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Abstract

The majority of traumatic brain injuries (TBIs) are categorized as mild, according to a baseline Glasgow Coma Scale (GCS)
score of 13-15. Prognostic models that were developed to predict functional outcome and persistent post-concussive
symptoms (PPCS) after mild TBI have rarely been externally validated. We aimed to externally validate models predicting
3—-12-month Glasgow Outcome Scale Extended (GOSE) or PPCS in adults with mild TBI. We analyzed data from the
Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) project, which
included 2862 adults with mild TBI, with 6-month GOSE available for 2374 and Rivermead Post-Concussion Symptoms
Questionnaire (RPQ) results available for 1605 participants. Model performance was evaluated based on calibration
(graphically and characterized by slope and intercept) and discrimination (C-index). We validated five published models for
6-month GOSE and three for 6-month PPCS scores. The models used different cutoffs for outcome and some included
symptoms measured 2 weeks post-injury. Discriminative ability varied substantially (C-index between 0.58 and 0.79). The
models developed in the Corticosteroid Randomisation After Significant Head Injury (CRASH) trial for prediction of GOSE
<5 discriminated best (C-index 0.78 and 0.79), but were poorly calibrated. The best performing models for PPCS included
2-week symptoms (C-index 0.75 and 0.76). In conclusion, none of the prognostic models for early prediction of GOSE and
PPCS has both good calibration and discrimination in persons with mild TBI. In future studies, prognostic models should be
tailored to the population with mild TBI, predicting relevant end-points based on readily available predictors.
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EXTERNAL VALIDATION OF PROGNOSTIC MODELS FOR MTBI

Introduction

TRAUMATIC BRAIN INJURY (TBI) is a major health concern with
>50,000,000 new cases reported globally every year.'” Ap-
proximately 70-90% of patients with TBI present with a Glasgow
Coma Score (GCS) of 13—15, which falls in the mild TBI category.’
Although the majority of these patients recover shortly after the
incident, a notable percentage continue to have persistent com-
plaints. These complaints can interfere with daily life and social
and work activities,*> and ~50% of persons with mild TBI do
not return to their pre-injury level of functioning 6 months after
injury.58

The most prominent post-injury disturbances are cognitive,
emotional, somatic, and behavioral symptoms, often referred to as
post-concussive symptoms,” or if the sequelae of symptoms persist
over time, post-concussion syndrome (PCS). The concept of PCS
has been questioned in recent years,10 and, therefore, some authors
refer to the multiple concurrent post-concussive symptoms several
months after TBI as persistent post-concussive/post-concussion
symptoms (PPCS)."'~'* The prevalence of 6-month PPCS after
mild TBI varies substantially among studies, partly because of
differences in diagnostic criteria, and is typically between 10% and
40% in civilian samples presenting to hospitals.*'>~'8

Considering the high percentage of functionally impaired per-
sons with mild TBI, the economic burden of prolonged treatment
and decreased productivity,'® it is important to promptly identify
persons who are at high risk of long-term consequences. Therefore,
a well-performing prognostic model for outcome prediction after
mild TBI is important to assist patients and health-care providers in
making well-informed treatment decisions. Before implementation
of a model for decision making in clinical practice can be consid-
ered, it is crucial to assess its performance in an external validation
study. In recent years, there have been initiatives toward external
validation of prognostic models for mild TBL®?° but validation
studies are still scarce. The Collaborative European NeuroTrauma
Effectiveness Research in Traumatic Brain Injury (CENTER-TBI)
project provides an excellent opportunity for external validation of
existing models in a large prospective cohort of contemporary TBI
patients from 18 countries across Europe, and Israel.*!

The aim of this study was to examine the performance of existing
models for prediction of outcome following mild TBI. We searched
for published predictors and prognostic models for functional
outcome (Glasgow Outcome Scale Extended [GOSE]) and PPCS
for mild TBI and validated selected prognostic models using the
CENTER-TBI database.

Methods
Study population

The study population consisted of patients from the prospective
longitudinal observational CENTER-TBI study (Core data, version
2.0). Data were collected from December 2014 to December 2017
in 58 centers across Europe and Israel. Ethical approval was
granted for each recruiting site and informed consent was obtained
for all patients by the patients and/or their legal representative/next
of kin. Institutions participating in CENTER-TBI were mainly re-
ferral centers for neurotrauma. Patients who were not seen in study
hospitals were not included. Inclusion criteria for the core study
were a clinical diagnosis of TBI, presentation within 24h after
injury, and an indication for computed tomography (CT) scanning.
The exclusion criterion was any severe pre-existing neurological
disorder that could confound outcome assessments.>’ The core data
set included three strata that were differentiated according to care

197

path: patients seen in the emergency room (ER); patients primarily
admitted to the intensive care unit (ICU), and patients primarily
admitted to the hospital ward (non-ICU).

For this study, 2862 (= 16 years of age) adults with mild TBI, as
defined by a baseline GCS of 13-15, were included; 2374 of the
records had information on 6-month GOSE, and 1605 had infor-
mation on some or all 6-month Rivermead Postconcussion Symp-
toms Questionnaire (RPQ)?? items, measuring PPCS.

Measurements

Predictors. Sociodemographic, pre-injury and injury charac-
teristics were based on information in hospital charts. Imaging,
blood sampling, and neurological assessment were performed in
the ER. Post-concussive and psychological symptoms were as-
sessed at 2-3 weeks post-injury (range 10-27 days) in patients
admitted to the ER, and in some centers (participating in an addi-
tional imaging sub-study), also in patients admitted to a hospital
ward other than the ICU. The following instruments were used:
RPQ for post-concussive symptoms, PTSD Checklist for Diag-
nostic and Statistical Manual of Mental Disorders, Fifth edition
(DSM- 5) (PCL-5)* to screen for post-traumatic stress disorder
(PTSD), Patient Health Questionnaire (PHQ -9)** to screen for
depression, and Generalized Anxiety Disorder (GAD-7)* to screen
for anxiety.

Outcome. The GOSE is widely used as a primary outcome
measure in TBI studies.”® The GOSE provides eight categories of
outcome: dead (1), vegetative state (2), lower severe disability (3),
upper severe disability (4), lower moderate disability (5), upper
moderate disability (6), lower good recovery (7), and upper good
recovery (8). The highest score (8) represents a complete return to a
pre-injury level of functioning.27 The GOSE was assessed 6 months
post—injury, and when outside the time window (range 5-8
months), it was imputed based on GOSE measurements at other
time points (~ 30%, described in Steyerberg and coworkers).” The
RPQ is the most frequently employed self-reported symptom in-
ventory measuring PPCS.”® The RPQ consists of 16 cognitive,
somatic, and emotional symptoms that can be assessed from
“not experienced at all’’ (0) to “’severe problem’’ (4), and it was
administered 6 months post-injury.

The self-report instruments were administered in 18 languages.
Prior to the data collection, instruments existing only in English
were translated and linguistically validated in the respective lan-
guages according to the guidelines of Acquadro.?® The linguistic
validation procedure consisted of multiple steps, including forward
translation, cognitive debriefing, backward translation, harmoni-
zation, and finalization of translated versions. A manuscript dedi-
cated to the linguistic validations is currently in preparation.
Psychometric properties of the instruments have been investigated
using criteria of the classical test and item response theory (other
publications in preparation).’*—>

Selection of prognostic models

Eligible prognostic models were selected based on a rapid re-
view with pre-defined search strategy and pre-defined inclusion
criteria. Prognostic models and predictors of GOSE or PPCS were
identified by a search in MEDLINE®, Embase, and the Cochrane
Library, which included studies published until Ma}?/ 2019
(Table S1), and reference lists of systematic reviews.>*™° Prog-
nostic models were included if they were developed to predict
GOSE or PPCS at 3-12 months post-injury in patients with GCS
13—15 at baseline. Models that were developed in populations that
included other TBI severities were also selected if at least a pro-
portion of patients had a GCS between 13 and 15. Moreover,
models had to fulfill at least one of the following quality criteria
to be considered eligible: (1) large sample size (n>500), (2) > 10
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outcome events for each candidate predictor considered and (3) the
use of shrinkage and/or some form of internal validation.>® We
extracted predictors of outcome from eligible models and from all
studies that explored prediction of 3—12-month GOSE and PPCS in
persons with mild TBIL.

Statistical analyses

The external validity of the models was assessed with measures
of calibration and discrimination. Calibration is the agreement be-
tween predicted and observed outcome values and was measured
by the calibration intercept and the calibration slope, and visual-
ized by a calibration plot. The calibration intercept expresses
calibration-in-the-large: if the outcomes are systematically under-
estimated (intercept <0) or overestimated (intercept >0), and the
calibration slope indicates if the strength of the associations be-
tween predictors and outcomes is underestimated (slope >1; “‘un-
derfit”’) or overestimated (slope <1; “‘overfit”’). A calibration plot
graphically compares mean observed with mean predicted out-
comes. In a perfect scenario, the calibration intercept and slope
would be 0 and 1, respectively, and combinations of predicted and
observed outcomes would be on the 45 degree line. Discrimination
refers to the ability to classify patients with a poor versus a good
outcome based on a prognostic model, and was assessed by the area
under the operator receiver characteristic curve (AUC), which is
equal to the concordance (C) index in logistic regression models.
The AUC or C-index ranges between 0.50 (no discrimination, equal
to chance) and 1.0 (perfect discrimination).

The C-index obtained in validation studies is influenced by
differences in both the regression coefficients (slope) and the
case-mix heterogeneity. To disentangle their influence on the dis-
criminative ability of logistical regression models, we used the
model-based concordance (mbc), which is only influenced by dif-
ferences in case-mix heterogeneity.>”

All models were validated using patients with GCS 13-15
with all information on the relevant predictors available in the
CENTER-TBI data set (“‘complete case analysis’”). When predic-
tors were not registered in CENTER- TBI, and therefore were
completely unavailable, their predictor effect was set to 0, and only
discrimination and calibration slope were assessed. As a sensitiv-
ity analysis, models were also validated in all patients with GCS
13-15, using imputation to complete missing data in predictors
(“‘imputation analysis’ in one complete data set).

All analyses were performed in R (3.5.3, R Foundation for
Statistical Computing, Vienna, Austria, 2019) using the rms pack-
age for model validation®® and the mice package for imputation
of missing values.>® The calibration plot was created using val
prob.ci.2 function.*® The study was conducted and reported ac-
cording to the criteria of the Transparent Reporting of a Multi-
variable Prediction Model for Individual Prognosis or Diagnosis
(TRIPOD) statement.*!

Results
Model selection

Based on the literature search criteria (Table S1), 417 abstracts
were screened. Based on the full-text screen, 43 articles described
predictors of 3—12-month PPCS (n=29), GOSE (n=11), or both
(n=3), and 5 articles presented prognostic models for prediction
of GOSE (n=9) and PPCS (n=3) (Tables 1, S2, and S3). The most
frequent predictors in prognostic models were age, GCS, and
extracranial injuries, and alcohol intoxication (Table 1). Other
frequent predictors of outcome were: sex/gender,>?%**~¢ educa-
tion,®%204531 bre_injury mental health,®8:424346:47:50.52-54 (550
of injury,®*****" neuroimaging markers,**>"%=7 and post-injury
symptoms, 32034355860 (Typles 1, S4, and S5).
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We validated five models predicting GOSE and three models
predicting PPCS (Tables 2 and 3). An additional three models were
deemed unsuitable for validation because >70% of predictor variables
were not available (CT and Combined Nijmegen model”) or because
the model equation was not available (emergency department
[ED] UPFRONT model®).

Eligible models predicting GOSE

Models for predicting 6-month GOSE were the Basic and CT
models from the Corticosteroid Randomisation After Significant
Head Injury (CRASH) trial;>® clinical models for mild TBI and
isolated TBI from the Nijmegen Radboud University Brain Injury
Cohort Study (RUBICS) study;’’ and the ED+ model from the
UPFRONT study® (Table 2). All models predicted dichotomized
GOSE, but with differently defined end-points: severe disability or
death (GOSE <5), disability or death (GOSE <7), or com-
plete/upper good recovery (GOSE=8), respectively (Table 2).
They contained different predictors, but all models included a
measure of injury severity (GCS, Injury Severity Score [ISS],
or major extracranial injury), and most models also included age
and alcohol intoxication. In addition to admission characteristics,
the UPFRONT model included 2-week symptoms (Table 2), which
were assessed with different instruments than in the CENTER-TBI
study (and therefore rescaled in validation). The predictors neck
pain at the ER and coping styles from the UPFRONT model were
not assessed in the CENTER-TBI study. The CRASH models were
developed in an adult population with GCS 3-14, which partly
includes mild TBI. In our study, they were validated in adults with
GCS 13-15 and GCS 13-14. Other models were developed only in
the population with GCS 13-15. The UPFRONT model was de-
veloped in patients with loss of consciousness (LOC) <30 min and
post-traumatic amnesia (PTA) <24h, and no major psychiatric
disorders (Table 2). These inclusion criteria were not used in our
validation, but were applicable to the majority of the validation
population and therefore were not expected to impact the results.

Eligible models predicting PPCS

Models predicting 6-month PPCS were developed in the Trans-
forming Research and Clinical Knowledge in TBI (TRACK-TBI)
pilot study, UPFRONT, and Nijmegen studies (Table 3). The end-
point was differently defined or measured by different instruments
(Table 3). In the TRACK-TBI pilot study,*® PPCS were assessed with
the RPQ and dichotomized according to International Classification
of Diseases (ICD) criteria for PCS; that is, a score >2 on at least three
of the following symptoms: headache, dizziness, fatigue, irritability,
sleep disturbances, poor concentration, forgetfulness, poor memory,
frustration, or depression. In the UPFRONT study, dichotomization
of PPCS was done in a similar way, but measured using the Head
Injury Severity Checklist (HISC). The Nijmegen study defined high
PPCS as a score 22 on 13 out of all 16 RPQ items. The TRACK-TBI
Pilot model only included admission characteristics as predictors,
whereas the other models also included symptoms measured ~2
weeks post-injury (Table 3). These symptoms were assessed by
different instruments (Table S6). In addition, there were some dif-
ferences between development and validation studies in the definition
and measurement of pre-injury mental and physical health, headache,
and nausea (Table S6). The TRACK-TBI Pilot study excluded pa-
tients with major psychiatric, neurological, or life-threatening dis-
eases; UPFRONT included patients who sustained LOC or PTA, and
without substance addiction; and Nijmegen included patients age 18—
60 and LOC <30 min (Table 3). The validation population was not
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TABLE 1. PREDICTORS OF GLASGOW OUTCOME SCALE EXTENDED (GOSE) AND PERSISTENT PosT-CONCUSSIVE SymMPTOMS (PPCS)
FROM THE MODELS VALIDATED IN THE CENTER-TBI DATA

GOSE

PPCS

CRASH

Nijmegen, RUBICS

UPFRONT TRACK-TBI UPFRONT Nijmegen,

Clinical

Predictor Basic CT all

Pilot RUBICS

Clinical-isolated
TBI

ED+

Pre-injury and sociodemographic characteristics
Age XX XX
Sex or gender X X
Education
Country income
Mental health
Physical health
Previous TBI
Headache/migraine
Seizures

Injury and peri-injury characteristics
GCS XX
Abnormal pupillary response XX
Injury severity
Hypotension
Hypoxia
CT abnormalities®
Cause of injury
Extracranial injury
Facial fractures
PTA
LOC
Time from injury
Alcohol intoxication
Anticoagulants
Neck pain
Early symptomsb

Post-injury symptoms at 2 weeks
Depression
Anxiety
Post-concussive symptoms
Post-traumatic stress
Coping styles
Fatigue
Self-efficacy

XX
X

XX XX

XX
XX

XX

XX XX

X
X

koo Rokelal

XK KK X

X XX

X
X XX
XX

XX XX

Xy XXX

XX
XX

>R

XX

>

>

XX XX

XX

T T

ol

XX
XX XX
XX

XX
XX
XX XX

XX

XX
XX
XX

X
X

“Hemorrhagic contusion, petechial hemorrhage, ventricle and cisterns obliteration, subarachnoid hemorrhage, mid-line shift, non-evacuated hematoma

b L
Headache, nausea, dizziness

XX, final model; X, candidate predictor; CENTER-TBI, Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury;
CRASH, Corticosteroid Randomisation After Significant Head Injury; CT, computed tomography; ED, emergency department; GCS, Glasgow Coma
Score; LOC, loss of consciousness; PTA, post-traumatic amnesia; RUBICS, Radboud University Brain Injury Cohort Study; TBI, traumatic brain injury;
TRACK-TBI, Transforming Research and Clinical Knowledge in TBI; UPFRONT.

restricted based on age, psychiatric disorder, LOC, or PTA. Sub-
stance addiction and LOC >30 min were reported for only a small
number of patients in the validation population. As sensitivity ana-
lyses, the validation population for the UPFRONT model was re-
stricted to sustained LOC and/or PTA, and the validation population
for the Nijmegen model was restricted to age group 18—-60 (Table S9).

CENTER-TBI data

In total, 2862 adults with mild TBI were included in CENTER-
TBI. The majority were male (64%) and approximately half were
admitted to a non-ICU hospital ward (47%). The mean age was 53
years (interquartile range [IQR] 33-68), and the mean years of
education was 13 (11-16). The majority of patients had a GCS of 15

(71%). More than a quarter had a major extracranial injury (27%)
and almost half had CT abnormalities (45%) (Table S7).

Subsamples without available 6-month outcomes did not differ
from the overall cohort in the majority of baseline characteristics,
but patients with completed 6-month RPQ were somewhat more
educated, and had more CT abnormalities at baseline, a higher
proportion of PTA and LOC, and a slightly lower percentage of
psychiatric disorders (Table S7).

Sample with both 2-3 week symptoms and 6-month outcomes
available differed from the total cohort: patients were mostly dis-
charged after ER and had a median age of 51 years (35-63), and
there was a higher proportion of females, more patients with GCS
15, and a smaller proportion of patients with major extracranial
injuries and with CT abnormalities (Table S7).
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TABLE 2. MODELS FOR PREDICTING GLASGOW OUTCOME SCALE EXTENDED (GOSE) VALIDATED IN THE CENTER-TBI DATA

Reported
Study Model Population; Setting Outcome Predictors performance (AUC)
CRASH, Basic Adult; GCS 3-14 GOS <4 (GOSE <5) e Age (after 40 years) 0.81%
2008 model at 6 months e GCS
e Pupillary reactivity
e Extracranial injury
CT model Basic model plus 0.33*
e Petechial hemorrhage
e Obliteration of third ventricle
and cisterns
e Subarachnoid hemorrhage
e Mid-line shift
e Non-evacuated hematoma
Nijmegen-  Clinical Adult; GCS 13-15 GOSE <7 o Age 0.71
RUBICS, Neurological/surgical at 6 months e Injury Severity Score Total
2010 consultation; e Alcohol intoxication
Level 1 trauma center, the
Netherlands, 1998-2005
GCS; 13-15 Age 0.69
No polytrauma (isolated Injury Severity Score-Head
TBI) Alcohol intoxication
UPFRONT, ED+ Adult GOSE=8 Education 0.77°
2017 GCS 13-15 at 6 months Mental health history
LOC <30 min; PTA <24h, Alcohol intoxication
no major psychiatric Neck pain
disorder; GCS

Three level-1
trauma centers, the
Netherlands, 2013-2015

PTA duration
Depression (2 weeks)
Anxiety (2 weeks)
Complaints (2 weeks)
Passive coping style
Avoidant coping style

“For high-income countries
®After internal validation

AUC, area under the curve; C, concordance; CENTER-TBI, Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury;
CRASH, Corticosteroid Randomisation After Significant Head Injury; CT, computed tomography; ED, emergency department; GCS, Glasgow Coma
Score; LOC, loss of consciousness; PTA, post-traumatic amnesia; RUBICS, Radboud University Brain Injury Cohort Study; UPFRONT.

More than 70% of persons achieved good recovery (GOSE >7),
with 49% of persons completely returning to their pre-injury level
of functioning (GOSE =8). Nevertheless, 11% experienced severe
disability or had died (GOSE <5) at 6 months, 43% had mild to
severe PPCS (ICD classification for PCS), and 22% had moderate
to severe PPCS (ICD classification for PCS). Distributions of some
predictors and outcomes differed in the CENTER-TBI compared
with the development studies, particularly for models from the
CRASH trial (Table S6).

Model performance in CENTER-TBI study

Models predicting GOSE. The CRASH models showed
poor calibration and good discrimination for the outcome GOSE
<5, which was observed in only 11 % of patients. Percentage of
death/unfavorable outcome was overestimated (Basic model: 20%
vs. 11%, calibration intercept=-0.82; Table 4), particularly for the
CT model (27% vs. 11%; calibration intercept=-1.38; Table 4).
In a population with GCS 13-14; that is, the patient selection
that was used in the development study, calibration-in-the-large
was better (calibration intercept=-0.26 for Basic, -1.13 for CT,
Table 4). The calibration slope was close to 1, indicating similar
effects of predictors compared with the CRASH trial. Models
showed good discriminative ability, especially the CT model

(C-index =0.79; Table 4). The discriminative ability of the CRASH
models was somewhat reduced by the more homogeneous patient
population of CENTER-TBI compared with the development
population, as expressed by the expected C-index if the model was
correct (mbc=0.79-80 vs. C-index of 0.81-0.83 in the development
data, Table 4).

The Nijmegen clinical models showed relatively good calibra-
tion, with slight underestimation of proportions of unfavorable
outcome (GOSE <7; 26% vs. 28%; 22% vs. 26%; Table 4). The
slopes suggested smaller effects of predictors (slope=0.82-0.83;
Table 4) and slightly worse discriminative ability in the CENTER-
TBI than in the Nijmegen study (C-index =0.66-0.69). The mbc
indicated a somewhat more heterogeneous patient case-mix in the
CENTER-TBI study than in the Nijmegen study (mbc=0.72-0.70
vs. C-index 0.71-0.69; Table 4), which increased the ability to
correctly discriminate between patients with GOSE <7 and those
with GOSE 27.

For the ED+ model, calibration-in-the-large was not assessed
because several predictors were not registered in CENTER-TBI.
Discrimination was assessed, but it was expected to be lower be-
cause of the absence of several predictors in the CENTER-TBI
data. The ability to discriminate patients with complete recovery
(GOSE =8) was lower than in the development study (C-index =
0.70; Table 4). Analyses of C-indices and slope suggested smaller



TABLE 3. MODELS FOR PREDICTING PERSISTENT PoST-CONCUSSIVE SYMPTOMS (PPCS) VALIDATED IN THE CENTER-TBI STUDY

Reported
Model Population; Setting Outcome Predictors performance (AUC)
TRACK TBI Adult GCS 13-15; Score 22 on 3 out of § e Age 0.74
Pilot, 2017 3 level I trauma centers, US, symptoms®* (ICD) e Female sex
2010-2012 Measured by RPQ at e Years of education
6 months e Pre-injury migraine or headache
e Pre-injury psychiatric disorders
e Prior TBI
e PTA
e L.OC
UPFRONT, Adult 3 out of 8 symptoms e Female sex 0.75°
2018 GCS 13-15; (ICD) measured e Neck pain
sustained LOC or PTA, no by HISC at e Nausea
substance addiction, 6 months e Headache
dementia; e Post-concussive symptoms
3 level I trauma centers, The (2 weeks)
Netherlands, 2013-2015 e Post-traumatic symptoms
(2 weeks)
Nijmegen, GCS 13-15; Score <2 on 13 out e Pre-injury physical health 0.73°
RUBICS, 2008 LOC <30min, 18-60 years of of 16 RPQ items at e Post-concussive symptoms
age; 6 months (0-37 days)
1 level I trauma center, The e Post-traumatic symptoms
Netherlands, 2004-2006 (0-37 days)

“Headache, dizziness, fatigue, irritability, sleep disturbances, poor concentration, forgetfulness, poor memory, frustration or depression

*After internal validation

AUC, area under the curve; CENTER-TBI, Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury; GCS, Glasgow
Coma Score; HISC, Head Injury Severity Checklist; ICD, International Classification of Diseases; LOC, loss of consciousness; PTS, post-traumatic
symptoms;

RPQ, Rivermead Post-Concussion Symptoms Questionnaire; RUBICS, Radboud University Brain Injury Cohort Study; TRACK-TBI, Transforming
Research and Clinical Knowledge in TBI; UPFRONT,

TABLE 4. RESULTS OF EXTERNAL VALIDATION OF MODELS PREDICTING 6-MONTH GLASGOW OUTCOME SCORE EXTENDED (GOSE)
IN PATIENTS WITH MILD TRAUMATIC INJURY (TBI): CoMPLETE CASE ANALYSES IN THE CENTER-TBI StUDY (N=2269)

Development Validation
Models for 6- month Sample/ Intercept Predicted vs.
GOSE C outcome events (95% CI) observed outcome mbc C (95% CI) Slope (95% CI)
CRASH, Basic 0.81 2269/259 -0.82 20%; 0.79 0.78 [0.74, 0.81] 0.96 [0.83, 1.09]
[-0.96, -0.68] 11%
558/111* -0.26 23%; 0.79 0.76 [0.76, 0.77] 0.95 [0.73,1.16]
[-0.49,-0.03] 20%
CRASH, CT 0.83 2064/233 -1.38 27%; 0.80 0.79 [0.75,0.82] 0.90 [0.78,1.02]
[-1.53,-1.22] 11%
492/93% -1.13 34%; 0.82 0.78 [0.73,0.84] 0.82 [0.63,1.01]
[-1.39,-0.87] 19%
Nijmegen 0.71 2248/635 0.13 26%; 0.72  0.69 [0.66,0.71] 0.82 [0.71,0.94]
Clinical [0.02,0.23] 28%
In all mild TBI
Nijmegen 0.69 1098/284 0.24 22% 0.70 0.66 [0.59,0.74] 0.83 [0.64,1.02]
Clinical [0.1,0.38] 26%
In Isolated TBI
UPFRONT 0.77 548/352° / / 0.80 0.70 [0.66,0.75] 0.49 [0.36-0.62]
ED +

4Subset with Glasgow Coma Score (GCS) 13-14

PPredicting positive outcome

C, concordance; CENTER-TBI, Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury; CI, confidence interval;
CRASH, Corticosteroid Randomisation After Significant Head Injury; CT, computed tomography; ED, emergency department; mbc, model based
concordance; UPFRONT.
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effects of predictors in CENTER-TBI and substantial overfitting
(slope=0.5; Table 4). If the regression coefficients were valid for
the CENTER-TBI sample, the model would have a good discrim-
inative ability (mbc =0.80; Table 4), even slightly better than in the
development study (C=0.77, Table 4) because of the more het-
erogeneous case-mix in the CENTER-TBI study.

Models predicting PPCS. The TRACK -TBI Pilot model
correctly estimated the proportion of patients with PPCS, defined
as having three or more mild to severe symptoms at 6 months (42%
vs. 42%; Table 5), but showed overfitting (slope <0.5; Table 5) and
poor discriminative ability (C-index =0.58; Table 5). The mbc was
substantially higher than the observed C-index (mbc=0.74 vs.
0.58, Table 5) and was equivalent to the C in the development study
(C=0.74, Table 5). This pattern suggested that predictor effects
(regression coefficients) differed between studies, whereas case-
mix heterogeneity was comparable.

Models for prediction of PPCS, which included 2-week post-
injury symptoms were validated in a smaller sample of CENTER-
TBI patients, for whom that information was available, and they
performed well (C-index 0.75-0.76). For the UPFRONT model,
calibration-in-the-large was not assessed because of an unmeasured
predictor (neck pain) in the CENTER-TBI study. The discrimina-
tion ability (C-index=0.75; Table 5) and the effects of predictors
were equivalent to UPFRONT (slope =1.0; Table 5). The Nijmegen
model was well calibrated, but it slightly overestimated the pro-
portion of persons with high PPCS at 6 months (19% vs. 15%;
Table 5). The calibration slope was close to 1, indicating similar
effects of predictors. Discrimination was even slightly higher
than in the development study (C-index=0.76; Table 5) because
of the somewhat more heterogeneous patient case-mix of the
CENTER-TBI study compared with Nijmegen.

Calibration plots are shown in a Figures S1-S7. The perfor-
mance of models was consistent in analyses after imputation of
missing values, except for models containing 2-week post-injury
symptoms, which showed lower performance (Table S8). The
sensitivity analyses with the additional inclusion criteria used in
the development study showed somewhat better performance of the
UPFRONT and Nijmegen models for PPCS (Table S9).

Discussion

This study identified predictors and prognostic models for 3—
12 month GOSE and PPCS in persons with mild TBI, and examined
the performance of five models for predicting 6-month GOSE
outcome and three models for predicting 6-month PPCS in an in-
dependent data set of mild TBI patients from the CENTER-TBI
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study. Overall, the definitions of unfavorable outcome differed
among studies, and the ability of the models to distinguish between
favorable and unfavorable outcome varied substantially (C-index
0.58-0.79). The CRASH models predicting severe disability or
death discriminated best, but they were poorly calibrated to the
population of mild TBI patients. For prediction of PPCS, the
models that included 2-week post-injury symptoms showed the best
discriminative ability and were well calibrated. In models with
reasonable discriminative ability, the most frequent predictors were
age, GCS, and extracranial injuries for GOSE, and pre-injury health
and post-injury symptoms for PPCS.

CRASH models discriminated well but they largely over-
estimated the percentage of persons with poor outcome, and used
an end-point (GOSE <5) that might not be appropriate for the mild
TBI population. It was developed for mostly moderately to severely
injured patients, whereas the validation population consisted of
mildly injured patients. In the previous external validation in per-
sons with mild TBL® CRASH models showed good discriminative
ability and miscalibration in the population with GCS 13-14,
consistent with this study, but discriminated poorly in the total mild
TBI population. The Nijmegen model (2008) for GOSE showed
somewhat lower discriminative ability and some overfitting in our
study, and low performance in the previous external validation,®
which could be partly because of the high number of candidate
predictors and lack of internal validation in the model development.
The performance of the UPFRONT model could not completely
be assessed in the CENTER-TBI data.

The model for PPCS based on admission characteristics
(TRACK-TBI, 2008) showed poor performance, consistent with
the previous external validation.?® A relatively small sample size
for the development of the prognostic model, a particularly effec-
tive sample size for binary outcome, might have led to unstable
regression coefficients, and, consequently, differences in perfor-
mance between development and validation studies.*® In addition,
true differences in populations might also have contributed to the
differences in the effects of predictors among studies. The perfor-
mance of models containing post-injury symptoms (UPFRONT
2017, Nijmegen, 2008) were in line with their performance in the
development studies. Nevertheless, the CENTER-TBI sample in
which these models have been validated (both 2-3 week post-injury
symptoms and 6-month PCS scores available) had lower injury
severity, younger age, lower percentage of CT abnormalities,
and higher GOSE than the overall mild TBI population in the
CENTER-TBI study. Therefore, the performance of the models
may have been different in the total mild CENTER-TBI population.

Although post-injury symptoms substantially improve predic-
tion of outcomes, they are measured several days or weeks post-

TABLE 5. RESULTS OF EXTERNAL VALIDATION OF MODELS PREDICTING PERSISTING PosT-CONCUSSIVE SympTOMS (PPCS)
IN PATIENTS WITH MILD TRAUMATIC INJURY (TBI): COMPLETE CASE ANALYSES IN THE CENTER-TBI StUDY (N=1292)

Development Validation
Sample/ Intercept Predicted vs.
Model for PCS C outcome events (95% CI) Observed Outcome mbc C(95% CI)  Slope (95% CI)
TRACK TBI Pilot; 0.74 1292/544 -0.02 [-0.14,0.10] 42%; 42% 0.74 0.58 [0.55,0.61] 0.32 [0.20,0.43]
2017
UPFRONT; 2018 0.75 408/147 / / 0.75 0.75 [0.71,0.80] 1.02 [0.78,1.27]
Nijmegen; 2008" 0.73 403/61 -0.32 [-0.62,-0.01] 19%; 15% 0.74 0.76 [0.69,0.82] 1.03 [0.77,1.28]

“To be comparable with other models, high PCS were set as end-point instead of low PCS.
C, concordance; CENTER-TBI, Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury; CI, confidence interval; ED,
emergency department; mbme, model based concordance; TRACK-TBI, Transforming Research and Clinical Knowledge in TBI; UPFRONT.
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injury, which does not routinely happen across hospital centers and
for all persons with mild TBI. The majority of centers only follow
persons that were admitted to hospital, and frequently schedule
appointments a month or later following injury,®' when symptoms
are already persisting. The clinical applicability of a model con-
taining predictors measured after discharge is therefore debatable
for some hospital settings, and when the intention is to make pre-
dictions at the time of presentation/admission. Symptoms measured
weeks after injury may be particularly helpful for making deci-
sions about rehabilitation and specialized care. A model based on
measures of medical history, injury characteristics, and early
symptoms, which are easily obtainable and have shown associa-
tions with outcomes following TBI in previous studies, may be
more universally useful for the early prediction of outcome. For
example, protein biomarkers are currently considered to have
potential for diagnosis and prediction in the context of TBI.'¢>¢3
However, their prognostic value for longer-term outcomes fol-
lowing mild TBI is yet to be established.

In addition to difficulties in the selection of appropriate predic-
tors, problematic practices and lack of agreement in assessment and
definition of outcomes hinder development of prognostic models
for both GOSE and PPCS. The models for functional outcome used
different cutoffs of GOSE to define the end-point, which could
partly explain the variability in performance among them. It may
be more difficult to discriminate between persons with mild TBI
who have incomplete and those who have complete return to pre-
injury functioning (e.g., GOSE <8) than between persons with and
without disability (GOSE <7 or even GOSE <5),% and different
predictors may be relevant for predicting upper good overall re-
covery (GOSE =8) versus disability/death (GOSE <5). In addition,
using GOSE as an ordinal outcome seems to have added value over
dichotomization.®* It is of note that the overall utility of using
GOSE as an outcome measure in persons with mild TBI has been
disputed, because the measure may not be sensitive enough to cap-
ture different health disturbances despite good overall functioning.
Usage of a broad battery of different measures in CENTER-TBI
and TRACK-TBI studies, which cover health-related generic and
disease-specific quality of life, return to work and daily activities,
and cognitive and psychological functioning, provide new op-
portunities for prognostic modeling of outcome following mild
TBI."%%6 Moreover, composite measures based on several in-
struments, and encompassing different symptoms together with
global functioning, have been proposed as an alternative to
GOSE.* Nevertheless, our study confirms that a significant per-
centage of persons with mild TBI do not return to baseline global
functioning 6 months post-injury.®*

Similarly, there is no agreement regarding the clinical criteria
or operational definition of PCS or PPCS.!” The Common Data
Elements (CDEs) initiative, which aims to standardize data col-
lection in TBI, recommends the RPQ for assessing post-concussive
symptoms, but does not provide further guidance.®’” For exam-
ple, PCS can be mapped to ICD-10 based on several RPQ
items,! 7204668 thereby using different scoring criteria (mild or
worse and moderate or worse symptoms); composed from all
RPQ items,”® or based on a cutoff of the total RPQ score.®’
According to the classification methods and criteria in use, asso-
ciations with predictors and other outcome measures (such as
GOSE) vary substantially.'” In our study, models for PPCS used
different definitions of outcome and/or different instruments for
measuring post-concussive symptoms. Therefore, a sensible and
uniform definition of the PCS or PPCS end-point is a prerequisite
of a good model.
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A limitation of this study is that some of the predictors from
validated models were not assessed in the CENTER-TBI study
(e.g., early neck pain and coping styles), which prevented assess-
ment of calibration intercepts and could have influenced other
performance indices. Moreover, some predictors and outcomes
were measured by different tools and instruments (e.g., medical
history, psychological symptoms). The differences emphasize the
importance of incorporating newly discovered predictors into the
CDE:s and using uniform instruments in TBI research. Additionally,
the prognostic models we validated were selected based on our
search strategy and eligibility criteria, and do not necessarily
represent all existing prognostic models for mild TBI.

Further, a substantial percentage of CENTER-TBI patients did
not have an assessment of 2-3 week post-injury symptoms and
6-month outcomes; therefore, the models that included 2-3 week
symptoms were validated in a smaller and more favorable sub-
sample. The response rate at 6 months was, however, in line with
that in other observational studies in the field, and comparable
with the response rate in the development studies. Patients with
and without 6-month RPQ differed in some baseline characteristics,
but without a clear pattern that would suggest a substantial sys-
tematic influence on the validation results. Further, CENTER- TBI
core study included neurotrauma centers, recruitment was not
consecutive, and patients without an indication for CT were not
considered eligible. Therefore, the participants might not be rep-
resentative of mild TBI patients in other hospital and non-hospital
settings. The self-report instruments were administered in several
languages and in several European countries, but the linguistic
and cultural comparability was good (unpublished data). A major
strength of this study is the use of a large sample of contemporary
patients from different countries and numerous medical centers. In
addition, all important indices relevant for external validation
studies are reported.”®

Conclusion

We assessed the performance of several prognostic models for
GOSE and PPCS. None of the models predicting GOSE have both
good discriminative ability and good calibration in persons with
mild TBI. Models for PPCS based on admission characteristics
perform poorly, whereas models that included post-injury symp-
toms perform better in terms of discrimination and calibration.
TBI-related and psychological symptoms collected at 2 weeks
improve prediction and should be collected when possible. Novel
predictors obtainable at admission, such as biomarkers, could be
incorporated in future model developments. Future studies should
improve prediction following mild TBI by developing models that
(1) distinguish well between persons who will have longer-term
negative outcomes and those who will not, (2) are calibrated to the
population of mild TBI, (3) use relevant cutoffs and end-points for
persons with mild TBI, such as return to normal life without TBI-
related symptoms, and (4) use predictors available at admission or
before discharge, which are feasible to collect in clinical practice
for early detection of persons with longer-term consequences.
These models could be extended with symptoms collected at 2—-3
weeks for later stage outcome prediction.

Acknowledgments

The authors thank the Medical Library of the Erasmus Medical
Centre for creating the literature search strategy, and Simone
Dijkland and Kelly Foks for their support in data preparation.



204

We are grateful to all patients and investigators that participated in
the CENTER-TBI study.

The CENTER-TBI Participants and Investigators

Cecilia Akerlund, Karolinska Institutet, Stockholm, Sweden;
Krisztina Amrein, University of Pécs, Pécs, Hungary, Nada An-
delic, Oslo University Hospital and University of Oslo, Oslo,
Norway; Lasse Andreassen, University Hospital Northern Norway,
Tromso, Norway; Audny Anke, University Hospital Northern
Norway, Tromso, Norway; Anna Antoni, Medical University
Vienna, Vienna, Austria; Gérard Audibert, University Hospital
Nancy, Nancy, France, University Hospital Nancy, Nancy, France;
Philippe Azouvi, Raymond Poincare Hospital, Assistance Publique
— Hopitaux de Paris, Paris, France; Maria Luisa Azzolini, S. Raf-
faele University Hospital, Milan, Italy; Ronald Bartels, Radboud
University Medical Center, Nijmegen, The Netherlands; Pal Barzd,
University of Szeged, Szeged, Hungary; Romuald Beauvais,
ARTTIC, Munchen, Germany; Ronny Beer, Medical University of
Innsbruck, Innsbruck, Austria; Bo-Michael Bellander, Karolinska
University Hospital, Stockholm, Sweden; Antonio Belli, NIHR
Surgical Reconstruction and Microbiology Research Centre,
Birmingham, UK; Habib Benali, Assistance Publique — Hopitaux
de Paris, Paris, France; Maurizio Berardino, AOU Citta della Salute
e della Scienza di Torino - Orthopedic and Trauma Center, Torino,
Italy; Luigi Beretta, S. Raffaele University Hospital, Milan, Italy;
Morten Blaabjerg, Odense University Hospital, Odense, Denmark;
Peter Bragge, Monash University, Victoria, Australia; Alexandra
Brazinova, Trnava University, Trnava, Slovakia; Vibeke Brinck,
Quesgen Systems Inc., Burlingame, California, USA; Joanne
Brooker, Monash University, Melbourne, Australia; Camilla
Brorsson, Umea University, Umed, Sweden; Andras Buki, Uni-
versity of Pécs, Hungary; Monika Bullinger, Universitétsklinikum
Hamburg-Eppendorf, Hamburg, Germany; Manuel Cabeleira,
University of Cambridge, Addenbrooke’s Hospital, Cambridge,
UK; Alessio Caccioppola, Fondazione IRCCS Ca Granda Ospedale
Maggiore Policlinico, Milan, Italy; Emiliana Calappi, Fondazione
IRCCS Ca Granda Ospedale Maggiore Policlinico, Milan, Italy;
Maria Rosa Calvi, S. Raffaele University Hospital, Milan, Italy;
Peter Cameron, Monash University, Melbourne, Victoria, Aus-
tralia; Guillermo Carbayo Lozano, Hospital of Cruces, Bilbao,
Spain; Marco Carbonara, Fondazione IRCCS Ca Granda Ospedale
Maggiore Policlinico, Milan, Italy; Ana M. Castafio-Le6n, Hospital
Universitario 12 de Octubre, Madrid, Spain; Simona Cavallo, AOU
Citta della Salute e della Scienza di Torino - Orthopedic and
Trauma Center, Torino, Italy; Giorgio Chevallard, Niguarda Hos-
pital, Milan, Italy; Arturo Chieregato, Niguarda Hospital, Milan,
Italy; Giuseppe Citerio, Universita Milano Bicocca, Milano, Italy
and ASST di Monza, Monza, Italy; Iris Ceyisakar, Erasmus Med-
ical Center-University Medical Center, Rotterdam, The Nether-
lands; Hans Clusmann, Aachen University, Aachen, Germany;
Mark Coburn, University Hospital of Aachen, Aachen, Germany;
Jonathan Coles, Cambridge University Hospital NHS Foundation
Trust, Cambridge, UK; Jamie D. Cooper, Monash University and
The Alfred Hospital, Melbourne, Victoria, Australia; Marta Cor-
reia, MRC Cognition and Brain Sciences Unit, Cambridge, UK;
Amra éovié, Universitdtsmedizin Gottingen, Gottingen, Germany;
Nicola Curry, Oxford University Hospitals NHS Trust, Oxford,
UK; Endre Czeiter, University of Pécs, Hungary; Marek Czosnyka,
University of Cambridge, Addenbrooke’s Hospital, Cambridge,
UK; Claire Dahyot-Fizelier, CHU Poitiers, Potiers, France; Paul
Dark, Salford Royal Hospital NHS Foundation Trust, Salford,

MIKOLIC ET AL.

UK; Helen Dawes, Oxford Brookes University, Oxford, UK;
Véronique De Keyser, Antwerp University Hospital and University
of Antwerp, Edegem, Belgium; Vincent Degos, Assistance Pub-
lique — Hopitaux de Paris, Paris, France; Francesco Della Corte,
Maggiore Della Carita Hospital, Novara, Italy; Hugo den Boogert,
Radboud University Medical Center, Nijmegen, The Netherlands;
Bart Depreitere, University Hospitals Leuven, Leuven, Belgium;
Dula bilvesi, University of Novi Sad, Novi Sad, Serbia; Abhishek
Dixit, University of Cambridge, Addenbrooke’s Hospital, Cam-
bridge, UK; Emma Donoghue, Monash University, Melbourne,
Australia; Jens Dreier, Charité — Universititsmedizin Berlin, Ber-
lin, Germany; Guy-Loup Duliére, CHR Citadelle, Liege, Belgium;
Ari Ercole, University of Cambridge, Addenbrooke’s Hospital,
Cambridge, UK; Patrick Esser, Oxford Brookes University,
Oxford, UK; Erzsébet Ezer, University of Pécs, Pécs, Hungary;
Martin Fabricius, Region Hovedstaden Rigshospitalet, Copenha-
gen, Denmark; Valery L. Feigin, Auckland University of
Technology, Auckland, New Zealand; Kelly Foks, Erasmus MC,
Rotterdam, the Netherlands; Shirin Frisvold, University Hospital
Northern Norway, Tromso, Norway; Alex Furmanov, Hadassah-
Hebrew University Medical Center, Jerusalem, Israel; Pablo
Gagliardo, Fundacién Instituto Valenciano de Neurorrehabilitacion
(FIVAN), Valencia, Spain; Damien Galanaud, Assistance Publique
— Hopitaux de Paris, Paris, France; Dashiell Gantner, Monash
University, Melbourne, Victoria, Australia; Guoyi Gao, Shanghai
Renji Hospital, Shanghai Jiaotong University/School of Medicine,
Shanghai, China; Pradeep George, Karolinska Institutet, Stock-
holm, Sweden; Alexandre Ghuysen, CHU, Liege, Belgium; Lelde
Giga, Pauls Stradins Clinical University Hospital, Riga, Latvia;
Ben Glocker, Imperial College London, London, UK; Jagos
Golubovic, University of Novi Sad, Novi Sad, Serbia; Pedro A.
Gomez, Hospital Universitario 12 de Octubre, Madrid, Spain;
Johannes Gratz, Medical University of Vienna, Austria; Benjamin
Gravesteijn, Erasmus Medical Center-University Medical Center,
Rotterdam, The Netherlands; Francesca Grossi, Maggiore Della
Carita Hospital, Novara, Italy; Russell L. Gruen, Medical Uni-
versity of Vienna, Austria; Deepak Gupta, All India Institute of
Medical Sciences, New Delhi, India; Juanita A. Haagsma, Erasmus
Medical Center-University Medical Center, Rotterdam, The
Netherlands; Iain Haitsma, Erasmus MC, Rotterdam, The Nether-
lands; Raimund Helbok, Medical University of Innsbruck,
Innsbruck, Austria; Eirik Helseth, Oslo University Hospital, Oslo,
Norway; Lindsay Horton, University of Stirling, Stirling, UK;
Jilske Huijben, Erasmus Medical Center-University Medical
Center, Rotterdam, The Netherlands; Peter J. Hutchinson, Adden-
brooke’s Hospital and University of Cambridge, Cambridge, UK;
Bram Jacobs, University of Groningen, University Medical Center
Groningen, Groningen, The Netherlands; Stefan Jankowski, Shef-
field Teaching Hospitals NHS Foundation Trust, Sheffield, UK;
Mike Jarrett, Quesgen Systems Inc., Burlingame, California, USA;
Ji-yao Jiang, Shanghai Renji Hospital, Shanghai Jiaotong Uni-
versity/School of Medicine, Shanghai, China; Faye Johnson, Sal-
ford Royal Hospital NHS Foundation Trust, Salford, UK; Kelly
Jones, Auckland University of Technology, Auckland, New Zeal-
and; Mladen Karan, University of Novi Sad, Novi Sad, Serbia;
Angelos G. Kolias, Addenbrooke’s Hospital and University of
Cambridge, Cambridge, UK; Erwin Kompanje, Erasmus Medical
Center, Rotterdam, The Netherlands; Daniel Kondziella, Region
Hovedstaden Rigshospitalet, Copenhagen, Denmark; Evgenios
Koraropoulos, University of Cambridge, Addenbrooke’s Hospital,
Cambridge, UK; Lars-Owe Koskinen, Umea University, Umea,
Sweden; Noémi Kovacs, University of Pécs, Pécs, Hungary; Ana



EXTERNAL VALIDATION OF PROGNOSTIC MODELS FOR MTBI

Kowark, University Hospital of Aachen, Aachen, Germany;
Alfonso Lagares, Hospital Universitario 12 de Octubre, Madrid,
Spain; Linda Lanyon, Karolinska Institutet, Stockholm, Sweden;
Steven Laureys, University of Liege, Lieége, Belgium; Fiona Lecky,
University of Sheffield, Sheffield, UK, and Salford Royal Hospital,
Salford UK; Didier Ledoux, University of Liege, Licge, Belgium;
Rolf Lefering, Witten/Herdecke University, Cologne, Germany;
Valerie Legrand, ICON, Paris, France; Aurelie Lejeune, Lille
University Hospital, Lille, France; Leon Levi, Rambam Medical
Center, Haifa, Israel; Roger Lightfoot, University Hospitals
Southhampton NHS Trust, Southhampton, UK; Hester Lingsma,
Erasmus Medical Center-University Medical Center, Rotterdam,
The Netherlands; Andrew I.R. Maas, Antwerp University Hospital
and University of Antwerp, Edegem, Belgium; Marc Maegele,
Cologne-Merheim Medical Center (CMMC), Witten/Herdecke
University, Cologne, Germany; Marek Majdan, Trnava University,
Trnava, Slovakia; Alex Manara, Southmead Hospital, Bristol,
Bristol, UK; Geoffrey Manley, University of California, San
Francisco, California, USA; Costanza Martino, M. Bufalini Hos-
pital, Cesena, Italy; Hugues Maréchal, CHR Citadelle, Liege,
Belgium; Julia Mattern, University Hospital Heidelberg, Heidel-
berg, Germany; Catherine McMahon, The Walton Centre NHS
Foundation Trust, Liverpool, UK; Béla Melegh, University of Pécs,
Pécs, Hungary; David Menon, University of Cambridge, Adden-
brooke’s Hospital, Cambridge, UK; Tomas Menovsky, Antwerp
University Hospital and University of Antwerp, Edegem, Belgium;
Ana Mikolic, Erasmus Medical Center-University Medical Center,
Rotterdam, The Netherlands; Benoit Misset, University of Liege,
Liege, Belgium; Visakh Muraleedharan, Karolinska Institutet,
Stockholm, Sweden; Lynnette Murray, Monash University, Mel-
bourne, Victoria, Australia; Ancuta Negru, Emergency County
Hospital Timisoara, Timisoara, Romania; David Nelson, Kar-
olinska Institutet, Stockholm, Sweden; Virginia Newcombe, Uni-
versity of Cambridge, Addenbrooke’s Hospital, Cambridge, UK;
Daan Nieboer, Erasmus Medical Center-University Medical Cen-
ter, Rotterdam, The Netherlands; J6zsef Nyiradi, University of
Pécs, Pécs, Hungary; Otesile Olubukola, University of Sheffield,
Sheffield, UK; Matej Oresic, Orebro University, Orebro, Sweden;
Fabrizio Ortolano, Fondazione IRCCS Ca Granda Ospedale Mag-
giore Policlinico, Milan, Italy; Aarno Palotie, University of Hel-
sinki, Helsinki, Finland, Massachusetts General Hospital, Boston,
MA, USA, and The Broad Institute of MIT and Harvard, Cam-
bridge, MA, USA; Paul M. Parizel, University Hospital of Gre-
noble, Grenoble, France; Jean-Fran¢ois Payen, University Hospital
of Grenoble, Grenoble, France; Natascha Perera, ARTTIC,
Munchen, Germany; Vincent Perlbarg, Assistance Publique —
Hopitaux de Paris, Paris, France; Paolo Persona, Azienda Ospe-
daliera Universita di Padova, Padova, Italy; Wilco Peul, Leiden
University Medical Center, Leiden, The Netherlands and Medical
Center Haaglanden, The Hague, The Netherlands. Anna Piippo-
Karjalainen, Helsinki University Central Hospital; Matti Pirinen,
University of Helsinki, Helsinki, Finland; Horia Ples, Emergency
County Hospital Timisoara, Timisoara, Romania; Suzanne Po-
linder, Erasmus Medical Center-University Medical Center, Rot-
terdam, The Netherlands; Inigo Pomposo, Hospital of Cruces,
Bilbao, Spain; Jussi P. Posti, Turku University Hospital and
University of Turku, Turku, Finland; Louis Puybasset, Pitié -
Salpétriere Teaching Hospital, Assistance Publique, Hopitaux de
Paris and University Pierre et Marie Curie, Paris, France; Andreea
Radoi, Vall d’Hebron Research Institute, Barcelona, Spain; Ar-
minas Ragauskas, Kaunas University of Technology and Vilnius
University, Vilnius, Lithuania; Rahul Raj, Helsinki University

205

Central Hospital; Malinka Rambadagalla, Rezekne Hospital, Lat-
via; Jonathan Rhodes, NHS Lothian and University of Edinburg,
Edinburgh, UK; Sylvia Richardson, Cambridge Institute of Public
Health, Cambridge, UK; Sophie Richter, University of Cambridge,
Addenbrooke’s Hospital, Cambridge, UK; Samuli Ripatti, Uni-
versity of Helsinki, Helsinki, Finland; Saulius Rocka, Kaunas
University of Technology and Vilnius University, Vilnius, Li-
thuania; Cecilie Roe, Oslo University Hospital/University of Oslo,
Oslo, Norway; Olav Roise, Oslo University Hospital, Oslo, Nor-
way; Jonathan Rosand, The Broad Institute, Cambridge MA Har-
vard Medical School and Massachusetts General Hospital, Boston
MA, USA; Jeffrey V. Rosenfeld, The Alfred Hospital, Monash
University, Melbourne, Victoria, Australia; Christina Rosenlund,
Odense University Hospital, Odense, Denmark; Guy Rosenthal,
Hadassah-Hebrew University Medical Center, Jerusalem, Israel;
Rolf Rossaint, University Hospital of Aachen, Aachen, Germany;
Sandra Rossi, Azienda Ospedaliera Universita di Padova, Padova,
Italy; Daniel Rueckert, Imperial College London, London, UK;
Martin Rusnak, International Neurotrauma Research Organisation,
Vienna, Austria; Juan Sahuquillo, Vall d’Hebron Research In-
stitute, Barcelona, Spain; Oliver Sakowitz, University Hospital
Heidelberg, Heidelberg, Germany and Klinik fiir Neurochirurgie,
Klinikum Ludwigsburg, Ludwigsburg, Germany; Renan Sanchez-
Porras, Klinik fiir Neurochirurgie, Klinikum Ludwigsburg,
Ludwigsburg, Germany; Janos Sandor, University of Debrecen,
Debrecen, Hungary; Nadine Schifer, Witten/Herdecke University,
Cologne, Germany; Silke Schmidt, University Greifswald,
Greifswald, Germany; Herbert Schoechl, AUVA Trauma Hospital,
Salzburg, Austria; Guus Schoonman, Elisabeth-Twee Steden Zie-
kenhuis, Tilburg, The Netherlands; Rico Frederik Schou, Odense
University Hospital, Odense, Denmark; Elisabeth Schwendenwein,
Medical University Vienna, Vienna, Austria; Charlie Sewalt,
Erasmus Medical Center-University Medical Center, Rotterdam,
The Netherlands; Toril Skandsen, Norwegian University of Sci-
ence and Technology, NTNU and St. Olavs Hospital, Trondheim
University Hospital, Trondheim, Norway; Peter Smielewski, Uni-
versity of Cambridge, Addenbrooke’s Hospital, Cambridge, UK;
Abayomi Sorinola, University of Pécs, Pécs, Hungary; Emmanuel
Stamatakis, University of Cambridge, Addenbrooke’s Hospital,
Cambridge, UK; Simon Stanworth, Oxford University Hospitals
NHS Trust, Oxford, UK; Robert Stevens, Johns Hopkins University
School of Medicine, Baltimore, Maryland, USA; William Stewart,
Queen Elizabeth University Hospital and University of Glasgow,
Glasgow, UK; Ewout W. Steyerberg, Erasmus Medical Center-
University Medical Center, Rotterdam, The Netherlands and Lei-
den University Medical Center, Leiden, The Netherlands; Nino
Stocchetti, Milan University, and Fondazione IRCCS Ca Granda
Ospedale Maggiore Policlinico, Milano, Italy; Nina Sundstrom,
Umea University, Umed, Sweden; Anneliese Synnot, Monash
University, Melbourne, Australia and La Trobe University, Mel-
bourne, Australia; Riikka Takala, Turku University Hospital and
University of Turku, Turku, Finland; Viktdria Tamas, University of
Pécs, Pécs, Hungary; Tomas Tamosuitis, Kaunas University of
Health Sciences, Kaunas, Lithuania; Mark Steven Taylor, Trnava
University, Trnava, Slovakia; Braden Te Ao, Auckland University
of Technology, Auckland, New Zealand; Olli Tenovuo, Turku
University Hospital and University of Turku, Turku, Finland; Alice
Theadom, Auckland University of Technology, Auckland, New
Zealand; Matt Thomas, Southmead Hospital, Bristol, Bristol, UK;
Dick Tibboel, Erasmus Medical Center, Sophia Children’s Hos-
pital, Rotterdam, The Netherlands; Marjolein Timmers, Erasmus
Medical Center, Rotterdam, The Netherlands; Christos Tolias,



206

Kings College London, London, UK; Tony Trapani, Monash
University, Melbourne, Victoria, Australia; Cristina Maria Tudora,
Emergency County Hospital Timisoara , Timisoara, Romania;
Peter Vajkoczy, Charité — Universititsmedizin Berlin, Berlin,
Germany; Shirley Vallance, Monash University, Melbourne, Vic-
toria, Australia; Egils Valeinis, Pauls Stradins Clinical University
Hospital, Riga, Latvia; Zoltan Vamos, University of Pécs, Pécs,
Hungary; Mathieu van der Jagt, Erasmus MC — University Medical
Center Rotterdam, Rotterdam, The Netherlands; Gregory Van der
Steen, Antwerp University Hospital and University of Antwerp,
Edegem, Belgium; Joukje van der Naalt, University of Groningen,
University Medical Center Groningen, Groningen, The Nether-
lands; Jeroen T.J.M. van Dijck, Leiden University Medical Center,
Leiden, The Netherlands and Medical Center Haaglanden, The
Hague, The Netherlands; Thomas A. van Essen, Leiden University
Medical Center, Leiden, The Netherlands and Medical Center
Haaglanden, The Hague, The Netherlands; Wim Van Hecke, ico-
Metrix NV, Leuven, Belgium; Caroline van Heugten, Oxford
Brookes University, Oxford, UK; Dominique Van Praag, Antwerp
University Hospital, Edegem, Belgium; Thijs Vande Vyvere,
icoMetrix NV, Leuven, Belgium; Roel P.J. van Wijk, Leiden
University Medical Center, Leiden, The Netherlands and Medical
Center Haaglanden, The Hague, The Netherlands; Alessia Var-
giolu, ASST di Monza, Monza, Italy; Emmanuel Vega, Lille
University Hospital, Lille, France; Kimberley Velt, Erasmus
Medical Center-University Medical Center, Rotterdam, The
Netherlands; Jan Verheyden, icoMetrix NV, Leuven, Belgium;
Paul M. Vespa, University of California, Los Angeles, Los
Angeles, California, USA; Anne Vik, Norwegian University of
Science and Technology, NTNU, Trondheim, Norway and St.
Olavs Hospital, Trondheim University Hospital, Trondheim, Nor-
way; Rimantas Vilcinis, Kaunas University of Health Sciences,
Kaunas, Lithuania; Victor Volovici, Erasmus MC, Rotterdam, The
Netherlands; Nicole von Steinbiichel, Universitdtsmedizin Gottin-
gen, Gottingen, Germany; Daphne Voormolen, Erasmus Medical
Center-University Medical Center, Rotterdam, The Netherlands;
Petar Vulekovic, University of Novi Sad, Novi Sad, Serbia; Kevin
K.W. Wang, University of Florida, Gainesville, Florida, USA;
Eveline Wiegers, Erasmus Medical Center-University Medical
Center, Rotterdam, The Netherlands; Guy Williams, University of
Cambridge, Addenbrooke’s Hospital, Cambridge, UK; Lindsay
Wilson, University of Stirling, Stirling, UK; Stefan Winzeck,
University of Cambridge, Addenbrooke’s Hospital, Cambridge,
UK; Stefan Wolf, Charité — Universititsmedizin Berlin, Berlin,
Germany; Zhihui Yang, University of Florida, Gainesville, Florida,
USA; Peter Ylén, VIT Technical Research Centre, Tampere,
Finland; Alexander Younsi, University Hospital Heidelberg,
Heidelberg, Germany; Frederick A. Zeiler, University of Cam-
bridge, Addenbrooke’s Hospital, Cambridge, UK and University of
Manitoba, Winnipeg, MB, Canada; Veronika Zelinkova, Trnava
University, Trnava, Slovakia; Agate Ziverte, Pauls Stradins Clin-
ical University Hospital, Riga, Latvia; and Tommaso Zoerle,
Fondazione IRCCS Ca Granda Ospedale Maggiore Policlinico,
Milan, Italy.

Ethical Approval

The CENTER-TBI study (EC grant 602150) has been conducted
in accordance with all relevant laws of the European Union if di-
rectly 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 reg-

MIKOLIC ET AL.

ulations (the “‘Privacy Law”’), the relevant laws and regulations on
the use of human materials, and all relevant guidance relating to
clinical studies from time to time in force including, but not limited
to, the ICH Harmonised Tripartite Guideline for Good Clinical
Practice (CPMP/ICH/135/95) (“ICH GCP”’) and the World Med-
ical Association Declaration of Helsinki entitled ‘‘Ethical Princi-
ples 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 legislations, 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 commit-
tees, approval numbers, and approval dates can be found on the
Web site https://www.centertbi.eu/project/ethical-approval

Funding Information

The authors Mikoli¢, Polinder, Steyerberg, Retel Helmrich,
Maas, Voormolen, Steinbuechel, Wilson, and Lingsma were sup-
ported by the European Union 7th Framework programme
(EC grant 602150). Additional support was obtained from the
Hannelore Kohl Stiftung (Germany), OneMind (USA), Integra
LifeSciences Corporation (USA), and Neurotrauma Sciences
(USA).

Author Disclosure Statement

No competing financial interests exist.

Supplementary Material

Supplementary Figure S1
Supplementary Figure S2
Supplementary Figure S3
Supplementary Figure S4
Supplementary Figure S5
Supplementary Figure S6
Supplementary Figure S7
Supplementary Table S1
Supplementary Table S2
Supplementary Table S3
Supplementary Table S4
Supplementary Table S5
Supplementary Table S6
Supplementary Table S7
Supplementary Table S8
Supplementary Table S9

References

1. Maas, A.LLR., Menon, D.K., Adelson, P.D., Andelic, N., Bell, M.J.,
Belli, A., Bragge, P., Brazinova, A., Biiki, A., Chesnut, R.M., Citerio,
G., Coburn, M., Cooper, D.J., Crowder, A.T., Czeiter, E., Czosnyka,
M., Diaz-Arrastia, R., Dreier, J.P., Duhaime, A.-C., Ercole, A., van
Essen, T.A., Feigin, V.L., Gao, G., Giacino, J., Gonzalez-Lara, L.E.,
Gruen, R.L., Gupta, D., Hartings, J.A., Hill, S., Jiang, J.-y., Kethar-
anathan, N., Kompanje, EJ.O., Lanyon, L., Laureys, S., Lecky, F.,
Levin, H., Lingsma, H.F., Maegele, M., Majdan, M., Manley, G.,
Marsteller, J., Mascia, L., McFadyen, C., Mondello, S., Newcombe,
V., Palotie, A., Parizel, P.M., Peul, W., Piercy, J., Polinder, S., Puy-
basset, L., Rasmussen, T.E., Rossaint, R., Smielewski, P., Soderberg,
J., Stanworth, S.J., Stein, M.B., von Steinbiichel, N., Stewart, W.,
Steyerberg, E.-W., Stocchetti, N., Synnot, A., Te Ao, B., Tenovuo, O.,
Theadom, A., Tibboel, D., Videtta, W., Wang, K.K.W., Williams,
W.H., Wilson, L., Yaffe, K., Adams, H., Agnoletti, V., Allanson, J.,
Amrein, K., Andaluz, N., Anke, A., Antoni, A., van As, A.B., Audi-
bert, G., AzaSevac, A., Azouvi, P., Azzolini, M.L., Baciu, C., Badenes,


https://www.centertbi.eu/project/ethical-approval

EXTERNAL VALIDATION OF PROGNOSTIC MODELS FOR MTBI

4.

R., Barlow, K.M., Bartels, R., Bauerfeind, U., Beauchamp, M., Beer,
D., Beer, R., Belda, F.J., Bellander, B.-M., Bellier, R., Benali, H.,
Benard, T., Beqiri, V., Beretta, L., Bernard, F., Bertolini, G., Bilotta,
F., Blaabjerg, M., den Boogert, H., Boutis, K., Bouzat, P., Brooks, B.,
Brorsson, C., Bullinger, M., Burns, E., Calappi, E., Cameron, P.,
Carise, E., Castafio-Le6n, A.M., Causin, F., Chevallard, G., Chier-
egato, A., Christie, B., Cnossen, M., Coles, J., Collett, J., Della Corte,
F., Craig, W., Csato, G., Csomos, A., Curry, N., Dahyot-Fizelier, C.,
Dawes, H., DeMatteo, C., Depreitere, B., Dewey, D., van Dijck, J.,
bilvesi, D., Dippel, D., Dizdarevic, K., Donoghue, E., Duek, O.,
Duliére, G.-L., Dzeko, A., Eapen, G., Emery, C.A., English, S., Esser,
P., Ezer, E., Fabricius, M., Feng, J., Fergusson, D., Figaji, A., Fleming,
J., Foks, K., Francony, G., Freedman, S., Freo, U., Frisvold, S.K.,
Gagnon, I., Galanaud, D., Gantner, D., Giraud, B., Glocker, B.,
Golubovic, J., Gémez Lopez, P.A., Gordon, W.A., Gradisek, P.,
Gravel, J., Griesdale, D., Grossi, F., Haagsma, J.A., Haberg, A K.,
Haitsma, I., Van Hecke, W., Helbok, R., Helseth, E., van Heugten, C.,
Hoedemaekers, C., Hofer, S., Horton, L., Hui, J., Huijben, J.A.,
Hutchinson, P.J., Jacobs, B., van der Jagt, M., Jankowski, S., Janssens,
K., Jelaca, B., Jones, K.M., Kamnitsas, K., Kaps, R., Karan, M.,
Katila, A., Kaukonen, K.-M., De Keyser, V., Kivisaari, R., Kolias,
A.G., Kolumban, B., Kolundzija, K., Kondziella, D., Koskinen, L.-O.,
Kovics, N., Kramer, A., Kutsogiannis, D., Kyprianou, T., Lagares, A.,
Lamontagne, F., Latini, R., Lauzier, F., Lazar, 1., Ledig, C., Lefering,
R., Legrand, V., Levi, L., Lightfoot, R., Lozano, A., MacDonald, S.,
Major, S., Manara, A., Manhes, P., Maréchal, H., Martino, C., Masala,
A., Masson, S., Mattern, J., McFadyen, B., McMahon, C., Meade, M.,
Melegh, B., Menovsky, T., Moore, L., Morgado Correia, M.,
Morganti-Kossmann, M.C., Muehlan, H., Mukherjee, P., Murray, L.,
van der Naalt, J., Negru, A., Nelson, D., Nieboer, D., Noirhomme, Q.,
Nyiradi, J., Oddo, M., Okonkwo, D.O., Oldenbeuving, A.W., Orto-
lano, F., Osmond, M., Payen, J.-F., Perlbarg, V., Persona, P., Pichon,
N., Piippo-Karjalainen, A., Pili-Floury, S., Pirinen, M., Ple, H., Poca,
M.A., Posti, J., Van Praag, D., Ptito, A., Radoi, A., Ragauskas, A.,
Raj, R., Real, R.G.L., Reed, N., Rhodes, J., Robertson, C., Rocka, S.,
Rge, C., Roise, O., Roks, G., Rosand, J., Rosenfeld, J.V., Rosenlund,
C., Rosenthal, G., Rossi, S., Rueckert, D., de Ruiter, G.C.W., Sacchi,
M., Sahakian, B.J., Sahuquillo, J., Sakowitz, O., Salvato, G., Sanchez-
Porras, R., Sandor, J., Sangha, G., Schifer, N., Schmidt, S., Schneider,
K.J., Schnyer, D., Schohl, H., Schoonman, G.G., Schou, R.F., Sir, 0.,
Skandsen, T., Smeets, D., Sorinola, A., Stamatakis, E., Stevanovic, A.,
Stevens, R.D., Sundstrom, N., Taccone, F.S., Takala, R., Tanskanen,
P., Taylor, M.S., Telgmann, R., Temkin, N., Teodorani, G., Thomas,
M., Tolias, C.M., Trapani, T., Turgeon, A., Vajkoczy, P., Valadka,
A.B., Valeinis, E., Vallance, S., Vamos, Z., Vargiolu, A., Vega, E.,
Verheyden, J., Vik, A., Vilcinis, R., Vleggeert-Lankamp, C., Vogt, L.,
Volovici, V., Voormolen, D.C., Vulekovic, P., Vande Vyvere, T., Van
Waesberghe, J., Wessels, L., Wildschut, E., Williams, G., Winkler,
M.K.L., Wolf, S., Wood, G., Xirouchaki, N., Younsi, A., Zaaroor, M.,
Zelinkova, V., Zemek, R., and Zumbo, F. (2017). Traumatic brain
injury: integrated approaches to improve prevention, clinical care, and
research. Lancet Neurol. 16, 987-1048.

. Steyerberg, E.W., Wiegers, E., Sewalt, C., Buki, A., Citerio, G., De

Keyser, V., Ercole, A., Kunzmann, K., Lanyon, L., and Lecky, F.
(2019). Case-mix, care pathways, and outcomes in patients with
traumatic brain injury in CENTER-TBL: a European prospec-
tive, multicentre, longitudinal, cohort study. Lancet Neurol. 18, 923—
934.

. Cassidy, J.D., Carroll, L.J., Peloso, P.M., Borg, J., von Holst, H.,

Holm, L., Kraus, J., Coronado, V.G., and WHO Collaborating Centre
Task Force on Mild Traumatic Brain Injury (2004). Incidence, risk
factors and prevention of mild traumatic brain injury: results of the
WHO Collaborating Centre Task Force on Mild Traumatic Brain In-
jury. J. Rehabil. Med. 43 Suppl., 28-60.

McMahon, P.J., Hricik, A., Yue, J.K., Puccio, A.M., Inoue, T.,
Lingsma, H.F., Beers, S.R., Gordon, W.A., Valadka, A.B., and
Manley, G.T. (2014). Symptomatology and functional outcome in
mild traumatic brain injury: results from the prospective TRACK-TBI
study. J. Neurotrauma 31, 26-33.

. Langlois, J.A., Rutland-Brown, W. and Wald, M.M. (2006). The

epidemiology and impact of traumatic brain injury: a brief overview.
J. Head Trauma Rehabil. 21, 375-378.

. Lingsma, H.F., Yue, J.K., Maas, A.LR., Steyerberg, E.W., Manley,

G.T., Cooper, S.R., Dams-O’Connor, K., Gordon, W.A., Menon, D.K.,
Mukherjee, P., Okonkwo, D.O., Puccio, A.M., Schnyer, D.M.,

10.

11.

15.

16.

17.

18.

19.

20.

21.

22.

23.

207

Valadka, A.B., Vassar, M.J., and Yuh, E.L. (2015). Outcome predic-
tion after mild and complicated mild traumatic brain injury: external
validation of existing models and identification of new predictors
using the TRACK-TBI pilot study. J. Neurotrauma 32, 83-94.

. Jacobs, B., Beems, T., Stulemeijer, M., Van Vugt, A.B., Van Der

Vliet, T.M., Borm, G.F., and Vos, P.E. (2010). Outcome prediction in
mild traumatic brain injury: age and clinical variables are stronger
predictors than CT abnormalities. J. Neurotrauma 27, 655-668.

. van der Naalt, J., Timmerman, M.E., de Koning, M.E., van der Horn,

H.J., Scheenen, M.E., Jacobs, B., Hageman, G., Yilmaz, T., Roks, G.,
and Spikman, JM. (2017). Early predictors of outcome after mild
traumatic brain injury (UPFRONT): an observational cohort study.
Lancet Neurol. 16, 532-540.

. Andelic, N., Sigurdardottir, S., Arango-Lasprilla, J.C., and Godbolt,

A.K. (2016). Long-term functional and psychosocial consequences
and health care provision after traumatic brain injury. Behav. Neurol.
2016, 3.

Evans, R.-W. (2010). Persistent post-traumatic headache, postconcus-
sion syndrome, and whiplash injuries: the evidence for a non-
traumatic basis with an historical review. Headache 50, 716-724.
Polinder, S., Cnossen, M.C., Real, R.G.L., Covic, A., Gorbunova, A.,
Voormolen, D.C., Master, C.L., Haagsma, J.A., Diaz-Arrastia, R., and
von Steinbuechel, N. (2018). A multidimensional approach to post-
concussion symptoms in mild traumatic brain injury. Front. Neurol. 9,
1113.

. Ponsford, J., Nguyen, S., Downing, M., Bosch, M., McKenzie, J.E.,

Turner, S., Chau, M., Mortimer, D., Gruen, R.L., Knott, J., and Green,
S. (2019). Factors associated with persistent post-concussion symp-
toms following mild traumatic brain injury in adults. J. Rehabil. Med.
51, 32-39.

. Potter, S., and Brown, R.G. (2012). Cognitive behavioural therapy

and persistent post-concussional symptoms: integrating conceptual
issues and practical aspects in treatment. Neuropsychol. Rehabil. 22,
1-25.

. Stein, M.B., Ursano, R.J., Campbell-Sills, L., Colpe, L.J., Fullerton,

C.S., Heeringa, S.G., Nock, M.K., Sampson, N.A., Schoenbaum, M.,
and Sun, X. (2016). Prognostic indicators of persistent post-concussive
symptoms after deployment-related mild traumatic brain injury: a
prospective longitudinal study in US Army soldiers. J. Neurotrauma
33, 2125-2132.

Iverson, G.L., Zasler, N.D., Lange, R.T., Katz, D.I., and Zafonte, R.D.
(2007). Brain Injury Medicine: Principles and Practice. Demos
Medical Publishing Inc.: New York.

Andelic, N., Roe, C., Jerstad, T., and Schanke, A.-K. (2009). Post-
concussion symptoms after traumatic brain injury at 3 and 12 months
post-injury: A prospective study. Brain Inj. 23, 489-497.
Voormolen, D.C., Cnossen, M.C., Polinder, S., von Steinbuechel, N.,
Vos, P.E., and Haagsma, J.A. (2018). Divergent classification methods
of post-concussion syndrome after mild traumatic brain injury: prev-
alence rates, risk factors, and functional outcome. J. Neurotrauma 35,
1233-1241.

Broshek, D.K., De Marco, A.P., and Freeman, J.R. (2015). A review
of post-concussion syndrome and psychological factors associated
with concussion. Brain Inj. 29, 228-237.

Silverberg, N.D., Panenka, W.J., and Iverson, G.L. (2018). Work
productivity loss after mild traumatic brain injury. Arch. Phys. Med.
Rehabil. 99, 250-256.

Cnossen, M.C., Naalt, J.V., Spikman, J.M., Nieboer, D., Yue, J.K.,
Winkler, E.A., Manley, G.T., Steinbuechel, N.V., Polinder, S.,
Steyerberg, E.-W., and Lingsma, H.F. (2018). Prediction of persis-
tent post-concussion symptoms after mild traumatic brain injury.
J. Neurotrauma 35, 2691-2698.

Maas, A.IL, Menon, D.K., Steyerberg, E.W., Citerio, G., Lecky, F.,
Manley, G.T., Hill, S., Legrand, V., Sorgner, A., and CENTER-TBI
Participants and Investigators (2015). Collaborative European
NeuroTrauma Effectiveness Research in Traumatic Brain Injury
(CENTER-TBI): a prospective longitudinal observational study.
Neurosurgery 76, 67-80.

King, N.S., Crawford, S., Wenden, F.J., Moss, N.E., and Wade, D.T.
(1995). The Rivermead Post Concussion Symptoms Questionnaire: a
measure of symptoms commonly experienced after head injury and its
reliability. J. Neurol. 242, 587-592.

Bovin, M.J., Marx, B.P., Weathers, F.W., Gallagher, M.W.,
Rodriguez, P., Schnurr, P.P., and Keane, T.M. (2016). Psychometric
properties of the PTSD Checklist for Diagnostic and Statistical



208

24.

25.

26.

27.

28.

29.

31.

33.

34.

36.

37.

38.

39.

40.

41.

Manual of Mental Disorders—Fifth Edition (PCL-5) in veterans.
Psychol. Assess. 28, 1379-1391.

Kroenke, K., Spitzer, R.L., and Williams, J.B. (2001). The PHQ-9:
validity of a brief depression severity measure. J. Gen. Intern. Med.
16, 606-613.

Spitzer, R.L., Kroenke, K., Williams, J.B., and Lowe, B. (2006).
A brief measure for assessing generalized anxiety disorder: the GAD-
7. Arch. Intern. Med. 166, 1092—-1097.

Wilde, E.A., Whiteneck, G.G., Bogner, J., Bushnik, T., Cifu, D.X.,
Dikmen, S., French, L., Giacino, J.T., Hart, T., Malec, J.F., Millis,
S.R., Novack, T.A., Sherer, M., Tulsky, D.S., Vanderploeg, R.D., and
von Steinbuechel, N. (2010). Recommendations for the use of com-
mon outcome measures in traumatic brain injury research. Arch. Phys.
Med. Rehabil. 91, 1650-1660 e1617.

Wilson, J.T., Pettigrew, L.E., and Teasdale, G.M. (1998). Structured
interviews for the Glasgow Outcome Scale and the Extended
Glasgow Outcome Scale: guidelines for their use. J. Neurotrauma 15,
573-585.

Marshall, S., Bayley, M., McCullagh, S., Velikonja, D., and Berrigan,
L. (2012). Clinical practice guidelines for mild traumatic brain injury
and persistent symptoms. Can. Fam. Physician 58, 257-267, e128—
240.

Acquadro, C., Conway, K., Hareendran, A., and Aaronson, N. (2008).
Literature review of methods to translate health-related quality of life
questionnaires for use in multinational clinical trials. Value Health 11,
509-521.

. Teymoori, A., Real, R., Gorbunova, A., Haghish, E.F., Andelic, N.,

Wilson, L., Asendorf, T., Menon, D, and von Steinbiichel, N. (2020).
Measurement invariance of assessments of depression (PHQ-9) and
anxiety (GAD-7) across sex, strata and linguistic backgrounds in
a european-wide sample of patients after traumatic brain injury.
J. Affect. Disord. 262, 278-285.

Plass, A.M., Van Praag, D., Covic, A., Gorbunova, A., Real, R., von
Steinbuechel, N., and Dutch and Flemish CENTER-TBI Investigators
(2019). The psychometric validation of the Dutch version of the
Rivermead Post-Concussion Symptoms Questionnaire (RPQ) after
traumatic brain injury (TBI). PLoS One 14, e0210138.

. Van Praag, D.L.G., Fardzadeh, H.E., Covic, A., Maas, A.LLR., and von

Steinbiichel, N. (2020). Preliminary validation of the Dutch version of
the Posttraumatic stress disorder checklist for DSM-5 (PCL-5) after
traumatic brain injury in a civilian population. PLoS One 15,
e0231857.

Carroll, L.J., Cassidy, J.D., Peloso, P.M., Borg, J., von Holst, H.,
Holm, L., Paniak, C., and Pépin, M. (2004). Prognosis for mild
traumatic brain injury: results of the WHO Collaborating Centre Task
Force on Mild Traumatic Brain Injury. J. Rehabil. Med. Suppl. 43, 84—
105.

Iverson, G.L., Gardner, A.J., Terry, D.P., Ponsford, J.L., Sills, A K.,
Broshek, D.K., and Solomon, G.S. (2017). Predictors of clinical re-
covery from concussion: a systematic review. Br. J. Sports Med. 51,
941-948.

. Silverberg, N.D., Gardner, A.J., Brubacher, J.R., Panenka, W.J., Li,

JJ., and Iverson, G.L. (2015). Systematic review of multivariable
prognostic models for mild traumatic brain injury. J. Neurotrauma 32,
517-526.

Mushkudiani, N.A., Hukkelhoven, C.W.P.M., Hernindez, A.V.,
Murray, G.D., Choi, S.C., Maas, A.LLR., and Steyerberg, E.-W. (2008).
A systematic review finds methodological improvements necessary
for prognostic models in determining traumatic brain injury outcomes.
J. Clin. Epidemiol. 61, 331-343.

van Klaveren, D., Gonen, M., Steyerberg, E.-W., and Vergouwe, Y.
(2016). A new concordance measure for risk prediction models in
external validation settings. Stat. Med. 35, 4136-4152.

Harrell Jr, FE. (2016). rms: Regression Modeling Strategies.
R Package Version 5. https://github.com/harrelfe/rms (Last accessed
February 10, 2020).

Buuren, S., and Groothuis-Oudshoorn, C. (2011). MICE: Multivariate
imputation by chained equations in r. J. Statist. Soft. [Epub ahead of
print; DOI: 10.18637/jss.v045.103.]

Van Calster, B., Nieboer, D., Vergouwe, Y., De Cock, B., Pencina,
M.J., and Steyerberg, E.-W. (2016). A calibration hierarchy for risk
models was defined: from utopia to empirical data. J. Clin. Epidemiol.
74, 167-176.

Clayton, J.A., and Collins, F.S. (2014). Policy: NIH to balance sex in
cell and animal studies. Nature 509, 282-283.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

MIKOLIC ET AL.

Lagarde, E., Salmi, L.-R., Holm, L.W., Contrand, B., Masson, F.,
Ribéreau-Gayon, R., Laborey, M., and Cassidy, J.D. (2014). Associ-
ation of symptoms following mild traumatic brain injury with post-
traumatic stress disorder vs postconcussion syndrome. JAMA
Psychiatry 71, 1032-1040.

Theadom, A., Parag, V., Dowell, T., McPherson, K., Starkey, N.,
Barker-Collo, S., Jones, K., Ameratunga, S., and Feigin, V.L. (2016).
Persistent problems 1 year after mild traumatic brain injury: a longi-
tudinal population study in New Zealand. Br. J. Gen. Pract. 66, e16—
e23.

Rabinowitz, A.R., Li, X., McCauley, S.R., Wilde, E.A., Barnes, A.,
Hanten, G., Mendez, D., McCarthy, J.J., and Levin, H.S. (2015).
Prevalence and predictors of poor recovery from mild traumatic brain
injury. J. Neurotrauma 32, 1488-1496.

Booker, J., Sinha, S., Choudhari, K., Dawson, J., and Singh, R. (2019).
Description of the predictors of persistent post-concussion symptoms
and disability after mild traumatic brain injury: the SHEFBIT cohort.
Br. J. Neurosurg. 33, 367-375.

Cnossen, M.C., Winkler, E.A., Yue, J.K., Okonkwo, D.O., Valadka,
A.B., Steyerberg, E.W., Lingsma, H.F., Manley, G.T., Dams-
O’Connor, K., Gordon, W.A., Hricik, A.J., Maas, A.LLR., Menon,
D.K., Mukherjee, P., Puccio, A.M., Schnyer, D.M., Vassar, M.J., and
Yuh, E.L. (2017). Development of a prediction model for post-
concussive symptoms following mild traumatic brain injury: A
TRACK-TBI pilot study. J. Neurotrauma 34, 2396-2408.

Booker, J., Sinha, S., Choudhari, K., Dawson, J., and Singh, R. (2019).
Predicting functional recovery after mild traumatic brain injury: the
SHEFBIT cohort. Brain Inj. 33, 1158-1164.

Yue, J.K., Winkler, E.A., Sharma, S., Vassar, M.J., Ratcliff, J.J.,
Korley, F.K., Seabury, S.A., Ferguson, A.R., Lingsma, H.F., Meeuws,
S., Adeoye, O.M., Rick, J.W., Robinson, C.K., Duarte, S.M., Yuh,
E.L., Mukherjee, P., Dikmen, S.S., McAllister, T.W., Diaz-Arrastia,
R., Valadka, A.B., Gordon, W.A., Okonkwo, D.O., and Manley, G.T.
(2017). Temporal profile of care following mild traumatic brain injury:
predictors of hospital admission, follow-up referral and six-month
outcome. Brain Inj. 31, 1820-1829.

Yuh, E.L., Cooper, S.R., Mukherjee, P., Yue, J.K., Lingsma, H.F.,
Gordon, W.A., Valadka, A.B., Okonkwo, D.O., Schnyer, D.M.,
Vassar, M.J., Maas, A.L, Manley, G.T., Casey, S.S., Cheong, M.,
Dams-O’Connor, K., Hricik, A.J., Inoue, T., Menon, D.K., Morabito,
D.J., Pacheco, J.L., Puccio, A.M., and Sinha, T.K. (2014). Diffusion
tensor imaging for outcome prediction in mild traumatic brain injury:
a TRACK-TBI study. J. Neurotrauma 31, 1457-1477.

Yue, J., Cnossen, M., Winkler, E.A., Deng, H.S., Phelps, R.R.L., Coss,
N.A., Sharma, S., Robinson, C.K., Suen, C.G., Vassar, M., Schnyer,
D., Puccio, A., Gardner, R.C., Yuh, E., Mukherjee, P., Valadka, A.B.,
Okonkwo, D., Lingsma, H., Manley, G., Cooper, S., Dams-O’connor,
K., Gordon, W., Hricik, A., Maas, A., Menon, D., and Morabito, D.J.
(2019). Pre-injury comorbidities are associated with functional im-
pairment and post-concussive symptoms at 3-and 6-months after mild
traumatic brain injury: A TRACK-TBI study. Front. Neurol. 10, 343.
Yuh, E.L., Mukherjee, P., Lingsma, H.F., Yue, J.K., Ferguson, A.R.,
Gordon, W.A., Valadka, A.B., Schnyer, D.M., Okonkwo, D.O., Maas,
AILR., and Manley, G.T. (2013). Magnetic resonance imaging im-
proves 3-month outcome prediction in mild traumatic brain injury.
Ann. Neurol. 73, 224-235.

Yue, J.K., Winkler, E.A., Puffer, R.C., Deng, H., Phelps, R.R.L.,
Wagle, S., Morrissey, M.R., Rivera, E.J., Runyon, S.J., Vassar, M.J.,
Taylor, S.R., Cnossen, M.C., Lingsma, H.F., Yuh, E.L., Mukherjee, P.,
Schnyer, D.M., Puccio, A.M., Valadka, A.B., Okonkwo, D.O., and
Manley, G.T. (2018). Temporal lobe contusions on computed to-
mography are associated with impaired 6-month functional recovery
after mild traumatic brain injury: a TRACK-TBI study. Neurol. Res.
40, 972-981.

Wiljas, M., Iverson Grant, L., Lange Rael, T., Hakulinen, U.,
Dastidar, P., Huhtala, H., Liimatainen, S., Hartikainen, K., and
Ohman, J. (2015). A prospective biopsychosocial study of the
persistent post-concussion symptoms following mild traumatic brain
injury. J. Neurotrauma 32, 534-547.

Ponsford, J., Cameron, P., Fitzgerald, M., Grant, M., Mikocka-Walus,
A., and Schonberger, M. (2012). Predictors of postconcussive symp-
toms 3 months after mild traumatic brain injury. Neuropsychology 26,
304-313.

Hellstrom, T., Kaufmann, T., Andelic, N., Soberg, H.L.,
Sigurdardottir, S., Helseth, E., Andreassen, O.A., and Westlye, L.T.


https://github.com/harrelfe/rms

EXTERNAL VALIDATION OF PROGNOSTIC MODELS FOR MTBI

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2017). Predicting outcome 12 months after mild traumatic brain in-
jury in patients admitted to a neurosurgery service. Front. Neurol. 8,
125.

MRC CRASH Trial Collaborators, Perel, P., Arango, M., Clayton, T.,
Edwards, P., Komolafe, E., Poccock, S., Roberts, I., Shakur, H.,
Steyerberg, E., and Yutthakasemsunt, S. (2008). Predicting outcome
after traumatic brain injury: practical prognostic models based on
large cohort of international patients. BMJ 336, 425-429.

Jacobs, B., Beems, T., Stulemeijer, M., Van Vugt, A.B., Van Der
Vliet, T.M., Borm, G.F., and Vos, P.E. (2010). Outcome prediction in
mild traumatic brain injury: age and clinical variables are stronger
predictors than CT abnormalities. J. Neurotrauma 27, 655-668.
Stulemeijer, M., Van Der Werf, S., Borm, G.F., and Vos, P.E. (2008).
Early prediction of favourable recovery 6 months after mild traumatic
brain injury. J. Neurol. Neurosurg. Psychiatry 79, 936-942.

Waljas, M., Iverson, G.L., Lange, R.T., Hakulinen, U., Dastidar, P.,
Huhtala, H., Liimatainen, S., Hartikainen, K., and Ohman, J. (2015).
A prospective biopsychosocial study of the persistent post-concussion
symptoms following mild traumatic brain injury. J. Neurotrauma 32,
534-547.

King, N.S., Crawford, S., Wenden, F.J., Caldwell, F.E., and Wade,
D.T. (1999). Early prediction of persisting post-concussion symptoms
following mild and moderate head injuries. Br. J. Clin. Psychol. 38,
15-25.

Foks, K.A., Cnossen, M.C., Dippel, D.W.J., Maas, A.LR., Menon, D.,
van der Naalt, J., Steyerberg, E.W., Lingsma, H.F., and Polinder, S.
(2017). Management of mild traumatic brain injury at the emergency
department and hospital admission in Europe: a survey of 71 neuro-
trauma centers participating in the CENTER-TBI Study. J. Neuro-
trauma 34, 2529-2535.

Wang, K.K., Yang, Z., Zhu, T., Shi, Y., Rubenstein, R., Tyndall, J.A.,
and Manley, G.T. (2018). An update on diagnostic and prognostic
biomarkers for traumatic brain injury. Expert Rev. Mol. Diagn. 18,
165-180.

Di Pietro, V., Ragusa, M., Davies, D., Su, Z., Hazeldine, J., Lazzarino,
G., Hill, L.J., Crombie, N., Foster, M., Purrello, M., Logan, A., and
Belli, A. (2017). MicroRNAs as novel biomarkers for the diagnosis
and prognosis of mild and severe traumatic brain injury. J. Neuro-
trauma 34, 1948-1956.

Roozenbeek, B., Lingsma, H., Perel, P., Edwards, P., Roberts, I.,
Murray, G., Maas, A. and Steyerberg, E. (2011). The added value of

65.

66.

67.

68.

69.

70.

209

ordinal analysis in clinical trials: An example in traumatic brain in-
jury. Critical care (London, England) 15, R127.

Bodien, Y.G., McCrea, M., Dikmen, S., Temkin, N., Boase, K.,
Machamer, J., Taylor, S.R., Sherer, M., Levin, H., Kramer, J.H.,
Corrigan, J.D., McAllister, T.W., Whyte, J., Manley, G.T., Giacino,
J.T. and TRACK-TBI Investigators (2018). Optimizing outcome as-
sessment in multicenter tbi trials: perspectives From TRACK-TBI and
the TBI Endpoints Development Initiative. J. Head Trauma Rehabil.
33, 147-157.

Peeters, W., van den Brande, R., Polinder, S., Brazinova, A.,
Steyerberg, E.W., Lingsma, H.F., and Maas, A.I. (2015). Epidemiol-
ogy of traumatic brain injury in Europe. Acta Neurochir. (Wien) 157,
1683-1696.

Hicks, R., Giacino, J., Harrison-Felix, C., Manley, G., Valadka, A.,
and Wilde, E.A. (2013). Progress in developing common data ele-
ments for traumatic brain injury research: version two—the end of the
beginning. J. Neurotrauma 30, 1852-1861.

Hou, R., Moss-Morris, R., Peveler, R., Mogg, K., Bradley, B.P., and
Belli, A. (2012). When a minor head injury results in enduring
symptoms: a prospective investigation of risk factors for post-
concussional syndrome after mild traumatic brain injury. J. Neurol.
Neurosurg. Psychiatry 83, 217-223.

Potter, S., Leigh, E., Wade, D., and Fleminger, S. (2006). The
Rivermead post concussion symptoms questionnaire. J. Neurol. 253,
1603-1614.

Collins, G.S., de Groot, J.A., Dutton, S., Omar, O., Shanyinde, M.,
Tajar, A., Voysey, M., Wharton, R., Yu, L.M., Moons, K.G., and
Altman, D.G. (2014). External validation of multivariable prediction
models: a systematic review of methodological conduct and reporting.
BMC Med. Res. Methodol. 14, 40.

Address correspondence to:

Ana Mikolic, MSc

Erasmus MC-University Medical Center Rotterdam
Department of Public Health

PO Box 2040

3000 CA Rotterdam

The Netherlands

E-mail: a.mikolic @erasmusmc.nl



