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Abstract
We explored whether changes in the expression profile of peripheral blood plasma proteins may
provide a clinical, readily accessible “window” into the brain, reflecting molecular alterations
following traumatic brain injury (TBI) that might contribute to TBI complications. We recruited
fourteen TBI and ten control civilian participants for the study, and also analyzed banked plasma
specimens from 20 veterans with TBI and 20 control cases. Using antibody arrays and ELISA
assays, we explored differentially-regulated protein species in the plasma of TBI compared to
healthy controls from the two independent cohorts. We found three protein biomarker species,
monocyte chemotactic protein-1 (MCP-1), insulin-like growth factor-binding protein-3, and
epidermal growth factor receptor, that are differentially regulated in plasma specimens of the TBI
cases. A three-biomarker panel using all three proteins provides the best potential criterion for
separating TBI and control cases. Plasma MCP-1 contents are correlated with the severity of TBI
and the index of compromised axonal fiber integrity in the frontal cortex. Based on these findings,
we evaluated postmortem brain specimens from 7 mild cognitive impairment (MCI) and 7
neurologically normal cases. We found elevated MCP-1 expression in the frontal cortex of MCI
cases that are at high risk for developing Alzheimer’s disease. Our findings suggest that additional
application of the three-biomarker panel to current diagnostic criteria may lead to improved TBI
detection and more sensitive outcome measures for clinical trials. Induction of MCP-1 in response
to TBI might be a potential predisposing factor that may increase the risk for development of
Alzheimer’s disease.
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INTRODUCTION
Traumatic brain injury (TBI) is a leading cause of death and disability in the United States
[1]. Somatic and neuropsychiatric complaints, including headache, dizziness, sleep
disturbances, hyperarousal, mood disturbances, tinnitus, photosensitivity, oculomotor
dysfunction, and pain, are common following TBI. Neurocognitive impairment including
impaired memory, attention, concentration, and executive function are observed in
individuals with TBI at all levels of severity [2, 3]. While the primary mechanisms of injury
are bleeding and diffuse axonal injury [4-6], the pathophysiology of TBI is complex and not
well understood.

TBI in the civilian population is typically associated with direct, closed impact mechanical
trauma to the brain due to falls, motor vehicle accidents, assault, and sports-related injuries
[7]. Among military personnel, particularly among veterans returning from the conflicts in
Iraq and Afghanistan, TBI commonly results from exposure to blast pressure waves
stemming from explosive devices, leading to symptom profiles similar to those seen in
civilians [7-9]. In both military and civilian populations, these symptoms can have a
minimal to profound impact on their daily functioning.

Several studies suggest that exposure to moderate-severe TBI is a risk factor for subsequent
development of Alzheimer’s disease (AD) [10-13], although the association between mild
TBI and risk for AD is not yet well established. Neuropathological mechanisms that underlie
AD may also be present after TBI, and these mechanisms may contribute to lasting and/or
worsening neurological dysfunction. Evidence from human [14-16] and animal models [17]
reveals abnormal accumulation of AD pathological hallmarks (e.g., amyloid-β peptides and
tau proteins) in the brain and in cerebrospinal fluid following TBI. Moreover, elevation of
plasma tau levels has been associated with worse TBI outcomes [18]. Thus, neurological
dysfunction in TBI and in AD may share common neuropathological/neurodegenerative
mechanisms.

Accumulating evidence has highlighted the association of TBI with defects in neural circuits
and synapses, and the plasticity processes controlling these functions [19-24]. While genes
relevant to these processes are expressed in the brain, some of these genes are also expressed
in peripheral blood [25-28]. Thus, peripheral blood biomarkers may provide insights into the
pathogenesis of neurological disorders and be used to monitor disease diagnosis and
progression [29-31]. The brain controls many body functions via the release of signaling
proteins, and both central and peripheral immune and inflammatory mechanisms are
implicated in post TBI impairments [32-36]. Using high throughput antibody arrays and
quantitative ELISA assays in the analysis of a civilian and a veteran TBI study cohort, we
explored the feasibility of characterizing surrogate biological indices (biomarkers) from
circulating blood plasma that are associated with specific impairments secondary to TBI.

MATERIALS AND METHODS
Subject recruitment and assessments

Civilian TBI and control subjects—Fourteen TBI and ten age-, gender-, and education-
matched healthy control civilian participants were recruited from the Brain Injury Research
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Center at Mount Sinai (BIRC-MS). TBI participants sustained a blow to the head followed
by loss of consciousness or a period of being dazed and confused. Informed consent was
obtained from all subjects in accordance with the Institutional Review Board policies and
procedures of the Mount Sinai School of Medicine (MSSM). Demographic information
about the TBI and control participants is presented in Table 1.

All participants completed the Brain Injury Screening Questionnaire (BISQ) [37, 38] to
comprehensively assess TBI history, i.e., the number and severity of impacts to the head
sustained throughout their lifespan. Injury severity of the civilian TBI participants ranged
from mild to severe, as classified using a 7-point scale ranging from 1 (no loss of
consciousness, no confusion; i.e., no TBI) to 7 (loss of consciousness greater than 4 weeks
in duration) [39]. The BISQ also solicits participants’ self-report of functional difficulties
and symptoms associated with brain injury. In addition, blood plasma was collected and
banked for subsequent biomarker studies.

Veteran TBI and control subjects—Banked plasma specimens from 20 male Iraq and
Afghanistan veterans with TBI and 20 male control cases were generously provided by the
VA Northwest Network Mental Illness Research, Education, and Clinical Center (MIRECC)
at Veterans Affairs Puget Sound Health Care System (VAPSHCS) and the University of
Washington Alzheimer’s Disease Research Center (UWADRC) in Seattle, WA. All Veteran
participants recruited from the VAPSHCS had documented hazardous duty experience in
Iraq and/or Afghanistan during Operation Iraqi Freedom/Operation Enduring Freedom, and
all had reported experiencing at least one blast exposure in the war zone that resulted in mild
TBI, as defined by American Congress of Rehabilitation Medicine criteria [39]. Control
specimens were banked from age- and gender-matched cognitively-normal cases: nine
cognitively-normal Iraq-deployed veterans plus eleven community volunteers recruited from
the UWADRC, all of whom were medically healthy and had Mini-Mental State Examination
scores of 29.4 ± 1.0 (mean ± standard deviation [range 27-30]), Clinical Dementia Rating
(CDR) [40] scores of zero, no evidence or history of cognitive or functional decline
(assessed with the National Alzheimer’s Coordinating Center Uniform Data Set), and no
history of blast exposure or impact head injury. Demographic information about the veteran
TBI and control participants is presented in Table 2.

Plasma collection and antibody array
Freshly collected and banked plasma specimens were stored at −80°C. Antibody array
studies were conducted using plasma specimens from the 20 cases (8 Control and 12 TBI
cases) we recruited. We subsequently recruited an additional 2 control and 2 TBI cases for a
total for a total of 24 (10 control and 14 TBI cases). All 24 cases were used in follow-up
ELISA assessments of plasma MCP-1 contents.

Antibody array studies using the RayBio Cytokine Antibody Array 200 (Raybiotech Inc.)
were conducted to measure relative levels of 120 known signaling proteins in plasma
specimens [41]. Specific proteins assessed are presented in Table 3. Antibody array studies
were conducted according to the manufacturer’s instructions [42]. For each plasma sample,
nitrocellulose membranes containing antibodies for each of the 120 proteins in duplicate
spots were blocked, incubated with plasma, washed, and then incubated with a cocktail of
biotin-conjugated antibodies specific for the different proteins. Membranes were developed
with streptavidin-conjugated peroxidase and ECL chemiluminescense reagents and exposed
to autoradiographic film (BioMax Lite, Kodak). Autoradiographic films were scanned and
digitized spots were quantified with Imagene 6.0 data extraction software (BioDiscovery
Inc.). Local background intensities were subtracted from each spot, and the average of the
duplicate spots for each protein was normalized to the average of six positive controls on
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each membrane. Expression data from the two filters per sample were normalized to the
median expression of all 120 proteins followed by Z score transformation. Adjusted student
t tests were used to test the significance of the protein expression differences between TBI
and control cases using SPSS software. p < 0.05 was the cut off to choose proteins for
further studies.

ELISA assay
Plasma MCP-1 levels were measured using the Quantikine human CCL2/MCP-1 ELISA Kit
(R&D Systems) following the manufacturer’s instructions. T-tests were used to determine
group differences and correlations between MCP-1 contents and neuropsychological
measures or brain imaging data (see below).

Brain imaging studies
Diffusion tensor imaging (DTI) was performed on the civilian study cohort only. Images
were acquired on a Philips 3.0 T Achieva (Best, The Netherlands) scanner using a diffusion-
weighted spin echo sequence (TR = 5682 ms, TE = 70, FOV = 21.0 cm, FA = 90°, 54 axial
slices, thickness = 2.5, no skip, matrix size = 104 × 106, b-factor = 1200 s/mm2, 32 gradient
directions plus b0, 2 averages). A high-resolution 3D T1-weighted structural image with
good grey/white matter differentiation was acquired using a fast-field echo sequence for co-
registration and normalization purposes (TR = 7.5 ms, TE = 3.4 ms, FOV = 22.0 cm, FA =
8°, 172 sagittal slices, thickness = 1 mm, no skip, Matrix size = 220 × 204 × 172).

Diffusion tensor images were eddy-current-corrected. Fractional anisotropy (FA) and mean
diffusivity maps were calculated using the FSL comprehensive library of analysis tools for
brain imaging data (http://www.fmrib.ox.ac.uk/fsl). Whole brain group comparisons of the
diffusion parameters were performed. First, FA images were spatially normalized to the
International Consortium for Brain Mapping (ICBM) brain template using tract based spatial
statistics [43]. The parameters used to warp the FA images to ICBM template and the white
matter skeleton were applied to the diffusivity map images, followed by statistical
comparisons using the FSL Randomize rou-ine to test for group differences in FA and
diffusivity maps (separately). Clusters were identified using Threshold-Free Cluster
Enhancement [44]. FA values of the whole brain and several individual tracts were extracted
for further statistical analysis using Statistica V9 (Statsoft Inc., Tulsa, OK). Correlations
between FA and plasma MCP-1 contents were computed.

Brain specimens
Banked postmortem frontal cortex (BM9) brain specimens from 7 mild cognitive
impairment (MCI) cases (characterized by CDR 0.5) and 7 neurologically-normal cases
(characterized by CDR 0) were obtained from the MSSM Alzheimer’s Disease Brain Bank.
CDR assignment was based on cognitive and functional assessments collected during the
last 6 months of life [40, 45].

There were no significant differences between MCI and neurologically-normal control cases
with respect to the age of death (mean age of death for the MCI and the control groups was
85.4 ± 2.1 years and 85.9 ± 2.1 years, respectively; p = 0.648) or the postmortem interval
(mean age of death for the MCI and the control groups was 7.5 ± 5.1 h and 4.5 ± 1.2 h,
respectively; p = 0.156). A slightly higher proportion (86%) of the MCI cases was female
compared to control cases (57% females), but the difference is not significant (p = 1.0).

Assessment of MCP-1 mRNA in postmortem brain specimens
Total RNA was isolated from approximately 50 mg of postmortem brain specimens using
the RNeasy kit (Qiagen) following the manufacturer’s instructions. First strand cDNA was
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synthesized from 1 μg of total RNA using Superscript III Supermix for qRT-PCR
(Invitrogen). Quantitative RT-PCR was performed using Maxima SYBR Green master mix
(Fermentas) in ABI Prism 7900HT in 4 replicates. Human TATA-binding protein (TBP)
expression level was used as an internal control. Data were normalized using the 2−ΔΔCt

method [46]. T-tests were used to determine group differences.

RESULTS
Identification of plasma TBI biomarkers in a civilian TBI study cohort

Plasma protein expression profile analysis, performed using the RayBio Cytokine antibody
array platform in a subset of twelve TBI and eight healthy control participants from the
civilian study cohort (Table 1), led to the identification of three candidate TBI biomarkers.
In particular, TBI cases in the civilian study cohort were characterized by elevated plasma
MCP-1 contents (Fig. 1A) and reduced plasma insulin-like growth factor-binding protein-3
(IGFBP-3) (Fig. 1B) and epidermal growth factor receptor (EGFR) (Fig. 1C) contents,
relative to controls.

We explored the sensitivity and specificity of individual biomarkers or a combination of the
three candidate biomarkers in distinguishing TBI from healthy control cases. Using
unsupervised clustering analyses in the assessment of plasma biomarker content data from
the antibody array studies, we found that a three-biomarker panel including all three
candidate biomarker proteins best segregates TBI and control cases with 85% accuracy, 91%
sensitivity, and 78% specificity (Fig. 1D, E).

Validation of MCP-1 as a plasma TBI biomarker
Elevated expression of MCP-1 in the brain has been observed following TBI [47, 48]. It is
possible that MCP-1 may have a role in the development of chronic post-TBI clinical
complications. We therefore continued to explore the differential regulation of MCP-1 in
plasma specimens from TBI cases. Using an independent ELISA we confirmed significantly
elevated contents of MCP-1 in plasma of TBI compared to control cases from the civilian
study cohort (p = 0.046) (Fig. 2A).

Consistent with observations that mechanical- and blast-related TBI may share important
pathophysiological features [7-9], our ELISA studies also demonstrated that blast-induced
mild TBI cases in a Veteran population are also characterized by significantly higher plasma
concentrations of MCP-1 (p = 0.041) (Fig. 2B).

Association of plasma MCP-1 contents with TBI clinical symptoms
Based on the availability of self-reported clinical information for the civilian study cohort,
we continued to explore potential associations between plasma MCP-1 contents and
measures of TBI symptoms. We found that elevated plasma MCP-1 contents correlated
significantly with severity of head injury (p = 0.029) (Fig. 3A). In contrast, we found no
correlation between plasma MCP-1 contents and self-reported clinical symptoms as
measured by the BISQ, including a subset of 25 cognitive symptoms that are sensitive and
specific to TBI [38] (p = 0.757) (Fig. 3B) or mood (p = 0.871) (Fig. 3C).

Association of plasma MCP-1 contents with index of compromised axonal fiber integrity
Evidence suggests that increased brain contents of MCP-1 might promote degradation of the
basic myelin protein, which is a major constituent of the axonal myelin sheath in the nervous
system [47, 48]. Thus, we explored whether elevated plasma MCP-1 contents following TBI
might reflect changes in axonal integrity of the brain.
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DTI is an ideal technique to study white matter integrity using the FA index, a measure of
axonal integrity and coherence. Based on the availability of DTI information for female TBI
and control cases from the civilian study cohort (Table 1), we examined the correlation
between plasma MCP-1 contents and FA measurements in the brain. Among the subset of
female civilian cases examined, we found a non-significant trend (p = 0.087) associating
increased plasma MCP-1 concentration with reduced whole brain FA values (Fig. 4A).

Further analyses evaluated axonal integrity in individual brain regions. We found a
significant inverse correlation (p = 0.021) between plasma MCP-1 concentration and frontal
cortex FA values (p = 0.041) (Fig. 4B): higher concentrations of plasma MCP-1 are
associated with decreased FA, indicating white matter damage in the frontal cortex. The
inverse relationship between plasma MCP-1 and FA is primarily localized in frontal white
matter and the genu of the corpus callosum (Fig. 4E, F). Outside of the frontal cortex, we
observed no significant correlation between plasma MCP-1 concentrations and FA values in
the occipital cortex (p = 0.128) (Fig. 4C) or parietal cortex (p = 0.294) (4D).

Elevated MCP-1 gene expression in the frontal cortex of cases characterized by MCI
TBI may be a risk factor for AD, and elevated levels of MCP-1 have been observed in brains
of AD patients [49, 50] and AD transgenic mice [12, 51]. Based on this and the role of
MCP-1 in promoting inflammatory responses and myelin degradation, it is possible that
overexpression of MCP-1 in the brain may contribute to the initiation and/or progression of
AD. We explored the regulation of MCP-1 in the brain of MCI cases who, similar to TBI
cases, may be at higher risk for AD dementia. We found significantly higher contents of
MCP-1 mRNA in postmortem frontal cortex (BM9) specimens of MCI compared to control
cases (Fig. 5A). In control cases, we found no correlation between MCP-1 mRNA content in
frontal cortex tissues and postmortem interval (Fig. 5B), age at death (Fig. 5C) or neuritic
plaque density (Fig. 5D).

DISCUSSION
Evidence suggests that appropriate rehabilitative interventions can reduce functional
impairment after TBI [52-54]. In order to demonstrate the efficacy of clinical interventions,
research must identify the biological, clinical, and neurological indices that are sensitive to
the detection of functional impairments after TBI [55]. We explored the feasibility of
identifying plasma protein species that might be useful as clinically accessible surrogate
biological indices of TBI. Our antibody array studies identified three candidate TBI protein
biomarkers: MCP-1, present at higher levels, as well as IGFBP-3 and EGFR, present at
lower levels, in plasma of chronic TBI cases. Moreover, we demonstrated that a three-
biomarker panel using all three biomarkers provides a potential criterion for segregating TBI
and control cases with 85% accuracy, 91% sensitivity, and 78% specificity. Our evidence
tentatively implicates the value of this three-biomarker panel as a biological surrogate for
improved TBI detection and more sensitive outcome measures for clinical trials.

Consistent with previous research, our findings suggest that MCP-1 plays a role in post-TBI
clinical impairments. Elevated expression of MCP-1 in the brain has been observed
following TBI [47, 48] and in response to neurodegenerative disorders [56-63]. Moreover,
MCP-1 is known to promote inflammatory responses and processes leading to degradation
of the axonal myelin sheath [64-67]. Using an independent ELISA assay, we confirmed
elevated plasma MCP-1 concentrations in TBI cases from both civilian and veteran cohorts.

TBI cases in both the civilian and veteran study cohort were characterized by a long interval
between injury and participation in the study (mean ± SD interval of 13.2 ± 12.7 years and
3.9 ± 1.4 years for the civilian and the veteran cohorts, respectively) (Tables 1 and 2). Thus,
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upregulation of plasma MCP-1 contents among TBI cases is not an acute post-injury
response, but more likely reflects a long-term consequence of TBI.

Our observation that plasma MCP-1 contents correlated with the severity of head injury but
not measures of TBI symptoms suggests that plasma MCP-1 is a marker of injury per se
rather than a marker of a specific injury-related impairments. Recent reports from our group
[68] and from others [69-71] have demonstrated reduced FA, implicating impaired axonal
pathways in the brains of TBI patients. In our present study, we found a significant
correlation between elevated plasma MCP-1 contents and increasing white matter damage in
the frontal cortex, as assessed by DTI FA. Our evidence suggests that elevated plasma
MCP-1 concentration following TBI may provide a “window into the brain” that is
associated with changes in axonal integrity in the brain, particularly in the frontal cortex.

Both TBI and MCI subjects may be at elevated risk for AD dementia. We found
significantly elevated MCP-1 expression in the postmortem frontal cortex of MCI cases,
suggesting that induction of MCP-1 following TBI might be a potential “predisposition”
factor that imposes higher risk for AD or accelerated aging. As we schematically illustrated
in Fig. 6, we propose that TBI resulting from either mechanical injuries or blast injuries
results in a cascade of biological responses that lead to aberrant biochemical, structural, and/
or functional changes in the brain that remain many years post-injury. While mechanisms
underlying these pathological modifications are not well defined, it is possible that these
changes in the brain may contribute to a chronic clinical course of TBI and/or increased risk
for neurodegenerative disorders. Our data presented here suggest that chronic elevation of
MCP-1 following TBI may contribute to demyelination processes that, over time, may
reduce resilience of the brain to subsequent neurodegenerative insults leading to AD or other
neurodegenerative disorders.
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Fig. 1.
Candidate plasma biomarker contents provide a sensitive and specific criterion for
distinguishing TBI from control cases. Relative expression of 120 known signaling proteins
in plasma specimens from a subset of 12 TBI and 8 control cases from the civilian study
cohort (Table 1) were assessed by antibody array platforms (RayBio Cytokine Antibody
Array 2000; Raybiotech Inc.). The student t-test was used to test the significance of the
protein expression differences between TBI and control cases. (A–C) Outcomes of the
antibody array study led to the identification of three candidate TBI biomarkers: MCP-1,
IGFBP-3, and EGFR. Bar graphs represent mean ± SD of plasma biomarker contents for
MCP-1 (A), IGFBP-3 (B), and EGFR (C) among TBI and control cases. *2-tailed student t-
test, p < 0.05, TBI compared to the control group. (D, E) Relative plasma biomarker
contents assessed by antibody arrays were tested by unsupervised clustering analysis using
the UPGMA algorithm with cosine correlation as the similarity metric. (D) Summary table
of analysis results using individual MCP-1, IGFBP-3, and EGFR or using a combination of
all three-protein species (the “three-protein” model). Accuracy represents the percentage of
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all 20 TBI and normal healthy controls in the antibody array profile analysis study that were
correctly diagnosed by the test, calculated as the number of correctly identified TBI and
normal healthy controls divided by the total number of patients in this study. Sensitivity
(true positive [TP]/[TP + false negative (FN)]) is the probability that a patient who was
predicted to have TBI actually has it, whereas the specificity (true negative [TN]/[false
positive (FP) + TN]) measures the probability that a patient predicted not to have TBI will,
in fact, not have it. (E) A heat map graphically depicting the efficacy of using a three
biomarker panel to distinguish TBI and control cases by unsupervised clustering analysis.
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Fig. 2.
Validation of plasma MCP-1 content as a clinically accessible TBI biomarker in two
demographically distinct TBI study cohorts. An independent, quantitative ELISA assay was
used to assess plasma MCP-1 contents in TBI and control cases from a civilian and a
military veteran study cohort. (A) Plasma MCP-1 contents in TBI (n = 14) and control (n =
10) cases from the civilian study cohort (Table 1). (B) Plasma MCP-1 contents among
veteran TBI (n = 20) and control (n = 20) cases (Table 2). Scatter graphs represent values for
individual cases and group mean values ± SEM of plasma biomarker contents, expressed as
% of controls. *p < 0.05 by student t-test, TBI compared to the control group.
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Fig. 3.
Correlations of plasma MCP-1 content with self-reported indices of TBI complications.
Correlation analyses were conducted using self-reported indices of TBI (assessed by BISQ
[37, 38]) that were available for the civilian study cohort of 14 TBI and 10 control cases
(Table 1). Correlations of plasma MCP-1 contents (pg/ml) with (A) TBI severity (p =
0.029), (B) a summation of 25 cognitive symptoms that are sensitive and specific to TBI
[38] (p = 0.757), and (C) self-assessments of mood (p = 0.871).
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Fig. 4.
Plasma MCP-1 contents are inversely correlated with brain FA measures. Correlational
analyses were conducted using DTI information that was available for female (7 TBI and 5
control) cases from the civilian study cohort (Table 1). FA, a measure of white matter
integrity [72], was calculated using the FSL comprehensive library of analysis tools for
brain imaging data (http://www.fmrib.ox.ac.uk/fsl). Correlation of plasma MCP-1 contents
(pg/ml) with whole brain FA (A), frontal cortex FA (B), occipital cortex FA (C), and
parietal cortex FA (D). Representative sagittal (E) and transverse (F) sections of the brain
illustrating significant correlations of FA with plasma MCP-1 contents (indicated by red-
yellow) in frontal white matter and the genu of the corpus callosum.
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Fig. 5.
Elevated MCP-1 mRNA in frontal cortex (BM9) brain specimens of cases characterized by
mild cognitive impairment. (A) Contents of MCP-1 mRNA were assessed by qPCR and
normalized to brain contents of human TATA-binding protein mRNA, used as an internal
control. Bar graphs represent mean (± SEM) normalized MCP-1 mRNA contents in BM9 of
CDR 0 cases (n = 6), expressed as % of MCP-1 mRNA contents in control cases (n =
6). *Student t-test, p < 0.05. B–D) Correlation analysis of BM9 MCP-1 mRNA contents with
(B) postmortem interval, (C) age of death, and (D) neuritic plaque density (per mm2). There
was no significant correlation between brain MCP-1 mRNA contents and postmortem
interval (p = 0.534), age of death (p = 0.201), or neuritic plaque density (p = 0.105).
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Fig. 6.
Proposed mechanisms by which TBI may increase risk for Alzheimer’s disease and other
neurological disorders. Schematic represents an overview of a proposed model by which
TBI exposure may mechanistically increase subsequent risk for Alzheimer’s disease and
other neurological disorders. Accordingly, TBI resulting from either mechanical injuries or
blast injuries, which are predominant, respectively, in the civilian or the Veteran population,
induces biological responses that lead to aberrant biochemical, structural and/or functional
changes in the brain. For example, long-term induction of MCP-1 following TBI may
contribute to demyelination processes that, ultimately, may reduce resilience of the brain to
subsequent neurodegenerative insults.
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Table 1

Characteristics of the civilian TBI study cohort. All TBI participants sustained a blow to the head followed by
loss of consciousness or a period of being dazed and confused. Age-, gender-, and educationmatched healthy
civilians served as controls. Time post injury is the time frame between the occurrence of brain injury and
volunteer’s participation in this biomarker study. TBI group was characterized by a mean post injury interval
of 13.2±12.6 years. There were no significant differences between TBI and control group in terms of age (p =
0.894), years of education (p = 0.831), or gender distribution (p = 1.0). Ethnicity compositions of TBI and
control groups were comparable

Control TBI

Number of cases 10* 14*

Gender 50% F 50% F

TBI severity

 Mean±SD 1±0 4.7±1.9

 Range 1 2 – 7

 Age (mean yrs±SD) at
 study participation

40.1±11.5 40.8±12.8

Post injury interval (mean
 yrs±SD)

– 13.2±12.6

Education (mean yrs±SD) 15.6±1.6 15.9±3.4

Ethnicity composition

 White-Caucasian 60% 64%

 Black-African American 10% 22%

 Hispanic 20% 14%

 Asian 10% –

Abbreviations: TBI, traumatic brain injury; yrs, years; F, female.

*
The first 8 control and 12 TBI cases recruited were used in initial antibody array studies. Follow-up ELISA assessments of MCP-1 contents were

conducted using all 10 Control and 14 TBI cases.
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Table 2

Characteristics of the veteran TBI study cohort. TBI cases were comprised of male veterans with documented
hazardous duty experience in Iraq and/or Afghanistan during Operation Iraqi Freedom/Operation Enduring
Freedom, and all had reported experiencing at least one blast exposure in thewar zone that resulted in mild
TBI, as defined by American Congress of Rehabilitation Medicine criteria [39]. Age- and gender-matched
healthy, cognitively normal male control cases were comprised of Iraq-deployedVeterans (n=9) and
community volunteers from the UWADRC (n = 11). The TBI group was characterized by a mean post injury
interval of 3.9±1.4 years. There were no significant differences between TBI and control group in terms of age
(p = 0.959). As a group, the control subjects spent more time in education (p = 0.003). Ethnicity compositions
of TBI and control groups were comparable

Control TBI

Number of cases 20 20

gender 100% M 100% M

Age (mean yrs±SD) at study
 participation

29.7±6.3 29.8±5.9

Post injury interval (mean
 yrs±SD)

– 3.9±1.4

Education (mean yrs±SD) 16.4±3.3 13.8±1.5

Ethnicity composition

 White 80% 70%

 Black 5% 5%

 White-Hispanic 5% 10%

 Native Hawaiian/Pacific
 Islander

– 5%

 Other or NA 10% 10%

Abbreviations: TBI, traumatic brain injury; M, male.
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