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Summary
Background We aimed to understand the relationship between serum biomarker concentration and lesion type and

volume found on computed tomography (CT) following all severities of TBI. eBioMedicine 2022;75:

103777

Methods Concentrations of six serum biomarkers (GFAP, NFL, NSE, S1o0B, t-tau and UCH-L1) were measured in PDZIZE::ESrOZT)I;e 24

samples obtained <24 hours post-injury from 2869 patients with all severities of TBI, enrolled in the CENTER-TBI httpsy//doi.org/10.1016/j.
prospective cohort study (NCTo2210221). Imaging phenotypes were defined as intraparenchymal haemorrhage .piom2021.103777
(IPH), oedema, subdural haematoma (SDH), extradural haematoma (EDH), traumatic subarachnoid haemorrhage

(tSAH), diffuse axonal injury (DAI), and intraventricular haemorrhage (IVH). Multivariable polynomial regression

was performed to examine the association between biomarker levels and both distinct lesion types and lesion vol-

umes. Hierarchical clustering was used to explore imaging phenotypes; and principal component analysis and k-

means clustering of acute biomarker concentrations to explore patterns of biomarker clustering.

Findings 2869 patient were included, 68% (n=1946) male with a median age of 49 years (range 2-96). All severities
of TBI (mild, moderate and severe) were included for analysis with majority (n=1946, 68%) having a mild injury
(GCS 13-15). Patients with severe diffuse injury (Marshall I1I/IV) showed significantly higher levels of all measured
biomarkers, with the exception of NFL, than patients with focal mass lesions (Marshall grades V/VI). Patients with
either DAI+IVH or SDH+IPH+tSAH, had significantly higher biomarker concentrations than patients with EDH.
Higher biomarker concentrations were associated with greater volume of IPH (GFAP, SiooB, t-tau;adj r2
range:0-48-0-49; p<o-o05), oedema (GFAP, NFL, NSE, ttau, UCH-Li;adj r2 range:o-44-0-44; p<o-o1), IVH
(S100B;adj r2 range:0.48-0.49; p<o.05), Unsupervised k-means biomarker clustering revealed two clusters explain-
ing 83-9% of variance, with phenotyping characteristics related to clinical injury severity.
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Interpretation Interpretation: Biomarker concentration within 24 hours of TBI is primarily related to severity of
injury and intracranial disease burden, rather than pathoanatomical type of injury.
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Research in context

Evidence before this study

We searched key terms relating to traumatic brain injury
(TBI), biomarkers and neuroimaging on MEDLINE and
EMBASE to review the literature assessing the relation-
ships between serum biomarkers and acute neuroimag-
ing findings published before June 1st 2021, with the
terms: (“brain injuries, traumatic” or “traumatic brain
injury” or (brain adj2 trauma¥*) or “TBI") AND (“biological
marker” or “biomarkers”) AND (“diagnostic imaging” or
“neuroimaging”). We found previous approaches have
been limited by focusing on presence or absence of
lesions, small sample sizes, focus on a small number of
biomarkers (often S100B and NSE); with methodological
heterogeneity making comparisons difficult. ST00B has
been consistently found to correspond to volume of
contusions. The largest study assessing lesion volumes
(n = 115) demonstrated correlations between S100B,
GFAP, total tau and NSE levels to volumes of contusion,
intraventricular haemorrhage, subarachnoid haemor-
rhage and total volume of intracerebral haemorrhage
(except NSE). In a study of 81 patients with severe TBI
GFAP levels were demonstrated to be greater in focal
mass lesion as compared to diffuse injury whilst UCH-L1
has been primarily raised in diffuse injury.

Added value of this study

To our knowledge this study represents the largest and
most comprehensive study to date (2869 patients
encompassing the entire injury spectrum) investigating
a panel of six of the most frequently studied TBI blood
biomarkers in relation to acute neuroimaging findings
(GFAP, NFL, NSE, S100B, t-tau and UCH-L1). This is the
first study to utilise an automated lesion segmentation
method based on deep convolutional neural networks
to allow for volumetric analysis of four categories of
intracranial lesion. Further, the large sample size and
sampling of six biomarkers allows for direct inter-bio-
marker comparisons in relation to specific lesion types
and volumes, giving unique insights into relationships
between pathological subtype and serum biomarker
concentration. We demonstrate a positive association
between acute biomarker levels and intracranial lesion
burden with significant positive associations between
serum biomarker concentrations and volumes of intra-
parenchymal haemorrhage and intracerebral oedema.

Biomarker concentrations were higher with an increas-
ing number of different lesions types and in severe dif-
fuse injury as compared to focal mass lesion whilst
unsupervised biomarker clustering revealed two natural
clusters, with clear phenotyping characteristics that
related to clinical injury severity. We further demon-
strate differences between patients with parenchymal
injuries versus extra-parenchymal injuries. However,
there was substantial overlap in injury types, making it
difficult to use individual biomarker signatures to iden-
tify individual pathoanatomical lesion types.

Implications of all available evidence

Blood biomarkers in TBI relate to the burden of cranial
and intracranial disease and are elevated in the majority
of lesion types with concentrations reflecting injury
severity. While we found significant differences
between intraparenchymal versus extraparenchymal
injury patterns, biomarker concentrations were unable
to distinguish lesions by pathoanatomical injury type.
This is important for the interpretation of biomarker lev-
els in both research and clinical contexts.

Introduction
Traumatic brain injury (TBI) has been described as the
most complex disease in the most complex organ;" and
much of this complexity is secondary to the large hetero-
geneity of lesions that may occur. Computed Tomogra-
phy (CT) remains the most commonly utilised
radiological method for the diagnosis of TBI associated
intracranial lesions and for determining the need for
emergent management.” The cost and radiation burden
associated with neuroimaging, particularly in those
with a mild injury, has led to increasing exploration of
blood biomarkers to aid in diagnosis, detection of
neuro-worsening and prognostication.>* Biomarkers
also offer the potential to better characterise the hetero-
geneity of TBI. However, the promise of blood bio-
markers in these contexts remains unproven, and their
role in clinical care uncertain.

Prior literature has focused on the diagnostic ability
of proteomic biomarkers for the detection of intracranial
pathology.””7 Yet the impact of intracranial injury
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pattern, lesion type and lesion burden on serum bio-
marker concentrations remains unclear. The varied cel-
lular origin and pathophysiological drivers of proteomic
biomarker release suggest that patterns of biomarker
elevation may provide discrete and identifiable signa-
tures of different types of intracranial injuries.® Bio-
marker levels could also be expected to scale with both
injury volume and severity.” " The relative impact of
these two factors - lesion specificity and injury burden -
in driving the levels of specific biomarkers remains
unclear, and is responsible for uncertainty in the inter-
pretation of biomarker levels following TBI.

This study examines six biomarkers that may be
released from different cell types or cell components,
after TBI: glial fibrillary acidic protein (GFAP), neurofi-
lament light (NFL), neuron specific enolase (NSE);
S100 calcium protein B (S100B), ubiquitin carboxy-ter-
minal hydrolase-L1 (UCH-L1) and total tau (t-tau). NSE
and UCH-L1 are both enriched in the neuronal stroma;
NFL and tau protein are structural axonal proteins asso-
ciated with axonal injury; whilst StooB and GFAP are
proteins secreted from astrocytes and microglia follow-
ing TBI (Fig. S1).°

The Collaborative European NeuroTrauma Effective-
ness Research in TBI (CENTER-TBI) core study col-
lected data across the entire spectrum of TBI and lesion
type including this panel of biomarkers within 24
hours.”"” We aimed to assess the impact of injury
detected using CT radiological parameters, including
traumatic intracranial lesion type and lesion volume, on
serum biomarker concentration in patients following all
severities of TBI.

Methods

Study design, Ethics and Participants

The CENTER-TBI core study is a prospective observa-
tional study of patients with all severities of TBI, con-
ducted in 65 clinical sites from 18 countries between
December 19th 2014 and December 17th 2017 (https://
clinicaltrials.gov/ct2/show/NCTo2210221)."*" The
CENTER-TBI inclusion criteria were a clinical diagnosis
of TBI, and presentation within 24 hrs of injury with a
clinical indication for CT scanning. Patient data were
accessed  using  Neurobot platform  (RRID/
SCR_o17004, Core data version 2-1).

The CENTER-TBI study (EC grant 602150) has been
conducted in accordance with all relevant laws of the
EU if directly applicable or of direct effect and all rele-
vant laws of the country where the Recruiting sites were
located, including but not limited to, the relevant pri-
vacy and data protection laws and regulations (the
“Privacy Law”), the relevant laws and regulations on the
use of human materials, and all relevant guidance relat-
ing to clinical studies from time to time in force includ-
ing, but not limited to, the ICH Harmonised Tripartite
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Guideline for Good Clinical Practice (CPMP/ICH/135/
95) (“ICH GCP”) and the World Medical Association
Declaration of Helsinki entitled “Ethical Principles for
Medical Research Involving Human Subjects”.
Informed Consent by the patients and/or the legal rep-
resentative/next of kin was obtained, accordingly to the
local legislations, for all patients recruited in the Core
Dataset of CENTER-TBI and documented in the elec-
tronic case report form. A full list of recruitment sites,
Ethical committees, approval numbers and approval
dates can be found in the supplemental material (Table
S1), and online."*

All CENTER-TBI participants with an interpretable
computed tomography (CT) scan performed on admis-
sion and complete proteomic biomarker panel mea-
sured within 24 hours of injury were included in the
analysis. The study is reported in accordance with the
STROBE recommendations

Neuroimaging

Central review of CT scans was performed in accor-
dance to the Common Data Element (CDE) scheme for
TBI (https://commondataelements.ninds.nih.gov/).""®
The presence or absence of the following pathoanatomi-
cal lesions were reported on the first available CT scan:
skull fracture, acute subdural haematoma (aSDH),
mixed density SDH (mSDH), extradural haematoma
(EDH), traumatic subarachnoid haemorrhage (tSAH),
intraventricular haemorrhage (IVH), diffuse axonal
injury (DAI) and intraparenchymal haemorrhage (IPH)
by a central review panel consisting of three protocol-
trained reviewers. All readers were blinded to clinical
information except for gender, age and care path stra-
tum. Information was entered directly into digital cus-
tom-made multi-tiered structured templates based on
the National Institute of Neurological Disorders and
Stroke (NINDS) TBI CDEs.” Good inter-rater reliability
was reported between all reviewers.'®

In addition, the Marshall CT classification, a CT
derived metric of image classification commonly used
in TBI research, was reported.”

Patients were separated into nine groups depending
on the centrally reported CT findings: No acute abnor-
mality, mixed lesion (patients with any two or more
lesion types), and seven categories of isolated pathology
types (skull fracture, aSDH, mSDH, EDH, tSAH (which
included patients with IVH due to only 11 patients hav-
ing isolated IVH), DAI, IPH). Given the high associa-
tion of skull fractures with EDH due to mechanism of
injury these were classified as one lesion (EDH). If a
patient in the isolated skull fracture group had a Mar-
shall CT classification II or above, demonstrating signs
of diffuse intracranial injury, the patient was catego-
rized into the mixed lesion group owing to likely unde-
fined underlying brain injury.
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To quantify lesion burden, a convolutional neural
network (Brain Lesion Analysis and Segmentation Tool
for CT (BLAST-CT), www.github/biomedia-mira/blast-
ct/) developed and validated for use in TBI,"® was used
to produce automated voxel based volumetric assess-
ment of IPH, total extra-axial haemorrhage (EAH; SDH,
EDH and tSAH),IVH and intracerebral oedema. CT
images with outlying lesion volumes were visually
inspected to confirm the plausibility of the lesion vol-
umes provided from the CNN.

Biomarker sampling

Blood samples for biomarker analysis were collected
within 24 hours of injury. S10ooB and NSE were mea-
sured with a clinical-use automated system, using an
electrochemiluminecesence immunoassay kit (Elecsys
S100 and NSE assays on the Cobas 8ooo modular ana-
lyzer, Roche Diagnostics, Mannheim, Germany).
GFAP, UCH-L1, t-tau, and NFL were analysed using
Single Molecule Arrays (SiMoA) based assay on the SR-
X benchtop assay platform (Quanterix Corp., Lexington,
MA). For biomarkers measured using the SiMoA based
assay, the limit of detection (LoD) was as follows: GFAP
1.32 pg/ml, NFL 0.0971 pg/ml, t-tau 0.0236 pg/ml and
UCH-L1 1.34 pg/ml. All samples for GFAP, NFL and t-
tau were over the LoD, whilst <1% (n=19) of UCH-L1
samples were below the LoD. Complete details of bio-
marker sampling and assays can be found at a previous
open access publication.”

Statistics

Unless otherwise specified Wilcoxon signed rank test
was used for comparisons of continuous data and x> sta-
tistics for categorical variables. The serum biomarker
values were skewed, therefore the natural log of bio-
marker values was used for analyses following initial
data inspection.

Baseline characteristics were summarized using
standard descriptive statistics. Categorical variables are
presented as frequencies and percentages, with continu-
ous variables presented as median (interquartile range).
We compared the subsets of patients recruited to the
CENTER-TBI Core Study who were included in this
analysis with those who were excluded because of non-
availability of 24 hour biomarkers, an early CT, or both.

Due to only nine patients having an isolated mixed
density SDH (which may indicate ongoing bleeding or
subacute pathology) they were included in basic descrip-
tive analysis, but excluded from further analysis. The
Dunn Kruskal-Wallis test with Benjamini-Hochberg
correction for multiple comparisons was used for
group-wise comparison between biomarker levels in dif-
ferent Marshall CT categories and CT pathology
groups.” In order to improve comparability between
biomarkers, we calculated Z-scores for each biomarker

in each lesion group, against a reference population of
patients with no acute imaging findings.

Hierarchical clustering was used to determine acute
imaging phenotypes based upon the qualitative CT
reporting. Optimal number of clusters was determined
via the elbow method. Biomarker concentrations for
patients with the distinct combinations of pathology
highlighted on cluster analysis were compared via the
Dunn Kruskal-Wallis test with Benjamini-Hochberg
correction for multiple comparisons.

The area under the receiver operating characteristic
(ROC) curve (AUC) was used to determine the discrimi-
native ability of the six blood biomarkers for the detec-
tion of any traumatic abnormality, and individual
subgroups of isolated pathoanatomical lesion types. A
case was considered the presence of the pathological
group of interest, and a non-case being patients with
normal CT scans. Confidence intervals were derived via
the DeLong method.

Polynomial regression was used to assess the rela-
tionship between biomarker levels and volume of the
different intracranial lesions as derived from BLAST-
CT. The overall sample was separated into patients with
the presence of either of the four derived lesion classes
with regression performed on these subsets. To assess
the classical pathoanatomical lesion categories con-
tained within the total EAH group, total EAH was subdi-
vided into three further classes dependent on the
presiding EAH lesion type as recorded on qualitative CT
reporting; aSDH, EDH and tSAH. Four models were
used, with the covariates of final model examined for
linearity and inclusion of the appropriate polynomial
term of variables that were demonstrated to have a non-
linear relationship to the dependent variable on univari-
ate analysis. The inclusion of the polynomial terms led
to improvement in model fit, with visual inspection of
the variance of residuals demonstrating a satisfactory
distribution and were therefore included in the final
model. Covariates were selected based on factors known
to influence lesion volume or biomarker concentration.
Model 1 — Univariate, Model 2 - Adjustment for age
and sex, Model 3 — Model 2 additionally adjusted for
time to biomarker, time to scan, GCS and extracranial
abbreviated injury score, Model 4 - Model 3 additionally
adjusted for—volume of IVH, volume of IPH, volume of
post traumatic oedema, total brain volume, and polyno-
mial terms for all variables found to have a non-linear
association with biomarker concentration.

Total case numbers are reported throughout with
missing patient demographic data presented.

To understand if biomarker concentrations related to
radiological variables beyond the above groups an unsu-
pervised approach using principal component analysis
(PCA) and subsequent K-means clustering was per-
formed including all patients. Scaled variables of the
complete biomarker panel were inputted into the PCA
algorithm, with creation of a loading plot to explore
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biomarker covariance. K-means clustering was used to
ascertain natural clustering of biomarker inputs. Opti-
mal number of clusters was selected via the silhouette
method with subsequent descriptive comparison of the
demographic, biochemical and radiological features of
these clusters.

Data analysis was conducted via R (version 3-6-2,
https://www.R-project.org/) in RStudio (version
1-2-5033, http://www.rstudio.com).

Role of funding source

The funders had no role in the study design, collection,
analysis and interpretation of data, nor in the writing of
the report or in publication decisions. All authors had
full access to the study data and had final responsibility
for the decision to submit for publication.

Results

Patient cohort

Of 4509 patients in the CENTER-TBI core study 2869
(63-:6%) had CT and biomarker data available. Further
demographic information is available in the supplemen-
tal material (Fig. S2, Table S2, Table S3). 2682 (93-5%)
scans were accessible for the volumetric analysis. The
analysis population was 68% male with a median age of
49 years (range 2-96). The median time elapsed
between injury to biomarker sample was 13 hours (IQR
[6-2-19]) with median time between injury and CT
imaging of 2 hours (IQR [1-4-3-2]).

The majority of patients (n=1800, 63%) had trau-
matic lesions present on CT imaging (Table S4). Of
these 1313 (73%) had two or more different lesion types.
The most frequent pattern of injury observed was a
combination of aSDH, IPH, tSAH and skull fracture
(n=181). In relation to patients with only a single injury
classification only on central reporting, 184 had tSAH,
89 aSDH, 86 isolated skull fractures, 47 EDH, 41 IPH,
31 DAI and 9 had a mixed density SDH.

How do conventional pathoanatomical groups relate
to biomarker levels and signatures?

The levels of all biomarkers varied with Marshall CT
grade (Figure 1, Table Ss), with higher levels seen in
severe diffuse injury (Marshall grade III-IV), when com-
pared to Marshall grade I and Marshall grade II (Dunn
Kruskal-Wallis test with Benjamini-Hochberg correc-
tion, all p<o-005). Biomarker concentrations were sig-
nificantly higher in severe diffuse injury compared to
focal mass lesion in all biomarkers (Median (IQR), p val-
ues derived from Dunn Kruskal-Wallis test with Benja-
mini-Hochberg correction: GFAP ng/ml [27-81 (9-87-
64-88) vs 2106 (5:41-53-24) p= 0-03], NSE ng/ml [33-91
(22:54-58-87) vs 23-34 (16-50-33-73) p=0-000], S100B
Hg/L [0-52 (0-21-1-42) VS 0-34 (0-17-0-67) p=0-004], t-
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tau pg/ml [15:6 (6:7-36-44) vs 1034 (3:52-21-93)
p=0-002], UCH-L1 [527-86 (253-25-1283-25) vs 373-59
(13474-798-24) p=0-002]), aside from NFL (NFL pg/ml
[79-7 (37-19-181-27) vs 60-16 (28-51-143-23) p=0-085]).

Do biomarker levels or signatures vary across isolated
lesion types and /or pre-specified lesion groupings?

The levels of biomarkers by lesion type are seen in
Figure 2 and Table S6. Significant differences between
GFAP levels were found for all isolated pathology
groupings when compared to patients with no visible
lesions, and it was the only biomarker to be significantly
raised in the EDH group. Conversely, for NSE, signifi-
cant differences were only seen in the tSAH cohort. In
general, higher biomarker levels were observed in the
tSAH and IPH groups. This was significant in a propor-
tion of comparisons on inter-group testing (Figure 2).

The mean Z-scores of all biomarkers were elevated in
all isolated lesion categories, and further elevated in the
mixed lesion group (Figure 3, Fig. S3). GFAP showed the
highest Z-score in all pathology groups, while conversely,
NSE showed the lowest Z-scores for most traumatic CT
findings (Figure 3). The cohort with an isolated skull frac-
ture had a positive mean Z-score for all biomarkers. The
Z-score increased as the number of different lesion types
increased; this increase was not related to the addition of
any specific lesion type (Figure 3).

Hierarchical clustering found 70-6% of the variance
was explained by three dimensions, representing three dis-
tinct phenotypes; DAI+IVH, SDH+IPH+tSAH, and iso-
lated EDH (Fig. S4), with lowest levels of all biomarkers in
the EDH group compared to the other two (Figure 4).
Except for NSE, there was no significant difference found
between the DAI+IVH, or SDH+IPH+tSAH groups.

Ability for detection of isolated lesions, compared to
the normal population

All biomarkers had fair (AUC >o-7) discrimination for
detection of any traumatic abnormality on CT, with a
range of AUCs [95% CI| between (NSE) 0.70 (0.68-0.72)
to (GFAP) 0-88 [0-87-0-90]). Of all biomarkers, GFAP
showed the Dbest discrimination for the detection of iso-
lated lesion types in all lesions aside from acute SDH,
where it was NFL. For the detection of isolated lesion types
AUC [95% CI] ranged from: skull fracture (o-56
[0-49,0-63] to 0-70 [0-65,0-76]), EDH (0-51 [0-43,0-59] to
079 [0-73,0-84]), SDH (0-54 [047,0-61] to 073
[0:67,0-78], SAH (0-62 [0-58,0-67] to 0-81 [0-78,0:85]),
IPH (0-60 [0-51,0-69] to 0-83 [0-77,0-89]) and DAI (0-46
[0-35,0:56] to 0-76 [0-66,0-87]). Plotted ROC curves, AUC
and optimal cut offs of all biomarkers and pathoanatomi-
cal lesion types are available in the supplemental material
(Fig. S5, Fig. S6, Table S8, Table Sog).

Relation between lesion volume and biomarker levels
Table 1 and Tables S10-S13 show data on comparisons
between biomarker levels and lesion volumes, for
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Figure 1. The Log of serum GFAP (a), NFL (b), NSE (c), S100B (d), total-tau (e) and UCH-L1 (f) concentration by Marshall CT score.Vio-
lin plots and boxplots provide median, range and 25-75th percentile of the log10 biomarker concentration per Marshall CT score
grouping | (n=1154), Il (h=1120), II-IV (n=120) and V-VI (n=475). P values determined by the Dunn Kruskal-Wallis test with Benjamini-
Hochberg correction for multiple comparisons was used for group wise comparison across different CT findings. Significance levels
are displayed for statistically significant group wise comparisons, * = p< 0-05, ** = p< 0-01, *** = p< 0-001. Red dotted line indicates
the median of Marshall Score | group.
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Figure 2. The Log of serum GFAP (a), NFL (b), NSE (c), S100B (d), total-tau (e) and UCH-L1 (f) concentration by CT pathology. Violin
plots and boxplots provide median, range and 25-75th percentile of the log10 biomarker concentration per pathoanatomical group-
ing/isolated lesion type: (No acute abnormality (n=1069), Skull fracture (n=86), EDH (n=47), Acute SDH (n=89), SAH (n=184), IPH
(n=41), DAl (n=31), Mixed Lesion (n=1313). P values determined by the Dunn Kruskal-Wallis test with Benjamini-Hochberg correction
for multiple comparisons was used for group wise comparison across different CT findings. Significance levels are displayed for sta-
tistically significant group wise comparisons, * = p< 0-05, ** = p< 0-01, *** = p< 0-001. Patients with mixed lesion on CT (defined as
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Figure 3. Z-score signatures across different pathoanatomical groups. The Biomarker concentrations presented as means and stan-
dard errors of Z scores with the reference group being patients with a normal CT scan following TBI. Panel a shows mixed lesion
(n=1313) and isolated pathology groups (Skull fracture (n=86), EDH (n=47), Acute SDH (n=89), SAH (n=184), IPH (n=41), DAI (n=31))
in relation to biomarker expression with patients with normal CT (n=1069) as the reference group. Panel b shows the number of dif-
ferent intracranial lesion types reported on each CT image for patients with mixed lesions, in relation to biomarker expression.

univariate linear regression and multivariable polyno-
mial regression respectively. On univariate analysis all
biomarkers showed a significant positive association
with volume of total EAH, IPH and traumatic cerebral
oedema, with all biomarkers aside from NSE and NFL
demonstrating significant association with IVH volume.
On multivariable analysis there was a significant posi-
tive association between volume of IPH and the serum
concentration of GFAP, S100B, Tau, but not NFL, NSE
or UCH-L1. Significant positive association was shown
between volume of traumatic intracerebral oedema and
the serum concentration of GFAP, NFL, NSE, Tau and
UCH-L1, but not S1ooB. No significant association was
also shown between the volume of EAH and any of the
biomarkers. Of all the biomarkers, only SiocoB

demonstrated a significant positive association with vol-
ume of IVH.

The estimated regression coefficient, confidence
intervals and p-values are presented for univariate
linear (Tables S14-S16) and multivariable polynomial
regressions (Table 2) of the EAH subgroup analysis.
Analysis of the subgroups within the EAH cohort
showed that volume of tSAH was significantly posi-
tively correlated with t-tau, but not with GFAP, NFL,
NSE, SiooB or UCH-Lr levels. No biomarkers
showed a significant association with the volume of
acute SDH. S100B had a significant negative associa-
tion with EDH volume, with no significant associa-
tions demonstrated with GFAP, NFL, NSE, t-tau or
UCH-Lr1.
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Figure 4. The Log of serum GFAP (a), NFL (b), NSE (c), ST00B (d), total-tau (e) and UCH-L1 (f) concentration between patients with
DAl and IVH (n = 12), EDH alone (n = 47) or SDH, IPH and tSAH (n = 44). Violin plots and boxplots provide median, range and 25-75%
percentile of the log10 biomarker concentration per pathological phenotypes as determined by hierarchical clustering of qualitative
CT reports: DAl and IVH (n = 12), EDH alone (n = 47) or SDH, IPH and tSAH (n = 44). P values determined by the Dunn Kruskal-Wallis
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Significance levels are displayed for statistically significant group wise comparisons, * = p< 0-05, ** = p< 0-01, *** = p< 0-001.

www.thelancet.com Vol 75 Month January, 2022



Articles

10

Lesion Type (n) Biomarker Coefficient (SE) 95% Confidence Interval P-value
Total EAH (n=1294) GFAP -3.65 (2.68) -891,1.6 0.172
NFL 0.1 (0.06) -0.02,0.22 0.094
NSE 0.13 (0.12) -0.1,0.36 0.279
S100B 0.12 (0.08) -0.04, 0.27 0.135
t-tau 0.1 (0.06) -0.01,0.21 0.090
UCH-L1 0.49 (2.79) -4.99,5.97 0.861
Oedema (n=934) GFAP 8.66 (2.28) 4.19,13.12 0.000%**
NFL 0.22 (0.06) 0.11,033 0.000%**
NSE 0.28 (0.12) 0.05,0.52 0.017*
S100B 1.94 (2.52) -3,6.88 0.440
t-tau 0.17 (0.06) 0.06, 0.28 0.003**
UCH-L1 0.16 (0.06) 0.04, 0.27 0.008**
IVH (n=212) GFAP 0.16 (0.1) -0.04, 0.37 0.117
NFL 0.03 (0.12) -0.21,0.27 0.809
NSE -0.08 (0.25) -0.56, 0.41 0.760
S100B 0.32(0.16) 0.01, 0.64 0.042%
t-tau 0.12 (0.11) -0.1,0.34 0.293
UCH-L1 0.22 (0.13) -0.04, 0.48 0.090
IPH (n=659) GFAP 5.55(1.95) 1.73,9.38 0.004**
NFL 0.1 (0.06) -0.02,0.22 0.114
NSE 0.02 (0.13) -0.23,0.28 0.853
S1008B 0.21 (0.09) 0.04,0.38 0.013*
t-tau 0.13 (0.06) 0,0.25 0.044*
UCH-L1 0.12 (0.07) -0.02,0.25 0.082
Table 1: Multivariable polynomial regression of CNN derived lesion volumes to biomarker levels.
Results of multivariable polynomial regression of the natural log of lesion volume to biomarker level. Adjustment for time to biomarker, time to scan, age, sex,
Glasgow Coma Score (GCS), extracranial abbreviated injury score, volume of other lesion types and calculated total brain volume with polynomial terms of
non-linear variables. *** p<o-o01, ** p<o-o1, * p<0-05.

Biomarker PCA and Cluster analysis

PCA analysis of the biomarker panel concentrations
demonstrated 83-9% of the variance was explained via
the first two components (Fig. S, Tables S17 and S18).
GFAP, NFL, S100B, ttau and UCH-L1 all showed sig-
nificant covariance, with NSE showing the least covari-
ance with other members of the biomarker panel. NSE
explained the majority of the variance for dimension 2
(Fig. S8). K-means clustering identified two clusters
which demonstrated distinct phenotypes based on clini-
cal and radiological findings (Table S19). Raised levels
of all biomarkers were observed in the cluster two with
higher severity of injury demonstrated by larger num-
bers and volumes of lesions, lower GCS, total injury
severity score, and a greater percentage of patients
admitted to ICU compared to cluster one.

Discussion

To our knowledge, this is the largest and most compre-
hensive study to date examining the relationship
between serum concentration of a panel of proteomic
biomarkers on one hand; and neuroimaging characteri-
zation of injury class (based on the Marshall CT

Classification), traumatic lesion type, and intracranial
lesion volume, on the other. We demonstrated that a
primary driver of acute biomarker concentrations in the
acute phase after TBI was lesion burden, with parenchy-
mal injury burden having higher biomarker concentra-
tions than extra-parenchymal injury.

Most biomarker levels scaled directly with intracra-
nial lesion burden, both overall, and in relation to the
volume of individual lesion types. We found the greater
the volume of intracerebral oedema the greater the
serum concentration of all biomarkers studied aside
from S100B, with greater volumes of IPH associated
with GFAP, S100B and t-tau concentration. We, how-
ever, found no significant association between volume
of extra-axial hemorrhage and biomarker concentration.
This demonstrates a clear difference between intrapar-
enchymal injury (IPH, oedema) and extraparenchymal
injury (extra-axial haemorrhage) in their respective
influence on biomarker concentration. The positive
association on volumetric analysis echo the observed
increase in biomarker concentration with both the
greater degree of diffuse injury on Marshall CT classifi-
cation and the increased number of lesion types in the
mixed lesion category. These results indicate that it is
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Lesion Type (n) Biomarker Coefficient (SE) 95% Confidence Interval P-value
Acute SDH (n=132) GFAP -0.15(0.13) -0.42,0.11 0.253
NFL -0.27 (0.22) -0.71,0.16 0.214
NSE -0.68 (0.37) -1.41,0.05 0.067
S100B -1.87 (3.27) -8.34,4.6 0.569
t-tau -2.85(2.87) -8.53,2.82 0322
UCH-L1 -0.16 (0.19) -0.52,0.21 0.400
tSAH (n=406) GFAP 0.12 (2.39) -4.57,4.81 0.960
NFL 0.14 (0.1) -0.05,0.33 0.144
NSE 0.19 (0.19) -0.18,0.55 0319
S100B 0.19(0.13) -0.06, 0.44 0.133
t-tau 0.21 (0.09) 0.03,0.38 0.019*
UCH-L1 2.46 (2.46) -2.37,7.29 0317
EDH (n=54) GFAP -2.01 (2.34) -6.74,2.72 0.395
NFL -0.47 (2.33) -5.18,4.24 0.841
NSE -0.01 (0.75) -1.52,1.51 0.991
S100B -5.78 (2.5) -10.83,-0.72 0.026*
t-tau -0.34 (0.4) -1.14,0.47 0.402
UCH-L1 -1.07 (2.19) -5.49,3.35 0.626
Table 2: Subset analysis of extra-axial haemorrhage group. Multivariable polynomial regression of CNN derived lesion volumes to
biomarker levels.
Results of multivariable polynomial regression of the natural log of extra-axial lesion, as separated by isolated extra-axial lesion type, volume to biomarker level.
Adjustment for time to biomarker, time to scan, age, sex, Glasgow Coma Score (GCS), extracranial abbreviated injury score, volume of IVH, volume of IPH,
volume of post traumatic oedema and total brain volume with polynomial terms of non-linear variables. *** p<o-oo1, ** p<o-or1, * p<0-05.

the burden of intra-axial injury, and therefore extent of
brain parenchymal injury, has the largest impact on
serum biomarker concentration.

A strength of this analysis is the large sample size
providing sufficient numbers of isolated intracranial
injuries for direct comparison of multiple biomarkers
across the different isolated lesion types. Further, the
use of the BLAST-CT algorithm allowed for automated
voxel based volumetric assessment giving volumetric
measurements in an unprecedentedly large cohort
allowing for novel analysis of the impact of the volume
of intracranial pathologies on a panel of multiple differ-
ent TBI biomarkers. By using a multivariable approach
with adjustment for factors known to influence bio-
marker concentrations including; basic demographics,
imaging and biomarker timings, and coexisting trau-
matic pathology, we provide a more detailed and com-
prehensive analysis of volumetric CT findings than
previously reported. We demonstrate a direct relation-
ship between contusion volume on CT and serum levels
of S100B, GFAP, and t-tau with a poor association with
SDH and EDH volume, building upon previous smaller
analyses.” " NSE association has previously shown
inconsistent relationship with intraparenchymal lesion
volume,” "* and we confirm a lack of correlation in
our much larger cohort. Only StooB had a significant
positive association with volume of IVH, consistent
with its presence in ependymal cells and choroid epithe-
lium or following diffusion across a damaged choroidal
barrier from the cerebrospinal fluid.*"
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We performed a cluster analysis of lesions reported
which extends the findings, across the entire disease
spectrum, of two recently reported clusters of lesion
types concentration that had focused on mild injury
only.** Lower biomarker levels were observed in
patients with EDH when compared to DAI+IVH and
SDH+IPH+tSAH echoing the results from volumetric
analysis and indicating a difference in biomarkers sig-
natures between parenchymal and extraparenchymal
injury.

It has previously been suggested that UCH-L is pri-
marily raised in diffuse injury, whilst GFAP is raised in
focal mass lesions.”> We were unable to replicate this
finding; serum concentrations of all biomarkers were
higher in severe diffuse injury when compared to focal
mass lesion, with no differences between GFAP and
UCH-L1. We also demonstrated a lack of statistically sig-
nificant variation in biomarker profiles between differ-
ent isolated lesion types. There exists a substantial
overlap between pathoanatomical lesions types, with
lesions rarely presenting in isolation and the majority of
patients with intracranial pathology having a mixed
lesion injury.”* Most injuries will extend across multi-
ple cell types or components, and this heterogeneity will
make it difficult to utilize biomarker signatures to cor-
rectly identify individual lesion classes.

Of note, this study demonstrated significantly raised
levels of GFAP, S100B, NFL, t-tau and UCH-L1 in the
isolated skull fracture group with no demonstrable
underlying parenchymal injury on CT imaging, in
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comparison to those with normal CT scans. Within TBI
research, skull fractures are often not considered to rep-
resent a significant CT finding, and are often classified
as showing no acute abnormality. Previous publications
have reported elevation in some TBI biomarker levels in
skull and facial fractures, but these usually fail to reach
significance.” 7 Our current analysis, based on a sub-
stantially larger sample volume, shows that these eleva-
tions are significant at a group level. We have also
previously shown that some biomarkers may be elevated
in patients who are clinically characterized as non-TBI
orthopaedic trauma.>® Combined, these findings sug-
gest that injuries that result in skull fracture or major
extracranial injury can cause sufficient insult to the
brain, or disruption to the blood brain barriers, to cause
elevation of brain injury biomarkers in blood; even if
such insult is undetectable clinically and by CT. This is
consistent with previous studies demonstrating an
increase in biomarkers in CT negative patients, who
demonstrate abnormalities on magnetic resonance
imaging (MRI) investigation.” Such isolated bio-
marker elevation may also provide the diagnostic sub-
strate of occult neurological injury in patients who
experience persistent post-concussion syndrome despite
the absence of intracranial findings on acute
neuroimaging.”?

The ability for acute biomarkers to detect the pres-
ence of isolated DAI would be of particular clinical
importance due to the relatively poor sensitivity of CT
in comparison to MRI.>® If biomarkers could identify
those patients at higher risk of underlying DAI then it
may help to inform which patients may benefit most
from MRI investigation. Tau, and the neurofilament
proteins NFL and neurofilament heavy, hold most
promise as potential biomarkers of DAI, owing in part
to their proposed axonal and dendritic origins, respec-
tively, and prior studies suggest an increased concentra-
tion of these axonal markers in the presence of DAL
However, the evidence is inconclusive with small sam-
ple sizes, and significant confounders in analyses.’" **
We found that all biomarkers studied demonstrated
poor discrimination for patients with DAI, including in
a selected population of patients with isolated DAI
detected on CT imaging. Although it is entirely possible
that the poor sensitivity of CT compared to MRI for
assessing underlying DAI is likely to have led to mis-
classification bias. Future studies utilising the improved
diagnostic ability of structural and quantitative MRI
imaging techniques for DAI may allow for greater clar-
ity to this question of whether biomarkers are able to
detect occult DAL

The majority of biomarker concentration variance on
PCA was explained by two dimensions, with covariance
observed in all biomarkers aside from NSE. These find-
ings are in-keeping with previous PCA analysis of the
same biomarker panel in a critical care cohort,®® but
here are extended across the severity spectrum. K-

means clustering found two natural clusters, which sep-
arated out more severe and mild intracranial injuries,
with the former characterized by worse clinical features
and CT evidence of intracranial pathology. The lack of
clustering of specific pathoanatomical lesion types and
different signatures of biomarker elevation are consis-
tent with our conclusion that their levels are primarily
driven by injury severity rather than injury type.

Caveats and limitations

There are several limitations to our study. 2869/4509
(64%) of patients in CENTER-TBI met our inclusion
criteria, with those excluded having a slightly greater
injury severity, with lower baseline GCS, less patients in
the ED stratum, more patients in the Admission/ICU
stratum and a greater injury severity score (ISS) (Table
S2, Table S3). The patient population of CENTER-TBI,
and of this analysis, is largely white and European, and
this may limit generalizability of findings in non-white
or non-European populations. The requirement for a
clinical indication for a CT for recruitment in CENTER-
TBI may also miss patients with mild injuries who did
not meet the criteria for a CT scan, though still pre-
sented with a TBI. Substantial variety exists in the
kinetic profile of different biomarkers,*® and the use of
a 24 hour time frame for biomarker sampling in this
analysis may have an impact on the diagnostic ability of
biomarkers with shorter half-lives. Where possible mul-
tivariable adjustment has been made to account for
time to biomarker sampling. In addition, in Fig. Sg we
present the mean Z-score change of each biomarker as
separated by time of collection in each of the pathology
groups to demonstrate the temporal profile of each bio-
marker as dependent on pathology present. The use of
the acute time point in this study means that the find-
ings are most applicable to those presenting to hospital
acutely following injury, and not to those with delayed
presentations. Future studies assessing how the tem-
poral profile of biomarkers corresponds to the injury
and lesion progression will be key to understand if
biomarkers and level changes can either predict neu-
roworsening and/or are reflective of ongoing injury.
The CT negative population was used as a reference
for the derivation of Z-score changes in biomarker
concentrations. As demonstrated previously,*”"° the
absence of CT pathology does not exclude underlying
brain injury and there may therefore be an element
of dampening of results with the use of CT-negative
patients as the reference group. ROC curve analysis
was not externally validated in a separate cohort,
therefore limiting the reproducibility and generaliz-
ability of these results. Finally, although this study
has an unprecedentedly large sample size in relation
to TBI volumetric CT analysis, small sample sizes in
the EAH subgroup analysis limit the transferability
of these results.
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Conclusion

In conclusion, lesion burden, as demonstrated by intra-
cranial lesion volume, lesion number, degree of diffuse
injury, and clustering in regard to injury severity, was
shown to be positively associated with acute biomarker
concentrations following TBI. The complex and heter-
ogenous nature of TBI creates substantial overlap
between pathoanatomical lesions, making it difficult for
biomarkers to identify individual lesion types. Future
studies investigating the temporal signatures of bio-
marker and lesion progression will be important to fur-
ther understand how to interpret and use biomarkers in
research and clinical practice.
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