COBRIT) study, a randomized, double-
blind, placebo-controlled, multi-center trial of the effects of 90 days
of citicoline on functional outcome after TBI.34 For both hypo-
thermia and COBRIT cohorts, S100b levels were not significantly
different from the remainder of the cohort (data not shown).

Sample processing and protein measurement

Serum and CSF samples were centrifuged at 3000 rpm, for at
least 5 min, and aliquoted and then stored at - 80�C until batch
analysis. CSF and serum samples matching up at specific time
points postinjury were selected, where possible, for correlational
analysis. CSF and serum S100b concentrations were measured by
research staff unfamiliar with subject outcome data using Nexus Dx
S100b enzyme-linked immunosorbent assay (ELISA) kits, in ac-
cord with the manufacturer’s instructions (International Point of
Care Inc., Toronto, Ontario, Canada). A four-parameter fit was used
when generating the standard curve for calibration analysis and
determination of protein concentration. For values with concen-
trations above the highest point in the calibration analysis, we re-
analyzed samples using dilution factors, as appropriate. For values
that had concentrations below the detectable range of the ELISA
kit, the average of the respective lowest three detectable samples
was used in place of out-of-range values. The detection limit of this
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assay was 0.02 ng/mL, although concentrations below this thresh-
old were interpolated on the standard curve, allowing for analysis
of some values below the detection limit.

Demographic and clinical injury variables

Demographic and clinical variables included the following: age;
sex; body mass index (BMI); initial GCS score; Injury Severity
Score (ISS); presence or absence of long-bone fracture; isolated
head injury (IHI); mechanism of injury; and acute care mortality.
Injury type, based on admission head CT, was also used in clinical
analysis. Trained neurosurgical staff in the ICU made GCS as-
sessments35 within 8 h of injury. This was done after intubation and
initial resuscitation, with the temporary withdrawal of paralytics
and active sedation. Trained trauma center registrars abstracted ISS
and AIS information for each study participant with TBI. The ISS is
a trauma scoring system that captures the overall severity of injury
for a patient by quantifying injury over multiple anatomical regions
using AIS, specifically for the three most injured regions. An ISS
score of 75 represents a maximum score.36 Because of the potential
confounding factor of extracerebral sources contributing to serum
S100b concentrations, we assessed biomarker associations with the
presence of a lower extremity femoral or tibial fractures in the
serum cohort (n = 6 subjects). Based on other large studies in the
literature, IHI was defined as having sTBI with a head AIS value
‡ 3 and AIS values < 3 for all other body regions.37–39 Of the 79
subjects in the serum cohort who had available AIS scores (nec-
essary for IHI determination), 38 were designated as having an IHI.
Acute care mortality data were collected for each patient.

Outcome variables

Primary outcomes measures used in this study were: mortality;
Glasgow Outcome Scale (GOS) (1 = dead; 5 = good recovery) at
6 months40; and the Disability Rating Scale (DRS) (0 = no dis-
ability; 30 = dead) at 6 months.41 Research-trained neuropsycho-
metrists, blinded to biomarker analyses, collected the data used to
generate GOS and DRS scores for this cohort. For this analysis, we
collapsed GOS scores into three groups (1, 2/3, and 4/5). For DRS,
subjects were analyzed in three groups: none-to-partial disability
(score, 0–3); moderate-to-severe disability (score, 4–14), and ex-
tremely severe disability to death (score, 15–30).41

Statistical analysis

Statistical analyses were performed using SAS (version 9.2; SAS
Institute Inc., Cary, NC) and SPSS software (version 19.0; SPSS,
Inc., Chicago, IL). Exploratory analysis was performed to describe
each cohort. For continuous variables, summary statistics, includ-
ing median, mean, and standard error of the mean (SEM), were
computed. For categorical variables, frequencies and percentages
were determined. Pearson’s correlation analysis was used to de-
termine the relationship between serum and CSF S100b levels in a
subset of overlapping subjects with values taken from samples
collected at the same time postinjury. Serum and CSF correlations
were examined across 6 days after injury to assess interrelation-
ships between levels in each compartment in the context of two
independently varying biomarker source components.42

We used group-based trajectory analysis to explore biomarker
levels over time. The PROC TRAJ Macro,43 available in SAS
software (version 9.2 of the SAS system for windows) was used. In
general, group-based trajectory modeling uses a probability func-
tion to identify clusters of individuals following a similar pro-
gression of some measure over time. Group-based trajectory
modeling assumes that the population is composed of a finite
number of unobserved groups, and leverages repeated subject
sampling, to relate temporal patterns. We have used this approach
in previous studies assessing the ability of temporal biomarker
patterns to predict TBI outcome.44,45,46 S100b TRAJ groups were

formulated with 80 patients having serum measurements and 138
subjects having CSF S100b measurements. Daily biomarker levels
were not normally distributed because of a significant difference
between sample variability and clustering of S100b values around
the detection limits. As such, we applied the natural log transfor-
mation to biomarker data before deriving TRAJ groups for each
sample. The number of TRAJ groups and their shape were deter-
mined by using the steps described in a companion study.

Daily S100b levels were graphed by TRAJ group membership in
relation to levels observed in healthy controls. TRAJ group dif-
ferences in daily biomarker values and other continuous data were
compared using Wilcoxon’s rank-sum and Kruskal-Wallis’ tests.
TRAJ group differences with regard to categorical data were as-
sessed using chi-square analysis with Fisher’s exact test, when
appropriate.

Multivariate ordinal logistic regression models were used to
evaluate how biomarker trajectory groups affected acute mortality,
GOS, and DRS scores. Separate multivariate models were built in
both CSF and serum profiles. Clinical and demographic variables
having a p-value £ 0.2 in bivariate analyses, when compared to
outcomes, were controlled for in multivariate ordinal logistic
regression models. The use of TRAJ versus point estimates for
S100b as predictors of outcome were comparatively assessed in
both CSF and serum analysis. Using a stepwise selection method,
variables were removed until all variables in models were signifi-
cant at the 0.05 level, except S100b TRAJ group membership or
levels that were forced in models, regardless of their significance. A
stable multivariate logistic regression model for acute mortality in
the CSF cohort was not possible because only 1 subject in the low
TRAJ group died.

Results

Population description

Table 1 describes the cohorts with serum and with CSF S100b

measurements. In the CSF cohort (n = 138), 20.3% were women.

The CSF report had a mean age of 35.6 – 1.3 years and a median

GCS score of 6. Average ISS score in this cohort was 34.3 – 0.9, the

median 6-month GOS score was 3, and 18.6% died during their

acute care hospitalization. In the serum cohort (n = 80), 26.2% were

women. The serum cohort had a mean patient age of 37.1 – 1.8

years, and a median GCS score of 6. Average ISS score for this

cohort was 34.8 – 1.2, the median GOS score was 3, and the acute

mortality rate was 33.3%. Gender, age, median GCS, average ISS,

and median GOS scores for the CSF and serum cohorts were not

statistically different. The groups did differ, though, regarding DRS

scores ( p = 0.040), with a median DRS for CSF and serum of 6 and

18, respectively.

CSF and serum S100b levels

Figure 1A shows that daily mean CSF S100b levels were ele-

vated above controls (control levels, 0.075 – 0.003 ng/mL) for all 6

days after injury ( p £ 0.005 all comparisons). Figure 1B shows that

serum S100b levels were also elevated above controls (control

levels, 0.328 – 0.101 pg/mL) for all 6 days postinjury ( p £ 0.031 all

comparisons). Peak concentrations occurred on day 0 (d0) in both

serum and CSF. Notably, there was a near 500-fold difference in

concentration peaks for CSF and serum. Figure 1A,B shows

that concentrations declined over the 6-day (d) period toward

healthy control levels in both CSF and serum cohorts. In CSF, d0

values were significantly higher than d1 values ( p < 0.001), and d1

values were significantly higher than d2 values ( p < 0.001). Com-

pared to CSF, the decline in serum values was not as marked, but
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d0 levels were significantly higher than d1 values ( p = 0.049) and

also significantly higher than d2 values ( p < 0.001).

We examined the relationship between CSF and serum S100b

levels for the overlapping subset using correlation analysis. When

analyzed in 24-hour intervals, CSF/serum correlation was strongest

on d0 (n = 11; r = 0.787; see Fig. 2A), followed by d1 (n = 32;

r = 0.575; see Fig. 2B). Correlation coefficients between serum and

CSF values collected at later time points were not significant (d4

data shown in Fig. 2C). When further restricting analysis to subjects

with data points on both d0 and d1, and averaging their CSF values

and corresponding serum values, the resulting correlation is shown

in Figure 2D (n = 9; r = 0.958). Also, both mean and peak serum

S100b levels were significantly correlated with ISS scores

(r = 0.260, p = 0.021; r = 0.266, p = 0.018) for subjects in the serum

cohort, but there were no associations between mean or peak S100b

levels and long-bone fracture.

CSF and serum S100b: Bivariate associations
with TRAJ group membership and outcome

In our companion article, three statistically distinct TRAJ pro-

files were derived using samples from the CSF S100b cohort,46 and

daily mean S100b concentrations over time were plotted for each

TRAJ group (Fig. 3A). The ‘‘intermediate’’ group consisted of

approximately 58% of the CSF cohort, whereas the ‘‘high’’ group

comprised 24% of the cohort, and the ‘‘low’’ group comprised 18%

of the cohort. At least one TRAJ group had daily S100b levels

significantly different than the other TRAJ groups across all testing

days ( p < 0.001 all comparisons). Notably, serial S100b values for

all three groups trended downward toward controls by d5 after

injury. However, only the high and intermediate groups sustained

levels throughout the time course that were significantly above

controls (high group [d5] CSF levels, 1.923 – 0.476 ng/mL;

p < 0.001 versus controls; intermediate group [d5] CSF levels,

0.203 – 0.029 ng/mL; p < 0.001 versus controls). The low group

returned to baseline by d2.

Figure 3B shows that two statistically distinct TRAJ profiles

were derived using samples from the serum S100b cohort. Mean

S100b concentrations over time were plotted for each TRAJ group.

In the serum cohort, the low group comprised approximately 56%

of the cohort, whereas the high group comprised the other 44%. The

two TRAJ groups were significantly different from each other

across all testing days ( p £ 0.024 all comparisons). Unlike the high

group, which had levels consistently above control levels (high

group [d5] serum levels, 13.057 – 4.751 pg/mL; p = 0.008 versus

controls), the low group returned to control levels by d4.

CSF and serum TRAJ groups for S100b were compared to

outcome, demographic, and clinical variables. In the CSF cohort,

TRAJ groups were statistically different when compared by age

( p = 0.004) and gender ( p = 0.022; Table 1), with older and female

subjects more likely to be in the high or intermediate TRAJ group.

The CSF S100b TRAJ groups did not statistically differ by injury

severity (GCS or ISS) or hypothermia treatment. However, acute

mortality rates ( p < 0.001), GOS ( p = 0.002), and DRS ( p = 0.039)

distributions were significantly different by CSF TRAJ group (see

Table 2A). For this bivariate analysis, groups with higher S100b

levels had higher mortality rates and worse outcomes. Mean and

peak CSF S100b levels were associated with mortality ( p = 0.026)

and GOS scores ( p = 0.047), but not DRS.

Serum TRAJ groups differed by ISS score ( p = 0.032), but not by

GCS, gender, age, or hypothermia treatment (see Table 1). Subjects

in the high serum TRAJ group had higher ISS scores than those

in the low TRAJ group. Among serum TRAJ groups, the high TRAJ

group had higher acute mortality rates ( p = 0.015), but they did not

differ from the low group with GOS or DRS scores. Also, mean and

peak S100b levels were associated with acute mortality ( p < 0.002

both comparisons; see Table 2B).

Multivariate outcome prediction models

Multivariate results for S100b in the CSF cohort compar-

ing TRAJ groups to GOS are summarized in Table 3A. After ac-

counting for demographic and clinical variables, S100b TRAJ

groups were significantly associated with outcome. Specifically,

the odds of having better GOS outcome for subjects with CSF

S100b levels in the intermediate TRAJ group were 3.32 times

FIG. 1. Daily biomarker levels over the first 6 days after severe traumatic brain injury, compared to healthy controls. For both
cerebrospinal fluid (CSF) and serum, mean peak S100b levels occur on d0. (A) Daily mean CSF S100b levels are higher than controls
across all days tested ( p £ 0.005 all comparisons). (B) Daily mean serum S100b levels are higher than controls across all days tested
( p £ 0.031 all comparisons). Healthy control CSF S100b values: 0.0754 – 0.0034 ng/mL; healthy control serum S100b values:
0.328 – 0.101 pg/mL.

CSF AND SERUM S100B IN TBI PROGNOSIS 949



FIG. 2. Serum S100b levels correlated to cerebrospinal fluid S100b levels in the overlapping sample between the two compartments
showing decreasing correlation over time after severe traumatic brain injury. (A) Subjects who had CSF and serum S100b levels at d0
(n = 11; r = 0.787). (B) Subjects who had CSF and serum S100b levels at d1 (n = 32; r = 0.575). (C) Subjects who had CSF and serum
S100b levels at d4 (n = 21; r = 0.323). (D) Subjects who had CSF and serum S100b levels at both d0 and d1 (n = 9; r = 0.958).

FIG. 3. Trajectory groups for profiles (TRAJ) over the first 6 days after severe traumatic brain injury, compared to healthy controls.
(A) Mean cerebrospinal fluid S100b levels are shown for three statistically distinct TRAJ groups. At least one TRAJ group was
significantly different from the other two TRAJ groups across all time points tested ( p < 0.001 all comparisons). (B) Mean serum S100b
levels are shown for two statistically distinct TRAJ groups. The two TRAJ groups were significantly different across all time points
tested ( p £ 0.024 all comparisons). Healthy control CSF S100b values: 0.0754 – 0.0034 ng/mL; healthy control serum S100b values:
0.328 – 0.101 pg/mL.
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higher ( p = 0.008), compared to the high TRAJ group. Those in the

low TRAJ group were almost 6 times more likely to have better

GOS outcome than patients in the high group ( p = 0.007). CSF

S100b average and peak levels did not affect outcomes after ad-

justing for demographic and clinical variables. Similar results were

observed when assessing predictors of DRS scores (see Table 3B).

However, in the serum cohort, S100b TRAJ group membership did

not significantly affect GOS, DRS, or acute mortality (models not

shown). In contrast, average and peak S100b levels were predictive

of acute mortality in the serum cohort, with higher levels associated

with higher mortality rates (see Table 3C).

Discussion

As an astrocytic protein, highly specific to the CNS and released

into CSF upon structural damage, S100b may be a good candidate

for a biomarker of brain injury. Given the translational potential in

patient care and management, S100b’s presence in serum, as de-

rived from CSF sources, has driven interest in this marker. Yet, the

contributions to serum S100b levels are not fully understood.42,47

Additionally, the role of S100b as a marker of damage or neuro-

protection in relation to TBI pathophysiology is not entirely clear.

Because of these concerns, it is important to study S100b levels in

both serum and CSF as a biomarker for sTBI. Although clinical

studies have assessed the predictive value of admission and tem-

poral serum S100b levels, to our knowledge, this is the first study to

quantitatively examine and directly compare temporal profiles

and point estimates from aggregated temporal data in both serum

and CSF in an sTBI population while relating levels to outcome

measures.

Using a TRAJ approach, we show that acute temporal profiles of

elevated CSF S100b levels are significantly related to age and gender

and, in bivariate analysis, are predictive of outcome. We also show

that, at early time points postinjury, serum and CSF S100b levels

closely correlate with each other, whereas at later time points, the

correlation is much weaker. The reasons that S100b correlations wane

over time, though likely multifactorial, may be linked with dynamic

changes in BBB integrity as well as dynamic S100b contributions

from extracerebral sources over time. As such, and consistent with

other reports,20,48 the predictive value of serum S100b temporal

profile membership is limited to acute mortality. Point estimates that

captured overall mean and maximum serum S100b levels were also

significant with regard to mortality prediction, findings that may re-

flect damage related to the early peak of CSF S100b levels and the

overall elevations in CSF S100b, compared to controls.

Our temporal data show that CSF and serum S100b concentra-

tions were significantly increased for 6 days above control levels in

patients after sTBI, confirming previous reports.15,22,26,32,42,48 Peak

concentrations were generally observed within the first 24 hours

after injury in both CSF and serum. However, when utilizing TRAJ,

statistically distinct longitudinal profiles with differing times

to return to baseline over the 6-day time course were determined.

CSF S100b TRAJ membership discriminated outcome across

multiple variables, such that elevated S100b profiles in the high

group predicted worse outcomes, compared to both the interme-

diate and the low groups.

Table 1. S100b Demographic and Clinical Variables: Distributions by Trajectory Groups

S100b CSF trajectory groups S100b serum trajectory groups

Low group Intermediate group High group Low group High group
Variable (n = 25) (n = 80) (n = 33) p-value (n = 45) (n = 35) p-value

Gender, N (%)
Female 2 (7.1) 14 (50.0) 12 (42.9) 0.022 13 (61.9) 8 (38.1) 0.614
Male 23 (20.9) 66 (60.0) 21 (19.1) 32 (54.2) 27 (45.8)
Age, years mean – SEM 36.3 – 3.0 32.3 – 1.6 42.8 – 2.9 0.004 35.2 – 2.2 39.5 – 2.9 0.226
BMI mean – SEM 27.0 – 0.9 26.5 – 0.6 28.1 – 1.1 0.394 25.2 – 0.6 28.3 – 1.2 0.054
GCS, median 7 6 6 0.234 6 6 0.296
ISS mean – SEM 37.6 – 2.0 33.4 – 1.1 33.9 – 1.8 0.261 32.5 – 1.6 37.6 – 1.6 0.032
Hypothermia treatment, N (% yes) 3 (18.8) 9 (56.2) 4 (25.0) > 0.999 8 (72.7) 3 (27.3) 0.332
Long-bone fracture, N (% fractured) 2 (18.2) 6 (54.5) 3 (27.3) 0.913 4 (66.7) 2 (33.3) 0.691
Isolated head injury, N (% with IHI) 6 (10.0) 40 (66.7) 14 (23.3) 0.081 22 (50.0) 16 (45.7) 0.821

Mechanism of injury
Automobile/motorcycle 22 (22.4) 57 (58.2) 19 (19.4) 0.056 35 (61.4) 22 (38.6) 0.173
Fall/jump 2 (9.1) 13 (59.1) 7 (31.8) 4 (33.3) 8 (66.7)
Other 0 (0.0) 10 (58.8) 7 (41.2) 5 (50.0) 5 (50.0)

Radiological injury type, N (% present)
Subdural hematoma 14 (17.3) 47 (58.0) 20 (24.7) 0.833 25 (51.0) 24 (49.0) 0.480
Subarachnoid hemorrhage 17 (17.4) 55 (56.1) 26 (26.5) 0.421 34 (55.7) 27 (44.3) 0.781
Diffuse axonal injury 5 (11.6) 31 (72.1) 7 (16.3) 0.110 13 (65.0) 7 (35.0) 0.308
Epidural hematoma 5 (29.4) 8 (47.1) 4 (23.5) 0.295 7 (46.7) 8 (53.3) 0.570
Contusion 7 (12.1) 33 (56.9) 18 (31.0) 0.270 19 (48.7) 20 (51.3) 0.363
Intraventricular hemorrhage 5 (11.6) 26 (60.5) 12 (27.9) 0.610 13 (59.1) 9 (40.9) 0.800
Intracerebral hemorrhage 10 (21.7) 22 (47.8) 14 (30.4) 0.134 14 (53.8) 12 (46.2) > 0.999

Acute care mortality
Dead 1 (4.2) 10 (41.7) 13 (54.1) < 0.001 9 (34.6) 17 (65.4) 0.015
Alive 22 (20.9) 66 (62.9) 17 (16.2) 34 (65.4) 18 (34.6)

SEM, standard error of the mean; BMI, body mass index; GCS, Glasgow Coma Scale; ISS, Injury Severity Scale; IHI, isolated head injury.
Bolded values represent statistically significant comparisons where alpha < 0.05.
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CSF TRAJ groups were also correlated with age and gender and

showed that women and older subjects were likely to be in the high

CSF S100b TRAJ, which could be a reflection of more structural

damage and cell death for older subjects and for women with TBI.

Age and, to a lesser degree, gender, have been associated with

TRAJ group membership for serum hormone profiles studied in

sTBI.44,45 Older age has also been implicated in affecting other

CSF biomarker levels after TBI, including BCL-2 and cytochrome

C44 as well as F2-isoprostane.49 As with these other studies, older

age was also independently associated with worse outcome, pos-

sibly resulting from increased medical complications and de-

creased repair mechanisms outside of the specific relationships

with S100b and other markers.50,51

Although our results show CSF S100b levels increase with age,

we found this to be untrue in the serum cohort. The examination of

age effects on S100b levels has been limited to relatively few

studies in pediatric TBI.5,6 Although injury levels of serum S100b

in pediatric patients were comparable to those of adults, control

levels in the pediatric population were higher than adults (16 vs.

0.326 pg/mL).52 The literature suggests that S100b levels vary with

gestational age, early newborn development, and across the age

span.53–55 Though our results are not directly applicable to the

pediatric population, there are similarities with regard to the early

elevation and then rapid decline in S100b levels after injury,52 as

well as the ability to use temporal profiles to inform outcome.56

Future work should focus on age-adjusted evaluation of S100b

injury response across the age spectrum.

Not surprisingly, increased TBI severity, as measured by lower

GCS scores, was predictive of worse outcome. Yet, even when

controlling for demographic and clinical variables, CSF S100b was

still confirmed as an independent prognostic biomarker for severe

TBI based on GOS and DRS. This finding shows that the degree of

structural damage captured by S100b TRAJ groups provides unique

prognostic information outside of that provided by standard clinical

injury severity variables, such as GCS. This finding is consistent

with the poor correlations between GCS and either serum or CSF

S100b found by Kleindienst and colleagues.32,42 Given the inde-

pendent relationships of both S100b and GCS to outcome, it is not

surprising that S100b CSF TRAJ was not significantly related to

GCS scores. The lack of relationship between biomarkers and GCS

scores is not specific to S100b, but also has been shown in other

studies,44,45 particularly when injury-induced breakdown products

are not the biomarker of interest.57

Unlike CSF S100b TRAJ, point estimates such as mean and peak

CSF S100b levels were not significant predictors of outcome,

Table 3B. Multivariate Logistic Regression Predicting

DRS Outcome Using Clinical/Demographic Variables

and CSF S100b Trajectory Groups

Independent variable Odds ratio 95% CI p-value

Using S100b trajectory groups
Age 0.65 (0.5, 0.84) 0.001
Injury severity (GCS) 1.37 (1.08, 1.74) 0.010
Subdural hematoma 0.38 (0.18, 0.83) 0.015
S100b low group 2.84 (0.84, 9.58) 0.092
S100b intermediate group 2.73 (1.11, 6.74) 0.029

Using mean S100b levels
Age 0.65 (0.50, 0.85) 0.002
Injury severity (GCS) 1.42 (1.12, 1.81) 0.004
Subdural hematoma 0.36 (0.16, 0.79) 0.011
Contusion 0.38 (0.15, 0.99) 0.048
S100b mean levels 0.98 (0.89, 1.07) 0.639

Using peak S100b levels
Age 0.64 (0.50, 0.83) 0.001
Injury severity (GCS) 1.44 (1.13, 1.83) 0.003
Subdural hematoma 0.37 (0.17, 0.83) 0.011
Gender 0.37 (0.14, 0.96) 0.040
S100b peak levels 1.01 (0.97, 1.04) 0.755

DRS, Disability Rating Scale; CSF, cerebrospinal fluid; CI, confidence
interval; GCS, Glasgow Coma Scale.

Bolded values represent statistically significant comparisons where
alpha < 0.05.

Table 3A. Multivariate Logistic Regression Predicting

GOS Outcome Using Clinical/Demographic Variables

and CSF S100b Trajectory Groups

Independent variable Odds ratio 95% CI p-value

Using S100b trajectory groups
Age 0.64 (0.50, 0.83) 0.001
Injury severity (GCS) 1.32 (1.04, 1.70) 0.022
Subdural hematoma 0.34 (0.15, 0.74) 0.007
S100b low group 5.92 (1.64, 21.41) 0.007
S100b intermediate group 3.32 (1.36, 8.07) 0.008

Using mean S100b levels
Age 0.62 (0.47, 0.80) <0.001
Injury severity (GCS) 1.39 (1.10, 1.77) 0.006
Subdural hematoma 0.42 (0.19, 0.91) 0.027
Contusion 0.48 (0.23, 0.99) 0.049
S100b mean levels 0.95 (0.86, 1.04) 0.229

Using peak S100b levels
Age 0.59 (0.46, 0.77) <0.001
Injury severity (GCS) 1.36 (1.07, 1.72) 0.013
Subdural hematoma 0.42 (0.20, 0.91) 0.027
S100b peak levels 0.83 (0.64, 1.09) 0.176

GOS, Glasgow Outcome Scale; CSF, cerebrospinal fluid; CI, confidence
interval; GCS, Glasgow Coma Scale.

Bolded values represent statistically significant comparisons where
alpha < 0.05.

Table 3C. Multivariate Logistic Regression Acute

Mortality Outcome Using Clinical/Demographic

Variables and Serum S100b Trajectory Groups

Independent variable Odds ratio 95% CI p-value

Using S100b trajectory groups
Age 0.54 (0.36, 0.82) 0.003
Injury severity (GCS) 1.65 (1.13, 2.40) 0.010
Contusion 0.13 (0.03, 0.48) 0.002
S100b low group 2.95 (0.90, 9.64) 0.073

Using mean S100b levels
Age 0.53 (0.35, 0.80) 0.003
Injury severity (GCS) 1.52 (1.04, 2.22) 0.032
Contusion 0.14 (0.04, 0.53) 0.004
S100b mean levels 0.52 (0.29, 0.92) 0.026

Using peak S100b levels
Age 0.52 (0.34, 0.80) 0.003
Injury severity (GCS) 1.49 (1.02, 2.19) 0.041
Contusion 0.14 (0.04, 0.53) 0.004
S100b peak levels 0.53 (0.30, 0.94) 0.030

CI, confidence interval; GCS, Glasgow Coma Scale.
Bolded values represent statistically significant comparisons where

alpha < 0.05.
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suggesting that persistently high levels, and the associated struc-

tural pathology and cell death that drives this phenomenon, is the

key element when discriminating outcome. The representation of

dynamic changes in CSF S100b are likely not defined by BBB

permeability and the small amount of S100b leaked into serum after

injury, which may be one reason why single-point estimates, such

as mean and peak CSF S100b, are not as sensitive in discriminating

outcome.

In contrast to CSF, BBB integrity does likely influence dynamic

serum S100b levels over time. BBB compromise is known to

persist for several days after a significant TBI.58 Consistent with

this concept, serum TRAJ analysis S100b subpopulations showed

that the low group returned to healthy control levels at around day

4. However, the high group did not return to baseline at any point

during the time course. In addition to BBB dynamics, these data,

demonstrating that concentrations declined more slowly toward

control levels in serum compared to CSF, provide indirect evidence

that peripheral sources of S100b contribute to serum levels, particu-

larly because serum TRAJ group membership and the temporal

S100b profiles they represent did not predict neurological outcome. In

contrast to CSF TRAJ, serum TRAJ showed only discrimination to-

ward predicting acute care mortality. However, serum point estimate

values performed better than serum TRAJ for discriminating acute

mortality. Reasons for serum S100b having less potential to dis-

criminate outcomes may be multi-factorial. CSF/serum S100b cor-

relations were best during the early points in the sampling period,

supporting both the notion of a dynamic BBB and extracerebral

sources as contributing to profiles. The fact that ISS scores are sig-

nificantly different among the two serum S100b TRAJ groups, and

that ISS scores are significantly correlated with both mean and peak

S100b levels, provides further support for the latter point.19 However,

the relatively smaller sample size for the serum cohort, compared to

CSF, should also be considered when interpreting findings.

Other studies have shown potential extracerebral sources, in-

cluding long-bone fracture, muscle and fat trauma, and burns.

Kleindienst and associates suggest,32 based on a descriptive case

analysis, that increases in S100b resulting from long-bone fracture

could be transient and occur early after injury. In our serum cohort,

less than 10% of our population sustained a long-bone fracture, thus

limiting the power associated with this analysis particularly at early

time points when the CNS contributes most to serum S100b levels.

IHI was used as a proxy variable representing significant extra-

cerebral injury. However, this variable did not significantly dif-

ferentiate across serum S100b TRAJ, which may reflect the fact

that some extracerebral injury is incorporated into the definition of

IHI that we used.36–38 Notably peak serum levels were*500 times

lower than peak CSF levels, suggesting that the CNS is necessarily

the primary contributor to serum 100b profiles.

An intact BBB generally prevents normal diffusion of water-

soluble proteins larger than approximately 500 Da, such as S100b

(9–13 kDa).58 However, BBB disruption after TBI allows extrav-

asation from CSF to serum and vice versa. Our correlation values

between CSF and serum S100b levels are similar to the concept of

CSF/serum albumin quotient (QA) correlations provided by Blyth

and colleagues58 and support the idea that BBB extravasation is a

significant contributor to serum S100b levels, particularly over the

first 24–48 h. Accordingly, the most clinically useful information

regarding serum S100b and prognosis in future studies would come

from early sampling, when cerebral S100b contribution to serum

S100b is highest. The idea that serum and CSF S100b each vary

temporally, as a result of independently dynamic and different

source contributions, may be one reason why serum/CSF S100b

ratios assessed by Kleindienst and associates32,42 were inconsistent

in their associations with outcome and when compared to the al-

bumin ratio, an index generated on a protein with only one con-

tribution source. Our study findings, evidence from others that peak

serum S100b levels occur within the first 48 h after injury,21 and the

fact that only approximately 1% of S100b is secreted in a regulatory

fashion,14 suggest that the majority of S100b found in serum at peak

levels is likely the result of cerebral S100b contributions from cell

lysis and structural damage that pass along an impaired BBB.

BBB damage itself is likely one contributor to serum S100b, from

astrocytic foot processes that are damaged with BBB disruption

after TBI.59,60

We believe our work helps clarify potential conflicts in the lit-

erature with regard to if and how serum S100b levels have prog-

nostic value after TBI. In this sense, our peak serum S100b

predictive associations with outcome support other studies where

admission S100b levels are highly predictive of mortality and

global outcome.21,23,48,61 Also, the limited predictive value of

temporal profiles associated with serum S100b TRAJ are consistent

with other time-course studies suggesting limited predictive value

of this biomarker on outcome.32,42,62 Thus, future biomarker work

can and should consider including S100b as a potentially infor-

mative biomarker, but only when used appropriately in the context

of its limitations with regard to BBB dynamics and extracerebral

source contributions.

There were certain limitations to our study. To fully assess CSF

and serum correlations, a larger data set, specifically with more

sample-to-sample overlap, would be desirable to demonstrate fur-

ther a correlation between CSF and serum S100b levels. Multiple

factors make sample collection after injury a challenge. These

challenges were the result, in part, of the need for EVD, limited

participant availability resulting from emergent procedures and

hemodynamic stability, and variable CSF output with standard

care. Further, the lack of mortality observed in the low TRAJ group

in the CSF cohort prevented multivariate analysis from being per-

formed on the mortality outcome measure. Nonetheless, the fact that

those in the low CSF TRAJ group had almost no mortality is a

striking feature of this TRAJ analysis and its discriminatory power

with regard to outcome. Our study population included subjects who

were also participating in clinical interventional trials. Although this

inclusion increased the heterogeneity of the population studied,

S100b was sufficiently discriminatory to predict global outcomes.

This finding possibly indicates the potential generalizeability of

S100b in discriminating outcomes in other populations.

Additional research will be useful in evaluating the additional

predictive value of biomarkers, such as S100b, with established

clinical variable prognostic models.63 Further research may

be useful in linking S100b profiles and/or levels to other injury-

relevant biomarkers for their additive prognostic utility and to

determine to what extent BBB dysfunction and structural damage

represented by S100b reflects the capacity of injury biomarker to

prognosticate outcome. As recent research suggests, S100b is

considered, by some, to be a marker of ongoing brain distress,

including neurodegeneration, neuroinflammation, and psychiatric

conditions.64 Future work might consider the utility of this marker

in tracking long-term chronic conditions associated with TBI and

as a measure sensitive to treatments.
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