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Abstract

The blood-brain barrier (BBB), which prevents the entry into the central nervous system (CNS) of most water-
soluble molecules over 500 Da, is often disrupted after trauma. Post-traumatic BBB disruption may have im-
portant implications for prognosis and therapy. Assessment of BBB status is not routine in clinical practice
because available techniques are invasive. The gold-standard measure, the cerebrospinal fluide (CSF)-serum
albumin quotient (QA), requires the measurement of albumin in CSF and serum collected contemporaneously.
Accurate, less invasive techniques are necessary. The objective of this study was to evaluate the relationship
between QA and serum concentrations of monomeric transthyretin (TTR) or S100B. Nine subjects with severe
traumatic brain injury (TBI; Glasgow Coma Scale [GCS] score � 8) and 11 subjects with non-traumatic headache
who had CSF collected by ventriculostomy or lumbar puncture (LP) were enrolled. Serum and CSF were collected
at the time of LP for headache subjects and at 12, 24, and 48 h after ventriculostomy for TBI subjects. The QA was
calculated for all time points at which paired CSF and serum samples were available. Serum S100B and TTR levels
were also measured. Pearson’s correlation coefficient and area under the receiver operating characteristic (ROC)
curve were used to determine the relationship between the serum proteins and QA. Seven TBI subjects had
abnormal QA’s indicating BBB dysfunction. The remaining TBI and control subjects had normal BBB function. No
significant relationship between TTR and QA was found. A statistically significant linear correlation between
serum S100B and QA was present (r¼ 0.432, p¼ 0.02). ROC analysis demonstrated a significant relationship
between QA and serum S100B concentrations at 12 h after TBI (AUC¼ 0.800; SE 0.147, 95% CI 0.511–1.089). Using
an S100B concentration cutoff of 0.027 ng=ml, specificity for abnormal QA was 90% or higher at each time point.
We conclude that serum S100B concentrations accurately indicate BBB dysfunction at 12 h after TBI.
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Introduction

Approximately 170,000 Americans suffer a moderate-
severe traumatic brain injury (TBI) each year ( Jager et al.,

2000). Despite advances in early detection and surgical man-
agement, the mortality and resulting disability has improved
little in the last 20 years (Masson et al., 2001). The observation
of a time interval between injury, and irreversible brain

swelling and death had raised hopes that pharmacologic in-
terventions could prevent or limit this process and positively
affect outcome. Multiple drug studies, however, have failed to
show improvement (Narayan et al., 2002; Langham et al.,
2003; Roberts et al., 2004; Alderson and Roberts, 2005).
Careful analysis of these studies has suggested several ways
in which future trials might have more success (Ikonomidou
and Turski, 2002; Narayan et al., 2002).
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The functional status of the blood-brain barrier (BBB) plays
an important role in any pharmacologic treatment of TBI. The
BBB consists of a single layer of brain capillary endothelium
joined together by tight junctions (zonula occludens). Astro-
cytic foot processes make a substantial contribution to BBB
integrity, covering more than 90% of the basement membrane
of these capillaries (Bickel, 2001). This barrier prevents diffu-
sion of most water-soluble molecules over 500 Da. A dam-
aged, and thus open, BBB can facilitate both brain injury
diagnosis and pharmacologic treatment. When the BBB is
open, brain-related proteins such as S100B can enter the pe-
ripheral circulation where they can be measured, aiding in
brain injury diagnosis (Raabe et al., 1998, 1999a, 2003;
Dimopoulou et al., 2003). More importantly, if the BBB is
opened after TBI, intravenously administered pharmacologic
treatments would have the opportunity to reach the brain.
Knowing in which patient and at what time the BBB is open
will be key to the success of future pharmacologic studies.

The anatomical characteristics of the BBB and currently
available technology limit the effectiveness of imaging for
determination of BBB function. Brain endothelial capillaries
average 7–12 mm in diameter and taken together have a sur-
face area of approximately 20 m2 (Pardridge, 1997). Available
imaging techniques for human research or clinical care lack
the combination of very high-resolution and massive data
processing capacity necessary to visualize this structure.
Consequently, functional assessment of BBB status by calcu-
lation of the cerebrospinal fluid (CSF)-serum albumin quo-
tient (QA) is widely accepted as the gold standard for BBB
permeability (Andersson et al., 1994; Reiber and Peter, 2001).
Albumin is an optimal candidate for measurement of BBB
function, because it is synthesized peripherally, is not catab-
olized within the central nervous system (CNS), and does not
readily diffuse across an intact BBB (Reiber and Peter, 2001).
The effectiveness of QA for measurement of BBB function has
been demonstrated by studies with radiolabeled albumin
(Tourtellotte et al., 1980).

Calculation of QA requires the measurement of the albu-
min concentrations in serum and CSF collected simulta-
neously and is calculated as follows: QA¼ [albuminCSF]=
[albuminserum] (Link and Tibbling, 1977; Tibbling et al., 1977).
Repeated QA measurement from a single patient typically
requires the placement of a ventriculostomy catheter for fre-
quent sampling of CSF. Normal BBB permeability in adults is
defined as a QA� 0.007, and a damaged or open BBB is de-
fined as mild (QA¼ 0.007–0.01), moderate (QA¼ 0.01–0.02),
and severe (QA� 0.02), respectively (Reiber and Felgenhauer,
1987; Stahel et al., 2001). These normal values were estab-
lished by study of the QA in 396 patients with a normal BBB
function or a pure BBB impairment without a CNS humoral
immune response (Reiber and Felgenhauer, 1987; Stahel et al.,
2001). Using QA as a measure of BBB permeability, several
authors have detected BBB damage after moderate to severe
TBI. With a QA value of 0.007 as upper limit of normal BBB
permeability (Reiber and Felgenhauer, 1987), 61–90% of pa-
tients were found to have BBB damage (Pleines et al., 1998;
Csuka E, 1999; Morganti-Kossmann et al., 1999; Maier et al.,
2001; Stahel et al., 2001). The duration of BBB disruption
varied from 30 min to 30 days, with the average duration
being 7.2 days (Stahel et al., 2001).

The requirement for CSF to determine the QA limits its use
both clinically and for research. A less invasive method for

determination of BBB status such as a serum marker is nec-
essary. Recently, the 14-kDa monomeric form of transthyretin
(TTR) was identified as a non-invasive marker of blood-CSF
barrier damage (Marchi et al., 2003a). This protein was iden-
tified via a proteomic analysis of serum from patients un-
dergoing iatrogenic opening of their BBB and blood-CSF
barrier by intra-arterial mannitol for treatment of CNS lym-
phoma. Monomeric TTR was identified in serum within
minutes of the administration of mannitol, but was not pres-
ent before barrier disruption or after barrier integrity was re-
established (Marchi et al., 2003a). Monomeric TTR is the major
protein product of the choroid plexus constituting about 20%
of the total amount of protein in the CSF and is normally
absent in peripheral blood (Hamilton and Benson, 2001).

The measurement of serum concentrations of the astrocytic
protein S100B has also been touted as a measure of BBB dam-
age (Kapural et al., 2002; Marchi et al., 2003b). Elevated serum
S100B concentrations were correlated with both mannitol-
induced osmotic disruption (Kapural et al., 2002; Kanner et al.,
2003; Marchi et al., 2003b) and physical disruption by fungal
hyphae (Bertsch et al., 2001) of the BBB. Subsequently, several
studies have used S100B as a non-invasive marker of BBB
integrity. Elevations in serum S100B have been cited as evi-
dence for BBB disruption in seizures (Marchi et al., 2007),
exercise and hyperthermia (Watson et al., 2005, 2006), sepsis
(Larsson et al., 2005), and brain ischemia during carotid artery
cross clamping for carotid endarterctomy ( Jaranyi et al., 2003).

While non-invasive, it is unclear whether serum TTR or
S100B can replace the QA. The evidence for these proteins as
serum biomarkers of BBB integrity is correlative, and char-
acterization of their sensitivity and specificity relative to a
gold standard test of BBB integrity has not been reported to
date. This limits the usefulness of these markers in several
ways. The ability of TTR to detect BBB damage in moderate to
severe TBI patients has not been tested. In addition, it is un-
clear if TTR can detect subtle disruptions in BBB integrity.
While serum S100B has been correlated with BBB disruption,
it may also rise due to parenchymal brain injury or extra-
cranial injuries. Indeed, serum S100B concentrations have
been reported to rise in the setting of boney fractures, lacer-
ations, melanoma, mania associated with bipolar disorder,
schizophrenia, multiple sclerosis, human immunodeficiency
virus (HIV)=acquired immune deficiency syndrome (AIDS),
and strenuous physical activity (Anderson et al., 2001a;
Wiesmann et al., 1999; Adami et al., 2001; Stalnacke et al.,
2003).

In the current study, we measured serum S100B and mo-
nomeric TTR levels in a cohort of moderate to severe TBI
patients who had a ventriculostomy catheter placed as part of
their clinical care and in adult emergency department (ED)
patients with benign headache who had a lumbar puncture.
Albumin concentrations in paired samples of CSF and serum
from these patients were also measured and the CSF-serum
QA calculated. We report here the relationship between
serum levels of these two putative biomarkers of BBB dys-
function and the gold standard CSF-serum QA.

Methods

Subjects

A prospective convenience sample of adult patients pre-
senting to the ED of an academic medical and level I trauma
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center (University of Rochester Medical Center [URMC]) were
enrolled. Patients were enrolled into two groups, one pre-
senting with TBI requiring ventriculostomy catheter place-
ment (n¼ 10) and the other presenting with headache (n¼ 10).
A third group of normal, healthy control patients (n¼ 10) was
also enrolled. TBI subjects were eligible for inclusion if they
were �18 years old, had a history or physical exam evidence
of blunt, non-penetrating head trauma, and had a ven-
triculostomy catheter placed as part of clinical care within 12 h
of injury. Ventriculostomy catheters are typically placed to
monitor intracerebral pressure in patients with severe TBI
(Glasgow Coma Scale [GCS] score �8) and an intracranial
injury on computed tomography (CT) scan. However, these
catheters are also placed in those with severe TBI and a nor-
mal CT if two or more of the following factors are present: age
>40, unilateral=bilateral motor posturing, and systolic blood
pressure (SBP)< 90 mm Hg (Bratton et al., 2007). In some cases,
subjects with initial GCS scores above 8 received ventri-
culostomy catheters because of subsequent clinical deterio-
ration and were included in the study. Study subjects were
identified in the ED or intensive care unit (ICU), and informed
consent was obtained from a proxy prior to enrollment in
the study. Subjects with TBI were excluded from the study for
the following criteria: age < 18 years, penetrating head trau-
ma, diagnosis of TBI not clear, patient expected to die within
12 h, ventriculostomy catheter placed >12 h after injury,
prisoners, and wards of the state.

Subjects were eligible for inclusion as a headache subject if
they were �18 years old, presented to the ED with a chief
complaint of headache, had spare blood drawn as part of their
clinical care, had a normal head CT, and had a lumbar
puncture (LP) with normal results performed as part of their
clinical care. A normal LP was defined as CSF pressure (if
measured) of 50–180 mm H2O, glucose of 40–85 mg=dL, total
protein of 15–50 mg=dL, total nucleated cells less than 5 per
mL, and red blood cells less than 50=mm2 in tube 4. Headache
subjects were excluded from the study for the following cri-
teria: age less than 18 years, head trauma within last month
requiring ED visit, blood not drawn as part of clinical care, or
abnormal LP. Informed consent was obtained from all head-
ache patients prior to inclusion in the study.

Subjects were eligible to serve as normal, healthy controls if
they were �18 and �65 years old. Patients were excluded if
they had a condition known to affect the BBB or serum levels
of S100B. These include the following: history of migraine
headaches, stroke, age over 65 years, brain tumor, melanoma,
bipolar disorder, schizophrenia, multiple sclerosis, HIV=
AIDS, TBI requiring ED visit; strenuous physical activity
within the last 24 h; surgery or laceration repair within the last
month; boney fracture or laceration within the last month.
Informed consent was obtained from all control patients be-
fore inclusion in the study. This study was approved by the
URMC Research Subjects Review Board.

Sample collection and processing

Headache and normal control subjects had one blood draw
each: just prior to LP and at the time of enrollment into the
study, respectively. TBI subjects had blood draws at four time
points: on ED presentation before the ventriculostomy was
placed, just after insertion of the ventriculostomy catheter
within 12 h of injury, at 24 h after injury, and at 48 h after

injury. For all blood draws, 4 ml of venous or arterial blood
were drawn into serum separator tubes and centrifuged at
3000 rpm for 10 min at room temperature. The cellular com-
ponents were discarded and the serum stored at �808C until
used for assays.

CSF was collected at the time of LP for headache subjects. In
TBI subjects, CSF was obtained at the same time as serum: at
12, 24, and 48 h after injury. For each CSF sample, 5–10 ml of
CSF was collected into a 15-ml polyproylene tube, immediately
placed on ice and centrifuged at 3000 rpm for 10 min at room
temperature. The cellular components were discarded and the
remaining sample stored at �808C until used for assays.

Albumin measurements and calculation
of the CSF=serum albumin quotient

Serum albumin concentrations were measured in the URMC
Clinical Laboratory with the bromocresol green dye-binding
method. CSF albumin concentrations were measured by neph-
elometry at a national reference laboratory (ARUP La-
boratories, Salt Lake City, UT). The albumin quotient (QA)
was calculated using the following formula: [albuminCSF]=
[albuminserum].

Transthyretin measurement

Measurements of monomeric serum TTR were made fol-
lowing the methods of Marchi et al. (2003a). Serum samples
were loaded into Centricon YM50 filter units (Millipore,
Billerica, MA) and centrifuged to concentrate the low molec-
ular weight fraction. Protein concentrations for the low mo-
lecular weight (<50 kDa) fractions were determined with the
Biorad DC Protein Assay kit (Hercules, CA). Proteins in the
concentrated samples were loaded onto a large-format 12%
polyacrylamide gel and separated by electrophoresis under
non-denaturing conditions. A total of 12.5 mg of protein from
each sample was loaded. Each gel included a lane loaded with
5 ng of purified TTR (Sigma-Aldrich, St. Louis, MO) as a
positive control. After electorphoresis, proteins were trans-
ferred onto polyvinyl difluoride (PVDF) membranes by elec-
troblotting overnight at 48C. Blots were blocked with 5%
nonfat dry milk in TBST (20 mM Tris, 500 NaCl, 0.1%, Tween-
20) for 1 h, and then washed three times in TBST. Following
washes, the membranes were incubated with primary anti-
body to TTR (Dakocytomation, Carpinteria, CA) at a 1:1000
dilution for 1 h at room temperature. After exposure to pri-
mary antibody, blots were rinsed as above and incubated for
1 h with secondary goat anti-rabbit antibody conjugated to
horseradish peroxidase ( Jackson Immuno Research, West
Grove, PA) at a 1:2000 dilution. Chemiluminescence was de-
tected with the Western Lightning Chemiluminescence Re-
agent Plus detection system (Perkin Elmer, Waltham, MA).
Optical densities of the TTR bands were measured with
Biorad Microplate Reader 3 (Hercules, CA). For each gel,
quantification of band optical densities were determined by
comparison with the optical density measured from the pu-
rified TTR protein band of known concentration.

S100B measurement

Serum S100B concentrations were measured with the
Nexus Dx S100B test kit (Nanogen, San Diego, CA). This de-
tection kit employs the sandwich enzyme-linked immuno-
sorbent assay (ELISA) technique and consists of a 96-well

SERUM MARKERS OF BLOOD-BRAIN BARRIER DISRUPTION 1499



plate coated with an S100B capture antibody. Samples, con-
trols, and standards were loaded into appropriate wells of the
plate followed by the addition of an S100B detecting antibody.
Finally, enzyme substrate was added, and the resulting ab-
sorbance of the samples at 450 nm was measured. S100B
concentrations in the serum samples were determined using
the standard curve generated from the absorbance of the
standards. The lower detection limit of this assay is 0.1 ng=ml.

Statistical analysis

The statistical analysis was conducted using SPSS (SPSS
Inc., Chicago, IL) and R (open source software). Student’s
t-test was used to compare mean QA’s, TTR concentrations, or
S100B concentrations between two groups. The analysis of
variance (ANOVA) was used to compare mean QA’s, TTR
concentrations, or S100B concentrations amongst three or
more groups. Significance was defined as p� 0.05.

To assess the accuracy of serum S100B and TTR concen-
trations for detecting BBB disruption in headache and TBI
subjects, receiver operating characteristic (ROC) curves were
constructed for each TBI time point as well as for the com-
bined data from all three TBI time points. In each of these ROC
curves, headache data was also included. For the purpose of
this analysis, the QA was dichotomized into normal (�0.007)
and abnormal (>0.007). The ROC curve plots the sensitivity of
a measure on the y-axis and (1-sensitivity) on the x-axis, and
measures the overall accuracy of a test. The most important
summary index of the ROC curve is the area under the ROC
curve (AUC). An ROC curve with AUC >0.5 means the test
is informative in the sense that it is better than classifying
subjects in completely random fashion. In general, the closer
the curve to the upper-left corner (point (0, 1)), the bigger the
AUC and the more accurate the test. For each possible
threshold based on the sample, we computed the estimates of
the corresponding sensitivity and specificity.

For each of the ROC curve estimates (based on the empir-
ical estimates of the sensitivities and specificities at the ob-
served test levels), the AUC and the associated standard error
were estimated. For the combined analysis, correlation be-
tween values from the same subject at different time points
was considered. Methods developed by Obuchowski (1997),
which addresses such within-subject correlations, were used.
These methods better estimate the accuracy of within-subject

measurements and result in smaller confidence intervals
without altering the AUC.

Results

Clinical characteristics of study subjects

Ten subjects were enrolled in each of the study groups. The
TBI group consisted of eight males and two females, with a
mean age of 50.7 years (range, 39–63 years). The headache
group consisted of five males and five females, with a mean
age of 40.6 years (range, 26–77 years). The healthy control
group consisted of six males and four females, with a mean
age of 34.0 years (range, 24–43 years).

Eight of the TBI subjects enrolled in the study were in-
tubated at the time of presentation. In the study region, pa-
tients with GCS �8 are often intubated in the field for airway
protection. Two subjects (TBI 4 and TBI 9) with high initial
GCS scores rapidly decompensated after arrival. Contusion
was evident on CT scan for six of 10 patients. Five of 10 had
subarachnoid blood, while three of 10 had subdural or epi-
dural bleeding. Table 1 summarizes the clinical characteristics
of the TBI subjects enrolled in the study.

Albumin quotient

The individual QA values for TBI and headache subjects are
shown in Figure 1. QA values for all headache subjects were
normal, with a mean QA of 0.0055 (SD 0.0019). Seven of 10 TBI
subjects had abnormal BBB function, with a mean QA for all
time points of 0.049 (SD 0.0914). The QA was significantly
greater in TBI than in headache subjects ( p¼ 0.02; Student’s
t-test). Mean QA values at 12, 24, and 48 h after TBI were
0.0588 (SD 0.0747), 0.0727 (SD 0.1393), and 0.0156 (SD 0.013),
respectively. The QA was not determined in one headache
subject and in one TBI subject at 12 h (TBI 1) because a suffi-
cient quantity of CSF was not available for analysis. For one
subject (TBI 6), only a 12-h QA was measured because the
patient died shortly after enrollment in the study.

Transthyretin measurements

The individual TTR concentrations for all subjects are
shown in Figure 2. Healthy control and headache subjects had
mean TTR concentrations of 0.089 (SD 0.089) and 0.055 (SD

Table 1. Clinical Characteristics of TBI Subjects

Age Sex Mechanism GCS Head CT results Extra cranial injuries

TBI 1 53 M Fall 3T CONT, SAH None
TBI 2 46 F MVA 6T SAH, IVH, IPH, CONT Skull Fx, L1-L4 Fx, pelvic Fx
TBI 3 56 F Pedestrian struck 4T SAH, IPH, IV Facial Fx, C3-C5 cord cont
TBI 4 44 M Assault 15 EDH, SDH, SAH, CONT Forearm Fx, C5-C7 cord cont
TBI 5 63 M MVA 3T CONT, SAH Skull Fx, rib Fx
TBI 6 50 M MVA 5T SAH, IPH Rib Fx, PTX, liver lac
TBI 7 47 M MVA 4T CONT, SAH Skull Fx, rib Fx, PTX, lung cont
TBI 8 57 M MVA 9T=8T IPH, SAH, SDH L1-L2 Fx, ankle Fx
TBI 9 39 M Pedestrian struck 14=8T EDH, CONT, SDH None
TBI 10 52 M MVA not recorded SDH, SAH C7 Fx, humerus Fx, PTX, splenic lac

CONT, contusion; EDH, epidural hematoma; IPH, intraparenchymal hemorrhage; MVA, motor vehicle accident; IVH, intraventricular
hemorrhage; SAH, subarachnoid hemorrhage; SDH, subdural hematoma; lac, laceration; GCS, Glasgow Coma Scale; Fx, fracture; PTX,
pneumothorax.
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0.060) ng=ml, respectively. For two headache subjects, suffi-
cient serum was not available for TTR measurement. The
mean serum TTR concentration in TBI subjects for all time
points was 0.083 (SD 0.154) ng=ml. Serum TTR concentrations
at 12, 24, and 48 h after TBI were 0.028 (SD 0.030), 0.102 (SD
0.235), and 0.071 (SD 0.072) ng=ml, respectively. There were
no significant differences between any groups ( p� 0.98,
ANOVA). Given the exceedingly variable TTR concentrations
and the lack of significant relationships between groups fur-
ther analysis for correlation with QA are not shown.

Serum S100B concentrations

The individual S100B concentrations for all subjects are
shown in Figure 3. Healthy control and headache subjects had
mean serum concentrations of 0.0065 ng=ml (SD 0.0043) and
0.0089 ng=ml (SD 0.0101), respectively. There was no differ-
ence between these groups ( p¼ 0.50). For two headache
subjects, sufficient serum was not available for S100B mea-
surement. The mean serum S100B concentration in TBI sub-
jects for all time points was 0.0238 ng=ml (SD 0.0183). Serum
S100B concentrations at 12, 24, and 48 h after TBI were
0.0304 ng=ml (SD 0.0168), 0.0258 ng=ml (SD 0.0176), and
0.0168 ng=ml (SD 0.0195), respectively. S100B values were
significantly elevated relative to headache ( p< 0.02) and

healthy control ( p< 0.04) patients at 12 and 24, but not at 48 h
after TBI. To investigate the possibility that ventriculostomy
placement independently results in elevated serum S100B
concentrations, serum was drawn from TBI subjects at the
time of their presentation to the ED prior to ventriculostomy
placement. For each TBI subject, the pre-ventriculostomy
S100B concentrations were greater than subsequent S100B
concentrations (data not shown). S100B concentrations were
not measured prior to ventriculostomy placement in one
subject (TBI 4), at 12 h in one subject (TBI 1), or at 24 h for
one subject (TBI 5) because insufficient serum was available
for the analysis. One subject (TBI 6) died shortly after enroll-
ment, and only pre-ventriculostomy S100B concentrations
were measured.

S100B concentrations predict abnormal QA

Using ROC analyses, a significant relationship was found
between QA and serum S100B concentrations at 12 h after TBI
(AUC¼ 0.800; SE 0.147, 95% confidence interval [CI] 0.511–
1.089) (Fig. 5). Using a cutoff of 0.022 ng=ml, serum S100B
concentration was 80% sensitive and 90% specific for abnor-
mal QA. For the ROC curves at 24 and 48 h after TBI, AUC
approached but did not reach significance (24 h: AUC¼ 0.740
[SE 0.150, 95% CI 0.446–1.034]; 48 h: AUC¼ 0.667 [SE 0.152,

FIG. 2. The monomeric form of transthyretin (TTR) is
abundantly present in cerebrospinal fluid (CSF) and is nor-
mally absent in serum. The presence of monomeric TTR in
serum has been reported to be a marker for blood-brain
barriet (BBB) dysfunction. Monomeric TTR was measured
in the serum of healthy control, headache, and traumatic
brain injury (TBI subjects) by densitometry of Western blots.
TTR concentrations were quite variable, with no significant
differences between groups. Normal control and headache
subjects had mean TTR concentrations of 0.089 (SD 0.089)
and 0.055 (SD 0.060) ng=ml, respectively. TTR concentrations
at 12, 24, and 48 h after TBI were 0.028 (SD 0.030), 0.102
(SD 0.235), and 0.071 (SD 0.072) ng=ml, respectively. There
were no significant differences between any groups ( p� 0.98,
analysis of variance [ANOVA]).

FIG. 1. Cerebrospinal fluid (CSF)=serum albumin quotients
(QA) were calculated for headache and traumatic brain injury
(TBI) subjects by measuring the concentrations of albumin
in CSF and serum collected contemporaneously. The albu-
min quotient was then calculated by dividing the CSF al-
bumin concentration by the serum albumin concentration. A
QA value of 0.007 or less is considered normal. All headache
subjects had normal QA values, with the exception of one
whose QA was marginally elevated (0.0088 in HA 1). Seven
TBI patients had abnormal QA values at all three time points
(12, 24, and 48 h after TBI). The remaining three TBI subjects
(TBI 4, TBI 7, and TBI 9) had normal QA values at all three
time points. Mean QA values for headache subjects and for
TBI subjects at 12, 24, and 48 h were 0.0055 (SD 0.0019),
0.0588 (SD 0.0747), 0.0727 (SD 0.1393), and 0.0156 (SD 0.013),
respectively. The QA was significantly greater in TBI than in
headache subjects ( p¼ 0.02).
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95% CI 0.369–0.964]). When TBI and headache data from all
time points were considered together, the relationship be-
tween S100B and QA approaches, but does not reach statistical
significance (AUC 0.670; SE 0.0931, 95% CI 0.488–0.852,
p¼ 0.0679). At a S100B concentration of 0.027 ng=ml, speci-
ficity for abnormal QA is 90% or higher at each time point
(Table 2).

Discussion

Our studies were designed to evaluate the relationship
between QA, a gold standard measure of BBB function, and
serum concentrations of monomeric TTR and S100B. S100B
and monomeric TTR are found principally in astrocytes and
CSF, respectively. Peripheral elevations of these proteins have
been associated with disruption of BBB function in prior
studies; however the evidence for this association is correla-
tive (Marchi et al., 2003a,b; Bertsch et al., 2001; Kapural et al.,
2002). In the current study, BBB barrier function was deter-
mined in 10 subjects with moderate to severe TBI and nine
subjects with benign headache. Elevated QA, indicative of
BBB dysfunction, was present in seven TBI subjects. In these
subjects, QA decreased with time (Figs. 1 and 4). This temporal
pattern is consistent with prior studies of QA after severe TBI
(Morganti-Kossmann et al., 1999). The remaining three TBI
subjects and all of the headache subjects had normal QA.

Serum S100B concentrations correlated well with QA, typ-
ically declining with time in the TBI patients with abnormal
BBB function (Fig. 4A). For our analysis of the relationship
between S100B and QA, we constructed ROC curves at three
post-TBI time points as well as a combined ROC curve using
data from all time points (Fig. 5). The combined analysis also
accounted for correlation within the data from each individ-
ual TBI patient. A significant area under the curve was found
at 12 h after TBI. At this time point, a serum S100B cutoff of
0.022 ng=ml is 80% sensitive and 90% specific for predicting
an abnormal QA. At 24 and 48 h, the area under the curve
approached but did not reach statistical significance. How-
ever, at all three time points after TBI, a serum S100B con-
centration of greater than 0.027 ng=ml was 90% specific for
elevated QA (Table 2). At the later two time points, the sen-
sitivity for S100B was poor. We did not find a relationship
between QA and monomeric TTR.

Although this study is limited by a small sample size, we
believe the statistically significant relationship between 12-h
QA and S100B to be a true positive finding. The probability
that this result is a false positive (Type 1 error) is quite
small (�0.05) and is not related to our small sample size.
We are less certain about our negative results, that is, the
lack of a statistical relationship between S100B and QA at
combined time points. The probability that this result is a

FIG. 3. S100B is an astrocyte protein that has been noted to
be released into serum under conditions of blood-brain
barriet (BBB) compromise. We measured serum S100B con-
centrations in the serum of health control, headache, and
traumatic brain injury (TBI) subjects by enzyme-linked im-
munosorbent assay (ELISA). Serum S100B concentrations
were elevated in TBI subjects at all time points relative to
healthy control and headache patients with a general trend
towards decreasing S100B concentrations as time after injury
increased. Normal control and headache subjects had mean
serum concentrations of 0.0065 ng=ml (SD 0.0043) and
0.0089 ng=ml (SD 0.0101), respectively. There was no differ-
ence between these groups ( p¼ 0.50). S100B concentrations
at 12, 24, and 48 h after TBI were 0.0304 ng=ml (SD 0.0168),
0.0258 ng=ml (SD 0.0176), and 0.0168 ng=ml (SD 0.0195), re-
spectively. S100B values were significantly elevated relative
to headache ( p< 0.02) and healthy control ( p< 0.04) patients
at 12 and 24, but not 48 h after TBI.

Table 2. S100B Is 90% Specific for the Detection of Abnormal Q
A

TBI 12 h TBI 24 h TBI 48 h

S100B
(ng=ml) Sensitivity Specificity

S100B
(ng=ml Sensitivity Specificity

S100B
(ng=ml) Sensitivity Specificity

0 1.000 0.000 0.0000 1.000 0.000 0.0000 1.000 0.000
0.0030 1.000 0.200 0.0030 1.000 0.200 0.0030 1.000 0.200
0.0070 0.800 0.200 0.0070 0.800 0.200 0.0070 0.833 0.200
0.0085 0.800 0.400 0.0085 0.800 0.400 0.0085 0.677 0.400
0.0105 0.800 0.600 0.0105 0.800 0.600 0.0095 0.667 0.600
0.0145 0.800 0.700 0.0155 0.800 0.800 0.0110 0.677 0.700
0.0175 0.800 0.800 0.0195 0.600 0.800 0.0125 0.500 0.900
0.0220 0.800 0.900 0.0230 0.400 0.800 0.0135 0.333 0.900
0.0265 0.600 0.900 0.0270 0.400 0.900 0.0145 0.167 0.900
0.0345 0.400 0.900 0.0385 0.200 0.900 0.0395 0.000 0.900
0.0445 0.400 1.000 0.0505 0.200 1.000 0.0640 0.000 1.000
0.0495 0.200 1.000 0.0520 0.000 1.000
1.0520 0.000 1.000
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false negative (Type 2 error) is indeed related to small
sample size. With a larger sample size and more statistical
power, we might have detected a statistically significant
relationship.

Head CT findings from the TBI patients demonstrate typ-
ically heterogeneous injuries that include intraventricular,
subarachnoid, epidural, subdural, and intraparenchymal
hemorrhages as well as contusions. There was no injury type
common in all patients (Table 1). Although diffuse axonal
injury (DAI) is a common to all severities of TBI (Geddes
et al., 2000), it was not detectable in any of the TBI subjects on
head CT. Head CT is notably insensitive for the detection of

DAI (Mittl et al., 1994), and it is likely that DAI was present
but not detected in many of our TBI subjects. Our study de-
sign is limited in that it does not account for differences be-
tween specific sub-types of injury in the TBI subjects.
Consequently, we cannot discern differences in S100B and QA

that are related to specific injury patterns. Our detection of a
statistically significant relationship between S100B and QA

despite the heterogeneous makeup of our cohort suggests that
this relationship is strong.

Interestingly, two of the three subjects with normal QA

values (TBI 4 and TBI 9), presented with epidural hematoma
(EDH) and a clinical course consisting of a lucid presentation

FIG. 4. Seven traumatic brain injury (TBI) subjects had abnormal albumin quotients (QA) values. (A) For these subjects,
peak S100B concentrations and (QA values occurred at the earliest time point, after which both values fell at each successive
time point. Three TBI subjects had normal QA values. (B) Two of the subjects, TBI 4 and TBI 9, suffered from epidural
hematoma and differed from the remaining TBI subjects in that they arrived at the emergency department lucid after which
they had rapid deterioration. The third subject, TBI 7, had evidence of a stroke on CT and subsequently died before discharge
from the hospital. Gray bars represent albumin quotients; black bars represent serum S100B concentrations.
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followed by rapid neurological deterioration. The lucid in-
terval commonly seen in patients with EDH may be due to a
rapidly expanding extra-axial hematoma caused by arterial
bleeding compressing brain that is relatively uninjured. These
patients have a better prognosis than patients with other
types of traumatic extra-axial bleeding (Stieg and Kase, 1998).
While the two subjects with EDH in this study had other
associated brain injuries identified on CT, it is possible that
they did not have sufficient direct insult to the brain to cause
BBB dysfunction. Although our study was not designed to
differentiate between different sub-types of TBI, this finding
may be an important consideration in the design of future
studies that focus on specific TBI subtypes.

The third subject with normal BBB function (TBI 7) did not
have EDH, and had a markedly unusual relationship between
S100B and QA relative to that observed in the remaining TBI
subjects (Fig. 4B). Despite normal QA values, the serum con-
centrations of S100B increased at each successive time point
for this subject. Furthermore, S100B concentrations were very
high at all time points. At 48 h, the serum concentration of
S100B in this subject was sevenfold higher than in any other
subject at the same time point. Review of brain imaging
results showed that this subject had hypo-attenuation in the
left middle cerebral artery (MCA), distribution suggesting an
infarction. This finding was not evident on the initial scan but

was present on a subsequent CT at 16 h later. The temporal
pattern of serum S100B concentrations in patients with MCA
stroke closely parallels the observed S100B concentrations in
this TBI subject (Büttner et al., 1997).

Post-stroke BBB dysfunction occurs early after stroke and
appears to evolve and worsen with time. BBB dysfunction is
detectable as early as 3 h after stroke with the low molecular
weight MRI contrast agent gadolinium (157 Da) (Hofmeijer
et al., 2004), whereas albumin, which weighs 68 kDa, does not
cross the BBB until 3 days after the event (Gotoh et al., 1985).
S100B, which weighs 21 kDa, is intermediate in size between
gadolinium and albumin, and is elevated in the systemic cir-
culation at 6 h after stroke (Foerch et al., 2007; Wunderlich
et al., 2004). It is possible that the S100B elevations seen in this
subject are related to post-stroke BBB dysfunction that has
not yet progressed sufficiently to allow albumin to cross into
the CSF.

In the setting of trauma, late elevations in serum S100B are
also associated with poor outcomes. Raabe et al. (1999b)
studied 84 patients with severe TBI and report that patients
with poor outcomes had higher initial S100B levels that rose
substantially over time in contrast to patients with good
outcome who had lower initial serum S100B levels that
fell with time. Similarly, Pelinka et al. (2003b) report that
non-survivors after severe TBI generally have elevated and

FIG. 5. In order to determine the relationship between the albumin quotient (QA) and serum S100B concentrations, receiver
operating characteristic (ROC) curves were constructed for each traumatic brain injury (TBI) time point as well as for all TBI
time points (A–C) taken together (D). Each of these analyses includes data from the headache subjects. The combined analysis
accounts for intra-patient correlation between different time points. A significant relationship was found between QA and
S100B at 12, but not at 24 or 48 h, after TBI. When data from all time points was considered together, the relationship between
QA and S100B approached but did not reach significance.
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sustained or rising plasma S100B levels lasting longer than
48 h, whereas survivors have S100B levels that fall to normal
within 48 h. Within our study, two TBI subjects died as a result
of their injuries. One, TBI 6, died early after enrollment and
only data from the 12-h time are available. The other subject,
TBI 7, did have elevated S100B concentrations that rose with
time. It is possible that this late rise in S100B was due to brain
trauma that was ultimately fatal.

Extra-cranial release of S100B in the setting of trauma has
been identified in prior studies (Anderson et al., 2001a; Savola
et al., 2004; Pelinka et al., 2003a) and may have occurred in our
subjects. Significant amounts of S100B are present in bone
marrow, blood, and fat (Anderson et al., 2001b). Fractures in
particular are thought to be an important source of S100B after
trauma. The timing of S100B release from extra-cranial tissue
is variable and may depend on the specific injury. For isolated
fracture in an animal model, plasma S100B was increased from
30 to 120 min following injury, after which levels were not
significantly elevated above baseline (Pelinka et al., 2003a).
Others note that trauma patients with fractures or other in-
juries in the absence of TBI have elevated S100B concentra-
tions the day after the injury (Anderson et. al., 2001a). Eight
of 10 of our TBI subjects had extra-cranial injuries (Table 1).
All of the patients with extra-cranial injuries had some type of
fracture. Again, the small sample size limits our ability to
discern relationships between specific injuries and serum
S100B concentrations. While there were no obvious differ-
ences in serum S100B profiles between the two isolated TBI
and the eight multi-system trauma subjects, it remains pos-
sible that some serum S100B may have originated from extra-
cranial injuries.

Other known causes of peripheral S100B elevation include
Alzheimer’s disease, Down’s syndrome, and schizophrenia
(Wiesmann et al., 1999; Adami et al., 2001). Elevated levels
have also be found in healthy individuals after distance run-
ning (Otto et al., 2000; Hasselblatt et al., 2004), and after
playing soccer (Stalnacke et al., 2004), basketball, or hockey
(Stalnacke et al., 2003). While the control patients were
screened and excluded if they had any of these conditions or
recent strenuous physical activity, the headache and TBI
subjects were not. In retrospect, none of these subjects had
Down’s syndrome, schizophrenia, or clinically diagnosed
dementia, although it is possible that some may have had
preclinical Alzheimer’s disease. We did not collect data re-
garding recent strenuous physical activity in any of these
subjects.

Given the concerns regarding the specificity of S100B, we
also investigated the effectiveness of serum monomeric TTR
for the prediction of abnormal QA. Monomeric TTR is found
only in CSF and appears in serum after iatrogenic BBB dis-
ruption (Marchi et al., 2003a). We did not find a relationship
between monomeric TTR and QA. Technical issues may have
affected the TTR values obtained. Both serum and CSF spe-
cific forms of TTR share the same amino acid sequence and
differ only in quaternary structure making the development
of quantitative antibody-based tests (such as ELISA) difficult.
Thus, we were limited to using the more error prone semi-
quantitative technique of densitometry of Western blots.
A further difficulty that may have affected the accuracy of our
measurements is that the highly abundant serum tetramer
may have broken down into monomer during sample pro-
cessing. The development of an ELISA specific for monomeric

TTR would address these technical issues. Other biomarkers
with greater specificity for the CNS such as neurofilament
proteins and UCHL-1 have recently been described (Anderson,
2008; Papa, 2008) and could also be used in future studies of
BBB dysfunction after trauma.

In summary, serum S100B is an accurate predictor of QA at
12 h after TBI. These results reinforce findings in prior, cor-
relative studies that relate serum S100B elevations with os-
motic (Kapural et al., 2002b; Kanner et al., 2003; Marchi et al.,
2003b) and physical (Bertsch et al., 2001) BBB disruption. The
observed relationship between S100B and QA became weaker
with time as evidenced by smaller area under the curve values
for each successive time point. The small sample size of our
study and the very high S100B levels in subject TBI 7 at the
24- and 48-h time points may have obscured a significant re-
lationship at these points. Future studies should include lar-
ger study populations to allow the identification of significant
relationships between QA and S100B at these time points as
well. Furthermore, patients who may be suffering acute
stroke as well as patients that die in the immediate post-injury
period should also be excluded. Finally, further studies of
other biomarkers with greater CNS specificity such as UCHL-
1 and neurofilament proteins should be performed. Our cur-
rent findings support the use of serum S100B within 12 h of
TBI to determine the functional status of the BBB. This non-
invasive tool should allow the design of improved studies to
examine the relationship of BBB status to the diagnosis,
prognosis, and treatment of TBI in clinical populations.
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