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Abstract

After mild traumatic brain injury (mTBI), a substantial proportion of individuals do not fully recover on the
Glasgow Outcome Scale Extended (GOSE) or experience persistent post-concussion symptoms (PPCS). We
aimed to develop prognostic models for the GOSE and PPCS at 6 months after mTBI and to assess the prog-
nostic value of different categories of predictors (clinical variables; questionnaires; computed tomography
[CT]; blood biomarkers). From the Collaborative European NeuroTrauma Effectiveness Research in Trau-
matic Brain Injury (CENTER-TBI) study, we included participants aged 16 or older with Glasgow Coma
Score (GCS) 13-15. We used ordinal logistic regression to model the relationship between predictors and
the GOSE, and linear regression to model the relationship between predictors and the Rivermead Post-
concussion Symptoms Questionnaire (RPQ) total score. First, we studied a pre-specified Core model.
Next, we extended the Core model with other clinical and sociodemographic variables available at presen-
tation (Clinical model). The Clinical model was then extended with variables assessed before discharge from
hospital: early post-concussion symptoms, CT variables, biomarkers, or all three categories (extended mod-
els). In a subset of patients mostly discharged home from the emergency department, the Clinical model
was extended with 2-3-week post-concussion and mental health symptoms. Predictors were selected
based on Akaike’s Information Criterion. Performance of ordinal models was expressed as a concordance
index (C) and performance of linear models as proportion of variance explained (R2). Bootstrap validation
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was used to correct for optimism. We included 2376 mTBI patients with 6-month GOSE and 1605 patients
with 6-month RPQ. The Core and Clinical models for GOSE showed moderate discrimination (C=0.68 95%
confidence interval 0.68 to 0.70 and C=0.70[0.69 to 0.71], respectively) and injury severity was the strongest
predictor. The extended models had better discriminative ability (C=0.71[0.69 to 0.72] with early symp-
toms; 0.71[0.70 to 0.72] with CT variables or with blood biomarkers; 0.72[0.71 to 0.73] with all three catego-
ries). The performance of models for RPQ was modest (R2=4% Core; R2=9% Clinical), and extensions with
early symptoms increased the R2 to 12%. The 2-3-week models had better performance for both outcomes
in the subset of participants with these symptoms measured (C=0.74[0.71 to 0.78] vs. C=0.63[0.61 to 0.67]
for GOSE; R2 =37% vs. 6% for RPQ). In conclusion, the models based on variables available before discharge
have moderate performance for the prediction of GOSE and poor performance for the prediction of PPCS.
Symptoms assessed at 2-3 weeks are required for better predictive ability of both outcomes. The perfor-
mance of the proposed models should be examined in independent cohorts.

Keywords: biomarkers; Glasgow Outcome Scale Extended; mild traumatic brain injury; post-concussion

symptoms; predictors; prognostic model

Introduction

The majority of patients after traumatic brain injury
(TBI) present with a Glasgow Coma Score (GCS) of 13
to 15 and are classified as mild." However, “mild”’ ap-
pears to be a misnomer since a substantial proportion of
patients do not completely return to their pre-injury
level of functioning and/or experience persistent post-
concussion symptoms (PPCS) several months after
sustaining a TBL.?* It would be beneficial to identify in-
dividuals early after injury who are at higher risk of sub-
optimal functional outcome or PPCS, as this would
facilitate follow up for therapeutic intervention. Although
high-quality evidence is still limited,>® brief early
psycho-educational and cognitive-behavioral interven-
tions have the potential to improve functional outcome
and reduce the likelihood of persistent symptoms after
mild TBL.”

There are currently no satisfactory models for predic-
tion of outcomes following mild TBL'!" Our recent ex-
ternal validation study performed in a large European
cohort of TBI patients'? showed that none of the models
for prediction of 6-month outcome after mild TBI based
on variables available at presentation had both good
agreement between observed and predicted values and
good ability to distinguish between individuals with fa-
vorable and unfavorable outcome. The definition of unfa-
vorable outcome, however, differed between prognostic
studies. Predicting the full Glasgow Outcome Scale
Extended (GOSE)'? range compared with dichotomiza-
tion by a cutoff would have greater statistical power
and be more informative.'*

Prognostic models that included 2-3-week symp-
toms had satisfactory performance at external valida-
tion.'? Studies in mild TBI consistently show that
symptoms measured weeks after injury improve predic-
tion and therefore should be routinely collected.®!!"!3
Assessing 2-3—week symptoms, however, is often clin-

ically impractical and unsuitable for acute care of mild
TBI patients. There is a need for a model that can pre-
dict outcome in the acute setting, in addition to a pre-
diction model that incorporates measures assessed
later after injury.

Patient-reported symptoms measured early after a TBI
(0-7 days) predict incomplete recovery and persistent
symptoms after 1-3 months. '~ Imaging variables
have shown inconsistent associations with the functional
and symptomatic outcomes, depending on other charac-
teristics of mild TBI patients, the exact type of lesion,
and definition of the outcome.>** Blood biomarkers
have been associated with intracranial abnormalities on
computed tomography (CT) following mild TBI*'**?
but they have been insufficiently investigated for longer-
term prognosis. If they turn out to be independent predic-
tors of outcome, as some studies suggest,z“’25 biomarkers
would represent a readily accessible asset in the acute
care after mild TBL*®

We aimed to develop prognostic models for GOSE and
PPCS 6 months after mild TBI based on characteristics
available at presentation and suitable for early detection
of high-risk patients. We explored if the performance
of prognostic models improved by adding different cate-
gories of predictors available before discharge from hos-
pital: biomarkers, early post-concussion symptoms, CT
characteristics, or all the aforementioned. We also ex-
plored if 2-3—week post-concussion and mental health
symptoms improved the predictive performance of the
models.

Methods

Study population

The study population consisted of participants from the
prospective longitudinal observational Collaborative Eu-
ropean NeuroTrauma Effectiveness Research in Trau-
matic Brain Injury (CENTER-TBI) study (registration
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number: NCT02210221). The data version used for this
study was Core 3.0.”” Patients were enrolled from De-
cember 2014 to December 2017 in 63 centers across
Europe and Israel. Ethical approval was obtained for
each recruiting site and informed consent was obtained
from all patients and/or their legal representative/next
of kin: https://www.center-tbi.eu/project/ethical-approval.
Inclusion criteria for the core study were a clinical diag-
nosis of TBI, presentation within 24 h after injury, and an
indication for CT scanning according to local rules.
Patients were excluded if they had severe pre-existing
neurological disorder that could confound outcome as-
sessments.” In CENTER-TBI, participants were differen-
tiated by care pathway and assigned to the emergency
department (ED) stratum (discharged from an ED), ad-
mission stratum (admitted to a hospital ward), or intensive
care unit (ICU) stratum (admitted to the ICU).2

We selected participants who were 16 years or older
with a baseline GCS 13 to 15 and available outcome as-
sessments. The majority of predictors measured at pre-
sentation were missing in <5% of included participants,
but post-traumatic amnesia duration (15-17%), loss of
consciousness (7-8%), education levels (9-13%), and em-
ployment (5-6%) had higher percentages of missingness
(Table 1; Supplementary Table S1). CT variables were
missing in 5-7%, early symptoms in 26-29%, and bio-
markers in 17-20% of participants (Table 1; Supplemen-
tary Table S1). Missing predictor data were imputed to
allow for fair comparison between model variants using
multi-variate imputation by chained equations assuming
a missingness at random mechanism.”® The imputation
model contained all predictor and outcome variables,
and predictive mean matching was used for continuous,
logistic regression for binary, proportional odds logistic

Table 1. Characteristics of Mild TBI Patients With Available 6-Month Glasgow Outcome Scale Extended (GOSE; N =2376)
and Rivermead Post-Concussion Symptoms Questionnaire (RPQ; n=1605), and 2-Week RPQ (n=640; n=476)
in the CENTER-TBI Study

6-Month 6-Month
6-month 6-month GOSE +2-3-week 2-3-week
GOSE RPQ RPQ RPQ
n 2376 Missing % 1605 Missing % 640 Missing % 476 Missing %
Age median [Q1, Q3] 53 [34, 68] 0 53[35, 66] 0 49[31, 62] 0 51[34.75, 63] 0
Sex male (%) 1519 (63.9) 0 1018 (63.4) 0 378 (59.1) 0 279 (58.6) 0
Pre-injury health ASA-PS (%) 0.8 04 0 0
No systemic disease 1292 (54.8) 909 (56.9) 383 (59.8) 383 (59.8)
Mild 803 (34.1) 538 (33.7) 2024 (31.9) 158 (33.2)
Severe 261 (11.1) 151 (9.4) 53 (8.3) 39 (8.2)
Psychiatric history (%) 312 (13.3) 1 202 (12.6) 0.5 86 (13.5) 0.2 62 (13.0) 0
Cause of injury (%) 1.8 1.6 1.1 1.3
fall and other 1353 (58.0) 888 (56.2) 373 (58.9) 268 (57.0)
Traffic 846 (36.2) 613 (38.8) 226 (35.7) 185 (39.4)
violence 135 (5.8) 78 (4.9) 34 (54) 17 (3.6)
Glasgow Coma Score (%) 0 0 0 0
13 161 (6.8) 103 (6.4) 15 (2.3) 12 (2.5)
14 421 (17.7) 269 (16.8) 56 (8.8) 39 (8.2)
15 1794 (75.5) 1233 (76.8) 569 (88.9) 425 (89.3)
Total Injury Severity Score (ISS) 10 [5, 18] 0.9 10[5, 18] 0.7 512,9] 0.2 5[2.75, 9] 0
median[Q1-Q3]
ISS extra-cranial 3[0,9] 0 4[0,9] 0 1[0,4] 0 1[0,4] 0
Head AIS 3[2,3] 1 3[2,3] 0.8 2[1,2] 0.3 2[1,2] 0.2
Any intracranial abnormality (%) 1028 (46.3) 6.6 718 (47.4) 5.5 113 (18.6) 5.2 98 (21.4) 3.6
NFL <48h 13.5 [7.2, 28.5] 20.4 12.8 [7.3, 25.7] 18.2 8.4[5.2, 14.4] 16.4 8.8[5.6, 14.4] 13.7
median [Q1, Q3]
RPQ Total Score at presentation’ 8 [2, 15] 294 8 [2.75, 15] 26.2 8 [2, 15.75] 10.9 8.50 [2, 16] 11.3
median [Q1, Q3]
RPQ Total Score at 2-3 wks? 8 [0, 20] 73.1 8[2, 21] 70.3 [0, 20] 0 8 [2, 21] 0
median [Q1, Q3]
RPQ Total Score at 6 months 6 [0, 16] 32.5 6 [0, 16] 0 410, 14] 25.6 410, 14] 0
median [Q1, Q3]
GOSE at 180 days 0 0.1 0 0
1 89 (3.7) 0 1(0.2) 0
3 99 (4.2) 42 (2.6) 8 (1.2) 4 (0.8)
4 74 (3.1) 53 (3.3) 1(0.2) 1(0.2)
5 174 (7.3) 119 (7.4) 27 (4.2) 21 (4.4)
6 247 (10.4) 205 (12.8) 53 (8.3) 49 (10.3)
7 517 (21.8) 410 (25.6) 133 (20.8) 118 (24.8)
8 1176 (49.5) 775 (48.3) 417 (65.2) 283 (59.5)

At median 1 day post-injury [Q1:Q3: 0-1].
2At median 20 days [Q1-Q3:15-28]).
TBI, traumatic brain injury; CENTER-TBI, Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury; ASA- PS, Amer-

ican Society of Anesthesiologists Physical Status classification; AIS, Abbreviated Injury Score; NFL, neurofilament light.
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regression for ordinal, and polytomous regression for cat-
egorical data. For the development of models containing
2-3—-week symptoms, we only selected participants for
whom this assessment was obtained. By the CENTER-
TBI study design, these assessments were performed in
ED stratum and a subgroup of patients admitted to a hos-
pital ward.”

Outcomes assessed at 6 months

We analyzed associations with 6-month GOSE and
PPCS. The GOSE'? has the following categories: 1)
dead; 2) vegetative state; 3) lower severe disability; 4)
upper severe disability; 5) lower moderate disability; 6)
upper moderate disability; 7) lower good recovery; and
8) upper good recovery. The GOSE was collected using
structured interviews and patient/caregiver question-
naires. The categories vegetative state and lower severe
disability were combined in one group, as these could
not be differentiated in the postal questionnaire. Overall,
~22% had GOSE scores outside of the pre-specified 5-8-
month window.”> We used GOSE ratings imputed to ex-
actly 180 days based on the GOSE recorded at different
time-points (from 2 weeks to 1 year) based on a multi-
state model.” The imputed GOSE variable was made
by the CENTER-TBI statisticians and directly extracted
from the CENTER-TBI dataset.”*

PPCS were assessed by the Rivermead Post-
Concussion Symptoms Questionnaire (RPQ).*' The
RPQ consists of 16 common symptoms that can appear
after mTBI/ concussion. Participants are asked to rate
how problematic symptoms were compared with symp-
toms before the injury on a 5-point rating scale (0-4).
A score of O indicates ‘‘not experienced at all”’; 1 indi-
cates ‘“‘no more of a problem (than before)’’; 2 indicates
““a mild problem’; 3 indicates ‘‘a moderate problem’’;
and 4 indicates ‘‘a severe problem.” The total score is
calculated as the sum of items, with a range from O (rep-
resenting no change in symptoms since the injury) to 64
(most severe symptoms). When calculating the total
score, “‘1”’ responses were rated as 0. The questionnaire
was translated and linguistically validated in languages of
the participating centers.”> When using a binary end-
point, we dichotomized the RPQ Total score based on a
cutoff >16.%

Candidate predictors

Questionnaires. The RPQ was assessed in the hospital
center (at presentation or before discharge, median
1 day [Q1-Q3:0-1]), and after 2-3-weeks in participants
from ED stratum and in a subgroup of Admission stratum
(median 20 days [Q1-Q3:15-28]). The Post-Traumatic
Stress Disorder (PTSD) Checklist for Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition
(DSM)-5 (PCL-5),* Generalized Anxiety Disorder 7-

item scale (GAD—7),35 Patient Health Questionnaire
(PHQ—9)36 were administered at 2-3 weeks, and were
considered as predictors in the ‘“2-3—week’” prognostic
models. The PCL-5°* measures symptoms of PTSD
according to DSM-5 criteria. It consists of 20 items that
can be answered with O=not at all to 5=extremely,
and it can have a score range of 0-80. The GAD-7>> mea-
sures severity of a general anxiety disorder. It comprises
seven items that can be answered from O=not at all to
3=nearly every day, and it can have a score range of
0-21. The PHQ-9*® measures the severity of major de-
pressive disorder symptoms. It contains nine items
using a 4-point rating scale (from O=not at all to
3 =nearly every day), and it can have a score range of
0-27.

Clinical and sociodemographic characteristics. Socio-
demographic, pre-injury, and injury-related variables
were prospectively collected as follows: age, GCS, total
injury severity score (ISS), sex, psychiatric history, pre-
injury health (American Society of Anesthesiologists
Physical Status [ASA PS] Classification), prior TBI, his-
tory of migraines or headaches, education level, employ-
ment, living alone, cause of injury, alcohol intoxication,
pupillary reactivity, post-traumatic amnesia, loss of con-
sciousness, vomiting, and headache (Supplementary
Table S1). GCS is the total GCS at baseline (post-
stabilization value at emergency department). ISS can
range from O to 75 (in brain-injured population from 1
to 75)*” and is calculated as the sum of the squares of
the three body regions with the highest Abbreviated
Injury Scale (AIS). If any AIS is scored 6, the ISS is au-
tomatically 75. Additionally, we calculated extra-cranial
ISS (considering the AIS of the face, abdomen, chest, ex-
tremities, and external injuries, and excluding the head
AIS) and head AIS (the highest AIS out of brain injury,
head, neck, and cervical spine).

CT variables. We included the following CT character-
istics, scored upon central review of the CT scans
obtained at presentation: traumatic axonal injury (TAI),
cisternal compression, midline shift (> 5 mm), subarach-
noid hemorrhage, contusion, (non-) evacuated hema-
toma, and a composite variable any abnormality on CT
(Supplementary Table S1).

Biomarkers. We included the following biomarkers
sampled <48 h after injury: glial fibrillary acidic protein
(GFAP), serum neurofilament light (NFL), neuron-
specific enolase (NSE), S100 calcium-binding protein B
(S100B), total-Tau (t-tau), and ubiquitin C-terminal hy-
drolase -L1 (UCHL1). The median sampling time was
14h (Q1-Q3: 6-20h). The sampling was within 24 h for
the majority of patients (91%).
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The sampling of blood-based biomarkers has been de-
scribed in previous studies.”’ S100B and NSE were mea-
sured with a clinical-use automated system, using an
electrochemiluminescence immunoassay kit (ECLIA;
Elecsys S100 and Elecsys NSE assays) run on the e602
module of Cobas 8000 modular analyzer (Roche Diag-
nostics, Mannheim, Germany) at the University of Pecs
(Pecs, Hungary). Serum GFAP, UCHLI1, NFL, and
t-tau were analyzed with an ultrasensitive immunoassay
using digital array technology (Single Molecule Arrays,
[SiMoA]-based Human Neurology 4-Plex B assay
(N4PB) run on the SR-X benchtop assay platform (Quan-
terix Corp., Lexington, MA) at the University of Florida
(Gainesville, FL). Medians and interquartile ranges were
shown for continuous variables and percentages for cate-
gorical variables (Table 1; Supplementary Table S2).

Model development

Based on a systematic review,38 a recent review and val-
idation study,12 subsequent studies,l7’39’40 and clinical
expertise, we selected candidate predictors and easily ob-
tainable core variables. The selection of “‘core variables”
was guided by the most frequent predictors from prog-
nostic models that satisfied our methodological quality
criteria.'> For GOSE, the core model included age,
GCS, and ISS. For RPQ, the core model included sex,
psychiatric history, and pre-injury health. We extended
the core models with: 1) other clinical and sociodemo-
graphic variables available at presentation; 2) RPQ total
score measured at presentation or before discharge; 3)

CT variables; 4) blood-based biomarkers; and 5) RPQ
total score, CT results, and biomarkers (Fig. 1); and 6)
in the subgroup of participants in whom symptom assess-
ments were performed at 2-3 weeks, 2-3—week post-
concussion and mental health symptoms.

We used ordinal logistic regression to model the rela-
tionship between predictors and the GOSE, and linear re-
gression to model the relationship between predictors and
RPQ total score. We assessed nonlinear effects of age,
ISS, and biomarkers. We assessed non-linear transforma-
tions with polynomials of log-transformed ISS and log-
transformed values of biomarkers for both outcomes,
and non-linear transformations with polynomials of age
and of log-transformed GFAP for prediction of RPQ.
When we examined extra-cranial and head injury severi-
ties separately, we assessed nonlinear transformations
with polynomials for head AIS for prediction of GOSE.

In the first model extension, the Core model was ex-
tended with other clinical variables (Clinical and sociode-
mographic characteristics). Core variables were included
(““forced’’) into the model and clinical predictors were
selected based on Akaike’s Information Criterion (AIC;
Fig. 1; Fig. 2A). The AIC was used to select the best
model fit with the smallest number of parameters: a
higher AIC indicates better predictive ability (how
much a predictor adds to the model) penalizing for the
complexity of the model (as expressed by the degrees
of freedom). AIC strikes a balance between identifying
predictors and preventing overfitting. In the second
phase, the Clinical model was extended with other

____________________________________________

Prespecified core clinical and

sociodemographic variables Core model

+

Extension 1: :
Include CORE :
Select new predictors (AIC) ]

Extension 2:
Include CORE
Select new predictors (AIC)

Other clinical and
sociodemographic variables

_____________________

Subset with 2-3 symptoms
assessed

I : Predictors available at 2-3 weeks :

: - Early RPQ, CT, 2-3 week
Early RPQ CT variables Biomarkers Bt symptoms

v v v

Clinical + early

v i

Clinicalyearly Clinical+ 2-3-week

symptoms
model

Clinical +CT model

Clinical + biomarker
maodel

symptoms, CT,
biomarkers model

symptoms model

FIG. 1.

Modeling strategy.
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FIG. 2. The Core and Clinical models for prediction of Glasgow Outcome Scale Extended (GOSE) and
Rivermead Post-Concussion Symptom Questionnaire (RPQ). Black circles indicate selected predictors based on
Akaike’s Information Criterion. Black triangles indicate pre-specified core predictors. Alcohol, alcohol
intoxication; ASA-PS, American Society of Anesthesiologists Physical Status; Cause, cause of injury; GCS, Glasgow
Coma Scale; ISS, Injury Severity Score Total; Neuropain H, history of migraines/headaches; PreTBI, prior traumatic
brain injury; PsychiatricH, psychiatric history; PTA, post-traumatic amnesia; LOC, loss of consciousness.
. J

categories of variables (i.e., variables 2-6 as listed
above). The additional predictors were selected based
on the AIC for individual factors, and core variables
were always included (‘“‘forced’’) into the model
(Fig. 1). The AIC for candidate predictors in examined
models was reported graphically.

Bootstrap validation with 500 repetitions was used to
estimate a uniform shrinkage factor (corrected calibration
slope) and optimism in performance. We report model
equations for which the regression coefficients of the
final models were multiplied by a shrinkage factor and
the model intercept was re-estimated. We also report

the equations of models that were refitted to a dichoto-
mized GOSE (cutoff GOSE =8), using the same shrink-
age factor. The performance of ordinal logistic
regression models was quantified with the concordance
index (C), which quantifies the ability of a model to dis-
criminate between patients with different levels of out-
come. Overall performance was quantified with partial
Nagelkerke R2, which represents the scaled difference
in the log-likelihood of a model with and without the
prognostic factor(s). The performance of the models
was also reported for different cutoffs of the GOSE.
The performance of linear regression models was
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quantified with the proportion of explained variance (R2).
For comparison with other studies, we also reported C
obtained in logistic regression analysis that modeled the
relationship between predictors and a dichotomized
RPQ Total score. Performance was calculated across im-
puted datasets and confidence intervals were estimated
using 200 bootstrap samples.

To examine calibration of the models for predicting
complete (upper-good) recovery (GOSE =8) and signifi-
cant post-concussion symptoms (RPQ >16) in different
European regions, we performed cross-validation with a
leave-one-region-out approach: The regions West,
North and South-East (Supplementary Table S1) were
consecutively left out for model fitting and were then
used for model validation. The R-package rms*' (Regres-
sion Modeling Strategies) was used for all regression
analyses.

Results

Study population

We included 2376 participants with (an imputed) GOSE
at 180 days. For 1605 participants, RPQ was assessed at
6-month follow-up. The median age was 53 years and the
majority of patients were male (64% and 63%) and with
GCS 15 (76% and 77%; Table 1). The median ISS was 10
and almost half of the patients had intracranial abnormal-
ities on CT (Table 1). The median RPQ Total score was 8
at baseline and 2-3-weeks, and 6 at 6 months (Table 1).
About half of the participants did not completely return
to their pre-injury functioning according to the GOSE.
As expected, participants who had symptoms measured
at 2-3 weeks (n=640 for the outcome GOSE; n=476
for the outcome RPQ) were less severely injured (median
ISS 5 and ISS extra-cranial 1; 89% GCS 15; 19% and

21% intracranial abnormalities), younger (median age
49 and 51), and somewhat less frequently male (59%;
Table 1; Supplementary Table S2).

Prediction of 6-month GOSE

The pre-specified Core model contained age, ISS (non-
linear), and GCS. It had a discriminative ability of
C=0.68 (CI 95% 0.68-0.70). All predictors contributed
to the model, but ISS was by far the strongest predictor
(Fig. 2A). When the model was extended with sex, pre-
injury health (American Society of Anesthesiologists
Physical Status), psychiatric history, cause of injury,
and pupillary reactivity, the performance improved
(C=0.70, CI 95% [0.69-0.71], Nagelkerke R2 increased
from 18% to 21%; Table 2; Supplementary Table S3).
The strongest predictor in this Clinical model was ISS,
followed by pre-injury health, GCS, and age (Fig. 2B;
Supplementary Table S4). When we modeled extra-
cranial injury severity (ISSe) and head injury severity
(head AIS) separately, rather than the overall ISS,
model performance was comparable (C=0.70 (CI 95%
[0.68-0.71]). Both predictors, but especially head AIS,
were strong (Supplementary Fig. S1).

When the Clinical model was extended with either
early symptoms measured at presentation or before dis-
charge, CT variables, or biomarkers, the performance fur-
ther improved to a similar degree for all models (early
symptoms: C=0.71 [0.69-0.72], Nagelkerke R2=22%;
CT variables: C=0.71[0.70 -0.72], Nagelkerke
R2=24%; biomarkers: C=0.71[0.70 -0.72], Nagelkerke
R2=23%; Table 2; Supplementary Table S4). In all
these models, ISS was the strongest predictor, and pre-
injury health, age, GCS, psychiatric history, and sex
also were robust predictors. In addition, early RPQ had

Table 2. Prognostic Models for 6-Month Glasgow Outcome Scale Extended (GOSE) After Mild TBI:

Model Performance (N =2376)

Clinical +early
symptoms

Clinical+ early  Clinical +2-3-week
symptoms, symptoms

Core model Clinical model (RPQ) Clinical +CT  Clinical +Biomarkers CT, biomarkers [subset n=640]
Ordinal GOSE (1-8)
Nagelkerke R2 0.18 0.21 0.22 0.24 0.23 0.26 0.21
(optimism-
corrected)
C (optimism-  0.68 [0.68-0.70] 0.70 [0.69-0.71] 0.71 [0.69-0.72] 0.71 [0.70-0.72]  0.71 [0.70 -0.72] 0.72 [0.71-0.73]  0.74 [0.71-0.78]
corrected)
95% CI
C (optimism-corrected) for different cutoffs
GOSE=8' 0.69 0.70 0.72 0.71 0.71 0.73 0.75
GOSE >7* 0.73 0.74 0.75 0.75 0.76 0.76 0.76
GOSE >5° 0.79 0.80 0.80 0.80 0.82 0.81 0.69%*

**Only 10 outcome events.
'Complete vs. incomplete recovery/death.
2Good recovery vs. disability/death.

3Moderate disability/good recovery (‘“favorable™) vs. severe disability/death (‘‘unfavorable™).
TBI, traumatic brain injury; RPQ, Rivermead Post-Concussion Symptoms Questionnaire; CT, computed tomography; C, concordance index; CI, con-

fidence Interval.
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high predictive ability and was selected for the Clinical
Early symptoms model (Supplementary Fig. S2; Supple-
mentary Table S4). Any intracranial abnormality,
traumatic subarachnoid hemorrhage (tSAH), TAI, and
non-evacuated hematoma were selected for the Clinical
CT model (Supplementary Fig. S3; Supplementary
Table S4). The final Clinical Biomarker model contained
NFL, S100B, and NSE, in addition to clinical variables
(Supplementary Fig. S4; Supplementary Table S4).
When the Clinical model was simultaneously extended
with all three types of variables (early RPQ measured at
presentation or before discharge, CT variables, biomark-
ers), the performance improved further (C=0.72 [0.71-
0.73], Nagelkerke R2=26%; Table 2). The final model
included all variables from the Clinical model; early
RPQ data; CT variables any intracranial abnormality,
non-evacuated hematoma, and tSAH, and biomarkers
NFL, s100B, GFAP and NSE. Consistent with other ana-
lyses, ISS, early RPQ data, and pre-injury health showed
the best predictive ability (Fig. 3; Supplementary
Table S4). All described models discriminated better
for the outcome good recovery (GOSE =>7; C=0.73-

0.76; Table 2) and moderate disability/good recovery
versus severe disability/ death (GOSE =5; C=0.79-
0.82) than for upper good recovery (GOSE=S§;
C=0.69-0.73; Table 2).

The model developed in the subset of participants with
2-3—week symptoms available had substantially better dis-
criminative ability (C=0.74 [0.71-0.78] compared with
C=0.63 [0.61-0.67] of the Clinical model without 2-3—
week symptoms in the same subset, n=640) and overall
performance (Nagelkerke R2 21% vs. 7%). Apart from
the core variables, this model included cause of injury,
psychiatric history, post-concussion (RPQ) and post-
traumatic stress disorder (PCL-5) symptoms. The stron-
gest predictors were 2-3-week post-concussion symptoms
(Fig. 4). ISS (particularly of the head) and age were also
important predictors in this subset (Fig. 4; Supplementary
Table S4; Supplementary Fig. S5).

The models were well-calibrated across the regions
(Supplementary Fig. S6; Supplementary Fig. S7 for Clin-
ical model). The probability of 6-month outcome can be
calculated based on model equations (Box 1; Supplemen-
tary Table S5).

Akade information criteron (AC)

FIG. 3. The Clinical+ symptoms, computed tomography (CT), biomarkers models for prediction of Glasgow
Outcome Scale Extended (GOSE), and Rivermead Post-Concussion Symptom Questionnaire (RPQ). Black
circles indicate selected predictors based on Akaike’s Information Criterion. Black triangles indicate pre-
specified core predictors. ASA-PS, American Society of Anesthesiologists Physical Status; Cause, cause of
injury; CisternalComp, cisternal compression; GCS, Glasgow Coma Scale; Hem, hematoma; Intox,
intoxication; ISS, Injury Severity Score Total; Neuropain H, history of migraines/headaches; PsychiatriH,
psychiatric history; TAI, traumatic axonal injury; tSah, traumatic subarachnoid hemorrhage.

Clinical CT. bi
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FIG. 4. The Clinical +2-3-week symptoms models for prediction of Glasgow Outcome Scale Extended
(GOSE) and Rivermead Post-Concussion Symptom Questionnaire (RPQ). Black circles indicate selected
predictors based on Akaike’s Information Criterion. Black triangles indicate pre-specified core predictors.
ASA-PS, American Society of Anesthesiologists Physical Status; Cause, cause of injury; GAD-7, Generalized
Anxiety Disorder 7-item scale (GAD-7); GCS, Glasgow Coma Scale; ISS, Injury Severity Score Total; Neuropain
H, history of migraines/headaches; PCL-5, Post-Traumatic Stress Disorder (PTSD) Checklist for Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition (DSM)-5; PHQ-9, Patient Health Questionnaire;
PsychiatricH, psychiatric history; wk, week.
. J

Prediction of 6-month RPQ

The Core model for RPQ including sex, psychiatric his-
tory and pre-injury health explained only 4% of the var-
iance of the 6-month RPQ Total Score (Table 3; Fig. 2A).
For the Clinical model, apart from the core variables, ISS,
cause of injury, pupillary reactivity, alcohol intoxication,

history of headaches, education, and employment were
also selected. With the inclusion of new variables, the
proportion of explained variance increased, but it
remained modest (9%; Table 3). The strongest predictors
of outcome were sex, psychiatric history, and ISS
(Fig. 2B; Supplementary Table S6A, S6B). When we

Box 1. Predicting Global Functional Outcome (GOSE) for Two Different Patients Based on the Clinical Model

14, Total ISS 9, one nonreactive pupil.

(-0.193*(10g(9)"2))+(-0.502%*1)

Patient 1: Woman, 44 years, mild systemic disease (mild obesity), psychiatric history (depression), TBI caused by motor vehicle accident (MVA), GCS
Linear predictor (Ip)=0.965+(-0.010%44)+(-0.263*1)+(-0.533*1)+(0.269*1)+(-0.169*1)+(0.099*10g(9))+

1/(1 + exp ~'P )=0.2=20% probability of complete return to preinjury functioning

Patient 2: Man, 32 years, no systemic disease, no psychiatric history, TBI caused by fall, GCS 15, Total ISS 2, reactive pupils.
Ip=0.965+(0.403*1)+(-0.010*32)+(0.549*1)+(0.099*10g(2))+(-0.193*(log(2)"2))
1/(1 + exp ~'? )=0.83=83% probability of complete recovery to preinjury functioning

GOSE, Glasgow Outcome Scale Extended; GCS; Glasgow Coma Score; ISS, Injury Severity Score.
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Table 3. Prognostic Models for 6-Month Rivermead Post-Concussion Symptoms Questionnaire (RPQ) Total Score

After Mild TBI: Model Performance (n =1605)

Clinical+ early  Clinical +2-3-week

Clinical Clinical +early RPQ,CT, symptoms
Core model model symptoms (RPQ) Clinical +CT  Clinical +Biomarker biomarkers [subset n=476]
R2 (optimism-corrected) 0.04 0.09 0.12 0.09 0.09 0.12 0.37
C (optimism-corrected) 0.60 0.65 0.67 0.65 0.66 0.67 0.83

for cutoff >16'

"More severe symptoms.

TBI, traumatic brain injury; CT, computed tomography; R2, coefficient of determination; C, concordance index.

included ISSe and head AIS separately, the model perfor-
mance was similar (R2=9%) and both predictors were
selected; nevertheless, head AIS had a stronger predictive
ability.

In the extensions of the Clinical model, the proportion
of explained variance increased to 12% when early symp-
toms (RPQ) measured at presentation/ before discharge
were added, and also when all three categories were
added (Table 3; Supplementary Fig. S2). Extending the
models only with CT variables and biomarkers did mod-
estly improve the model performance (R2=9%, Table 3).
However, some predictors were selected in addition to
the Clinical model: any intracranial abnormality for the
Clinical CT model (Supplementary Fig. S3; Supplemen-
tary Table S5); and GFAP and Tau for the Clinical bio-
marker model (Supplementary Fig. S4; Supplementary
Table S5). For the model extended with all three types
of variables, early RPQ data, any intracranial abnormality
on CT and GFAP were selected in addition to the Clinical
model (Fig. 3; Supplementary Table S5). In all extended
models, the strongest predictors were sex and psychiatric
disorder, and other robust predictors, but to a lesser ex-
tent, were ISS, pre-injury health, and cause of injury.
From additional categories, early RPQ data had a partic-
ularly strong predictive ability (Fig. 3; Supplementary
Fig. S2; Supplementary Table S5).

The model developed in the subset of patients with
symptoms reported at 2-3 weeks explained 37% of the
variance (compared with 6% for the Clinical model in
the same subset). It included, in addition to the core
variables: ISS, 2-3—week post-concussion (RPQ), post-
traumatic stress (PCL-5), and anxiety symptoms (GAD-
7; Fig. 4; Supplementary Table S5). By far, the strongest
predictor was the 2-3—week RPQ (Fig. 4). In contrast
with previous analyses, male sex was associated with

higher PPCS after the addition of 2-3-week symptoms
(Supplementary Table S5). When we included ISSe and
head AIS separately, only ISSe was selected for the Clin-
ical model in the subset (Supplementary Fig. SA) and
only head AIS for the Clinical +2-3-week symptoms
model (Supplementary Fig. 5B). The 6-month RPQ
score can be estimated based on model equations
(Box 2; Supplementary Table S7).

The logistic models predicting dichotomized 6-month
RPQ (cutoff 216) had a discriminative ability corrected
for optimism between C=0.60 and 0.67 (Table 3).
Only the Clinical model with 2-3-week symptoms, de-
veloped in the subset of participants, had much better dis-
criminative ability (C=0.83; Table 3).

Discussion

We developed prognostic models for global functional
outcome (GOSE) and persistent post-concussion symp-
toms (RPQ) 6 months after mild TBI and assessed the ad-
ditional value of different categories of predictors. The
Clinical model for GOSE, containing age, GCS, ISS,
pre-injury health, psychiatric history, cause of injury,
and pupillary reactivity had moderate discriminative abil-
ity (C=0.70), and ISS was the strongest predictor. The
models extended with additional categories of predictors:
early post-concussion symptoms, CT variables, blood
biomarkers, and all three categories of variables had
slightly better discriminative ability (C=0.71-0.72).
When the model was extended with symptoms measured
at 2-3 weeks, the discriminative ability was substantially
better (C=0.74 vs. 0.63 in a subset primarily discharged
home from the ED), primarily based on the strong predic-
tive ability of post-concussion symptoms. The Clinical
model for 6-month PPCS including sex, pre-injury
health, psychiatric history, ISS, pupillary reactivity,

Box 2. Predicting Post-Concussion Symptoms (RPQ Score) for Two Different Patients Based on the Clinical Model

reactive pupils.

Patient 1: Woman, mild systemic disease (mild obesity), history of headaches, psychiatric history (depression), secondary education, part-time
employed, TBI caused by motor vehicle accident, not intoxicated, Total ISS 9, one nonreactive pupil.
Total RPQ score="7.295 (intercept) +(1.098*1)+(3.323%1)+(4.460*1)+(1.524*1)+(0.192*1)+(-0.709*10og(9))+ (0.584*log(9)"2) +(3.910%1) =24

Patient 2: Man, no systemic disease, no psychiatric history, bachelor degree, full-time employed, TBI caused by fall, not intoxicated, Total ISS 2,

Total RPQ score=7.295+(-3.376*1)+(-0.709*1log(2))+(0.584*(log(2 )"2)=4

TBI, traumatic brain injury; ISS, injury severity score.
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alcohol intoxication, history of migraines, education, and
employment explained only 9% of the outcome variance.
The extension with early post-concussion symptoms in-
creased the proportion of explained variance (to 12%),
whereas the addition of CT variables and blood bio-
markers did not. The model with 2-3-week symptoms
had substantially better performance (R2=37% vs. 6%
in the subset of participants with the symptoms mea-
sured).

In the CENTER-TBI study, global functional outcome
could be predicted moderately well based on readily
available injury-related, pre-injury, and sociodemo-
graphic characteristics, and other categories of predictors
that could be collected before discharge from hospital.
However, our results support the view that, based on
these variables, it is easier to differentiate mild TBI pa-
tients in the lower levels of 6-month GOSE than in the
highest level.'” Our models discriminated better for the
end-point severe disability/death (GOSE <5) and disability/
death (GOSE <7) than for incomplete recovery (GOSE
<8), and performed better in CENTER-TBI data'?
than the existing models developed to predict these out-
comes.*>** For the end-point incomplete recovery, our
clinical and extended models had somewhat better
performance (C=0.70-0.73) than the UPFRONT ED
model® in its derivation cohort (C=0.69) but the perfor-
mance of the UPFRONT ED model could not be examined
in CENTER-TBI data. In the UPFRONT study, for in-
stance, injury severity score, one of the strongest predic-
tors in our study, was not a candidate predictor, medical
history only incorporated neurological domain, blood-
based biomarkers were not assessed, and CT abnormalities
were not found Predictive of the outcome. An important
predictor in UPFRONT, “‘neck pain,”” was not separately
assessed in the acute stage in CENTER-TBI.

Although it has been suggested that outcome in mild
TBI is primarily determined by what “‘the patient brings
to the injury”’,'® our result suggest that the injury severity
is essential for the prediction of outcome even in mild
TBI, as quantified by the high AIC for ISS in all analyses.
While both head and extra-cranial injury severities were
important predictors, the robustness of injury severity
score in prediction of both outcomes was primarily
driven by the severity of head injury. In some other
mild TBI studies, however, ISS was not a strong predictor
of 6-month outcome.'® This discrepancy could arise from
differences in study populations (e.g., in the variability of
ISS), other candidate predictors and outcome assess-
ments. For instance, in mild TBI populations with overall
low severity of head and non-head injuries, ISS, and in-
tracranial lesions may not be equally informative for
identifying patients at risk of worse outcomes. Further,
aspects of physical and psychiatric pre-injury health
also represent robust predictors of functioning after
mild TBI, as shown by this and other studies.'***

Early post-concussion symptoms, CT variables, and
biomarkers measured before discharge from hospital fur-
ther improved the performance of models for GOSE. In
particular, higher early post-concussion symptoms (me-
dian 1-day post-injury) were associated with a lower like-
lihood of a good functional outcome. That is in line with a
recent prognostic model for 1-month GOSE that incorpo-
rated acute post-concussion symptoms, such as headache,
concentration difficulty, and photophobia.'” (Non-) evac-
uated hematoma, although rare in this group of patients,
had high predictive value, consistent with the CRASH
model for prediction of outcome in patients with GCS
<14.* Some blood biomarkers showed multivariable as-
sociations with the outcomes, but the increase in discrim-
inative ability was not substantial. Higher levels of NFL
(*“chronic biomarker’’) and S100B (*‘acute’’) were associ-
ated with a lower likelihood of a good functional outcome.
In previous studies, correlations were found between NFL,
t-Tau, and occasionally GFAP, and return to sport, more
severe symptoms, and unfavorable outcome.*™** Our
findings support further examination of biomarkers as pre-
dictors of outcome in mild TBI; nevertheless, they do not
appear as central components of prognostic models for
long-term prognosis in mild TBI. However, they can be
relevant for understanding the underlying mechanisms of
outcome differences. Finally, 2-3—week post-concussion
symptoms were strong predictors of GOSE, which is con-
sistent with the UPFRONT study showing improved
model performance after inclusion of emotional distress
and coping measured at 2 weeks (from C=0.69 to 0.77).}

Similarly, as for the prediction of the incomplete
recovery (GOSE =38), the proportion of explained vari-
ance was low in the models for PPCS that did not in-
clude early and particularly 2-3—week post-concussion
symptoms. Due to CENTER-TBI study design (assess-
ment of 2-3—week symptoms only in a subgroup), we
cannot draw strong conclusions, but it seems that it is
not sufficient to assess symptoms only on presentation
or early during hospital stay. The performance of
these models (clinical and extended models) was in
line with other studies.’®*’ Even though 6-month
symptoms could not be predicted well based on charac-
teristics available before discharge from hospital, the
predictors sex, psychiatric history, pre-injury health,
and ISS (particularly head injury severity) showed as-
sociations with PPCS. CT positivity, and biomarkers
(in particular, GFAP) were associated with PPCS, but
neither CT variables nor blood biomarkers notably im-
proved the performance of the models for PPCS. Inter-
estingly, different biomarkers were selected in models
for GOSE and PPCS. Generally, similar predictors
were important for the prediction of both PPCS and
GOSE; however, injury-related characteristics were
more prominent predictors of the GOSE and personal/
pre-injury characteristics of PPCS.
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In the subset of participants primarily discharged from
ED, the discriminative ability of the models containing
only baseline characteristics had a lower discriminative
ability. The performance of the model with 2-3—week
symptoms was satisfactory and even higher than other
published prognostic models for PPCS that include the
symptoms' ' in CENTER TBI data (C=0.75-0.76)."
Therefore, in order to identify individuals with PPCS
(and with incomplete recovery), the post-concussion
symptoms should be assessed at follow-up. Addition-
ally, illness perceptions’' and maladaptive coping’>
have been found predictive of PPCS. A brief assessment
of the most predictive symptoms could be organized in
person, by telephone, or online after several weeks
where feasible. Moreover, a recent model based on char-
acteristics available at admission that showed a good
discriminative ability included detailed assessments of
personal factors (including personality and pre-injury
status).”? A more comprehensive assessment at presen-
tation or before discharge might represent a substitute
or addition to a follow-up; however, it may not be prac-
tical in acute care.

Strengths and limitations

We developed prognostic models in a large sample of
contemporary patients with mild TBI. These models
have shown comparable or better discriminative ability
than the existing published models for mild TBI. We
added different categories of predictors, which could
demonstrate the incremental value of different types of
variables. Moreover, the model(s) can be selected for re-
search and clinical purposes based on the available type
of data. Different categories of predictors could make
the models applicable for making predictions in different
clinical contexts. To prevent overfitting, we pre-specified
important variables based on the literature and clinical
knowledge, used favorable event per variable ratio, and
used internal validation procedures. Missing values
were imputed using multiple imputation. To increase
power and to cover all levels of the outcome, the
GOSE was analyzed as an ordinal variable. We examined
models’ calibration in different regions.

The CENTER-TBI participants with GCS 13-15 had a
high percentage of intracranial and extra-cranial injuries.
One of the inclusion criteria was an indication for CT
scanning and large trauma centers were over-represented.
It is possible that injury-related characteristics and CT
variables would be more homogeneous in a broader pa-
tient selection who present to the ED (majority with
low injury severity and without CT abnormalities), and
that the models would therefore have a lower discrimina-
tive ability. That is also suggested by the poorer perfor-
mance of the Clinical model in the subset of
participants primarily discharged home after the ED
and less severely injured. In addition, the 2-3-week

symptoms were only assessed in that subset. The predic-
tive ability of post-concussion and post-traumatic stress
symptoms, important predictors of outcome, were there-
fore not determined in the entire spectrum of mild TBI
patients. Imputed 6-month RPQ scores were not available
in the database, and further work is needed to provide
such scores; nonetheless, the sample size was considerable
(n=1605). Biomarker values and RPQ at presentation/
before discharge were not available for a substantial
number of participants. Further, we could not make a
clear distinction between an evacuated and a non-
evacuated hematoma, since the central review was
blinded on the information on surgery. We considered
education and employment status as candidate predic-
tors, but socioeconomic (not available) and racial minor-
ity status (97% White) were not analyzed.

Core variables were defined based on other published
models for mild TBI and researchers’ judgement. There-
fore, the selection of these predictors may have been
somewhat arbitrary. Nevertheless, the predictors speci-
fied as core generally showed considerable predictors’ ef-
fects (as shown by AIC), and therefore we did not think
that this choice substantially impacted the selection of
predictors and model performance. Importantly, whereas
in CENTER-TBI the GOSE rating included assessments
of the consequence of all injuries, including extra-cranial,
in some contexts (e.g., trials in the United States), the
GOSE typically includes an assessment of the conse-
quences of TBI only.>* That can impact the importance
of some predictors, such as injury severity score and
biomarkers. Biomarkers GFAP, NFL, UCHLI1, and
Tau were analyzed on a research platform not commer-
cially available, which impedes the validation and usage
of the models in which they were included. Finally,
these models have not yet been validated in an indepen-
dent cohort.

Conclusion

We presented prognostic models for the prediction of
GOSE and PPCS 6 months after mild TBI. The models
for GOSE based on predictors available before discharge
from the hospital have moderate performance and ISS is
the strongest predictor. In a subset of mild TBI patients
who present to the ED and have less intracranial and ex-
tracranial injuries, these models have lower discrimina-
tive ability. The models for PPCS without post-injury
symptoms perform poorly. CT variables, biomarkers
(NFL and S100B), and questionnaires assessing symp-
toms improve predictions of GOSE, and questionnaires
assessing symptoms improve predictions of PPCS. For
both outcomes, the models with symptoms assessed at
2-3 weeks have substantially better performance, which
should encourage scheduling follow-up appointments.
The examination of the performance of the proposed
models in independent cohorts is warranted.
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Transparency, Rigor,

and Reproducibility Summary

The CENTER-TBI study was registered with Clinical-
Trials.gov (NCT02210221). The analytic plan for the
current study was approved by the CENTER-TBI Man-
agement Committee and registered after data collection
but before data analysis at: https://www.center-tbi.eu/
data/approved-proposals. The total number of CENTER-
TBI Core study participants was 4509. Out of 2864
participants considered eligible for this study (age 16+
years and baseline Glasgow Coma Score 13-15), n=2376
had registered 6-month Glasgow Outcome Scale Extended
(GOSE) and n= 1605 completed 6-month Rivermead Post-
concussion Symptoms Questionnaire (RPQ). By the
CENTER-TBI study design, 2-3—-week symptoms were
assessed in a subset of participants. The total number of
predictor parameters considered for the development of
prognostic models was 43, which was considered adequate
for the effective sample size (n=2376 for ordinal GOSE,
subset n=640; n=1605 for RPQ total score, subset
n=476). Trained reviewers of CT scans were blinded to
clinical information except for sex, age, and care path
stratum. Qualified laboratory technicians who analyzed
biomarker assays were blinded to clinical information.
Outcome assessments were administered by local staff and
responses were subsequently entered by them on an elec-
tronic case report form. Local investigators were not
blinded to acute clinical information; however, the GOSE
and RPQ were both scored centrally. Outcome instruments
and validated translations used in the study are available at:
https://www.center-tbi.eu/project/validated-translations-
outcome-instruments. The handling of missing data and
analytical decisions are described in the text. The cross-
validation of the models was performed in different
European regions with a leave-one-out approach, and ex-
ternal validation was not performed. Model equations
necessary for external validation are reported in the sup-
plementary material. De-identified CENTER-TBI data,
including the subset used for this study, will be available to
researchers who provide a methodologically sound study
proposal for review (submitted at: https://www.center-tbi
.eu/data) and approval by the Management Committee.
A data use agreement is required, which must comply with
current regulatory requirements. This paper will be pub-
lished under a Creative Commons Open Access license,
and upon publication will be freely available at https://
www.liebertpub.com/loi/neu.

Ethical Approval

The CENTER-TBI study (EC grant 602150) has been
conducted in accordance with all relevant laws of the Eu-
ropean Union if directly applicable or of direct effect and
all relevant laws of the country where the recruiting sites
were located, including but not limited to, the relevant
privacy and data protection laws and regulations (the

“Privacy Law’’), the relevant laws and regulations on
the use of human materials, and all relevant guidance re-
lating to clinical studies from time to time in force includ-
ing, but not limited to, the ICH Harmonised Tripartite
Guideline for Good Clinical Practice (CPMP/ICH/135/
95) (‘ICH GCP”’) and the World Medical Association
Declaration of Helsinki entitled ‘‘Ethical Principles for
Medical Research Involving Human Subjects’’. Informed
consent by the patients and/or the legal representative/
next of kin was obtained, according to the local legis-
lations, for all patients recruited in the core data set of
CENTER-TBI and documented in the electronic case
report form (e-CRF). Ethical approval was obtained for
each recruiting site. The list of sites, ethical committees,
approval numbers, and approval dates can be found on
the Web site https://www.centertbi.eu/project/ethical-
approval

The CENTER-TBI Participants and Investigators

Cecilia Akerlund, Department of Physiology and Phar-
macology, Section of Perioperative Medicine and Inten-
sive Care, Karolinska Institutet, Stockholm, Sweden;
Krisztina Amrein, Janos Szentagothai Research Centre,
University of Pécs, Pécs, Hungary; Nada Andelic, Divi-
sion of Surgery and Clinical Neuroscience, Department
of Physical Medicine and Rehabilitation, Oslo University
Hospital and University of Oslo, Oslo, Norway; Lasse
Andreassen, Department of Neurosurgery, University
Hospital Northern Norway, Tromso, Norway; Audny
Anke, Department of Physical Medicine and Rehabilita-
tion, University Hospital Northern Norway, Tromso,
Norway; Anna Antoni, Trauma Surgery, Medical Univer-
sity Vienna, Vienna, Austria; Gérard Audibert, Depart-
ment of Anesthesiology and Intensive Care, University
Hospital Nancy, Nancy, France; Philippe Azouvi, Ray-
mond Poincare Hospital, Assistance Publique—Hopitaux
de Paris, Paris, France; Maria Luisa Azzolini, Depart-
ment of Anesthesiology and Intensive Care, S Raffaele
University Hospital, Milan, Italy; Ronald Bartels,
Department of Neurosurgery, Radboud University Medi-
cal Center, Nijmegen, the Netherlands; Pal Barzo,
Department of Neurosurgery, University of Szeged,
Szeged, Hungary; Romuald Beauvais, International Proj-
ects Management, ARTTIC, Munchen, Germany; Ronny
Beer, Department of Neurology, Neurological Intensive
Care Unit, Medical University of Innsbruck, Innsbruck,
Austria; Bo-Michael Bellander, Department of Neurosur-
gery and Anesthesia and Intensive Care Medicine, Karo-
linska University Hospital, Stockholm, Sweden; Antonio
Belli, National Institute for Health and Care Research
Surgical Reconstruction and Microbiology Research
Centre, Birmingham, U.K.; Habib Benali, Anesthesie-
Réanimation, Assistance Publique—Hopitaux de Paris,
Paris, France; Maurizio Berardino, Department of Anes-
thesia and ICU, AOU Citta della Salute e della Scienza di
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