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Prognostic Value of Blood-Based Protein Biomarkers
in Traumatic Brain Injury: A Living Systematic Review
and Meta-Analysis
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Abstract

Circulating biomarkers might improve the prediction of outcomes in patients with traumatic brain
injury (TBI) beyond current approaches. Robust and up-to-date evidence is required to support their
clinical utility and integration into medical practice to guide decision-making. Our objective was to
critically appraise the existing evidence for six core blood-based TBI biomarkers (5100 calcium-binding
protein B, glial fibrillary acidic protein [GFAP], neuron-specific enolase, ubiquitin C-terminal hydrolase-
L1 [UCH-L1], tau and neurofilament proteins), in predicting outcome after TBI. Electronic databases,
including Medline and Embase, were searched for articles published from their inception to October
2023. Studies were included if they evaluated the accuracy of blood biomarker concentrations at hos-
pital presentation for outcome prediction in adult patients with TBI. Outcomes assessed were mortal-
ity, Glasgow Outcome Scale (GOS)/GOS extended (GOS-E), or the Rivermead Post-Concussion
Symptoms Questionnaire (RPQ). Study selection, data extraction, and quality assessment using the
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CIRCULATING PROTEIN BIOMARKERS FOR TBI PROGNOSIS

modified Quality Assessment of Prognostic Accuracy Studies tool were performed by two authors
independently, with disagreements being resolved through discussion or arbitration. If appropriate, a
meta-analysis was conducted by calculating the weighted summary area under the curve (AUC) and
using a bivariate regression model. Of 12,792 retrieved records, 32 articles, including 7481 patients
with TBI, were selected as relevant. Two biomarkers showed strong associations with in-hospital and
6-month mortality: GFAP (unadjusted pooled AUC 0.81 [95% confidence interval [CI] 0.75-0.87] and
0.82 [0.80-0.85], respectively) and UCH-L1 (0.80 [0.74-0.85] and 0.83 [0.77-0.88]). Their addition to
models that included established risk factors consistently improved the predictive value, though mod-
els and performance varied substantially across studies. In four studies measuring both markers, UCH-
L1 outperformed GFAP in improving risk stratification when added to established prediction models.
At ~ 1.5 ng/mL (five studies), the summary sensitivity of GFAP for predicting mortality was 78% (95%
Cl 67-85%), and the summary specificity was 79% (95% Cl 64-89%). The other assessed biomarkers
had fair to good performance in mortality prediction with unclear added benefits. Neurofilament light
(NfL) (three studies) demonstrated the strongest association in predicting a 6-month poor outcome
(GOS-E <4; GOS <3) (unadjusted pooled AUC 0.81 [95% Cl 0.75-0.871), whereas the other assessed bio-
markers had a fair performance with unclear or irrelevant added value. All core biomarkers had only
marginal or no association with incomplete recovery and post-concussion symptoms/syndrome, as
assessed by RPQ. Serious problems were found in the design and analysis of many of the studies. We
conclude that admission measurements of core blood TBI biomarkers, in particular GFAP and UCH-L1,
are strongly associated with mortality. There remains little evidence that any of these markers are
ready for clinical implementation for prognostic purposes. Future work focused on the intended use
and applying unbiased rigorous analysis methods is necessary to demonstrate that the biomarker test
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results are “prognostically actionable.”
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Introduction

Traumatic brain injury (TBI) is a leading cause of death
and disability worldwide,'™ with more than 69 million
new cases estimated to occur annually.>® Despite recent
improvements in clinical management, up to 40% of
patients with severe TBI (Glasgow Coma Scale [GCS]
3-8) and up to 8% of those with mild TBI (GCS 13-15)
will die.””” Epidemiological evidence shows that most
survivors face physical, psychiatric, emotional, or cogni-
tive disabilities, which may persist lifelong with no ther-
apeutic options disrupting their lives and with wide-
ranging consequences for families, health care systems,
and society.®!® Moreover, an increased long-term mor-
tality risk, accelerated brain atrophy, and neurodegenera-
tive diseases have been linked to TBL.''~'*

Accurate and timely identification of individuals at
high risk for adverse outcomes would be of paramount
importance in clinical practice to inform patients and
their relatives, to improve personalized care, and to opti-
mize the design of clinical trials.'> While prognostic
models exist, they explain only 35% of outcome variance
in moderate-to-severe TBI and perform poorly for mild
TBIL.'®° These drawbacks could be addressed by the
use of sensitive and specific blood-based biomarkers

yielding complementary prognostic information and pro-
viding insight into the pathobiology of TBI.

During the past 15 years, six core blood-based TBI
biomarkers, namely S100 calcium-binding protein B
(S100B), glial fibrillary acidic protein (GFAP), neuron-
specific enolase (NSE), ubiquitin C-terminal hydrolase-L1
(UCH-L1), tau and neurofilament proteins (NFs), have
emerged as potential strong diagnostic candidates,*"*
also showing promise in reflecting distinct types of dam-
age and pathophysiological mechanisms.”>® However, it
is currently unknown how to best leverage these markers
to improve the prediction of outcomes after TBI in clinical
practice, especially for milder outcomes.

This review, part of the Collaborative European Neu-
roTrauma Effectiveness Research (CENTER-TBI) pro-
ject (www.center-tbi.eu), systematically appraises the
evidence on the prognostic value of these protein bio-
markers and aims to provide a comprehensive, robust,
and updated summary to inform the development of clin-
ically actionable recommendations. It also presents a
solid framework upon which to base future primary
prognostic factor research in TBI, maximizing our chan-
ces for success in identifying clinically useful prognostic
markers or biomarker combinations capable of improv-
ing medical decision-making beyond current approaches.


http://www.center-tbi.eu
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Methods

Design

Our research question was developed based on the Popu-
lation, Index intervention, Comparison, Outcome, Tim-
ing, and Setting (PICOTS) research framework (Box 1).
This review was carried out following a predefined proto-
col (PROSPERO CRD42016048189), and the study
design adheres to the methodological guidelines of the
PROGnosis RESearch Strategy (PROGRESS) Frame-
work (prognostic factor research)'>? with reporting
based on preferred reporting items for systematic reviews
and meta-analyses (PRISMA) and reporting recommen-
dations for tumor marker prognostic studies (REMARK)
recommendations.’*?! As a living systematic review
(LSR), we will monitor new TBI biomarker research on
an ongoing basis and will update the LSR periodically as
new relevant evidence becomes available.*>** Updates
may occur up to years from the date of original publication
and significant changes in evidence will be highlighted for

readers in the most updated version. This novel approach
is part of a collaborative effort between CENTER-TBI and
the Journal of Neurotrauma.

Search strategy

We searched Ovid MEDLINE®, OVID Embase, OVID
Evidence-Based Medicine Reviews, and Cochrane
Library from their inception dates to October 2023 for
relevant studies. In collaboration with a search specialist,
we developed search strategies specific to each database
using validated combinations of terms for TBI studies
and broad keywords and indexing terms for biomarkers
(see Supplementary Appendix Al).

For possible ongoing trials and studies, we also
searched the WHO International Clinical Trials Registry
Platform and ClinicalTrials.gov registry and examined
reference lists of all relevant publications including nar-
ratives and systematic reviews, and abstracts from scien-
tific meetings.

Box 1. PICOTS framework applied to the research question “Predictive value of blood-brain injury
biomarkers for prognosis in adult patients with TBI”

o Population (target population for which prognostic biomarkers are to be used): Adult patients with acute
TBI, defined as clinically diagnosed TBI and hospital presentation within 24 h of injury.

e Index prognostic factors (biomarkers for which prognostic value is assessed): Six core blood-based TBI
biomarkers, namely S100 calcium-binding protein B (§100B), GFAP, NSE, UCH-LI, tau and neurofila-
ments (NFs).

e Comparator prognostic factors (assessment of the adjusted prognostic value of the index prognostic bio-
markers over and above other existing prognostic factors [comparators]): The prognostic effect of the six
blood-based TBI biomarkers after adjusting for conventional routinely assessed TBI prognostic factors/
models, also evaluated as a change in the prediction model performance. In particular, adjustment for
the following established prognostic factors/models was of interest: age, GCS, CT findings, International
Mission for Prognosis and Analysis of Clinical Trials in TBI IMPACT core (age, GCS motor score, and
pupil reactivity), Corticosteroid Randomization After Significant Head injury CRASH basic (age, GCS,
pupillary reactivity, and major extracranial injury) and UPFRONT emergency department (age, sex, edu-
cational level, pre-injury mental health, alcohol intoxication on the day of injury, GCS score, duration of
post-traumatic amnesia, and neck pain).

e Outcome (outcomes for which the prognostic ability of the biomarkers under review are of interest):
Mortality, functional outcome as assessed by the Glasgow Outcome Scale [GOS] or Glasgow Outcome
Scale-Extended [GOS-E], and post-concussion symptoms/syndrome as assessed by the RPCSQ.

o Timing (the time point at which prognosis information is required [i.e., the time point of prognostication],
and over what time period the outcomes are predicted by the biomarkers under review): Acute biomarker
measurement (on hospital admission), and follow-up information on the outcomes at discharge (mortal-
ity) and/or up to 6/12 months (mortality and functional outcome), and after 1 month or later (post-con-
cussion symptoms/syndrome).

o Setting (intended health care setting and role [clinical scenario-intended use] in/for which the prognostic
biomarkers are to be used): Biomarker measurements in hospital (emergency room, ward, and intensive
care unit [ICU]) to provide prognostic information about patients diagnosed with TBI; this information
may improve risk stratification, aid in medical decision-making (patient management and treatment)
and inform/be useful in clinical trial design.
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Study selection

Citations were managed with Endnote (version XO,
Thomson Reuters, Toronto, Canada) and uploaded into a
web-based systematic review program (Covidence, Aus-
tralia) (http://www.covidence.org/).

Two reviewers (K.A. and S.M.) independently screened
titles and abstracts, followed by a full-text review of retained
articles. Disagreements were resolved through discussion, or
where necessary, arbitration by a third party (E.C.).

We included prospective observational studies and
randomized controlled trials that investigated the prognostic
value of the circulating biomarkers of interest—S100B,
GFAP, NSE, UCH-L1, tau, and NFs—at hospital presenta-
tion in adult patients with TBI. Eligible studies had to report
at least one outcome of interest (mortality, Glasgow out-
come score [Glasgow Outcome Scale [GOS], or extended
GOS [GOS-E], or post-concussion symptoms/syndrome as
assessed by the Rivermead Post-Concussion Symptoms
Questionnaire [RPQ]34), biomarker measurement in blood
on admission, and relevant prognostic analyses.

We excluded studies containing exclusively or primar-
ily pediatric patients and those using non-quantitative
methods to assess biomarker concentrations (e.g., West-
ern blot or explorative proteomics). No restrictions were
applied based on geographic location and language of
publication, but we excluded articles reporting no or not
sufficiently detailed methodological information (for
instance, abstracts, letters to editors, and conference pro-
ceedings) or when essential information was missing and
could not be obtained from the authors. Studies on cohorts
with fewer than 50 participants, resulting, thereby, in few
total events, and imprecise effect estimates (‘‘small-study
effects’”) were also excluded.®>*® To avoid double counting,
in the case of publications reporting results from the same
cohort or studies with overlapping samples, we selected the
most complete article and those presenting complementary
results (for instance, if they reported measurement of differ-
ent biomarkers or outcomes).

Data extraction

Two reviewers (K.A. and S.M.) independently extracted
data using a standardized and piloted data abstraction
form with analysis domain from the checklist for critical
appraisal and data extraction for systematic reviews of
prediction modeling studies—prognostic factor.'> All
extracted data were checked for accuracy by a third
researcher (E.C.), and discrepancies were resolved. We
collected relevant information on the publication, study
design and funding, patient characteristics (demographic
and clinical data), biomarker testing (analytical aspects,
sampling time and type, concentrations, cutoffs, estimated
prognostic effect measures and their precision), compara-
tor prognostic factors and models, and clinical outcomes
of interest (outcome type and timing of assessment). If

biomarkers were assessed at multiple time points, we
used the first measurement after the injury for analysis.
Our primary outcomes were all-cause mortality (at
discharge and late mortality [up to 6/12 months]), unfav-
orable outcome/incomplete recovery as assessed by GOS
or GOS-E (up to 6/12 months), and occurrence of per-
sisting (after 1 month) post-concussion syndrome/symp-
toms, as assessed by the RPQ. When the outcome was
dichotomized by the authors, we retained their definition
of outcome (see Table 1). Otherwise, when the entire
spectrum of the scores was provided, we dichotomized
the scores to define unfavorable outcomes as GOS <3 or
GOS-E <4, and incomplete recovery as GOS-E <8.

Assessment of methodological quality

and risk of bias

The methodological quality of the included studies was
evaluated using a modified version of the Quality
Assessment of Prognostic Accuracy Studies (QUA-
PAS)®” supplemented with additional items from the
Quality in Prognostic Studies®® and REMARK tools.*!
The QUAPAS tool includes five domains: participants,
index test, outcome, flow and timing, and analysis. Each
domain is judged in terms of risk of bias, with the first
four domains also considered in terms of concerns about
the applicability of the study findings to the review ques-
tion. The detailed components of each domain can be
found in Supplementary Appendix A2. Assessment of
the different aspects of study quality was independently
performed by two reviewers (K.A. and S.M.). Discrepan-
cies were resolved through discussion or arbitration by a
third reviewer (E.C.).

Data synthesis and statistical analysis

The analysis includes a structured narrative synthesis.
We constructed evidentiary tables identifying study char-
acteristics, results pertinent to the review questions—
prognostic capabilities of the biomarkers of interest, and
quality ratings for all the included studies. We performed
separate analyses for each biomarker and each outcome
type and timing. There are no accepted/validated prog-
nostic thresholds, and sensitivity and specificity were not
consistently reported (Supplementary Table S2). There-
fore, we calculated the weighted summary area under the
ROC curve (AUC) under the random effects model as a
summary measure for associations with outcome.®® This
model accounts for between-study variability allowing
for heterogeneity in threshold and accuracy. Where data
were available, we plotted estimates of sensitivity and
specificity from each study on forest plots and in receiver
operating characteristic (ROC) space. For studies that
reported data at a common cutoff value, we calculated
the pooled estimates of sensitivity and specificity in a
random-effects bivariate regression approach.70 We used


http://www.covidence.org/
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Cook’s distance to identify particularly influential studies
and checked for outliers using scatter plots of the stand-
ardized predicted random effects. We explored heteroge-
neity through visual examination of the forest plots of
sensitivities and specificities and the I statistic.”' Due to
the limited number of studies, subgroup and sensitivity
analyses based on a priori-specified hypotheses were not
undertaken. For all tests and confidence intervals, we
used a two-tailed alpha of 5%. Data processing and sta-
tistical analyses were conducted using Review Manager
(RevMan) version 5.3 (Cochrane Collaboration, Copen-
hagen, Denmark), MedCalc® Statistical Software version
22.021 (MedCalc Software Ltd, Ostend, Belgium; 2024),
and STATA version 18.0 (StataCorp, 2023, College Sta-
tion, Texas, USA) including the user-written commands
METANDI and MIDAS.

Results

The total number of unique records identified by our
searches up to October 2023 was 12,792, of which 480
full-text articles were assessed for eligibility. Thirty-two
of them fulfilled our inclusion criteria and were included
(Fig. 1). The main study characteristics are reported in
Table 1, additional details are provided in Table 2 and
Supplementary Tables S1 and S2.

Most studies (n = 20, 63%) were published in the last
decade (between 2014 and October 2023), and the
remaining were published from 2000 to 2011. Twenty-
nine studies were observational cohort studies and three
were randomized controlled trials®’**-¢ (Table 1). In total,
4 of the 32 included articles reported results from the
ongoing multicenter study Transforming Research and
Clinical Knowledge in Traumatic Brain Injury,*!~%->

-
—
= Records identified through searches in
S ~ =
"g Total Records Identified Through L : OVID MEDLINE (n=6144)
] Database Searching: 18179 v VAT (=TT
.ﬁg M J * OVID EBMR (n=481)
= ® Cochrane Library (n=1039)
g h
=
I
e >{ 5387 Records excluded after de-duplication J
"
A 4
[ 12792 Unique Records Identified ]
=1
8=
=
)
= (
% >\ 12312 Papers excluded based on title/abstract ]
~—
A 4
[ 480 Papers Assessed for Eligibility ]
z @8 Papers excluded after full text review \
:—E' + Other outcomes (n= 105)
=) * No TBI population (n= 22)
E « Other index tests (n=11)
o + Unsuitable study design (n=51)
Cal . .
+ No primary studies (n= 24)
+ Multiple publications with overlapping population
(n=78)
« TBI patients <50 (n= 96)
— \- Missing relevant prognostic data (n=61) /
S
2 v
=
_j [ 32 Relevant Studies Identified ]
=
—
—/
FIG. 1. Study flow diagram.
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two reported results from the TBIcare project,‘”’72 and two

from the European multicenter, longitudinal, observational
cohort study CENTER-TBL**> Twelve studies referred to
a study protocol 23:3741434647505153.5659.72 510k one
was not publicly accessible.?® No studies referred to a sta-
tistical analysis protocol. Most of the studies were con-
ducted in the United States (7/32) and European region
(19/32), three studies were conducted in China, one in
India, one in Canada, and one in Iran (Fig. 2). The total
number of patients with TBI in the included studies was
7481, with sample sizes ranging from 57*° to 2283.7! The
reported mean or median age ranged from 30°* to
63.1 years.*® Older adults appeared to be underrepresented,
as only three studies included participants with a mean/
median age of 50 years or above. Males represented 69%
of all subjects (the proportion of men ranged from 47%*°
to 85%°°). Data on race or ethnicity were reported in six
studies, with the proportion of white individuals ranging
from 75%* to 97%,* while Asian and Black individuals
were considerably underrepresented. The severity of the
injury was variable across studies. Most studies (n = 13,
41%) enrolled patients with severe or moderate-to-severe
TBI, eight studies (25%) included patients classified as
having mild TBI, and nine (28%) enrolled the full spec-
trum of injury severity (GCS 3-15). This information was
not available in two studies (Table 1). Six studies included
participants with isolated head trauma,*#%43>4-38.66 byt no
study reported including penetrating brain injury. The par-
ticipants were primarily recruited from the emergency
department (n = 17) and ICUs (n = 7), while eight studies
did not report details of the health care setting (Table 1).
The most common blood sample matrix was serum (75%).

Twenty-seven studies defined a specific sampling time
window as an inclusion criterion, which ranged from
2 h¥7* (o0 48 h.* Most of the samples were drawn within
24 h of injury, with study means/medians ranging from
61 min®’ to 28 h,*” but the time was reported inconsistently
(20 out of 32) (Table 2).

Mortality, GOS/GOS-E with varying dichotomizations,
and post-concussive symptoms/post-concussion syndrome
outcomes were reported in 16 (50%), 21 (66%), and 7
(22%) studies, respectively. The outcome was most fre-
quently assessed at 6 months post-injury, with—depending
on case-mix—mortality ranging from 3.8%"* to 45.45% %
unfavorable outcomes (GOS <3 to GOS-E <4) ranging
from 12.7%% to 58.8%,* and, incomplete recovery
(GOS-E <8) ranging from 24%% to 68%.*' The occur-
rence of post-concussion symptoms or post-concussion
syndrome was assessed between 1 month and 12 months
and ranged from 22%% to 62%° (Table 2). Eighteen stud-
ies (56%) did not report loss to follow-up, as the outcome
assessment was an inclusion criterion (Table 2).

The majority (n = 21) of studies evaluated S100B; 17
GFAP, 10 UCH-L1, 9 NSE, 7 tau, and 5 neurofilament
proteins. Twenty studies reported cutoff values. How-
ever, the threshold was prespecified in only three stud-
ies*>#8%: in the remaining, the optimal cutoffs were
determined from ROC analyses or using reference limits
established on study participants, which may lead to
accuracy overestimation (Supplementary Table S2).

Methodological quality of included studies
Twenty-nine studies were at high risk of bias (Fig. 3).
Methodological concerns were primarily driven by

FIG. 2. Geographical distribution of where studies were conducted.
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patient selection criteria and lack of consecutive/random
patient enrollment (n = 24), lack of technical reliability (i.e.,
inter-assay coefficient of variation [CV] >15%, and intra-
assay CV >10%), lack of prespecified thresholds with data-
driven selection of optimal cutoff values (n = 17), and inad-
equate analysis methods or control for confounding (n =
19). In particular, the indication for CT scanning or exclu-
sion of patients without outcome assessment may inflate the
performance estimates. In ~65% of the studies, participant
characteristics and sampling procedures did not appropri-
ately match the clinically relevant question, raising concerns
about the applicability of the findings to clinical practice.

Mortality

$100 calcium-binding protein B. The performance of
S100B for predicting mortality was evaluated in 13 stud-
ies including 3682 patients with TBI.

In-hospital (early) mortality. The study-specific
AUCs and 95% CI for each of the four studies*>#+8-62
(484 patients with TBI), that evaluated in-hospital mor-
tality are shown in Figure 4. The AUC values were
between 0.74 and 0.81. Pooling the results produced a
summary estimate of 0.80 (Table 3). Three studies*+38:62
reported thresholds ranging from 0.568 pg/L to 1.5 ug/L
(ng/mL), with sensitivities between 73% and 87%, and
specificities between 60% and 76% (Supplementary
Table S2 and Supplementary Fig. S2).

Only one study** adjusted for all the clinical variables
assessed and concluded that SIO0B on admission was
not an independent predictor of early mortality.

Late mortality. A total of 11 studies*0:42-46:54-58.64-66
(3198 patients with TBI) evaluated the accuracy of
S100B for predicting late mortality. The AUC values
were between 0.60 and 0.87 (Fig. 4), though in one
study,>® S100B was not found to be a predictor of death.
Pooling the results produced a summary estimate of 0.77
(Table 3) with considerable heterogeneity (P = 68).
Seven studies®*>37:98:64766 report a threshold value
ranging from 0.48 ug/L to 2.15 ug/L (ng/mL), with sen-
sitivities between 25% and 100%, and specificities
between 41% and 94% (Supplementary Table S2 and
Supplementary Fig. S2).

Six studies*®3*6:647¢ oyaluated the added benefit or
adjusted for one or more prognostic factors, including
demographic, clinical, and radiological characteristics
and established prognostic models. The set of adjustments
varied substantially across studies. One large-scale study46
demonstrated an additive benefit, the magnitude of which,
notably, differed depending on the model (i.e., IMPACT
core and CRASH basic).

Glial fibrillary acidic protein. The accuracy of GFAP
for predicting mortality was evaluated in 12 studies
including 5005 patients with TBI.

In-hospital (early) mortality. ~Only three studies®>="4?

(430 cases) evaluated the prognostic value of GFAP for
in-hospital mortality. The study-specific AUCs and 95%
CI are shown in Figure 4. The AUCs ranged from 0.77
to 0.85. Pooling the results produced a summary estimate
of 0.81 (Table 3). One study? reported a threshold of
1.44 ng/mL yielding a sensitivity of 67% and a specific-
ity of 86% (Supplementary Table S2).

One study®’ demonstrated added benefit after adjust-
ing for prehospital (PH) predictor variables (i.e., GCS
score, age, sex), while one study23 identified GFAP as a
stronger predictor of early mortality compared to patient
characteristics (age, sex) and TBI characteristics (CT
findings, GCS).

Late mortality. The accuracy of GFAP for late mor-
tality was evaluated in 11 studies?>40-4246:51.52.55.56.64-66
(4762 patients with TBI). The AUCs were between 0.75
and 0.87, with a summary estimate of 0.82 (Fig. 4,
Table 3). One study® did not find GFAP on admission
as an independent predictor of death. Thresholds deter-
mined in five studies were between 0.012 ng/mL and
1.69 ng/mL. The sensitivities were between 71% and
85% while the specificities were between 52% and 93%
(Supplementary Table S2 and Supplementary Fig. S2).

Seven studies?*0->1°6-6466 ey ajyated the added bene-
fit or adjusted for one or more prognostic factors. The set
of adjustment factors varied substantially across studies
and included demographic, clinical, and radiological
characteristics and established prognostic models (i.e.,
IMPACT core and CRASH basic, UPFRONT). Five
studies?*¢-31647¢ qemonstrated an additive value.*®

Prognostic performance of GFAP for predicting mortality
at ~ 1.5 ng/mL cutoff value. Four studies®~>%*%° repo-
rted independently a cutoff value at presentation of
~ 1.5 ng/mL (1.44-1.69 ng/mL) for mortality prediction.
This value was also validated in an independent cohort.®®
We pooled the results from these five studies to obtain
summary estimates of sensitivity and specificity. The tar-
get condition was severe TBI (GCS 3-8) in four studies
and severe to moderate TBI (3-12) in one study; the out-
come was early mortality in one study and late mortality
in the remaining four studies. Figure SA shows a forest
plot of the coupled sensitivity and specificity with 95%
confidence intervals for each study included in this meta-
analysis. Pooling the results produced the following sum-
mary estimates: sensitivity 77.7% (95% CI 67.4% to
85.4%) and specificity 79.1% (95% CI 63.9% to 89%)
The summary ROC plot (Fig. 5B) shows the summary
sensitivity and specificity (the solid red square) and the
95% confidence and prediction regions (the inner and
outer ellipses, respectively). As shown in Figure SA and C,
a significant level of heterogeneity was apparent in the
results, greater in specificity than in sensitivity. This could
be explained by the fact that one study included patients
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Table 3. Head-to-Head Prognostic Performance as Assessed by Unadjusted Pooled AUC (95% CI) for Biomarkers
Across Outcomes
S1008 GFAP UCH-L1 NSE Tau NfL
In-hospital mortality 0.80 0.81 0.80 — — —
(0.76-0.84) (0.75-0.87) (0.74-0.85)
4 studies 3 studies 3 studies
484 TBI 430 TBI 430 TBI
6 months mortality 0.77 0.82 0.83 0.75 0.83 —
(0.73-0.83) (0.80-0.85) (0.77-0.88) (0.70-0.81) (0.81-0.85)
11 studies 11 studies 5 studies 7 studies 3 studies
3198 TBI 4762 TBI 4268 TBI 2846 TBI 2491TBI
6 months poor outcome 0.75 0.79 0.78 0.73 0.76 0.83
(GOS-E <4, GOS <3) (0.70-0.81) (0.75-0.82) (0.73-0.84) (0.66-0.80) (0.68-0.85) (0.81-0.85)
12 studies 13 studies 8 studies 7 studies 5 studies 3 studies
3784 TBI 5712 TBI 5289 TBI 2661 TBI 2774 TBI 2477 TBI
6 months incomplete recovery — 0.65 0.64 — — —
(GOS-E <7, GOS <4) (0.59-0.72) (0.53-0.74)
4 studies 3 studies
4292 TBI 4292 TBI

The number of the included studies and patients used in the analysis are indicated.

AUC value interpretation.

0.9-1.0: Excellent discrimination capability.
0.8-0.9: Good discrimination capability.
0.7-0.8: Fair discrimination capability.
0.6-0.7: Poor discrimination capability.

AUC, area under the curve; Cl, confidence interval; GFAP, glial fibrillary acidic protein; GOS, Glasgow Outcome Scale; GOS-E, GOS extended; NfL,
neurofilament light; NSE, neuron-specific enolase; S100B, calcium-binding protein B; UCH-L1, ubiquitin C-terminal hydrolase-L1.

with different injury severity (i.e., GCS 3-12) and the
shortest time to sample collection.®® After refitting the
model and leaving this study out, we observed a modest
increased sensitivity (77.7% vs. 79.4%) while specificity
decreased from 79.1% to 74.1%.

Ubiquitin C-terminal hydrolase-L1. The accuracy of
UCH-L1 for predicting mortality was evaluated in five

studies (4511 patients with TBI).
In-hospital (early) mortality. Only three studies

(430 cases) evaluated the performance of UCH-L1 for early
mortality. The individual AUC values, ranging between 0.74
and 0.83, are shown in Figure 4. Pooling the results produced
a summary estimate of 0.80 (Table 3). One study* reported
a threshold of 1.89 ng/mL, with a sensitivity of 52% and a
specificity of 96% (Supplementary Table S2).

Two studies investigated the adjusted prognostic value
of UCH-LI, one* demonstrating that UCH-L1 was the
only independent predictor after adjusting for patient/TBI
characteristics, and the other’’ showing that UCH-LI
improved prediction of 28-day mortality compared with PH
variables alone.

Late mortality. The accuracy of UCH-L1 for late
mortality was evaluated in five studies (4268 patients
with TBI). Pooling the results produced a summary esti-
mate of 0.83 (Table 3) with individual AUCs between
0.62 and 0.89 (Fig. 4). There was a substantial heteroge-
neity (I = 79.6). One study66 reported a threshold value
of 2039.9 pg/mL, with a sensitivity of 69% and a specific-
ity of 83.6% (Supplementary Table S2).

Four studies®>*®°"¢ investigated the added benefit/
independent contribution of UCH-L1 to the probability of

23,3742

being deceased 6 months post-injury showing a consistent
incremental prognostic value, though the set of prognostic
factors was variable across studies. Importantly, in all four
studies® 1% also measuring GFAP, this latter was con-
sistently outperformed by UCH-L1.

Neuron-specific enolase. The accuracy of NSE for
predicting mortality was evaluated in eight studies (2976
patients).

In-hospital (early) mortality. Three studies (335
patients with TBI) evaluated the accuracy of NSE, two
showing a poor to good accuracy (AUCs 0.675 [95% CI
0.59-0.75]°* and 0.820 [95% CI 0.733-0.887]°%) and
one*? reporting no association between circulating NSE
concentrations on admission and in-hospital mortality.

Late mortality. The accuracy of GFAP for late mor-
tality was evaluated in seven studies (2846 TBI cases).
Two studies’®>® reported no association between NSE on
admission and 6-month mortality; in the remaining, the
AUCs were between 0.6 and 0.82, with a summary esti-
mate of 0.72 (Fig. 4, Table 3). Thresholds were determined
in two studies®*®® and ranged from 17.6 to 21.7 ng/mL.
The sensitivities were between 85% and 93.1% while the
specificities were between 48% and 61.6%.

In the three studies*®6+66 investigating the added ben-
efit of NSE to one or more prognostic factors, a limited/
non-significant incremental value was observed.

Tau. Only three studies*>46-66 including 2491 patients

with TBlevaluated the accuracy of total-tau (t-tau) for
predicting 6-month mortality. The individual AUC val-
ues ranged between 0.81 and 0.83 (Fig. 4) with a
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summary estimate of 0.83 (Table 3). One study®
reported a threshold of 303.2 pg/mL, with a sensitivity of
79.3% and a specificity of 79.3% (Supplementary Table
S2). One study46 reported a discriminative ability (C-sta-
tistic) and R” of t-tau adjusted for demographic, clinical,
and radiology parameters to predict mortality of 0.011%
and 3.9%, respectively.

Neurofilament. Three studies***®® including 2491
patients with TBI evaluated the accuracy of neurofila-
ment proteins for predicting 6-month mortality, two stud-
ies assessing phospho-NFH (p-NFH) (208 patients)**%°
and one study neurofilament light (NfL; 2283 patients).*®
The individual AUC values were 0.82 for p-NFH and
0.81 for NfL. One study66 reported a threshold value of
940.4 pg/mL for p-NFH, with a sensitivity of 79.3% and
a specificity of 79.3% (Supplementary Table S2). One
study™ reported a limited discriminative ability (C-statistic)
and R* of NfL after adjusting for demographic, clinical, and
radiology parameters (0.005% and 1.5%, respectively).

GOS-E/GOS
$100 calcium-binding protein B.  The value of SI00B
for predicting clinical outcome as assessed by GOS/
GOS-E was evaluated in 12 studies (3784 TBI cases).
Unfavorable outcome (GOS-E <4, GOS <3). 'The per-
formance of S100B for predicting unfavorable outcomes
was evaluated in 12 studies*0:4243:46:49.54.56.57.63-66 (3784
patients with TBI) with individual AUCs ranging from
0.75 and 0.87. One study’® did not find SI00B as an
independent predictor of an unfavorable outcome, while
one study49 estimated an OR of 7.6. The summary AUC
estimate is shown in Figure 6 (Table 3), but heterogeneity
(> =78.64) was considerable. Eight studies*349-54.57:63-66
reported a threshold value (range 0.2-2.15 ug/L), and six
reported sensitivities and specificities ranging between
25% and 93%, and between 42% and 95%, respectively
(Supplementary Table S2 and Supplementary Fig. S2).
Among the seven studies*346:34:56:64-66 1,¢ adjusted
for different conventional risk factors or employed
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established prognostic models (i.e., IMPACT core, and
CRASH basic), the added value of SIO0B was limited or
not significant.

Incomplete recovery (GOS-E <8). Only one study46
(2283 patients) evaluated the accuracy of S100B for pre-
dicting incomplete recovery at 6 months post-injury. The
AUC was 0.69, and the incremental value when added to
demographic, clinical, and radiology parameters was
extremely limited (0.007 C-statistic and 1.6% Rz).

Glial fibrillary acidic protein.  The value of GFAP for pre-
dicting clinical outcomes as assessed by GOS-GOS-E was
evaluated in 14 studies, including 5798 patients with TBI.

Unfavorable outcome (GOS-E <4, GOS <3).  Among the
14 studies assessing the value of GFAP for predicting
unfavorable outcomes, circulating levels on admission were
not found to be associated with long-term GOS-E/GOS
in one study.56 The individual AUCs and the pooled
AUC estimate of the remaining 13 studies®’-3%40-43
46.51.52.56.64-66.72 (5717 cases) from the random effects
model are shown in Figure 6 (see also Table 3). There
was marked heterogeneity, with an I* of 66.64%. Six
studies*?-3:%476-72 yeported a threshold value ranging
from 0.01 to 12.19 ng/mL. Five of these studies
reported sensitivities and specificities ranging between
47% and 86%, and between 69% and 95%, respectively
(Supplementary Table S2 and Supplementary Fig. S2).

The nine studjes’’-38:43:46.51.64-66.72 exploring the
independent prognostic value of GFAP over and above
different sets of prognostic factors and models (i.e.,
IMPACT core and CRASH basic, UPFRONT), reported
inconsistent findings, with several showing no substan-
tial independent contribution, and four studies*6-31-64:65
reporting a potential added value.

Incomplete recovery (GOS-E <8). Four studies (4292
patients) evaluated the accuracy of GFAP concentrations
on admission for predicting incomplete recovery at
6 months post-injury. The pooled AUC was poor (0.65)
(Table 3) with individual values between 0.6 and 0.73 (Fig-
ure 6). One study reported a threshold value of 204 pg/mL
(Supplementary Table S2). The three studies*®"72 adjust-
ing for established prognostic factors and models, found
no substantial independent contribution or extremely lim-
ited changes in discriminative ability.

Ubiquitin C-terminal hydrolase-L1. The value of
UCH-L1 for predicting clinical outcome as assessed by
GOS-GOS-E was evaluated in eight studies, including
5289 patients with TBI.

Unfavorable outcome (GOS-E <4, GOS <3). The indi-

vidual AUCs of the eight studies®’84! 743465166 ranoed
from 0.66 to 0.86 with a pooled AUC of 0.78 (Fig. 6 and
Table 5). There was a substantial heterogeneity (I =
83.66%). Two studies***°® defined a threshold which var-
ied widely (from 2.27 ng/mL to 5.12 ng/mL).

Among the six studies®’#4346:51:56 aqjusting for dif-

ferent sets of prognostic factors, three studies demon-

strated changes in discriminative ability.>”*¢-!
Incomplete recovery (GOS-E <8). Three studies

(4292 patients) evaluated the performance of UCH-L1
for predicting incomplete recovery at 6 months post-
injury. The pooled AUC was poor (0.64) (Table 3) with
substantial heterogeneity (I* = 96.88%). Individual AUC
values were between 0.51 and 0.74 (Figure 6).

The two studies*®>! that adjusted for established prog-
nostic factors and models, irrespective of adjustment,
found extremely limited changes in discriminative ability.

41,46,51

Neuron-specific enolase. The accuracy of NSE for
predicting clinical outcomes as assessed by GOS-E/GOS

was evaluated in six studies (2747 patients).
Unfavorable outcome (GOS-E <4, GOS <3). One

study’® did not report the independent prognostic value
of NSE on admission for poor outcome (GOS-E <4,
GOS £3) at 6 months after TBI, the AUC estimates for
each of the remaining five studies?*4246:6466 (2661
cases) are shown in Figure 6. AUC values ranged from
51% to 90% with a pooled estimate of 0.73 (Figure 6
and Table 3). The heterogeneity was remarkable (I* =
81.84%). Two studies®** defined thresholds of 16.4 ng/mL
and 21.7 ng/mL, with sensitivities of 93.1% and 80%,
and specificities of 61.6% and 55%, respectively.

Three studies*®-646¢ adjusted for one or more conven-
tional prognostic factors, demonstrating no substantial

independent contribution.
Incomplete recovery (GOS-E <8). Only one study*®

assessed the value of NSE on admission for predicting
incomplete recovery at 6 months after TBI demonstrat-
ing no changes in discriminative ability.

Tau. The performance of t-tau for predicting clinical
outcomes as assessed by GOS-E/GOS was evaluated in

six studies (2881 patients).
Unfavorable outcome (GOS-E <4, GOS <3). Two stud-

ies*®>? did not find t-tau as a predictor of poor outcome.
The individual AUC values®**4¢5%¢ ranged between
0.52 and 0.83 (Figure 6) with a summary estimate of 0.76
(Table 3), though, the heterogeneity was remarkable (1> =
78.96%). Only two studies®>®® defined thresholds, 282.9
pg/mL and 6.2 pg/mL, with a sensitivity of 81.2% and
63.3%, and specificities of 72.2% and 94.1% (Supple-
mentary Table S2).

Three studies adjusted for one or more different prog-
nostic factors and found no substantial independent contri-
bution*®%® or limited changes in discriminative ability.*®

The accuracy of plasma p-tau231 was evaluated in
only one study.”® The AUC was 77.1% (95% CI 67.8-
86.4) indicating that this marker might be a fair predictor
of poor outcome.
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Incomplete recovery (GOS-E <8). Only two studies*®*’

assessed the value of circulating t-tau level on admission
for predicting incomplete recovery at 6 months after TBI.
Both studies found a non-substantial prognostic value.

Neurofilament. The prognostic value of neurofilament
for clinical outcome as assessed by GOS-E/GOS was eval-
uated in five studies (2685 patients). In particular, three
studies*®*®7% including 2477 patients assessed NfL, while

two studies**° including 208 patients assessed p-NFH.
Unfavorable outcome (GOS-E <4, GOS <3). The indi-

vidual AUC estimates of the three studies®®*®" assess-
ing NfL are shown in Figure 6. They ranged between
82% and 83%, with a pooled AUC of 0.83 (Figure 6,
Table 3). Two studies®®’? defined thresholds, which var-
ied from 53.6 pg/mL to 89.9 pg/mL, with sensitivities of
67% and 63.3%, and specificities of 90% and 94.1%,
respectively (Supplementary Table S2).

The two studies*®*® adjusting for established prognos-
tic factors and models, irrespective of adjustment, found
that NfL. provided an independent contribution and
changes in discriminative ability.

The accuracy of the circulating p-NFH for poor out-
comes was evaluated in two studies.*®*® The AUCs
were between 76% and 82%. One study66 defined a
threshold of 833.3 pg/mL with a sensitivity of 83.3% and
a specificity of 61.1%, though no independent prognostic
value was demonstrated when compared to GCS.

Incomplete recovery (GOS-E <8). Only two stud-
ies*®7? including 2390 evaluated the accuracy of NfL for
incomplete recovery. The AUC values ranged from 0.67
to 0.75. A threshold of 833.3 pg/mL was defined in one
study. While one study72 found an independent prognos-
tic value of NfL, the other showed a very limited change

in discriminative ability.*®

Post-concussion symptoms/syndrome

Seven studies including 2497 TBI cases evaluated the bio-
marker prognostic value for predicting post-concussion
symptoms/syndrome.

Among the six studies reporting the accuracy of
S100B, the majority (n = 5) of studies®*>***°! did not
find associations with post-concussion symptoms/syn-
drome. On the other hand, one study60 assessing post-
concussion symptoms 1 month after injury and adopting
a modified RPQ reported fair discrimination (AUC 0.75)
with independent prognostic value.

The prognostic accuracy of GFAP for post-concussion
symptoms/syndrome was assessed in two studies, which
found poor discriminative ability and limited improve-
ment in conventional model performance.%’5 0

The three studies,*¢%%! which explored UCH-LI,
NSE, tau, and neurofilament did not find an association
with post-concussion symptoms/syndrome or improve-
ment in other conventional prognostic models.

Discussion

This study provides the most comprehensive assessment
and meta-analysis summary of the prognostic perform-
ance of TBI protein biomarkers, also comparing their
prognostic ability across outcomes and beyond canonical
existing prognostic factors. The literature shows
unequivocally that mortality is strongly associated with
blood levels of core biomarkers, in particular GFAP and
UCH-L1. Furthermore, a 6-month poor outcome (GOS-
E <4, GOS <3) is strongly associated with blood levels
of NfL, and to a lesser extent with the other markers.
However, there is currently limited evidence to judge
their prognostic value when added to patient characteris-
tics and other established risk factors. Furthermore, our
review shows that many of the studies contain serious
limitations, including unfocused design, univariate anal-
yses, biased reporting, and having mainly been con-
ducted in selected patient cohorts with relatively small
sample sizes. Over 90% of studies (29/32) were consid-
ered at high risk of bias. These issues preclude firm con-
clusions and limit study finding generalizability across
medically relevant patient subgroups, settings, and clini-
cal scenarios, therefore, hindering the ability to establish
their role to aid decision-making in clinical practice.

Predicting mortality

We found a better prognostic performance for predicting
mortality compared to the other outcomes (Table 5),
with results remarkably consistent across all biomarkers.
A plausible explanation for this observation is that cata-
strophic structural damage is likely to be a common
cause of mortality and is directly related to a rapid mas-
sive biomarker release into the blood, while for other
outcomes other components (i.e., neuronal networks,
rehabilitation strategies, emotional disorders, pre-existing
problems, and extracranial injuries, among others) can
play a substantial role.’*’>""> Comparing the two most
studied markers, GFAP was found to outperform S100B,
which also showed substantial heterogeneity in the prog-
nostic performance of mortality and a wide range of sensi-
tivity and specificity values (Fig. 4 and Supplementary
Fig. S2). Most probably, this is related to the half-life and
dynamics of S100B, which makes this marker concentration
less stable as well as the extracranial injury influence which
affects S100B concentrations.’® This interpretation is also
supported by the adjusted or incremental value of S100B
which was independent and outperformed the other markers
only when added to the IMPACT core model*® which does
not account for major extracranial injury. Hence, we suggest
that distinct biomarkers or biomarker combinations should
be integrated into the different prognostic models. This spec-
ulation is further in agreement with the observation that in
all studies assessing the independent prognostic value of
both GFAP and UCH-L1 over and above other prognostic
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factors, 1% this latter consistently outperformed GFAP

in improving prognostic model performance. They are there-
fore not duplicative biomarkers but provide independent
information as indicative of different pathological damages
and pathomechanisms as well as due to the diverse associ-
ated biomarker temporal profile and dynamics.?®7""8
Understanding these aspects is crucial for clinically applica-
ble interpretation and effective integration of biomarkers
into established prognostic models of TBI.

Interestingly, though less often studied, t-tau showed
promising performance for mortality prediction both
alone and when adjusted for other prognostic factors,
deserving future evaluation.

Predicting outcome as assessed by GOS/GOS-E

For the unfavorable long-term outcome as assessed by
GOS/GOS-E (GOS <3, GOS-E <4), the discrimination
accuracy was less pronounced than for mortality. GFAP
and UCH-L1 outperformed S100B, and also demon-
strated independent contribution, increasing the discrimi-
native ability of established models (i.e., IMPACT core
and CRASH basic).46’5 ! However, these findings should
be interpreted with caution, owing to the substantial het-
erogeneity and variation in the quality of the articles.
Although less often studied (three studies including 2477
patients with TBI) NfL. showed the best pooled AUC
(i.e., 0.83), suggesting that axonal destruction triggered
by the injury can play a prominent role in the pathophys-
iological mechanisms underlying many of the long-term
clinical sequelae.79 In contrast, NfL has very little impact
on predicting incomplete recovery. Moreover, although
the information available is limited, there is no study
indicating that the other assessed biomarkers are useful
in predicting incomplete recovery.

Predicting post-concussion symptom/syndrome
With the exception of one study® adopting a modified
RPQ, none of the studies reviewed were successful in
showing the clear usefulness of biomarkers for predicting
post-concussion symptoms or post-concussion syndrome.
However, these studies were plagued by specific problems
including a lack of clear, standardized definition, cutoff
time (i.e., symptom duration), and consistent diagnostic
criteria for diagnosing persistent post-concussion symptoms/
syndrome,®® which may have substantially impacted patient
selection/classification and, therefore, diagnostic accuracy,
validity, and reproducibility. Despite the important efforts
undertaken, still no definitive, uniform and globally accepted
consensus exists on the definition and diagnosis of persisting
post-concussion symptoms,®*®®® limiting the conclusions
that can be drawn on the prognostic value of biomarkers in
this clinical context.

Thresholds for prognostication
There are currently no generally accepted thresholds of
biomarker levels for prognostication. The most important
reason for this is that none of the biomarkers studied has
been standardized through the use of certified reference
materials, value-assigned by a certified reference method,
and most are research-grade assays.®** Hence, different
laboratories and analytical platforms for the same analyte
may give different absolute concentrations.®>3® Standardi-
zation work is ongoing for NfL and tau proteins®’ but
remains pending for the other markers. In the meantime,
kit vendors or laboratories may develop assay-specific
cut-points, if they ascertain longitudinal stability of the
assay across kit lots. Among the included studies, 20
reporting cutoff values, the majority were marked by wide
variations, possibly due to laboratory and assay variabil-
ity,84 but also due to a data-driven selection of the optimal
cutoff value, which is known to lead to overly optimistic
estimates of sensitivity and specificity.®® Nonetheless, it is
worth noting that several studies?*-%:6466 independently
derived from distinct cohorts and using different assays
reported a GFAP cutoff of ~ 1.5 ng/mL (1.44-1.69 ng/mL)
for mortality prediction. This value was also validated in
an independent cohort.®> Results in relation to this level
were, therefore, meta-analyzed to attempt an interpretation
of data using the same cutoff. Pooling all independent
data (256 patients with TBI) for ~ 1.5 ng/mL cutoff pro-
duced a summary sensitivity of 78% (95% CI 67% to
85%) and a specificity of 79% (95% CI 64% to 89%).
This means that if the pre-test probability is 36% (the
median prevalence of mortality across the studies), then
36 of 100 tested patients will die; of them, between 24 and
31 will test positive (true positives) and between 5 and 12
will test negative (false negatives). Of the 64 without the
target condition, between 41 and 57 will test negative
(true negatives), and between 7 and 23 will test positive
(false positives). However, those results should be inter-
preted with caution, in particular considering the heterogene-
ity of the specificities (Fig. 5C). The prognostic performance
of the identified cutoff point will depend on which patients
are considered for testing (i.e., injury severity and consequent
pre-test probability of the relevant outcome), as well as the
intended use including the time window for testing. Notably,
Vos et al.> found the highest specificity (93%) and Positive
Predictive Value (PPV) (81%). We speculate that this finding
could be related, besides the less severe population enrolled
(GCS 3-12), to the time between TBI and blood sampling
(median 61 min after injury). It is pathobiologically plausible
that a critical injury causes massive destruction of brain
tissue, thus resulting in a rapid release and earlier
appearance of high GFAP concentrations (above the
cutoff point) in the serum in patients who died.
However, we need to acknowledge that while the ease
of interpretation resulting from the dichotomization of
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continuous biomarkers is medically appealing, the cutoff
approach comes to a significant cost, including consider-
able loss of prognostic information and clinical insights,
the use of a single variable to define the risk groups and
loss of statistical efficiency.® In addition, the biomarker
categorization choice and cutoff definition should be
guided by a biological rationale, clear knowledge of the
analytical platform and assay, and study design. Future
strategies should combine the two approaches, always tak-
ing into account the use of biomarker values and analyzing
them continuously.

Design of future prognostic biomarkers studies
Taken together, these observations point out the need to
optimize the design of future prognostic biomarkers to
understand how best these tests can be utilized in the
clinical practice, with a focus on the medical utility,
clearly defining indication for use (e.g., rule in), settings
and “how-to-use” instructions (e.g., prognostication time
window), and the targeted patient population. It is essen-
tial to consider biomarkers together with clinical charac-
teristics (e.g., the GCS and pupillary reactivity), imaging
(CT abnormalities), and risk modifiers (specifically age).
We found that most studies had a high risk of bias for
the participant selection domains (Fig. 3), with the
included patients judged relatively representative of the
target population for the biomarkers test. Specifically,
the inclusion of isolated TBI or limited GCS ranges
reflects patient subgroups. It may explain some of the
heterogeneity in prognostic performance between stud-
ies. Moreover, the exclusion of subjects with no indica-
tion for CT scanning or without outcome assessment
may convey an overly optimistic picture of the value of
biomarkers.

Previous studies suggested the possible susceptibility
of TBI biomarker concentrations to physiological vari-
ability across age, sex, and race.”®** Therefore, it may
be necessary to account for these potential confounding
factors in the definition of pathological levels for prog-
nostication in real-world settings. However, the included
studies have mainly been conducted in selected patient
cohorts of predominantly young males (only three stud-
ies included participants with a mean/median age of
50 years or above). Even more strikingly, only six stud-
ies reported race data, also demonstrating underrepresen-
tation of Black and Asian patients and subjects from
other minority groups. Hence, we were unable to investi-
gate the biomarker prognostic accuracy within clinically
important subgroups, such as females, older patients, and
those with obesity or other comorbidities and neurodege-
nerative conditions. These groups are increasingly preva-
lent among patients with TBL.'~-*5® Future work must
address the effect of patient characteristics, including

racial groups, on biomarker values and performance, and
their implications for interpretability in clinical practice.

Importantly, the published reports were from a limited
number of countries predominantly from high-income
regions (Fig. 2). This, while limiting external generaliz-
ability and precluding universal applicability implemen-
tation, further highlights the disparities that exist around
the world in terms of health care systems and research.
This observation is of particular concern, as the highest
incidence and overall burden related to TBIs is observed
in lower-middle-income countries.>”*® Moreover, these
underserved and austere environments with limited facili-
ties and access to medical care can immensely benefit
from easy inexpensive prognostic blood-based tests with a
potential major health impact. It is therefore essential that
studies are performed in these countries and in the process
of developing future recommendations and evidence-
based guidelines, the specific characteristics and needs of
low-income settings are taken into account. Transforming
disparities and inequities into an enrichment of our knowl-
edge and medical practice.

We also noted that most often, studies failed to have
prespecified protocols and statistical analytic plans with
poor documentation of the handling of missing data,
multivariable prognostic models, and variable selection.
These are not trivial problems. In order to be integrated
into medical practice, a critical point that needs to be
addressed by prognostic biomarker studies is the incre-
mental value over and above established risk factors and
models. It was evident from our review that many studies
did not make any attempt to adjust for the associations of
these variables. If adjusted, different sets of factors and
models were used.”! The resulting kaleidoscope of find-
ings precluded comparisons and firm conclusions about
the magnitude and independence of the association
between TBI biomarker tests and the investigated out-
comes. Hence, we emphasize that it is necessary to
define a clear approach to adjustment (e.g., a core set of
established prognostic factors routinely used for prog-
nostication in the clinical population of interest)'> that
can ultimately demonstrate that biomarker results pro-
vide information that contributes to and improves patient
management (“‘actionable” biomarkers).

Limitations

We acknowledge several further limitations. First, there
was a lack of a uniform definition of TBI across the
included studies. As a result, diagnostic adjudication has
inherent uncertainty and variability, which may, partly,
explain the heterogeneity we observed in prognostic per-
formance. Second, we were unable to investigate the
effect of patient characteristics such as age and comor-
bidities, that are known to influence biomarker concen-
trations and potentially affect prognostic performance.99



Box 2. Implications for Clinicians/health care providers:

There is currently insufficient evidence to support the clinical utility of protein biomarkers as prognostic
factors in the clinical management of patients with TBL.

Clinical interpretation of biomarker studies is hindered by poor design, analysis, and reporting. Moreover,
data-driven approaches together with the fact that superiority over standard risk factors is usually not
demonstrated convey overoptimistic impressions of prognostic values.

Large, international multicenter studies generating high-quality data suitable for evidence-to-decision procedures
are needed to assess the benefits of using biomarkers in clinical practice and to serve clinical decision-making.

Investigators conducting and reporting primary studies

Study design must thoroughly match the clinical question with a focus on the intended use and demonstrate
the clinical utility of the biomarkers beyond the existing standard of care-based prognostic factors and models.
Publication of study protocols and prespecified statistical analytic protocols will improve the quality of
prognostic biomarker research and prevent biases in the study results.

Analytical aspects of the biomarker assays to establish the performance of the methods used should be prop-
erly reported. In particular, details on the precision (e.g., intra-run, inter-run, and lot-to-lot variability), accu-
racy (e.g., linearity), limits of quantification, dynamic range, and stability data should be made available.

Both significant and non-significant results should be presented with adjustments for a standard of care-
based prognostic factors and models to assess incremental value.

Data-driven selection of cutoff values is prone to overestimation of the prognostic value of a biomarker.
Biomarkers should be assessed as quantitative continuous measurements rather than categorized.
Effective collaboration between international research groups is required to conduct studies in large TBI
populations and to achieve consistency and harmonization in study conduct and reporting (i.e., analytical
approaches, cutoff levels, outcome assessment, and adjustment factors). This is fundamental to establish-
ing how existing markers can be most effectively used in real-world settings.

Prospective rigorous validation in independent populations and also in minority groups, addressing
reproducibility is needed before clinical implementation.

Patient involvement in study conceptualization is advisable. After the demonstration of the biomarker’s
clinical effectiveness, economic evaluation (implementation costs) and evaluation of likely psychosocial
impact are required.

Journal editors and reviewers

A taxonomy of prognostic biomarker research enabling indexing (“tagged”) facilitating the identification
of prognostic biomarker studies should be implemented and the creation of a prognostic biomarker study
registry is advisable.

Reviewers should require unadjusted and adjusted biomarker associations to be estimated and reported. A
predefined list of prognostic adjustment factors/models that are routinely used for the outcome of interest
should be identified and serve as the reference for comparing prognostic biomarker values.

Further reviewers’ requirements should include standardization of the estimates (i.e., same scale and
direction), details of handling missing data and attrition (loss to follow-up), the analyses and reasons for
dropout, thorough information on the analytical and statistical analysis methods and the final prognostic
model(s).

Editors should encourage transparent reporting, also of so-called “negative” studies to counteract publica-
tion bias.

Central repositories for individual patient data (IPD) or federated data ecosystems adopting standard
methods for biomarker data formatting, definition, and collection enabling prospective harmonization
and IPD meta-analyses should be created.
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Such analysis would have required IPD. However, while
IPD meta-analysis is desirable, allowing for more robust
analysis and higher levels of evidence,'” and also sup-
ported by the U.S. National Institutes of Health and
European Commission with their data-sharing mandate
to adhere to the findable, accessible, interoperable, and
reusable principles,'®! it was beyond the scope of this
review. In addition, legal, regulatory, and ethical chal-
lenges in gaining access to'%? and harmonizing IPD
remain and are substantial. Despite concerted, collabora-
tive efforts to share TBI research,'?*71% future work is
needed to develop standards and tools to harmonize bio-
marker measures from distinct data sets, ensuring their
comparability and meaningful integration across studies.
Third, there was considerable variability in the target pop-
ulation and clinical context, including prognostication
time window and clinical setting (Supplementary Table
S3), precluding the analysis of subgroups and limiting the
interpretability of findings and clinical translation with
specific intended use. Finally, potential between-lab,
inter-assay, and lot-to-lot variability, less established and
validated assays, and the use of different sample types
(serum vs. plasma) can represent a major source of heter-
ogeneity. However, due to the limited number of studies
and the wide variations in the analytical methods used
(Table 2), we were not able to perform any sensitivity
analyses, hence our results will have to be interpreted
with caution. As previously discussed, international
standardization efforts are currently ongoing to establish
quality control programs to monitor measurement vari-
ability for different assays/platforms, define standardized
operating procedures, and develop certified reference
materials and reference methods as well as novel
approaches for harmonization of readouts across plat-
forms (e.g., through the development of method-specific
correction algorithms). This extensive standardization
at different levels (preanalytical, analytical) is of
utmost importance for the achievement of valid, repro-
ducible, and comparable biomarker measures that can
be clinically implemented worldwide and facilitate the
successful adoption of a new TBI classification on the
basis of biomarker profiles (https://www.ninds.nih.gov/news-
events/events/ninds-tbi-classification-and-nomenclature-
workshop).

Conclusions

Admission concentrations of blood-based TBI bio-
markers are strongly associated with mortality and to a
lesser extent with 6-month poor outcome (GOS-E <4,
GOS <3). Currently, there is insufficient evidence to
determine an improvement in risk stratification when
these biomarkers are added to established risk prediction
factors and models and to define specific contexts of use.
Large-scale collaborative studies using unbiased analysis

methods and rigorous designs are needed to demonstrate
the clinical utility of biomarkers beyond the standard-of-
care-based prognostic factors, paving the way to trans-
form medical practice.

Transparency, Rigor, and Reproducibility

The study design adheres to the methodological guide-
lines of the PROGRESS Framework (prognostic factor
research) and is reported in accordance with PRISMA
and REMARK recommendations. The protocol was pro-
spectively registered on a public registry (https://www.crd
.york.ac.uk/prospero/) (PROSPERO CRD420160481809).
For more details related to transparency, rigor, and repro-
ducibility, please refer to the “Methods” section.

Authors’ Contributions

S.M., A.B., and A.LR.M. were responsible for the con-
ception and design of the study. S.M., E.C., K.A., and
A.B. drafted the protocol. S.M., E.C., and K.A. devel-
oped the search strategy and did the electronic
searches. S.M., K.A., and E.C. determined the eligibil-
ity of search results, extracted data from included stud-
ies, and carried out methodological quality assessment.
S.M. and E.S. performed and reviewed the analyses.
S.M. and A.I.R.M. drafted the article. All authors par-
ticipated in the interpretation of the data, the critical
review of the article for important intellectual content,
and approved the final version. S.M. and A.ILR.M. are
guarantors.

Author Disclosure Statement
No competing conflict of interest is declared.

Funding Information

This work was supported by the European Union FP 7th
Framework program (CENTER-TBI; Grant number:
grant 602150).

Supplementary Material

Supplementary Appendix A1
Supplementary Appendix A2
Supplementary Figure S1
Supplementary Figure S2
Supplementary Table S1
Supplementary Table S2
Supplementary Table S3

References

1. Maas AIR, Menon DK, Manley GT, et al.; InTBIR Participants and Investi-
gators. Traumatic brain injury: Progress and challenges in prevention,
clinical care, and research. Lancet Neurol 2022;21(11):1004-1060; doi:
10.1016/51474-4422(22)00309-X

2. Shaik NF, Law CA, Elser H, et al. Trends in traumatic brain injury mortal-
ity in the US. JAMA Neurol 2024;81(2):194-195; doi: 10.1001/
jamaneurol.2023.4618

3. Rubiano AM, Carney N, Chesnut R, et al. Global neurotrauma research
challenges and opportunities. Nature 2015;527(7578):5193-57; doi: 10
.1038/nature16035


https://www.ninds.nih.gov/news-events/events/ninds-tbi-classification-and-nomenclature-workshop
https://www.ninds.nih.gov/news-events/events/ninds-tbi-classification-and-nomenclature-workshop
https://www.ninds.nih.gov/news-events/events/ninds-tbi-classification-and-nomenclature-workshop
https://www.crd.york.ac.uk/prospero/
https://www.crd.york.ac.uk/prospero/
http://dx.doi.org/10.1016/S1474-4422(22)00309-X
http://dx.doi.org/10.1001/jamaneurol.2023.4618
http://dx.doi.org/10.1001/jamaneurol.2023.4618
http://dx.doi.org/10.1038/nature16035
http://dx.doi.org/10.1038/nature16035

1284

4,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

MONDELLO ET AL.

Maas AIR, Menon DK, Adelson PD, et al.; InTBIR Participants and Investi-
gators. Traumatic brain injury: Integrated approaches to improve pre-
vention, clinical care, and research. Lancet Neurol 2017;16(12):
987-1048; doi: 10.1016/S1474-4422(17)30371-X

. Dewan MC, Rattani A, Gupta S, et al. Estimating the global incidence of

traumatic brain injury. J Neurosurg 2019;130(4):1080-1097; doi: 10
.3171/2017.10.JNS17352

. Injury GBDTB, Spinal Cord Injury C. Global, regional, and national bur-

den of traumatic brain injury and spinal cord injury, 1990-2016: A sys-
tematic analysis for the Global Burden of Disease Study 2016. Lancet
Neurology 2019;18(1):56-87; doi: 10.1016/51474-4422(18)30415-0

. Roozenbeek B, Maas AIR, Menon DK. Changing patterns in the epide-

miology of traumatic brain injury. Nat Rev Neurol 2013;9(4):231-236.

. Carroll LJ, Cassidy JD, Cancelliere C, et al. Systematic review of the

prognosis after mild traumatic brain injury in adults: Cognitive, psychi-
atric, and mortality outcomes: Results of the International Collabora-
tion on Mild Traumatic Brain Injury Prognosis. Arch Phys Med Rehabil
2014;95(3 Suppl):5152-573; doi: 10.1016/j.apmr.2013.08.300

. Orso D, Furlanis G, Romanelli A, et al. Risk factors analysis for 90-day

mortality of adult patients with mild traumatic brain injury in an italian
emergency department. Geriatrics (Basel) 2024;9(2); doi: 10.3390/
geriatrics9020023

Madhok DY, Rodriguez RM, Barber J, et al.; TRACK-TBI Investigators.
Outcomes in patients with mild traumatic brain injury without acute
intracranial traumatic injury. JAMA Netw Open 2022;5(8):e2223245;
doi: 10.1001/jamanetworkopen.2022.23245

Thornhill S, Teasdale GM, Murray GD, et al. Disability in young people
and adults one year after head injury: Prospective cohort study. BMJ
2000;320(7250):1631-1635; doi: 10.1136/bm;j.320.7250.1631

Elser H, Gottesman RF, Walter AE, et al. Head injury and long-term mor-
tality risk in community-dwelling adults. JAMA Neurol 2023;80(3):
260-269; doi: 10.1001/jamaneurol.2022.5024

Dennis EL, Vervoordt S, Adamson MM, et al. Accelerated aging after
traumatic brain injury: An ENIGMA multi-cohort mega-analysis. Ann
Neurol 2024;96(2):365-377; doi: 10.1002/ana.26952

Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention,
intervention, and care: 2020 report of the Lancet Commission. Lancet
2020;396(10248):413-446; doi: 10.1016/50140-6736(20)30367-6

Riley RD, Moons KGM, Snell KIE, et al. A guide to systematic review and
meta-analysis of prognostic factor studies. Bmj 2019;364:k4597; doi: 10
.1136/bmj.k4597

Steyerberg EW, Mushkudiani N, Perel P, et al. Predicting outcome after
traumatic brain injury: Development and international validation of
prognostic scores based on admission characteristics. PLoS Med 2008;
5(8):e165; discussion e165; doi: 10.1371/journal.pomed.0050165

Perel P, Arango M, Clayton T, et al.; MRC CRASH Trial Collaborators. Pre-
dicting outcome after traumatic brain injury: Practical prognostic mod-
els based on large cohort of international patients. BMJ 2008;
336(7641):425-429; doi: 10.1136/bm;j.39461.643438.25

Yue JK, Lee YM, Sun X, et al.; The TRACK-TBI Investigators. Performance
of the IMPACT and CRASH prognostic models for traumatic brain injury
in a contemporary multicenter cohort: A TRACK-TBI study. J Neurosurg
2024;141(2):417-429; doi: 10.3171/2023.11.JNS231425

Lingsma HF, Roozenbeek B, Steyerberg EW, et al. Early prognosis in
traumatic brain injury: From prophecies to predictions. Lancet Neurol
2010;9(5):543-554; doi: 10.1016/51474-4422(10)70065-X

van der Naalt J, Timmerman ME, de Koning ME, et al. Early predictors
of outcome after mild traumatic brain injury (UPFRONT): An observa-
tional cohort study. Lancet Neurol 2017;16(7):532-540; doi: 10.1016/
S1474-4422(17)30117-5

Czeiter E, Amrein K, Gravesteijn BY, et al.; CENTER-TBI Participants and
Investigators. Blood biomarkers on admission in acute traumatic brain
injury: Relations to severity, CT findings and care path in the CENTER-
TBI study. EBioMedicine 2020;56:102785; doi: 10.1016/j.ebiom.2020
.102785

Mondello S, Sorinola A, Czeiter E, et al. Blood-based protein biomarkers
for the management of traumatic brain injuries in adults presenting to
emergency departments with mild brain injury: A living systematic
review and meta-analysis. J Neurotrauma 2021;38(8):1086-1106; doi:
10.1089/neu.2017.5182

Mondello S, Papa L, Buki A, et al. Neuronal and glial markers are differ-
ently associated with computed tomography findings and outcome in
patients with severe traumatic brain injury: A case control study. Crit
Care 2011;15(3):R156; doi: 10.1186/cc10286

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Biberthaler P, Linsenmeier U, Pfeifer KJ, et al. Serum S-100B concentra-
tion provides additional information FOT the indication of computed
tomography in patients after minor head injury: A prospective multi-
center study. Shock 2006;25(5):446-453.

Magnoni S, Esparza TJ, Conte V, et al. Tau elevations in the brain
extracellular space correlate with reduced amyloid-beta levels and pre-
dict adverse clinical outcomes after severe traumatic brain injury. Brain
2012;135(Pt 4):1268-1280; doi: 10.1093/brain/awr286

Zetterberg H, Smith DH, Blennow K. Biomarkers of mild traumatic brain
injury in cerebrospinal fluid and blood. Nat Rev Neurol 2013;9(4):
201-210; doi: 10.1038/nrneurol.2013.9

Azar S, Hasan A, Younes R, et al. Biofluid proteomics and biomarkers in
traumatic brain injury. Methods Mol Biol 2017;1598:45-63; doi: 10
.1007/978-1-4939-6952-4 3

Mondello S, Hayes RL. Biomarkers. Handb Clin Neurol 2015;127:
245-265; doi: 10.1016/b978-0-444-52892-6.00016-7

Riley RD, Hayden JA, Steyerberg EW, et al.; PROGRESS Group. Prognosis
research strategy (PROGRESS) 2: Prognostic factor research. PLoS Med
2013;10(2):e1001380; doi: 10.1371/journal.pmed.1001380

Mclnnes MDF, Moher D, Thombs BD, et al.; and the PRISMA-DTA
Group. Preferred reporting items for a systematic review and meta-
analysis of diagnostic test accuracy studies: The PRISMA-DTA State-
ment. JAMA: The Journal of the American Medical Association 2018;
319(4):388-396; doi: 10.1001/jama.2017.19163

McShane LM, Altman DG, Sauerbrei W, et al.; Statistics Subcommittee
of the NCI-EORTC Working Group on Cancer Diagnostics. REporting
recommendations for tumour MARKer prognostic studies (REMARK). Br
J Cancer 2005;93(4):387-391; doi: 10.1038/sj.bjc.6602678

Elliott JH, Synnot A, Turner T, et al,; Living Systematic Review Network.
Living systematic review: 1. Introduction-the why, what, when, and
how. J Clin Epidemiol 2017;91:23-30; doi: 10.1016/j.jclinepi.2017.08
.010

Akl EA, Meerpohl JJ, Elliott J, et al.; Living Systematic Review Network.
Living systematic reviews: 4. Living guideline recommendations. J Clin
Epidemiol 2017;91:47-53; doi: 10.1016/j.jclinepi.2017.08.009

King NS, Crawford S, Wenden FJ, et al. The Rivermead Post Concussion
Symptoms Questionnaire: A measure of symptoms commonly experi-
enced after head injury and its reliability. J Neurol 1995;242(9):587-592;
doi: 10.1007/BF00868811

Kjaergard LL, Villumsen J, Gluud C. Reported methodologic quality and
discrepancies between large and small randomized trials in meta-anal-
yses. Ann Intern Med 2001;135(11):982-989.

Turner RM, Bird SM, Higgins JP. The impact of study size on meta-
analyses: Examination of underpowered studies in Cochrane reviews.
PLoS One 2013;8(3):e59202; doi: 10.1371/journal.pone.0059202
Anderson TN, Hwang J, Munar M, et al. Blood-based biomarkers for
prediction of intracranial hemorrhage and outcome in patients with
moderate or severe traumatic brain injury. J Trauma Acute Care Surg
2020;89(1):80--86; doi: 10.1097/TA.0000000000002706

Castano-Leon AM, Sanchez Carabias C, Hilario A, et al. Serum assess-
ment of traumatic axonal injury: The correlation of GFAP, t-Tau, UCH-
L1, and NfL levels with diffusion tensor imaging metrics and its prog-
nosis utility. Journal of Neurosurgery 2022;1-11; doi: 10.3171/2022.5
NS22638

de Boussard CN, Lundin A, Karlstedt D, et al. S100 and cognitive
impairment after mild traumatic brain injury. J Rehabil Med 2005;37(1):
53-57; doi: 10.1080/16501970410015587

Di Battista AP, Buonora JE, Rhind SG, et al. Blood biomarkers in
moderate-to-severe traumatic brain injury: Potential utility of a multi-
marker approach in characterizing outcome. Front Neurol 2015;6:110;
doi: 10.3389/fneur.2015.00110

Diaz-Arrastia R, Wang KK, Papa L, et al. Acute biomarkers of traumatic
brain injury: Relationship between plasma levels of ubiquitin C-terminal
hydrolase-L1 and glial fibrillary acidic protein. Journal of NeuroTrauma
2014;31(1):19-25; doi: 10.1089/neu.2013.3040

Du Q, Weng J-F, Luo L-F, et al. Serum ST2 as a potential prognostic bio-
marker for traumatic brain injury. Clin Chim Acta 2018;487:145-152;
doi: 10.1016/j.cca.2018.09.035

Frankel M, Fan L, Yeatts SD, et al. Association of very early serum levels
of S100B, Glial Fibrillary acidic protein, ubiquitin C-terminal hydrolase-
L1, and Spectrin breakdown product with outcome in ProTECT Ill. J
Neurotrauma 2019;36(20):2863-2871; doi: 10.1089/neu.2018.5809
Gonzalez-Mao MC, Reparaz-Andrade A, Del Campo-Perez V, et al.
Model predicting survival/exitus after traumatic brain injury: Biomarker
S100B 24H. Clinical Laboratory 2011;57(7-8):587-597.


http://dx.doi.org/10.1016/S1474-4422(17)30371-X
http://dx.doi.org/10.3171/2017.10.JNS17352
http://dx.doi.org/10.3171/2017.10.JNS17352
http://dx.doi.org/10.1016/S1474-4422(18)30415-0
http://dx.doi.org/10.1016/j.apmr.2013.08.300
http://dx.doi.org/10.3390/geriatrics9020023
http://dx.doi.org/10.3390/geriatrics9020023
http://dx.doi.org/10.1001/jamanetworkopen.2022.23245
http://dx.doi.org/10.1136/bmj.320.7250.1631
http://dx.doi.org/10.1001/jamaneurol.2022.5024
http://dx.doi.org/10.1002/ana.26952
http://dx.doi.org/10.1016/S0140-6736(20)30367-6
http://dx.doi.org/10.1136/bmj.k4597
http://dx.doi.org/10.1136/bmj.k4597
http://dx.doi.org/10.1371/journal.pmed.0050165
http://dx.doi.org/10.1136/bmj.39461.643438.25
http://dx.doi.org/10.3171/2023.11.JNS231425
http://dx.doi.org/10.1016/S1474-4422(10)70065-X
http://dx.doi.org/10.1016/S1474-4422(17)30117-5
http://dx.doi.org/10.1016/S1474-4422(17)30117-5
http://dx.doi.org/10.1016/j.ebiom.2020.102785
http://dx.doi.org/10.1016/j.ebiom.2020.102785
http://dx.doi.org/10.1089/neu.2017.5182
http://dx.doi.org/10.1186/cc10286
http://dx.doi.org/10.1093/brain/awr286
http://dx.doi.org/10.1038/nrneurol.2013.9
http://dx.doi.org/10.1007/978-1-4939-6952-4_3
http://dx.doi.org/10.1007/978-1-4939-6952-4_3
http://dx.doi.org/10.1016/b978-0-444-52892-6.00016-7
http://dx.doi.org/10.1371/journal.pmed.1001380
http://dx.doi.org/10.1001/jama.2017.19163
http://dx.doi.org/10.1038/sj.bjc.6602678
http://dx.doi.org/10.1016/j.jclinepi.2017.08.010
http://dx.doi.org/10.1016/j.jclinepi.2017.08.010
http://dx.doi.org/10.1016/j.jclinepi.2017.08.009
http://dx.doi.org/10.1007/BF00868811
http://dx.doi.org/10.1371/journal.pone.0059202
http://dx.doi.org/10.1097/TA.0000000000002706
http://dx.doi.org/10.3171/2022.5.JNS22638
http://dx.doi.org/10.3171/2022.5.JNS22638
http://dx.doi.org/10.1080/16501970410015587
http://dx.doi.org/10.3389/fneur.2015.00110
http://dx.doi.org/10.1089/neu.2013.3040
http://dx.doi.org/10.1016/j.cca.2018.09.035
http://dx.doi.org/10.1089/neu.2018.5809

CIRCULATING PROTEIN BIOMARKERS FOR TBI PROGNOSIS

1285

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Heidari K, Asadollahi S, Jamshidian M, et al. Prediction of neuropsycho-
logical outcome after mild traumatic brain injury using clinical parame-
ters, serum S100B protein and findings on computed tomography.
Brain Inj 2015;29(1):33-40; doi: 10.3109/02699052.2014.948068
Helmrich I, Czeiter E, Amrein K, et al.; CENTER-TBI participants and
investigators. Incremental prognostic value of acute serum biomarkers
for functional outcome after traumatic brain injury (CENTER-TBI): An
observational cohort study. Lancet Neurol 2022;21(9):792-802; doi: 10
.1016/51474-4422(22)00218-6

Hossain |, Mohammadian M, Takala RSK, et al. Admission levels of total
tau and beta-amyloid isoforms 1-40 and 1-42 in predicting the out-
come of mild traumatic brain injury. Front Neurol 2020;11:325; doi: 10
.3389/fneur.2020.00325

Ingebrigtsen T, Romner B, Marup-Jensen S, et al. The clinical value of
serum S-100 protein measurements in minor head injury: A Scandina-
vian Multicentre Study. Brain Inj 2000;14(12):1047-1055.

Kellermann |, Kleindienst A, Hore N, et al. Early CSF and serum S100B
concentrations for outcome prediction in traumatic brain injury and
subarachnoid hemorrhage. Clin Neurol Neurosurg 2016;145:79-83;
doi: 10.1016/j.clineuro.2016.04.005

Korley FK, Diaz-Arrastia R, Wu AH, et al.; TRACK-TBI investigators. Circu-
lating brain-derived neurotrophic factor has diagnostic and prognostic
value in traumatic brain injury. J Neurotrauma 2016;33(2):215-225; doi:
10.1089/neu.2015.3949

Korley FK, Jain S, Sun X, et al.; TRACK-TBI Study Investigators. Prognos-
tic value of day-of-injury plasma GFAP and UCH-L1 concentrations for
predicting functional recovery after traumatic brain injury in patients
from the US TRACK-TBI cohort: An observational cohort study. Lancet
Neurol 2022;21(9):803-813; doi: 10.1016/51474-4422(22)00256-3

Lei J, Gao G, Feng J, et al. Glial fibrillary acidic protein as a biomarker in
severe traumatic brain injury patients: A prospective cohort study. Crit
Care 2015;19(1):362; doi: 10.1186/s13054-015-1081-8

Mikolic A, Steyerberg EW, Polinder S, et al. Prognostic models for
global functional outcome and post-concussion symptoms following
mild traumatic brain injury: A Collaborative European NeuroTrauma
Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) Study. J
Neurotrauma 2023;40(15-16):1651-1670; doi: 10.1089/neu.2022.0320
Murillo-Cabezas F, Munoz-Sanchez MA, Rincon-Ferrari MD, et al. The
prognostic value of the temporal course of S100beta protein in post-
acute severe brain injury: A prospective and observational study. Brain
Inj 2010;24(4):609-619; doi: 10.3109/02699051003652823

Pelinka LE, Kroepfl A, Leixnering M, et al. GFAP versus S100B in serum
after traumatic brain injury: Relationship to brain damage and out-
come. J Neurotrauma 2004;21(11):1553-1561; doi: 10
.1089/0897715042441846

Raheja A, Sinha S, Samson N, et al. Serum biomarkers as predictors of
long-term outcome in severe traumatic brain injury: Analysis from a
randomized placebo-controlled Phase Il clinical trial. J Neurosurg 2016;
125(3):631-641; doi: 10.3171/2015.6.JNS15674

Rainey T, Lesko M, Sacho R, et al. Predicting outcome after severe trau-
matic brain injury using the serum S100B biomarker: Results using a
single (24 h) time-point. Resuscitation 2009;80(3):341-345; doi: 10
.1016/j.resuscitation.2008.11.021

Rodriguez-Rodriguez A, Egea-Guerrero JJ, Gordillo-Escobar E, et al.
S100B and Neuron-Specific Enolase as mortality predictors in patients
with severe traumatic brain injury. Neurol Res 2016;38(2):130-137; doi:
10.1080/01616412.2016.1144410

Rubenstein R, Chang B, Yue JK, et al.; the TRACK-TBI Investigators.
Comparing plasma phospho Tau, Total Tau, And Phospho Tau-Total
Tau ratio as acute and chronic traumatic brain injury biomarkers. JAMA
Neurol 2017;74(9):1063-1072; doi: 10.1001/jamaneurol.2017.0655
Savola O, Hillbom M. Early predictors of post-concussion symptoms in
patients with mild head injury. Eur J Neurol 2003;10(2):175-181; doi:
10.1046/j.1468-1331.2003.00552.x

Stalnacke BM, Bjornstig U, Karlsson K, et al. One-year follow-up of mild
traumatic brain injury: Post-concussion symptoms, disabilities and life
satisfaction in relation to serum levels of S-100B and neurone-specific
enolase in acute phase. J Rehabil Med 2005;37(5):300-305; doi: 10
.1080/16501970510032910

Stefanovic B, Duric O, Stankovic S, et al. Elevated serum protein S100B
and neuron specific enolase values as predictors of early neurological
outcome after traumatic brain injury. Journal of Medical Biochemistry
2017;36(4):314-321; doi: 10.1515/jomb-2017-0018

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Townend WJ, Guy MJ, Pani MA, et al. Head injury outcome prediction
in the emergency department: A role for protein S-100B? J Neurol Neu-
rosurg Psychiatry 2002;73(5):542-546; doi: 10.1136/jnnp.73.5.542

Vos PE, Lamers KJ, Hendriks JC, et al. Glial and neuronal proteins in
serum predict outcome after severe traumatic brain injury. Neurology
2004;62(8):1303-1310.

Vos PE, Jacobs B, Andriessen TM, et al. GFAP and S100B are biomarkers
of traumatic brain injury: An observational cohort study. Neurology
2010;75(20):1786-1793; doi: 10.1212/WNL.0b013e3181fd62d2

Zhang ZY, Zhang LX, Dong XQ, et al. Comparison of the performances
of copeptin and multiple biomarkers in long-term prognosis of severe
traumatic brain injury. Peptides 2014;60:13-17; doi: 10.1016/j.peptides
.2014.07.016

Lee J, Mulder F, Leeflang M, et al. QUAPAS: An adaptation of the
QUADAS-2 tool to assess prognostic accuracy studies. Ann Intern Med
2022;175(7):1010-1018; doi: 10.7326/M22-0276

Hayden JA, van der Windt DA, Cartwright JL, et al. Assessing bias in
studies of prognostic factors. Ann Intern Med 2013;158(4):280-286;
doi: 10.7326/0003-4819-158-4-201302190-00009

Zhou X-H, Obuchowski NA, McClish K. Statistical methods in diagnostic
medicine. Wiley Series in Probability and Statistics; 2002, doi:10
.1002/9780470317082

Reitsma JB, Glas AS, Rutjes AW, et al. Bivariate analysis of sensitivity
and specificity produces informative summary measures in diagnostic
reviews. J Clin Epidemiol 2005;58(10):982-990; doi: 10.1016/j.jclinepi
.2005.02.022

Higgins JPT, Green S. Cochrane Handbook for Systematic Reviews of
Interventions. The Cochrane Collaboration; 2011.

Hossain |, Mohammadian M, Takala RSK, et al. Early levels of glial fibril-
lary acidic protein and neurofilament light protein in predicting the
outcome of mild traumatic brain injury. J Neurotrauma 2019;36(10):
1551-1560; doi: 10.1089/neu.2018.5952

Brophy GM, Mondello S, Papa L, et al. Biokinetic analysis of ubiquitin
C-terminal hydrolase-L1 (UCH-L1) in severe traumatic brain injury
patient biofluids. J Neurotrauma 2011;28(6):861-870; doi: 10.1089/neu
.2010.1564

Mondello S, Linnet A, Buki A, et al. Clinical utility of serum levels of
ubiquitin C-terminal hydrolase as a biomarker for severe traumatic
brain injury. Neurosurgery 2012;70(3):666-675 ; doi: 10.1227/NEU
.0b013e318236a809 21937927

Zoltewicz JS, Mondello S, Yang B, et al. Biomarkers track damage after
graded injury severity in a rat model of penetrating brain injury. J Neu-
rotrauma 2013;30(13):1161-1169; doi: 10.1089/neu.2012.2762

Janigro D, Mondello S, Posti JP, et al. GFAP and S100B: What you
always wanted to know and never dared to ask. Front Neurol 2022;13:
835597; doi: 10.3389/fneur.2022.835597

Mondello S, Muller U, Jeromin A, et al. Blood-based diagnostics of trau-
matic brain injuries. Expert Rev Mol Diagn 2011;11(1):65-78; doi: 10
.1586/erm.10.104

Wilson L, Newcombe VFJ, Whitehouse DP, et al.; CENTER-TBI partici-
pants and investigators. Association of early blood-based biomarkers
and six-month functional outcomes in conventional severity categories
of traumatic brain injury: Capturing the continuous spectrum of injury.
EBioMedicine 2024;107:105298; doi: 10.1016/j.ebiom.2024.105298
Khalil M, Teunissen CE, Lehmann S, et al. Neurofilaments as biomarkers
in neurological disorders—Towards clinical application. Nat Rev Neurol
2024;20(5):269-287; doi: 10.1038/541582-024-00955-x
Lagace-Legendre C, Boucher V, Robert S, et al. Persistent postconcus-
sion symptoms: An expert consensus-based definition using the Delphi
method. J Head Trauma Rehabil 2021;36(2):96-102; doi: 10.1097/HTR
.0000000000000613

Rickards TA, Cranston CC, McWhorter J. Persistent post-concussive
symptoms: A model of predisposing, precipitating, and perpetuating
factors. Appl Neuropsychol Adult 2022;29(2):284-294; doi: 10
.1080/23279095.2020.1748032

Polinder S, Cnossen MC, Real RGL, et al. A multidimensional approach
to post-concussion symptoms in mild traumatic brain injury. Front
Neurol 2018;9:1113; doi: 10.3389/fneur.2018.01113

Voormolen DC, Cnossen MC, Polinder S, et al. Divergent classification
methods of post-concussion syndrome after mild traumatic brain
injury: Prevalence rates, risk factors, and functional outcome. J Neuro-
trauma 2018;35(11):1233-1241; doi: 10.1089/neu.2017.5257
Mattsson-Carlgren N, Palmqvist S, Blennow K, et al. Increasing the
reproducibility of fluid biomarker studies in neurodegenerative stud-
ies. Nat Commun 2020;11(1):6252; doi: 10.1038/s41467-020-19957-6


http://dx.doi.org/10.3109/02699052.2014.948068
http://dx.doi.org/10.1016/S1474-4422(22)00218-6
http://dx.doi.org/10.1016/S1474-4422(22)00218-6
http://dx.doi.org/10.3389/fneur.2020.00325
http://dx.doi.org/10.3389/fneur.2020.00325
http://dx.doi.org/10.1016/j.clineuro.2016.04.005
http://dx.doi.org/10.1089/neu.2015.3949
http://dx.doi.org/10.1016/S1474-4422(22)00256-3
http://dx.doi.org/10.1186/s13054-015-1081-8
http://dx.doi.org/10.1089/neu.2022.0320
http://dx.doi.org/10.3109/02699051003652823
http://dx.doi.org/10.1089/0897715042441846
http://dx.doi.org/10.1089/0897715042441846
http://dx.doi.org/10.3171/2015.6.JNS15674
http://dx.doi.org/10.1016/j.resuscitation.2008.11.021
http://dx.doi.org/10.1016/j.resuscitation.2008.11.021
http://dx.doi.org/10.1080/01616412.2016.1144410
http://dx.doi.org/10.1001/jamaneurol.2017.0655
http://dx.doi.org/10.1046/j.1468-1331.2003.00552.x
http://dx.doi.org/10.1080/16501970510032910
http://dx.doi.org/10.1080/16501970510032910
http://dx.doi.org/10.1515/jomb-2017-0018
http://dx.doi.org/10.1136/jnnp.73.5.542
http://dx.doi.org/10.1212/WNL.0b013e3181fd62d2
http://dx.doi.org/10.1016/j.peptides.2014.07.016
http://dx.doi.org/10.1016/j.peptides.2014.07.016
http://dx.doi.org/10.7326/M22-0276
http://dx.doi.org/10.7326/0003-4819-158-4-201302190-00009
http://dx.doi.org/10.1002/9780470317082
http://dx.doi.org/10.1002/9780470317082
http://dx.doi.org/10.1016/j.jclinepi.2005.02.022
http://dx.doi.org/10.1016/j.jclinepi.2005.02.022
http://dx.doi.org/10.1089/neu.2018.5952
http://dx.doi.org/10.1089/neu.2010.1564
http://dx.doi.org/10.1089/neu.2010.1564
http://dx.doi.org/10.1227/NEU.0b013e318236a809
http://dx.doi.org/10.1227/NEU.0b013e318236a809
http://dx.doi.org/21937927
http://dx.doi.org/10.1089/neu.2012.2762
http://dx.doi.org/10.3389/fneur.2022.835597
http://dx.doi.org/10.1586/erm.10.104
http://dx.doi.org/10.1586/erm.10.104
http://dx.doi.org/10.1016/j.ebiom.2024.105298
http://dx.doi.org/10.1038/s41582-024-00955-x
http://dx.doi.org/10.1097/HTR.0000000000000613
http://dx.doi.org/10.1097/HTR.0000000000000613
http://dx.doi.org/10.1080/23279095.2020.1748032
http://dx.doi.org/10.1080/23279095.2020.1748032
http://dx.doi.org/10.3389/fneur.2018.01113
http://dx.doi.org/10.1089/neu.2017.5257
http://dx.doi.org/10.1038/s41467-020-19957-6

1286

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

MONDELLO ET AL.

Korley FK, Datwyler SA, Jain S, et al. Comparison of GFAP and UCH-L1
measurements from two prototype assays: The Abbott i-STAT and
ARCHITECT Assays. Neurotrauma Rep 2021;2(1):193-199; doi: 10.1089/
neur.2020.0037

Kuhle J, Barro C, Andreasson U, et al. Comparison of three analytical
platforms for quantification of the neurofilament light chain in blood
samples: ELISA, electrochemiluminescence immunoassay and Simoa.
Clin Chem Lab Med 2016;54(10):1655-1661; doi: 10.1515/cclm-2015-
1195

Giangrande C, Delatour V, Andreasson U, et al. Harmonization and
standardization of biofluid-based biomarker measurements for AT(N)
classification in Alzheimer’s disease. Alzheimers Dement (Amst) 2023;
15(3):e12465; doi: 10.1002/dad2.12465

Leeflang MM, Moons KG, Reitsma JB, et al. Bias in sensitivity and speci-
ficity caused by data-driven selection of optimal cutoff values: Mecha-
nisms, magnitude, and solutions. Clin Chem 2008;54(4):729-737; doi:
10.1373/clinchem.2007.096032

Turner EL, Dobson JE, Pocock SJ. Categorisation of continuous risk fac-
tors in epidemiological publications: A survey of current practice. Epi-
demiol Perspect Innov 2010;7(9):9; doi: 10.1186/1742-5573-7-9
Cooper JG, Stukas S, Ghodsi M, et al. Age specific reference intervals
for plasma biomarkers of neurodegeneration and neurotrauma in a
Canadian population. Clin Biochem 2023;121-122:110680; doi: 10
.1016/j.clinbiochem.2023.110680

Mondello S, Guedes VA, Lai C, et al. Sex differences in circulating T-Tau
trajectories after sports-concussion and correlation with outcome.
Front Neurol 2020;11(1):651; doi: 10.3389/fneur.2020.00651

Gill J, Latour L, Diaz-Arrastia R, et al. Glial fibrillary acidic protein eleva-
tions relate to neuroimaging abnormalities after mild TBI. Neurology
2018;91(15):e1385-e1389; doi: 10.1212/WNL.0000000000006321
Gardner RC, Rubenstein R, Wang KKW, et al. Age-related differences in
diagnostic accuracy of plasma glial fibrillary acidic protein and tau for
identifying acute intracranial trauma on computed tomography: A
TRACK-TBI Study. J Neurotrauma 2018;35(20):2341-2350; doi: 10.1089/
neu.2018.5694

Morris JC, Schindler SE, McCue LM, et al. Assessment of racial dispar-
ities in biomarkers for Alzheimer disease. JAMA Neurol 2019;76(3):
264-273; doi: 10.1001/jamaneurol.2018.4249

Eagle SR, Puccio AM, Nelson LD, et al.; TRACK-TBI Investigators. Associ-
ation of obesity with mild traumatic brain injury symptoms,

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

inflammatory profile, quality of life and functional outcomes: A TRACK-
TBI Study. J Neurol Neurosurg Psychiatry 2023;94(12):1012-1017; doi:
10.1136/jnnp-2023-331562

Kornblith E, Diaz-Ramirez LG, Yaffe K, et al. Incidence of traumatic brain
injury in a longitudinal cohort of older adults. JAMA Netw Open 2024;
7(5):2414223; doi: 10.1001/jamanetworkopen.2024.14223

Wong JC, Linn KA, Shinohara RT, et al. Traumatic brain injury in Africa
in 2050: A modeling study. Eur J Neurol 2016;23(2):382-386; doi: 10
.1111/ene. 12877

Servadei F, Cannizzaro D, Zaed |, et al. Neurotrauma care: a worldwide
perspective. J Neurotrauma 2023;40(7-8):597-601; doi: 10.1089/neu
.2023.29137.fs

Lu Y, Pike JR, Chen J, et al. Changes in Alzheimer disease blood bio-
markers and associations with incident all-cause dementia. JAMA
2024;332(15):1258-1269; doi: 10.1001/jama.2024.6619

Riley RD, Lambert PC, Abo-Zaid G. Meta-analysis of individual partici-
pant data: Rationale, conduct, and reporting. BMJ 2010;340:c221; doi:
10.1136/bmj.c221

Torres-Espin A, Ferguson AR. Harmonization-information trade-offs for
sharing individual participant data in biomedicine. Harv Data Sci Rev
2022;4(3); doi: 10.1162/99608f92.a9717b34

Bentzen HB, Castro R, Fears R, et al. Remove obstacles to sharing health
data with researchers outside of the European Union. Nat Med 2021;
27(8):1329-1333; doi: 10.1038/541591-021-01460-0

Maas Al, Harrison-Felix CL, Menon D, et al. Standardizing data collec-
tion in traumatic brain injury. J Neurotrauma 2011;28(2):177-187; doi:
10.1089/neu.2010.1617

Meeuws S, Yue JK, Huijben JA, et al. Common data elements: Critical
assessment of harmonization between current multi-center traumatic
brain injury studies. J Neurotrauma 2020;37(11):1283-1290.

Yaseen A, Robertson C, Cruz Navarro J, et al. Integrating, harmonizing,
and curating studies with high-frequency and hourly physiological
data: Proof of concept from seven traumatic brain injury data sets.

J Neurotrauma 2023;40(21-22):2362-2375; doi: 10.1089/neu.2023.0023
Yuh EL, Jain S, Sun X, et al.; TRACK-TBI Investigators for the CENTER-TBI
Investigators. Pathological computed tomography features associated
with adverse outcomes after mild traumatic brain injury: A TRACK-TBI
Study With External Validation in CENTER-TBI. JAMA Neurol 2021;78(9):
1137-1148; doi: 10.1001/jamaneurol.2021.2120


http://dx.doi.org/10.1089/neur.2020.0037
http://dx.doi.org/10.1089/neur.2020.0037
http://dx.doi.org/10.1515/cclm-2015-1195
http://dx.doi.org/10.1515/cclm-2015-1195
http://dx.doi.org/10.1002/dad2.12465
http://dx.doi.org/10.1373/clinchem.2007.096032
http://dx.doi.org/10.1186/1742-5573-7-9
http://dx.doi.org/10.1016/j.clinbiochem.2023.110680
http://dx.doi.org/10.1016/j.clinbiochem.2023.110680
http://dx.doi.org/10.3389/fneur.2020.00651
http://dx.doi.org/10.1212/WNL.0000000000006321
http://dx.doi.org/10.1089/neu.2018.5694
http://dx.doi.org/10.1089/neu.2018.5694
http://dx.doi.org/10.1001/jamaneurol.2018.4249
http://dx.doi.org/10.1136/jnnp-2023-331562
http://dx.doi.org/10.1001/jamanetworkopen.2024.14223
http://dx.doi.org/10.1111/ene.12877
http://dx.doi.org/10.1111/ene.12877
http://dx.doi.org/10.1089/neu.2023.29137.fs
http://dx.doi.org/10.1089/neu.2023.29137.fs
http://dx.doi.org/10.1001/jama.2024.6619
http://dx.doi.org/10.1136/bmj.c221
http://dx.doi.org/10.1162/99608f92.a9717b34
http://dx.doi.org/10.1038/s41591-021-01460-0
http://dx.doi.org/10.1089/neu.2010.1617
http://dx.doi.org/10.1089/neu.2023.0023
http://dx.doi.org/10.1001/jamaneurol.2021.2120

