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Associations of Microvascular Injury-Related Biomarkers
With Traumatic Brain Injury Severity and Outcomes:

A Transforming Research and Clinical Knowledge

in Traumatic Brain Injury (TRACK-TBI) Pilot Study

Andrea L.C. Schneider,** J. Russell Huie? Sonia Jain;* Xiaoying Sun;* Adam R. Ferguson,’ Cillian Lynch)/
John K. Yue;? Geoffrey T. Manley;? Kevin KW. Wang,” Danielle K. Sandsmark, Christopher Campbell?
Ramon Diaz-Arrastia, and the TRACK-TBI Study Investigators™"

Abstract

Traumatic brain injury (TBI) is characterized by heterogeneity in terms of injury severity, mechanism, out-
come, and pathophysiology. A single biomarker alone is unlikely to capture the heterogeneity of even
one injury subtype, necessitating the use of panels of biomarkers. Herein, we focus on traumatic cerebro-
vascular injury and investigate associations of a panel of 16 vascular injury-related biomarkers with indices
of TBI severity and outcomes using data from 159 participants in the Transforming Research and Clinical
Knowledge in TBI (TRACK-TBI) Pilot Study. Associations of individual biomarkers and clusters of biomarkers
identified using non-linear principal components analysis with TBI severity and outcomes were assessed
using logistic regression models and Spearman’s correlations. As individual biomarkers, higher levels of
thrombomodulin, angiopoietin (Ang)-2, von Willebrand factor, and P-selectin were associated with more
severe injury; higher levels of Ang-1, Tie2, vascular endothelial growth factor (VEGF)-C, and basic fibroblast
growth factor (bFGF) were associated with less severe injury (all p <0.05 in age-adjusted models). After false
discovery rate correction for multiple comparisons, higher levels of Ang-2 remained associated with more
severe injury and higher levels of Ang-1, Tie2, and bFGF remained associated with less severe injury at a
p<0.05 level. In principal components analysis, principal component (PC)1, comprised of Ang1, bFGF,
P-selectin, VEGF-C, VEGF-A, and Tie2, was associated with less severe injury (age-adjusted odds ratio
[ORI: 0.63, 95% confidence interval [Cl]: 0.44-0.88 for head computer tomography [CT] positive vs. negative)
and PC2 (Ang-2, E-selectin, Flt-1, placental growth factor, thrombomodulin, and vascular cell adhesion pro-
tein 1) was associated with greater injury severity (age-adjusted OR: 2.29, 95% Cl: 1.49-3.69 for Glasgow Coma
Scale [GCS] 3-12 vs. 13-15 and age-adjusted OR 1.59, 95% Cl: 1.11-2.32 for head CT positive vs. negative).
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Neither individual biomarkers nor PCs were associated with outcomes in adjusted models (all p> 0.05). In
conclusion, in this trauma-center based population of acute TBI patients, biomarkers of microvascular injury

were associated with TBI severity.

Keywords: biomarkers; injury severity; microvascular injury; outcome; traumatic brain injury

Introduction

Traumatic brain injury (TBI) is a heterogenous disease
that is associated with significant morbidity and mortali-
ty.! Although existing classification systems, which in-
corporate information about loss of consciousness,
alteration of consciousness, post-traumatic amnesia, neu-
roimaging, and Glasgow Coma Scale (GCS), distinguish
broadly among injury severity categories,” there is
growing appreciation that markers of specific injury sub-
types (or endophenotypes) are needed to further charac-
terize the pathogenesis of TBI and inform the pursuit of
mechanism-based therapies. Indeed, TBI is defined by
neuronal injury, glial injury, axonal injury/shearing, vas-
cular and microvascular injury, cerebral edema, and
inflammation.*® The heterogeneity in the type and sever-
ity of the underlying neuropathology presents a formida-
ble challenge to clinical management.

Traumatic cerebral microvascular injury is one com-
mon endophenotype in TBI®’ that is associated with
long-term impaired microvascular and blood-brain bar-
rier function.®® Several biomarkers have previously
been studied for diagnostic and prognostic purposes in
relation to traumatic cerebral microvascular injury and
microvascular repair in humans and in animal models,
including von Willebrand factor (VWF),? cellular cibro-
nectin (c-Fibronectin),” thrombomodulin, ' endothelium-
specific receptor tyrosine kinase receptor (Tie2),!' and
angiopoietin 1 (Angl)'? and angiopoietin 2 (Ang2).'?
However, these preliminary studies had small sample
sizes, and there is a need to investigate how
microvascular-related biomarkers may be related to
TBI severity and to TBI outcomes. Further, it is important
to evaluate associations of these biomarkers with TBI se-
verity and outcomes not just in isolation (as one bio-
marker may not fully capture the heterogeneity of
TBI),"? but also in combination using analytic dimen-
sional reduction approaches to help inform which clusters
of biomarkers may be most relevant in the setting of com-
plex brain injuries.

The Transforming Research and Clinical Knowledge
in TBI (TRACK-TBI) Pilot Study is a comprehensively
phenotyped cohort of acute TBI patients followed for 6
months, containing data from a panel of 16 biomarkers
related to microvascular injury. In the present analyses,
we investigated associations of a priori hypothesized
and more novel, exploratory biomarkers of microvascular
injury with measures of TBI severity and with outcomes
over 6 months of follow-up.

Methods

Study design and study population

The multi-center, prospective observational TRACK-
TBI Pilot Study recruited a total of 650 participants via
convenience sampling at three level 1 trauma centers
(San Francisco General Hospital, University of Pitts-
burgh Medical Center, and University Medical Center
Brackenridge in Austin, Texas) and one rehabilitation
center (Mount Sinai Rehabilitation Center in New York
City) between April 2010 and January 2011.'* Partici-
pants were followed for 6 months. For the three level 1
trauma centers, eligible participants included all trau-
matic brain injury patients presenting to the emergency
department who underwent a clinically indicated head
computed tomography (CT) scan within 24 h of injury.
Study exclusion criteria consisted of pregnancy, being
in law enforcement custody, being on psychiatric hold,
non-English speaking, and having contraindications to
magnetic resonance imaging (MRI).'"* The TRACK-
TBI Pilot Study was approved by the Institutional Review
Boards of all participating institutions and written in-
formed consent was obtained at each study visit from par-
ticipants or proxies. Of the 650 TRACK-TBI Pilot Study
participants, 13 were age <16 years and 51 were recruited
from the rehabilitation center site. Of the 586 participants
age 16+ years with acute TBI, a subset of 159 participants
with data on blood-based biomarkers of microvascular
injury were included in the present analysis (Fig. 1).

Blood sample collection

and biomarker measurement

Blood samples were collected within 24 h of injury in ac-
cordance with the TBI Common Data Elements Biospeci-
mens and Biomarkers Working Group Guidelines.'”
Among the subset of 33 participants with data on hours
from injury to blood collection, the median (25th-75th
percentile) time was 8.3 (3.8-14.5) h. Blood samples
were centrifuged, aliquoted, and frozen at -80°C within
1 h of collection. In 2021, available stored frozen samples
were provided to MesoScale Diagnostics, LLC. (Rock-
ville, Maryland) for measurement of plasma levels of
16 biomarkers related to microvascular injury/function
(biomarkers a priori hypothesized to be related to TBI se-
verity and outcomes based on literature review: vWF,
thrombomodulin, Ang-1, Ang-2, c-Fibronectin, Tie-2
and exploratory biomarkers: vascular endothelial growth
factor receptor 1 [Flt-1], placental growth factor [PIGF],
vascular endothelial growth factor A [VEGF-A], VEGF-C,
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( )
TRACK-TBI Pilot Study
N=586
Subset with Microvascular Injury
Biomarkers Measured
N=159*
Baseline TBI Severity Indices GOSE Secondary 6-Month Outcomes
GCS: n=156 3-month: n=127 RPQ, SWLS, BSI-18-GSI: n=100
Head CT: n=159 6-month: n=119 CVLT, TMT-A/B, WAIS-PSI: n=79
Brain MRI: n=123
*c-Fibronectin available in n=135
FIG. 1. Study design. BSI-18-GSl, 18-ltem Brief Symptom Inventory Global Severity Index; CT, computed
tomography; CVLT, California Verbal Learning Test; GCS, Glasgow Coma Scale; GOSE, Glasgow Outcome
Scale-Extended; RPQ, Rivermead Post-Concussion Symptoms Questionnaire; SWLS, Satisfaction with Life
Scale; TBI, traumatic brain injury; TMT-A/B, Trail Making Test Parts A and B; WAIS-PSI, Processing Speed
Index from the Wechsler Adult Intelligence Scale, 4th Edition.
. J

VEGEF-D, E-selectin, platelet-derived growth factor
receptor 3 [PDGFR-8], P-selectin, vascular cell adhesion
protein 1 [VCAM-1], and basic fibroblast growth factor
[bFGF]).

Biomarkers were measured using an electrochemilu-
minescence (ECL) immunoassay and plasma levels
were quantified using ECL detection in an array-based
multiplex format."'® The 15 biomarkers of vVWF, thrombo-
modulin, Ang-1, Ang-2, Tie-2, Flt-1, PIGF, VEGF-A,
VEGEF-C, VEGF-D, E-selectin, PDGFR-, P-selectin,
VCAM-1, and bFGF were measured together while
c-Fibronectin was measured in a separate sub-cohort
(n=160) of TRACK-TBI participants as part of the Mes-
oScale Diagnostics, LLC. (Rockville, MD) V-Plex Panel
(135 participants with available c-fibronectin were also
included in the present sub-cohort of 159 participants).
A capture antibody for each biomarker was printed on
an electrode array spot within the wells of 96-well
MULTI-ARRAY® plates. Detection antibody was conju-
gated with electrochemiluminescent SULFO-TAG™. To
reduce background and reduce heterophilic antibody in-
terference, diluents contained various blockers including
purified mouse immunoglobulin. Plates were read on a
SECTOR® Imager 6000 reader. Calibrator dilutions
were assayed in duplicate, and samples were measured
in singlicate in order to maximize the number of assays
run with limited sample volume.'” Each plate also con-
tained a control sample made from a plasma pool and
eight dilutions of a recombinant calibrator for each bio-
marker. The calibrator data was fitted with a four-
parameter logistic curve fit and used to quantitate control

and sample biomarker concentrations. The calibration
curve also was used to estimate the upper limit of each
immunoassay’s linear range.

TBI severity indices and outcome measures

TBI severity was assessed by the initial Glasgow Coma
Scale? (GCS; classified as mild [score 13-15] vs. moderate/
severe injury [score 3-12]) and the initial head CT (clas-
sified as positive vs. negative for acute intracranial in-
jury defined according to the TBI Common Data
Elements [CDE] Neuroimaging Working Group expert
consensus recommendations).'®'? In secondary analy-
ses, we also considered the CT findings of the presence
versus absence of contusions, subdural hemorrhages
(SDHs), subarachnoid hemorrhages (SAHs), intraventric-
ular hemorrhages (IVHs), and diffuse axonal injury, as
well as MRI findings in a subsample of 123 participants
(presence vs. absence of any injury-related findings and
the presence vs. absence of microhemorrhages; all de-
fined according to the TBI CDE Neuroimaging Working
Group expert consensus recommendations).'®'*

Global functional outcome was assessed at 3 and 6
months by the Glasgow Outcome Scale, Extended-TBI
Version (GOSE-TBI), which is a self- or proxy-reported
global measurement of functional impairment due only to
the TBI (i.e., not due to co-occurring polytrauma).”® The
GOSE-TBI was categorized as 1-4 (dead; vegetative
state; lower/upper severe disability) versus 5-8 (lower/
upper moderate disability; lower/upper good recovery).
Secondary symptom-related and cognitive outcomes
were assessed at 6 months, including the Rivermead
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Post-Concussion Symptoms Questionnaire®! (RPQ; mea-
sure of self-reported post-TBI symptoms, higher scores
indicate more severe symptoms), the Satisfaction with
Life Scale* (SWLS; measure of general life satisfaction,
higher scores indicate greater life satisfaction), the 18-
Item Brief Symptom Inventory Global Severity Index*’
(BSI-18-GSI; measure of psychological distress, higher
scores indicate more severe psychological symptoms),
the California Verbal Learning Test>* (CVLT; test of ver-
bal learning and memory, sum of trials 1-5, higher scores
indicate better performance), the Trail Making Test Parts
A and B®® (TMT-A and TMT-B; test of executive func-
tion and processing speed, time to completion, higher
scores indicate worse performance), and the Processing
Speed Index from the Wechsler Adult Intelligence
Scale, 4th Edition”® (WAIS-PSI; test of processing
speed, higher scores indicate better performance).

Statistical analysis

Baseline characteristics of TRACK-TBI Pilot Study par-
ticipants with (n=159) and without (n=427) available
biomarker data are shown using means and standard de-
viations (SDs) for continuous variables, and numbers and
proportions for categorical variables. Characteristics
were compared between groups using Wilcoxon Rank
Sum tests for continuous variables and Fisher’s exact
tests for categorical variables. Baseline characteristics
were also compared between included participants with
and without 3- and 6-month GOSE-TBI outcomes.

Spearman’s correlations were calculated between each
microvascular injury biomarker pair. Unadjusted and ad-
justed logistic regression models were used to estimate
odds ratios (ORs) and 95% confidence intervals (95%
Cls) for associations of each biomarker with measures
of injury severity (age-adjusted) and GOSE (age- and
GCS-adjusted) outcomes. We additionally used false dis-
covery rate (FDR) correction to control for multiple com-
parisons. Spearman’s correlations were used to assess the
associations of each individual biomarker with the sec-
ondary outcomes of RPQ, SWLS, BSI-18-GSI, CVLT,
TMT-A, TMT-B, and WAIS-PSI scores. Due to the
skewness of the biomarker distributions, log-transformed
values were used for all the modeling.

In addition to examining associations of injury severity
and outcomes with each biomarker separately, we per-
formed a non-linear principal components analysis on
15 biomarkers (excluding c-Fibronectin as it was not
measured in all included participants) for dimension re-
duction. A scree plot was generated to determine the per-
cent of variance accounted for by each principal
component (PC). A 1000 times permutation test was
used to test whether the variance accounted for was
greater than chance, and results were used to identify
components for subsequent analyses. Individual scores
for each participant on the PCs were calculated based

on the weight of the loadings for all biomarkers. Logistic
regression and Spearman’s correlations were used to es-
timate the associations of the first and second principal
component (PC1 and PC2) scores with injury severity
and GOSE-TBI and secondary outcomes. The PC

Table 1. Baseline Characteristics Comparing Participants
With and without Microvascular Injury-Related Biomarker
Data, TRACK-TBI Pilot Study

Biomarker  Biomarker
data data not
available*  available p
(h=159) (n=427) Value
Age (years), mean (SD) 44.3 (18.0) 43.0(18.7)  0.338
Female, n (%) 56 (35.2) 111 (26.0) 0.031
Race, n (%) 0.895
White 130 (81.8) 341 (79.9)
Black 12 (7.6) 38 (8.9)
Other 17 (10.7) 48 (11.2)
Hispanic ethnicity, n (%) 25 (16.0) 59 (14.0) 0.510
Study site, n (%) <0.001
University of California 104 (65.4) 222 (52.0)
San Francisco
University of Pittsburg 39 (30.8) 131 (30.7)
Medical Center
University Medical Center 6 (3.8) 74 (17.3)
Brackenridge
Education, n (%) 0.653
<High school 18 (11.9) 50 (12.4)
High school, GED, or equivalent 92 (60.9) 228 (56.4)
Some college or above 41 (27.2) 126 (31.2)
Pre-injury employment, n (%) 0.332
Full-time 59 (38.8) 160 (40.0)
Part-time 19 (12.5) 73 (18.3)
Unemployed 38 (25.0) 82 (20.5)
Retired/disabled/student 36 (23.7) 85 (21.3)
Current smoking, n (%) 59 (37.1) 132(30.9) 0.166
Current alcohol consumption, n (%) 91 (5§7.2) 249 (58.3) 0.851
Current illicit drug use, n (%) 51 (32.1) 111 (26.0) 0.147
Hypertension, n (%) 43 (27.0) 105 (24.6)  0.593
Diabetes, n (%) 16 (10.1) 36 (8.4) 0.518
Depression, n (%) 42 (26.4) 87 (20.4)  0.118
Prior TBIL, n (%) 71 (47.3) 190 (47.1)  0.544
TBI Severity, n (%) 0.174
Mild (GCS 13-15) 123 (78.9) 357 (84.0)
Moderate/Severe (GCS 3-12) 33 (21.2) 68 (16.0)
Injury cause, n (%) 0.705
Motor vehicle crash (occupant) 38 (24.1) 99 (23.3)
Motor vehicle crash (bicyclist/ 31 (19.6) 68 (16.0)
pedestrian)
Motorcycle crash 6 (3.8) 24 (5.7)
Fall 57 (36.1) 145 (34.1)
Assault 22 (13.9) 72 16.9)
Other 4(2.5) 17 (4.0)
Loss of consciousness, n (%) 101 (64.3) 302 (71.6) 0.237
Post-traumatic amnesia, n (%) 85 (54.1) 249 (59.0) 0.540
Head CT positive for acute 79 (49.7) 211 (49.4) >0.99
intracranial injury, n (%)
Injury severity score, mean (SD) 123 (11.2) 11.6 (11.5) 0.357

The following variables contained missing data among the 159 partici-
pants with biomarker data included in the present analyses: Hispanic eth-
nicity (n=3), education (n=8), employment (n=7), APOE &4 genotype
(n=18), TBI severity (n=3), injury cause (n=1), loss of consciousness
(n=2), post-traumatic amnesia (n=2).

TRACK-TBI, Transforming Research and Clinical Knowledge in Trau-
matic Brain Injury; SD, standard deviation; GED, general educational de-
velopment; TBI, traumatic brain injury; GCS, Glasgow Coma Scale; CT,
computed tomography; APOE, apolipoprotein.
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analysis was conducted using the syndRomics package27
in statistical software R (version 4.1.2).%% All other analy-
ses were performed using statistical software R (version
3.6.1)*® and a two-sided p value <0.05 was considered
statistically significant.

Results

The included 159 participants had a mean age of 44 years
(SD 18 years), 35% were women, and 18% were of non-
white race. Seventy-nine percent of included participants
were classified with TBI of mild severity (GCS 13-15),
64% had associated loss of consciousness, 54% had asso-

ciated post-traumatic amnesia, and 50% had acute TBI-
related intracranial abnormalities on CT scan. Compared
with TRACK-TBI Pilot Study participants without avail-
able biomarker data, participants included in the present
analysis were more likely to be women (35% vs. 26%,
p=0.031), but were similar in terms of other demograph-
ics and injury characteristics (Table 1). Compared with in-
dividuals with missing GOSE-TBI data (primary outcome)
at 3 and 6 months, participants with non-missing GOSE-
TBI were more likely to have high school or greater
education (p<0.05) but were similar in terms of other
demographics and injury characteristics (Table 2).

Table 2. Baseline Characteristics Comparing Participants With and Without 3- and 6-Month GOSE Outcomes

3-Month GOSE 3-Month GOSE 6-Month GOSE ~ 6-Month GOSE Not

Available (n=127) Not Available (n=32) p Value Available (n=119) Available (n=40) p Value

Age (years), mean (SD) 45.8 (18.2) 38.6 (15.7) 0.046 45.8 (19.0) 40.0 (13.8) 0.119

Female, n (%) 47 (37.0) 9 (28.1) 0.411 45 (37.8) 11 (27.5) 0.258

Race, n (%) 0.795 0.737
White 105 (82.7) 25 (78.1) 98 (82.4) 32 (80.0)

Black 9 (7.1) 3094 8 (6.7) 4 (10.0)
Other 13 (10.2) 4 (12.5) 13 (10.9) 4 (10.0)

Hispanic ethnicity, n (%) 19 (15.3) 6 (18.8) 0.599 18 (15.5) 7 (17.5) 0.804

Study Site, n (%) 0.526 0.232
University of California San Francisco 85 (66.9) 19 (59.4) 77 (64.7) 27 (67.5)

University of Pittsburg Medical Center 38 (29.9) 11 (34.4) 39 (32.8) 10 (25.0)
University Medical Center Brackenridge 4 (3.2) 2 (6.3) 3(2.5) 3(7.5)

Education, n (%) 0.006 0.037
< High school 9 (74) 9 (31.0) 9 (8.0) 9 (23.7)

High school, GED, or equivalent 77 (63.1) 15 (51.7) 70 (62.0) 22 (57.9)
Some college or above 36 (29.5) 5(17.24) 34 (30.1) 7 (18.4)

Pre-injury employment, n (%) 0.075 0.743
Full-time 51 (41.5) 8 (27.6) 46 (40.4) 13 (34.2)

Part-time 18 (14.6) 1(3.5) 15 (13.2) 4 (10.5)
Unemployed 27 (22.0) 11 (37.9) 26 (22.8) 12 (31.6)
Retired/disabled/student 27 (22.0) 9 (31.0) 27 (23.7) 9 (23.7)

Current smoking, n (%) 44 (34.7) 15 (46.9) 0.223 40 (33.6) 19 (47.5) 0.132

Current alcohol consumption, n (%) 72 (56.7) 19 (59.4) 0.843 67 (56.3) 24 (60.0) 0.716

Current illicit drug use, n (%) 37 (29.1) 14 (43.8) 0.139 40 (33.6) 11 (27.5) 0.559

Hypertension, n (%) 34 (26.8) 9 (28.1) >0.999 33 (27.7) 10 (25.0) 0.838

Diabetes, n (%) 13 (10.2) 3094 >0.999 12 (10.1) 4 (10.0) >0.999

Depression, n (%) 34 (26.8) 8 (25.0) >0.999 33 (27.7) 9 (22.5) 0.679

Prior TBI, n (%) 57 (46.3) 14 (51.9) 0.667 54 (46.6) 17 (50.0) 0.599

APOE &4 genotype, n (%) 0.653 0.273
0 APOE &4 alleles 83 (72.8) 18 (66.7) 80 (74.1) 21 (63.6)

1 or 2 APOE &4 alleles 31 (27.2) 9 (33.3) 28 (25.9) 12 (36.4)

TBI Severity, n (%) 0.541 0.177
Mild (GCS 13-15) 99 (79.2) 24 (77.4) 89 (76.1) 34 (87.2)
Moderate/severe (GCS 3-12) 26 (20.8) 7 (22.6) 28 (23.9) 5 (12.8)

Injury cause, n (%) 0.045 0.313
Car accident (occupant) 31 (24.4) 7 (22.6) 28 (23.5) 10 (25.6)

Car accident (bicyclist/pedestrian) 27 (21.3) 4 (12.9) 23 (19.3) 8 (20.5)
Motorcycle accident 6 (4.7) 0 (0.0) 6 (5.0) 0 (0.0)
Fall 48 (37.8) 9 (29.0) 46 (38.7) 11 (28.2)
Assault 12 (9.5) 10 (32.3) 13 (10.9) 9 (23.1)
Other 324 1(3.2) 3(2.5) 1(2.6)

Loss of consciousness, n (%) 83 (66.4) 18 (56.3) 0.280 77 (65.8) 24 (60.0) 0.788

Post-traumatic amnesia, n (%) 68 (54.4) 17 (53.1) 0.541 60 (51.3) 25 (62.5) 0.307

Head CT positive for acute 65 (51.2) 14 (43.8) 0.554 62 (52.1) 17 (42.5) 0.361
intracranial injury, n (%)

Injury severity score, mean (SD) 13.0 (11.5) 9.6 (9.7) 0.118 13.2 (11.5) 9.7 (9.9) 0.082

The following variables contained missing data: Hispanic ethnicity (n=3), education (n=28), employment (n=7), APOE &4 genotype (n=18), TBI se-
verity (n=3), injury cause (n=1), loss of consciousness (n=2), post-traumatic amnesia (n=2).

GOSE, Glasgow Outcome Scale-Extended; SD, standard deviation; GED, general educational development; TBI, traumatic brain injury; APOE, apo-
lipoprotein; GCS, Glasgow Coma Scale; CT, computed tomography.
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Median (25th-75th percentile) biomarker concentra-
tions are shown overall and stratified by injury severity
(GCS 13-15 vs. 3-12) in Supplementary Table S1. Spear-
man’s correlations between microvascular injury bio-
markers are shown in Figure 2. The strongest positive
Spearman’s correlations were seen between VEGF-C
and Ang-1 (p=0.90, p<0.001), VEGF-C and VEGF-A
(p=0.57, p<0.001), VEGF-A and PIGF (p=0.56,
p<0.001), bFGF and Ang-1 (p=0.56, p<0.001), and
VEGF-A and Ang-1 (p=0.55, p<0.001). The strongest
negative  Spearman’s  correlation was  between
c-Fibronectin and vWF (p=-0.48, p<0.001).

Table 3 shows unadjusted and age-adjusted associa-
tions of biomarkers with TBI severity. Of the six a priori
hypothesized biomarkers, higher levels of vWF were sig-
nificantly associated with head CT positivity (age-
adjusted odds ratio [OR]: 1.62, 95% confidence interval
[CI]: 1.04-2.54 per 1 log unit increase); and higher levels

of thrombomodulin and Ang-2 were significantly associ-
ated with greater injury severity GCS 3-12 versus 13-15
(age-adjusted OR: 4.14, 95% CI: 1.12-15.63 per 1 log
unit increase and age-adjusted OR=3.37, 95% CI=
1.75-6.49 per 1 log unit increase, respectively). Higher
levels of Ang-1 and Tie-2 were inversely associated
with head CT positivity (age-adjusted OR: 0.63, 95%
CI: 0.46-0.85 per 1 log unit increase and age-adjusted
OR: 0.26, 95% CI: 0.10-0.72, per 1 log unit increase, re-
spectively). Of the 11 exploratory biomarkers, higher lev-
els of P-selectin were associated with greater injury
severity (GCS 3-12) and higher levels of VEGF-C and
bFGF were inversely associated with CT positivity (all
p<0.05). After false discovery rate correction for mul-
tiple comparisons, higher levels of Ang-2 remained
associated with more severe injury and higher levels
of Ang-1, Tie2, and bFGF remained associated with
less severe injury at a p<0.05 level. In secondary

-
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FIG. 2. Spearman’s correlations between microvascular injury-related biomarkers. Note: Sample size for
c-Fibronectin is 135; sample size for all other biomarkers is 159. *p <0.05; **p <0.01; ***p <0.001.
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Table 3. Associations of Microvascular Injury-Related Biomarkers With Indices of TBI Severity
GCS 3-12 vs. 13-15 Head CT positive vs. negative
Unadjusted Age Adjusted Unadjusted Unadjusted Age Adjusted Unadjusted

OR (95% Cl)

OR (95% Cl)

AUC (95% Cl)

OR (95% Cl)

OR (95% Cl)

AUC (95% Cl)

A priori hypothesized

VvWF 1.31 (0.77,2.22)  1.27 (0.75, 2.16)
Thrombomodulin 4.16 (1.25, 13.86) 4.14 (1.12, 15.63)
Ang-1 0.84 (0.60, 1.19)  0.85 (0.60, 1.21)
Ang-2 3.37 (1.75, 6.49)* 3.39 (1.73, 6.66)*

c-Fibronectin
Tie-2

1.91 (0.80, 4.57)
0.44 (0.17, 1.14)

1.91 (0.79, 4.59)
0.47 (0.18, 1.27)

Exploratory

Flt-1 1.93 (1.01, 3.72)  1.88 (0.97, 3.61)
PIGF 1.40 (0.64, 3.30)  1.33 (0.60, 2.92)
VEGF-A 1.23 (0.86, 1.75)  1.22 (0.86, 1.74)
VEGF-C 0.88 (0.56, 1.40)  0.91 (0.57, 1.46)
VEGF-D 0.90 (0.43, 1.88)  0.83 (0.40, 1.76)
E-Selectin 1.91 (0.95, 3.86) 1.97 (0.97, 4.02)
PDGFR- 0.92 (0.50, 1.69)  0.89 (0.48, 1.64)
P-Selectin 2.33 (1.11, 4.89)  2.38 (1.12, 5.04)
VCAM-1 1.14 (0.42, 3.12)  1.03 (0.38, 2.82)
bFGF 0.84 (0.61, 1.15)  0.83 (0.61, 1.15)

Principal Components Analysis

PC1
PC2

0.85 (0.54, 1.27)
2.19 (1.47, 3.42)

0.83 (0.53, 1.25)
2.29 (1.49, 3.69)

0.62 (0.53, 0.70)
0.56 (0.47, 0.65)
0.66 (0.57, 0.75)
0.59 (0.50, 0.68)
0.53 (0.43, 0.63)
0.62 (0.50, 0.73)

0.54 (0.45, 0.63)
0.58 (0.49, 0.67)
0.55 (0.46, 0.67)
0.55 (0.43, 0.66)
0.53 (0.41, 0.65)
0.59 (0.48, 0.70)
0.54 (0.44, 0.64)
0.65 (0.55, 0.75)
0.53 (0.42, 0.63)
0.58 (0.47, 0.69)

0.77 (0.66, 0.88)

1.75 (1.14, 2.70)*
1.80 (0.72, 4.54)
0.61 (0.45, 0.83)*
1.44 (0.88, 2.35)
1.26 (0.63, 2.52)
0.21 (0.08, 0.55)*

1.15 (0.68, 1.96)
141 (0.74, 2.68)
1.18 (0.89, 1.57)
0.62 (0.42, 0.91)*
1.17 (0.65, 2.12)
1.05 (0.61, 1.80)
0.97 (0.59, 1.59)
1.42 (0.78, 2.58)
0.59 (0.25, 1.39)
0.62 (0.47, 0.82)*

0.60 (0.42, 0.84)
1.75 (1.25, 2.51)

1.62 (1.04, 2.54)
1.17 (0.44, 3.12)
0.63 (0.46, 0.85)*
1.22 (0.73, 2.03)
1.25 (0.61, 2.57)
0.26 (0.10, 0.72)*

1.08 (0.62, 1.87)
1.21 (0.63, 2.33)
1.16 (0.86, 1.56)
0.66 (0.4, 0.98)
0.95 (0.50, 1.77)
1.09 (0.62, 1.91)
0.89 (0.53, 1.48)
1.47 (0.79, 2.71)
0.36 (0.13, 0.98)
0.61 (0.46, 0.81)*

0.63 (0.44, 0.88)
1.59 (1.11, 2.32)

0.60 (0.46, 0.75)
0.59 (0.4, 0.74)
0.59 (0.4, 0.73)
0.68 (0.55, 0.82)
0.59 (0.42, 0.77)
0.55 (0.40, 0.69)

0.50 (0.35, 0.64)
0.59 (0.45, 0.73)
0.58 (0.43, 0.73)
0.58 (0.44, 0.73)
0.65 (0.51, 0.79)
0.52 (0.37, 0.67)
0.54 (0.40, 0.69)
0.47 (0.32, 0.61)
0.56 (0.42, 0.71)
0.62 (0.47, 0.76)

0.73 (0.59, 0.86)

*Denotes associations with individual biomarkers where p <0.05 after false discovery rate (FDR) correction for multiple comparisons.

Bolded data represents p <0.05.

Sample size for c-Fibronectin is 135; sample size for all other biomarkers and principal components analysis is 159. OR is expressed per 1 log unit
increase in each biomarker or 1 unit PC score. Individual models were run for each biomarker separately. PC1 and PC2 were included in the same model.
TBI, traumatic brain injury; GCS, Glasgow Coma Scale; CT, computed tomography; OR, odds ratio; CI, confidence interval; AUC, area under the curve;

vWF, von Willebrand factor; Ang, angiopoietin; PIGF, placental growth
growth factor receptor; VCAM-1, vascular cell adhesion protein 1; bFGF,

analyses of the a priori hypothesized biomarkers, higher
levels of Ang-1 were inversely associated with contu-
sion, SDH, and SAH presence, higher levels of vWF
were associated with SDH and IVH, higher levels of
thrombomodulin were associated with SAH and IVH,
and higher levels of Ang-2 were associated with SDH
and SAH; however, only the association of thrombomo-
dulin with IVH remained significant at p<0.05 after
FDR correction (Table 4). No individual biomarkers
were associated with MRI findings in the subset of the
population with MRI data.

In unadjusted models, of the a priori hypothesized bio-
markers, higher levels of vWF, thrombomodulin, and
Ang-2 were associated with worse global functional out-
come (GOSE 1-4 vs, 5-8) at 3-months (all p<0.05).
Associations were attenuated and no longer significant
after adjustment for age and injury severity (GCS;
Table 5). Of the exploratory biomarkers, higher levels
of VEGF-D and VCAM-1 were associated with worse
3-month GOSE in unadjusted models, but these associa-
tions were no longer significant after adjusting for age
and GCS. There were no significant associations of any
biomarkers with 6-month GOSE. Individual biomarkers
were largely not significantly correlated with 6-month
symptom outcomes or cognitive outcomes (Table 6).

Using non-linear principal components analyses, the
variance was partitioned into orthogonal components,

factor; VEGF, vascular endothelial growth factor; PDGFR, platelet-derived
basic fibroblast growth factor; PC, principal component.

with PC1 accounting for 23.9% of the variance and
PC2 accounting for 16.7% of the variance (Fig. 3).
Higher PC1 score was associated with less severe injury
(age-adjusted OR per 1 unit increase in PC score: 0.63,
95% CI: 0.44-0.88 for CT positivity). In contrast, higher
PC2 score was associated with greater injury severity
(age-adjusted OR per 1 unit increase in PC score: 1.59,
95% CI: 1.11-2.32 for CT positivity and age-adjusted
OR per 1 unit increase in PC score: 2.29, 95% CI:
1.49-3.69 for GCS 3-12 vs. 13-15; Table 3). Higher
PC2 score was associated with the presence of SDH,
SAH, and IVH on CT and with MRI positivity (unad-
justed OR per 1 unit increase in PC score: 1.95, 95%
CI 1.12-3.72), and higher PC1 score was inversely asso-
ciated with the presence of microhemorrhages on brain
MRI (unadjusted OR per 1 unit increase in PC score:
0.49, 95% CI: 0.25-0.85; Table 4). Higher PC2 score
was also associated with worse functional outcome
(GOSE 1-4 vs. 5-8) at 3 months in unadjusted models
(OR per 1 unit increase in PC score: 2.53, 95% CI:
1.55-4.38) and at 6 months (OR per 1 unit increase in
PC score: 1.90, 95% CI: 1.16-3.25) but these associations
were no longer significant after adjusting for age and in-
jury severity. PC1 was not associated with 3- or 6-month
GOSE-TBI (Table 5) and PC1 and PC2 were not associ-
ated with 6-month symptom outcomes or cognitive out-
comes (Table 6).
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Table 5. Associations of Microvascular Injury-Related Biomarkers With 3- and 6-Month GOSE

3-Month GOSE 1-4 vs. 5-8

6-Month GOSE 1-4 vs. 5-8

Unadjusted
OR (95% ClI)

Age and GCS Adjusted

OR (95% Cl)

Unadjusted
AUC (95% Cl)

Unadjusted
OR (95% Cl)

Age and GCS Adjusted

OR (95% Cl)

Unadjusted
AUC (95% Cl)

A priori hypothesized

vWF
Thrombomodulin
Ang-1

Ang-2
c-Fibronectin
Tie-2
Exploratory
Flt-1

PIGF
VEGF-A
VEGF-C
VEGF-D
E-Selectin
PDGFR-
P-Selectin
VCAM-1
bFGF

Principal Components

Analysis
PC1
PC2

2.27 (1.17, 4.39)
6.84 (1.66, 28.25)
0.70 (0.46, 1.05)
2.79 (1.30, 6.00)
0.87 (0.32, 2.31)
0.38 (0.14, 1.08)

1.63 (0.76, 3.48)
2.59 (0.98, 6.86)
1.39 (0.91, 2.14)
0.61 (0.34, 1.11)
3.12 (1.26, 7.70)
2.21 (0.95, 5.15)
2.09 (0.92, 4.79)
1.56 (0.68, 3.57)
4.33 (1.26, 14.83)
0.99 (0.69, 1.42)

0.73 (0.40, 1.22)
2.53 (1.55, 4.38)

1.80 (0.83, 3.90)
2.24 (0.46, 10.87)
0.89 (0.54, 1.49)
0.79 (0.33, 1.90)
0.53 (0.13, 2.18)
1.62 (0.41, 6.35)

0.99 (0.44, 2.22)
2.17 (0.63, 7.51)
1.56 (0.90, 2.71)
0.93 (0.46, 1.89)
2.20 (0.82, 5.91)
3.53 (1.15, 10.82)
1.79 (0.63, 5.12)
1.48 (0.51, 4.31)
3.19 (0.79, 12.95)
1.24 (0.75, 2.05)

0.99 (0.51, 1.81)
1.56 (0.85, 2.98)

0.69 (0.57, 0.81)
0.70 (0.58, 0.82)
0.64 (0.52, 0.75)
0.67 (0.54, 0.80)
0.53 (0.39, 0.67)
0.65 (0.52, 0.79)

0.60 (0.45, 0.75)
0.64 (0.51, 0.77)
0.58 (0.46, 0.70)
0.61 (0.48, 0.73)
0.62 (0.48, 0.76)
0.62 (0.50, 0.75)
0.60 (0.47, 0.73)
0.59 (0.46, 0.71)
0.66 (0.53, 0.78)
0.51 (0.39, 0.63)

0.77 (0.66, 0.88)

1.82 (0.90, 3.69)
2.01 (0.48, 8.41)
0.74 (0.47, 1.15)
2.12 (0.97, 4.61)
1.02 (0.32, 3.27)
0.38 (0.13, 1.17)

1.57 (0.72, 3.43)
1.94 (0.72, 5.26)
1.10 (0.69, 1.76)
0.65 (0.35, 1.24)
2.24 (0.88, 5.76)
1.38 (0.58, 3.32)
1.08 (0.46, 2.50)
0.74 (0.30, 1.86)
275 (0.64, 11.81)
0.83 (0.55, 1.25)

0.66 (0.34, 1.45)
1.90 (1.16, 3.25)

1.37 (0.60, 3.10)
0.49 (0.10, 2.39)
0.94 (0.54, 1.65)
0.57 (0.22, 1.47)
0.82 (0.15, 4.50)
1.85 (0.31, 11.07)

0.98 (0.40, 2.44)
1.21 (0.33, 4.41)
1.00 (0.56, 1.81)
0.98 (0.47, 2.06)
1.78 (0.63, 5.09)
1.34 (0.4, 4.07)
0.70 (0.23, 2.15)
0.47 (0.15, 1.44)
1.82 (0.27, 12.40)
1.02 (0.60, 1.72)

0.97 (0.48, 1.81)
0.97 (0.49, 1.91)

0.65 (0.50, 0.80)
0.59 (0.46, 0.72)
0.61 (0.47, 0.75)
0.66 (0.50, 0.82)
0.50 (0.34, 0.66)
0.68 (0.52, 0.83)

0.60 (0.4, 0.77)
0.60 (0.45, 0.75)
0.50 (0.36, 0.64)
0.59 (0.45, 0.74)
0.58 (0.42, 0.74)
0.55 (0.40, 0.69)
0.51 (0.38, 0.64)
0.52 (0.38, 0.65)
0.61 (0.47, 0.74)
0.56 (0.41, 0.71)

0.73 (0.59, 0.86)

Sample size for c-Fibronectin is 135; sample size for all other biomarkers and principal components analysis is 159. OR is expressed per 1 log unit
increase in each biomarker or 1 unit increase in PC score. Individual models were run for each biomarker separately. PC1 and PC2 were included in
the same model. Bolded data represents p <0.05.

No associations with individual biomarkers had p <0.05 after false discovery rate correction for multiple comparisons.

GOSE, Glasgow Outcome Scale-Extended; OR, odds ratio; CI, confidence interval; GCS, Glasgow Coma Scale; AUC, area under the curve; vVWF, von
Willebrand factor; Ang, angiopoietin; PIGF, placental growth factor; VEGF, vascular endothelial growth factor; PDGFR, platelet-derived growth factor
receptor; VCAM-1, vascular cell adhesion protein 1; bFGF, basic fibroblast growth factor; PC, principal component.

Table 6. Spearman’s Correlations of Microvascular Injury-Related Biomarkers With Secondary 6-Month Outcomes

RPQ SwLs BSI-18 cvLT TMT-A TMT-B WAIS-PSI

A priori hypothesized
VvWF -0.08 0.00 0.00 0.10 -0.05 -0.09 0.12
Thrombomodulin 0.08 0.06 -0.03 -0.03 -0.01 0.14 0.00
Ang-1 -0.06 0.04 -0.06 0.00 0.13 0.08 0.03
Ang-2 -0.14 0.07 -0.21 -0.08 0.15 0.18 -0.06
c-Fibronectin 0.05 0.09 -0.07 -0.25% -0.05 -0.01 -0.05
Tie-2 -0.04 0.06 0.04 0.05 0.12 0.11 0.00
Exploratory
Flt-1 -0.02 0.04 -0.03 -0.04 0.08 0.11 0.01
PIGF -0.03 0.04 -0.13 0.09 0.01 0.07 0.18
VEGF-A -0.05 0.02 -0.04 0.03 0.08 0.05 0.17
VEGF-C -0.02 0.00 0.03 -0.02 0.16 0.09 0.05
VEGF-D 0.08 -0.13 0.06 0.04 0.06 0.02 0.07
E-Selectin 0.16 -0.07 0.12 -0.19 -0.06 0.14 -0.11
PDGFR- 0.03 -0.04 -0.08 0.03 -0.11 -0.06 0.08
P-Selectin 0.00 0.11 -0.16 -0.21 0.04 0.09 0.04
VCAM-1 0.11 -0.14 -0.01 0.03 0.13 0.13 0.03
bFGF -0.04 0.16 -0.09 0.04 0.14 0.08 0.16
Principal Components Analysis
PC1 -0.04 0.04 0.00 -0.01 0.12 0.05 0.10
PC2 0.01 0.00 -0.01 -0.14 0.08 0.20 -0.06

*p<0.05

Sample size for c-Fibronectin is 135; sample size for all other biomarkers and principal components analysis is 159.
RPQ, Rivermead Post-Concussion Symptoms Questionnaire; SWLS, Satisfaction with Life Scale; BSI-18, 18-Item Brief Symptom Inventory; CVLT,
California Verbal Learning Test; TMT, Trail Making Test; WAIS-PSI, Processing Speed Index from the Wechsler Adult Intelligence Scale, 4th Edition;
vWF, von Willebrand factor; Ang, angiopoietin; PIGF, placental growth factor; VEGF, vascular endothelial growth factor; PDGFR, platelet-derived
growth factor receptor; VCAM-1, vascular cell adhesion protein 1; bFGF, basic fibroblast growth factor; PC, principal component.
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FIG. 3. Principal components analysis. (A) Scree plot showing variance accounted for by each orthogonal
component. The first principal component (PC1) accounted for 23.9% of the variance and the second
principal component (PC2) accounted for 16.7% of the variance. (B) The subset of vascular biomarkers
included in PC1 that were significant (p <0.05) after permutation testing. (C) The subset of vascular
biomarkers included in PC2 that were significant (p <0.05) after permutation testing.
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Discussion

In this level 1 trauma-center-based population of acute
TBI patients enrolled in the TRACK-TBI Pilot Study,
we found associations between biomarkers of microvas-
cular injury with TBI severity. Further work investigating
vascular function-related biomarkers in larger sample
sizes of TBI patients is warranted to better characterize
the endophenotype of traumatic cerebral microvascular
injury and to examine potential links between injury
endophenotype and injury severity and outcomes.
Biomarkers have the potential to contribute to multiple
facets of clinical care in TBI, including diagnostic, prog-
nostic, mechanistic, and monitoring response to therapeu-
tics, among others.?*** The microvascular injury-related

biomarkers evaluated in the present study best represent
mechanistic biomarkers.®’ Consistent with categoriza-
tion, we found more robust associations between micro-
vascular injury-related biomarkers with indices of TBI
severity (GCS and head CT) compared with indices of
TBI outcomes. We also found that our principal compo-
nents analysis provided more robust results than the re-
sults of associations of individual a priori hypothesized
and exploratory biomarkers with severity and outcomes.

Although the number of individual biomarkers entered
into the principal components analysis was relatively
small, two subsets of biomarkers loaded highly together
in PC1 and PC2 and reflect distinct domains, both with
biologic plausibility. After a TBI event, there is a
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complex interplay between various forms of primary and
secondary vascular injury (such as hemorrhage, edema,
altered cerebral blood flow, blood brain barrier disrup-
tion, coagulopathy, and chronic inflammation) and subse-
quent vascular repair (angiogenesis [formation of new
blood vessels from existing vasculature], vasculogenesis
[de novo formation of new blood vessels], and repair of
the blood—brain barrier).*? Indeed, in our principal com-
ponents analysis, two clusters of biomarkers emerged.
The first cluster (PC1) contained the biomarkers Ang-1,
bFGF, P-Selectin, VEGF-C, VEGF-A, and Tie2. Several
of the biomarkers in this cluster have previously been
studied in the context of human and animal studies of
TBI and have been associated with various mechanisms
of vascular repair and neuroprotection after injury.>**
Specifically, increased expression of Ang-1 and Tie-2
in the acute post-injury period have been shown to pre-
vent vascular leakage and promote blood brain barrier in-
tegrity'""'? and increased VEGF-C has been shown to
induce alternative activation of microglia, promoting
TBI recovery.35

The second cluster (PC2) was comprised of the bio-
markers of Ang-2, E-Selectin, Flt-1, P-Selectin, PIGF,
Thrombomodulin, and VCAM-1. Higher levels of Ang-
2 have been associated with greater injury severity and
with blood-brain barrier breakdown and endothelial
apoptosis after TBI.'? Several other biomarkers of en-
dothelial injury in this cluster have been found to ele-
vated in acute TBI (E-selectin, VCAM-1, Fit-1,
Thrombomodulin).*®® Taken together, the biomarkers
loading on PC1 are generally considered to be vaso-
protective and pro-angiogenic, while biomarkers loading
on PC2 are generally considered to reflect vaso-toxic and
inflammatory responses that contribute to breakdown of
the blood-brain barrier.

Three of the biomarkers were not included in the clus-
ters identified in our principal components analysis
(vWF, VEGF-D, and PDGFR-B). Similar to prior work,
we found that vWF was associated with greater head
CT severity.”?® Several studies have investigated
PDGFR- measured in the cerebral spinal fluid as a
marker of pericyte injury and blood-brain barrier break-
down in populations with dementia,***" but this bio-
marker is less well understood in relation to TBI and in
blood-based assays. Similarly, the potential role of
VEGF-D is less well characterized in TBI and other neu-
rologic diseases compared with diseases of other sys-
tems.** It is important to note that all biomarkers
investigated in the present analyses may not be solely
biomarkers of microvascular injury; indeed, many have
also been shown to be associated with inflammation or
other biological processes.

The present analysis within the TRACK-TBI Pilot
Study population showed the feasibility of measuring
and analyzing a panel of microvascular function-related

biomarkers using both hypothesis-driven and data-driven
methods, but we recognize several limitations. The re-
sults from this pilot study are hypothesis-generating and
require replication in larger samples of TBI patients
that are diverse in terms of sex and race/ethnicity. Our
sample is small relative to the number of associations
tested, and although some associations with injury sever-
ity remained statistically significant after applying FDR
correction for multiple comparisons, no associations
with outcomes remained statistically significant. In addi-
tion, given limited sample volume, samples were mea-
sured in singlicate in order to maximize the number of
assays run; however, this method is increasingly used
and accepted in the field."”

Our population consisted of relatively milder injuries.
Eighty percent had GCS score between 13 to 15, but it is
important to note that our ‘““mild”’ population is likely
comprised of more severe injuries than other ‘“‘mild”
TBI populations, given that they presented to a level 1
trauma center emergency department for evaluation and
50% had acute TBI-related intracranial abnormalities
on CT scan. Additionally, the microvascular-related bio-
markers were only measured in a subset of the TRACK-
TBI Pilot Study population; however, participants with
and without biomarker and with and without outcome
data were similar in terms of key demographic and
injury-related variables. Further, only a subset (n=33)
of included participants had data on hours from injury
to blood collection, so we were unable to investigate as-
sociations of time between injury and blood collection
with biomarker levels, but all participants had blood col-
lected within 24 h of injury.

In conclusion, in this population of acute TBI patients
presenting to a level 1 trauma center, biomarkers of mi-
crovascular injury were associated with TBI severity.
The results of this study require further replication in
larger studies but indicate that biomarkers associated
with traumatic cerebral microvascular injury and vascu-
lar repair after TBI can be measured peripherally and
are associated with injury severity.
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