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Abstract

Outcome prognostication in traumatic brain injury (TBI) is important, but challenging due
to heterogeneity of the disease. The aim of this systematic review is to present the current
state-of-the-art on prognostic models for outcome after moderate and severe TBI and
evidence on their validity. We searched for studies reporting on the development,
validation or extension of prognostic models for functional outcome after TBI with
Glasgow Coma Scale (GCS) < 12 published between 2006-2018. Studies with patients aged
>14 years and evaluating a multivariable prognostic model based on admission
characteristics were included. Model discrimination was expressed with the area under the
receiver operating characteristic curve (AUC), and model calibration with calibration slope
and intercept. We included 58 studies describing 67 different prognostic models,
comprising the development of 42 models, 149 external validations of 31 models and 12
model extensions. The most common predictors were GCS (motor) score (n=55), age
(n=54) and pupillary reactivity (n=48). Model discrimination varied substantially between
studies. The International Mission for Prognosis and Analysis of Clinical Trials (IMPACT) and
Corticoid Randomisation After Significant Head injury (CRASH) models were developed on
the largest cohorts (8,509 and 10,008 patients, respectively) and were most often
externally validated (n=91), yielding AUCs ranging between 0.65-0.90 and 0.66-1.00,
respectively. Model calibration was reported with a calibration intercept and slope for 7
models in 53 validations, and was highly variable. In conclusion, the discriminatory validity
of the IMPACT and CRASH prognostic models is supported across a range of settings. The
variation in calibration, reflecting heterogeneity in reliability of predictions, motivates

continuous validation and updating if clinical implementation is pursued.

PROSPERO registry number: CRD42016052100

Keywords: traumatic brain injury; prognosis; clinical prediction rules; outcome



Downloaded by SENCKENBERG/ZEITSCHRIFTEN from www.liebertpub.com at 07/24/19. For personal use only.

Journal of Neurotrauma

Prognosis in Moderate and Severe Traumatic Brain Injury: A Systematic Review of Contemporary Models and Validation Studies (DOI: 10.1089/neu.2019.6401)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 4 of 37

Introduction

Traumatic brain injury (TBI) is a major cause of injury-related death and disability." It is a
disease with a considerable economic impact, often affecting the working population.
Patients with TBI show substantial variation in injury mechanism, pathology, clinical
severity and prognosis. Due to the heterogeneity of the disease, prediction of functional
outcome after TBI is challenging. Outcome prognostication is important to assist clinicians
in providing reliable information to patients and relatives, to guide clinical management
and trial design, and to give insight in quality of care by comparing observed and expected
outcomes.® Many prognostic models for functional outcome after moderate and severe
TBI have been developed and validated, but their methodological quality was described as
poor in reviews performed in 2006 and 2008.*°

Over the past decade, new prognostic models for moderate and severe TBI have
been developed and existing models have been externally validated and extended in new
datasets. The question remains whether the quality of the currently available models
justifies further implementation in clinical practice. For instance, when informing a relative
of a patient with severe TBI in the intensive care unit on prognosis, the physician might
want to use a prognostic model to communicate the chance of recovery within the next six
months. But can the use of this prognostic model be recommended in this setting and for
this patient? The aim of this systematic review is to present the current state-of-the-art on
prognostic models for outcome after moderate and severe TBI and to review their

performance at internal and external validation.
Methods

This systematic review was conducted and reported in line with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement.® The protocol of
this systematic review has been registered on PROSPERO (registration number 2016:
CRD42016052100) and can be accessed at:
http://www.crd.york.ac.uk/PROSPERO/display record.php?ID=CRD42016052100.
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Literature search

We performed a literature search in Embase, Medline Ovid, Web of Science, Cochrane
Central, Psychinfo Ovid and Google Scholar to identify articles published between January
1°* 2006 and November 12 2018 reporting on the development, validation or extension of
models predicting outcome after moderate and severe TBI. We used search terms on the
following topics: brain or head injury, prediction or prognosis, model, and
mortality/survival or recovery (Table S1). Studies evaluating prognostic models in
moderate and severe TBI published before 2006 were already incorporated in previous
systematic reviews.* > For comparison of model performance at internal versus external
validation, the development studies of models published before 2006 reporting a

performance measure were retrieved manually.”*2

Eligibility criteria

Studies were eligible if they reported on the development, validation and/or extension of
multivariable prognostic models for functional outcome in patients aged > 14 years with
moderate and severe TBI. We included original articles that were published in English
language between 2006 and 2018. Studies that enrolled both adults and children were
included when >80% of the subjects was adult or when adults and children were analyzed
and reported separately. Moderate or severe TBI was defined as a Glasgow Coma Scale
(GCS) score < 12."2 When a study only reported inclusion of patients with moderate or
severe TBI without defining this in terms of GCS, it was assumed that moderate referred to
GCS 9-12 and severe referred to GCS 3-8. In case of a population including TBIs of all
severities, the study was included when the data of patients with moderate and severe TBI
were incorporated in the analyses (as regards the Corticoid Randomisation After
Significant Head injury (CRASH) model) or analyzed separately. Studies that evaluated
model performance in specific subgroups of patients (different age groups, patients that
underwent neurosurgery) were also included. The predictors used in the models had to be
based on patient data obtained in the first 24 hours after injury (on hospital admission),
because early outcome prediction is important to provide informed expectations to
relatives and to aid early inclusion of patients in clinical trials. Moreover, we wanted to

enable comparison between different prognostic models within this review as well as
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between this study and previous literature.* No limitations existed concerning outcome
measurement provided that functional outcome was measured between 14 days and 24
months after injury. We excluded reviews and qualitative studies, studies confined to the
rehabilitation setting, studies that focused on patients with mild TBI (defined as GCS 13-
15) and studies that focused on single predictors instead of a model containing multiple
predictors.

One investigator (S.A.D.) carried out the literature search and assessed studies for
eligibility on title and abstract, and subsequently on full text. In case of doubt, a second
investigator (K.A.F.) was involved. Disagreements were resolved by discussion or by

consultation with a third (senior) investigator (H.F.L.).

Data extraction

We used a data extraction form based on the Critical Appraisal and Data Extraction for
Systematic Reviews of Prediction Modeling Studies (CHARMS) checklist.** One investigator
(S.A.D.) extracted the data from the included studies, and a random check (20%) was
performed by a second investigator (K.A.F.). To ensure consistency of the data extraction,
the data extraction form was tested on two studies by both investigators. The random
check showed no discrepancies.

For all studies, data on study design, study population and sample size, outcome
measure and scale used (e.g. functional outcome according to the Glasgow Outcome Scale
(Extended), GOS(E)) and timing of outcome assessment was collected. For each prognostic
model described in the included studies, we extracted data on the following topics: type of
model (e.g. regression analysis, decision tree), internal or external validation and model
performance. Model performance can be expressed in terms of discrimination (ability of
the model to distinguish between patients with good and poor outcome) and calibration
(agreement between observed and predicted probabilities). A common measure for
discrimination is the area under the receiver operating characteristic curve (AUC or C-
statistic). The AUC ranges from 0.5 (no discriminative ability) to 1 (perfect discrimination).
Calibration is often tested with the Hosmer-Lemeshow goodness-of-fit test or assessed by

a calibration slope and calibration intercept.” The calibration slope describes the effect of
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the predictors in the validation sample and should be equal to 1. The intercept indicates
whether predictions are systematically too high or too low, and should ideally be zero.™®

If one study reported on multiple prognostic models or multiple stages of
prognostic modeling (e.g. development and validation), data extraction was performed
separately for each model or stage. We classified prognostic models as separate models
when they included a different set of prognostic variables. Modifications of existing
prognostic models at external validation due to missing predictor data were not defined as
separate models, nor were models with identical predictors but for different outcome
measures (e.g. mortality and functional outcome) or outcomes measured at different time
points. However, when prognostic models consisted of identical predictors but were
developed on different cohorts with re-estimation of model parameters, we did consider
them as independent models rather than as validation studies.

Model performance in terms of discrimination and calibration was summarized
according to AUC, calibration intercept and calibration slope weighted for the square root
of study sample size. Analyses were performed with R software version 3.3.1 (R

Foundation for Statistical Computing, Vienna, Austria).
Results

The literature search identified 3246 unique studies, of which 3158 were excluded based
on title and abstract. Of the 88 full texts screened, 58 studies met the eligibility criteria and
were included in this review (Fig 1). Data of the 58 studies were collected between 1984
and 2017 (Table S2). Sample sizes ranged from 41* to 10,008 patients.’® The included
studies described the development, validation or extension of 67 different prognostic
models (Table S2). This comprised the development of 42 models, 149 external validations
of 31 models and 12 model extensions (Fig 1). Half of the studies (n=29, 50%) evaluated
multiple models in one study (Table S2). The most frequently used predictors were GCS

(motor) score (n=55), age (n=54) and pupillary reactivity (n=48) (Fig 2).

Model development and internal validation

Nineteen studies described the development of 42 prognostic models (1-8 models per

18-36

study). Cohorts for model development were mostly single center and prospective,
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8
with a median sample size of 700 patients (Table S2 and Table 1). Moderate or severe TBI

was defined according to the GCS score in all cohorts. All models had either mortality or
unfavorable outcome according to the GOS(E) as outcome measure, assessed between 14
days and one year after trauma (Table S2). For the vast majority of models, unfavorable
outcome was defined as GOS 1-3 or GOSE 1-4 (Table S2). Age, GCS (motor) score and
pupils were the most frequently used predictors (Fig 2). Common radiological
characteristics were traumatic subarachnoid hemorrhage or intraventricular hemorrhage
(19 models), presence of hematoma (14 models), compression of cisterns and third
ventricle (15 models) and Marshall or Rotterdam computed tomography (CT) classification
(9 models). The most often used physiological predictor was hypotension (17 models).
Several laboratory predictors were studied, among which glucose, hemoglobin and
coagulopathy (Fig 2). Other less frequently used predictors included sex, mechanism of
injury, ethnic group, and cerebral perfusion pressure (CPP, Fig 2). Biomarkers, e.g. S100
astroglial calcium-binding protein B (S100B) and glial fibrillary acidic protein (GFAP), were
only included in one newly developed model (Fig 2). Most models were developed with
logistic regression (n=40, 94%) and internally validated with apparent or split-sample
validation (Table 1). An AUC for internal validation was reported for 32 models (76%). The
AUCs for the models for mortality ranged from 0.71 to 0.94, with a mean weighted AUC of
0.84. The models for unfavorable outcome showed AUCs ranging from 0.67 to 0.98 (mean

weighted AUC 0.82).

External validation
In 49 studies, 149 external validations of newly developed (n=17) or existing (n=14)

prognostic models were described (1-10 models per study).'’ % 2% 25,2931, 33,34,36-74 1,

e
external validation cohorts had a median sample size of 409 patients, and were often
multicenter (n=27, 56%) and prospective (n=37, 77%, Table 1 and Table S2). The definition
of moderate and severe TBI was mostly based on GCS score, but sometimes other criteria
were used (e.g. loss of consciousness and Abbreviated Injury Scale > 2, Table S2). Five
studies only included patients with severe TBI who underwent decompressive

17,40, 48,49, 72

craniectomy. The time of outcome assessment according to the GOS(E) was six

months in most studies (n=36, 75%), and ranged between hospital discharge and 18
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9
months (Table S2). The models at external validation included more physiological variables

due to validation of several existing Intensive Care severity scores (e.g. Acute Physiology
And Chronic Health Evaluation I, Sepsis-related Organ Failure Assessment score, Fig 2). For
each external validation, at least one performance measure was reported. Model
calibration was most frequently expressed with a calibration plot (54%) or the Hosmer-
Lemeshow goodness-of-fit test (52%, Table 1). For 25 external validations, no measure of
model calibration was reported. In 95% of the external validations, model discrimination
was expressed in terms of an AUC (Table 1).

The discriminative ability of the models predicting mortality or unfavorable outcome
showed substantial variation (Fig 3A and B). The AUCs at external validation ranged
between 0.61-0.99 (mean weighted AUC 0.80) for the models for mortality, and between
0.66-1.00 (mean weighted AUC 0.77) for the models for unfavorable outcome. We further
focused on models with a reported AUC at internal validation and one or more external
validations (n=20). Discriminative ability was slightly poorer at external validation
compared to internal validation, with a mean AUC difference of -0.013 (p=0.086 by paired
t-test) for prediction of mortality and -0.017 (p=0.031) for unfavorable outcome.

Model calibration, reported with a calibration intercept and slope, was summarized
for the models that were externally validated once or more (7 models in 53 validations, Fig
4A and B). We observed substantial variation in the agreement between observed and
predicted probabilities. The mean weighted calibration intercept was -0.28 (range -3.3-
0.93) for the models for mortality, and -0.019 (range -5.7-2.4) for the models for
unfavorable outcome. This indicates that both mortality and unfavorable outcome were
generally lower than expected. The mean weighted calibration slopes were 1.1 (range
0.42-2.3) and 0.88 (range 0.57-2.5) for mortality and unfavorable outcome respectively.
The values at the extremes of the ranges for calibration slope and intercept were mainly
due to selection of specific populations with moderate and severe TBI, such as patients
who underwent decompressive craniectomy or TBI defined according to the Abbreviated
Injury Scale.*®

The International Mission for Prognosis and Analysis of Clinical Trials (IMPACT) and
CRASH models were most frequently externally validated (n=91). The mean weighted AUCs

were 0.79 (mortality) and 0.77 (unfavorable outcome) for the IMPACT models (range 0.65-
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10
0.90), and 0.82 (mortality) and 0.78 (unfavorable outcome) for the CRASH models (range

0.66-1.00, Fig 3A and B and Table 2). In total 51 external validations reported calibration
with an intercept and slope. These 51 validations showed overestimated risks by the
IMPACT and CRASH models for mortality and underestimated risks for unfavorable
outcome (Fig 4A and B and Table 2). The more complex IMPACT and CRASH models, for
example including CT characteristics, showed only modest improvement in discriminative
ability (Fig S1 A and B), and calibration remained highly variable (Fig 4A and B). Comparison
of the performance of the IMPACT and CRASH models with other models, such as
Hukkelhoven and Nijmegen, was not feasible given the limited number of validations of

these other models (Table 2).

Model extensions
In five studies, 12 extensions of the IMPACT and CRASH prognostic models were

aSSESSEd.41' 44,51, 57,58

The median sample size of the extension cohorts was 342 patients
(Table 1). Moderate and severe TBI patients were selected based on GCS, except for one
cohort consisting of consecutive TBI patients requiring intracranial pressure monitoring.44
Outcomes were assessed between one week and six months (Table S2). Most studies
reported model discrimination with an AUC (n=11, 92%) and calibration with the Hosmer-
Lemeshow goodness-of-fit test (n=10, 83%; Table 1). The extensions included several
serum and cerebrospinal fluid biomarkers, extracranial injury, coagulation parameters or
dynamic predictors containing information on the first 24 hours of the clinical course
(Acute Physiology And Chronic Health Evaluation Il score, intracranial pressure and mean
arterial pressure) (Fig 2). Performance of the extended models in terms of both
discrimination and calibration improved somewhat compared to the original versions of
the models. The mean AUC increase at model extension was 0.013 (p=0.18 by paired t-
test) for models for mortality and 0.10 (p=0.026) for models for unfavorable outcome.

41, 44,51,57,58

Calibration was not evaluated or showed no improvement. None of the

extended models was externally validated.
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Discussion

We systematically reviewed 58 papers describing the development, validation or extension
of 67 different multivariable prognostic models for functional outcome in moderate and
severe TBIl. We identified 149 external validations of prognostic models. The IMPACT and
CRASH models currently dominate the field of prognostic modeling in moderate and
severe TBI. External validations of these models showed substantial variation in

performance: overall moderate to good discrimination, but highly variable calibration.

Strengths and limitations

This systematic review is based on a comprehensive literature search resulting in a large
number of prognostic models and validation studies in the field of moderate and severe
TBI. A novel feature compared to previous systematic reviews on this topic is that
improvements in prognostic research in TBI now permit inclusion of a substantial number
of external validation studies. However, some limitations should be considered. We did
not consider models for which the outcomes (mortality or unfavorable outcome) were
measured at different time points as separate models. Similarly, models with identical
predictors but for different outcome measures were not defined as separate models. This
may have caused an underestimation of the number of prognostic models for moderate
and severe TBI. Another factor that might have unjustly reduced the number of models is
the exclusion of studies that were not published in English language. Additionally, most
studies in this systematic review were conducted in middle and high income countries.
Therefore, our results might not be generalizable to low income countries. Finally,
comparing model calibration between different models and settings was difficult due to
variation in, or even absence of, calibration measures. Model calibration was reported in
terms of an intercept and slope for only seven models. Our summary of model calibration
might therefore not reflect the overall ability of the currently available models to provide

predictions in individual patients.
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Comparison with previous literature

Previous systematic reviews on prognostic models in moderate and severe TBI mainly
focused on their methodological quality. Several recommendations were proposed to
improve methodology and reporting of prognostic models.” > The prognostic models
evaluated in the current systematic review showed advancements in reporting and
statistical approaches, especially regarding external validation. Models were externally
validated in independent cohorts and most validation studies reported appropriate model
performance measures in terms of discrimination and calibration.”> However, measures
for discrimination are still more frequently reported than calibration measures. Moreover,
although the Hosmer-Lemeshow goodness-of-fit test for model calibration is no longer
recommended due to lack of power and interpretability, this was still used in more than
half of the validations. The lack of adequate calibration measures is remarkable, since poor
calibration implies that the predictions will be misleading when used in clinical practice.

This may lead to harmful decision making.”

Model development and predictors

After publication of the previous systematic reviews, several new prognostic models for
outcome prediction after moderate and severe TBI have been developed. Especially the
introductions of the IMPACT and CRASH models have been important to confirm the core
predictors for unfavorable outcome after moderate and severe TBI obtained at admission:

older age, less responsive pupils and lower GCS (motor) score.™® "

Although these baseline
predictors included in the IMPACT and CRASH models only explain around 35% of the
variance in outcome, more complex models with additional predictors collected within 24
hours may not lead to substantial improvements in model performance.? This is supported
by our observation that performance of the IMPACT and CRASH models showed only
modest improvement in discriminative ability by adding CT characteristics, physiological
and laboratory variables obtained within the first 24 hours, both at internal and external
validation (Fig 3A and B, Fig S1 A and B). However, prognostic estimates will be refined

during the course of the disease, as may be considered in dynamic prediction models.”®

Any prognostic model should only be considered an addition to clinical experience.
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In line with previous recommendations, other recently developed models

introduced several new predictors (e.g. CPP, ethnic group, mechanism of injury,
biomarkers).> However, many of these predictors were only included in a few models and
not yet externally validated (Fig 2). Therefore, it remains difficult to assess the added value
of these models and predictors. Further research is essential, especially external

validation.

External validation

We found a large number of external validations in contemporary series. The IMPACT and
CRASH models were externally validated most extensively. Model performance at external
validation was on average close to performance at internal validation. Performance at
external validation may best reflect the models’ discriminative ability when applied in
clinical practice.”’ The discriminative ability at external validation was mostly around 0.8,
with one very small study even reporting an implausible AUC value of 1 for the CRASH CT
model for unfavorable outcome.’”® Calibration varied highly among different models and
studies. The variability in discriminative performance and calibration slopes is most likely
attributable to differences in measurement of predictors or selection of the validation
population.”® For instance, a few studies investigated model performance in more
homogeneous subgroups such as patients with decompressive craniectomy.!’ 4% 484972
We also observed a substantial number of variations (i.e. differences in included
predictors) on IMPACT and CRASH at external validation (Table S3), mostly due to
discrepancies in predictor definitions or unavailability of predictor data.'® 338 662, 64,68
Further, timing of outcome measurement varied substantially across different studies.
Although most models were designed for outcome prediction at six months after injury,
model performance was assessed in cohorts with outcome data available up to 18 months
after injury.*® Heterogeneity in baseline risk was noted according to calibration-in-the-
large (intercept differences). This variability might be attributed to differences in
distributions and effects of unmeasured covariates and is therefore often difficult to
explain. The substantial heterogeneity in model performance across different settings

indicates that models need to be recalibrated for each new setting before implementation

in clinical practice is warranted.
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Model extension

Highly variable model performance may be problematic when introducing the models to a
specific clinical setting. Several stages have been identified in updating prognostic models,
ranging from updating the intercept to addition of predictors.'® There has been extensive
research into the additional prognostic value of baseline biomarkers for TBI.”” However,
extending the IMPACT and CRASH models with markers of coagulation or serum and
cerebrospinal fluid biomarkers (5100B and GFAP) barely improved model performance in

41 . .
d.*>® Because TBI is a heterogeneous disease

the few studies that have been performe
with a highly variable clinical course, adding new information as it becomes available over
time or including factors that predict treatment response may be more promising to
improve outcome prediction.? Extending the currently available models with such dynamic
predictors has been uncommon so far, and yielded variable improvement in model

performance.** >’

External validation of these extended models is lacking. Possibilities for
updating the IMPACT and CRASH models are currently being evaluated in various studies,
including the Collaborative European NeuroTrauma Effectiveness Research in Traumatic
Brain Injury (CENTER-TBI) study, Transforming Research and Clinical Knowledge in TBI
(TRACK-TBI) dataset and Collaborative REsearch on ACute Traumatic Brain Injury in
intensiVe Care Medicine in Europe (CREACTIVE).2>®? Given the highly variable calibration,
updating of the baseline risk estimate (the intercept in the regression model) should be

considered. Also, machine learning techniques are currently gaining interest and might be

helpful for dynamic prediction.

Implementation in clinical practice

The availability of a large number of prognostic models for functional outcome after
moderate and severe TBI suggests that outcome prediction is considered relevant for
clinical practice. However, despite previous recommendations, none of the available
models have been implemented in TBI guidelines. Their use in clinical practice is limited.?
This might partly be explained by the lack of evidence-based treatment options in TBI,**
limiting the use of prognostic models to select patients for individualized management.
Previous studies evaluating the perceptions of physicians on utilization of the IMPACT

calculator in clinical practice showed that approximately half of the clinicians involved in
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TBI care was aware of its existence. Of those, only 50% occasionally used the model in

clinical practice.84' 8

Factors limiting clinical use of the IMPACT calculator comprised
mistrust in the IMPACT development data, utilization for research purposes only, time
needed to gather the data required to complete the online tool, and concern about

8.8 However, the

misinterpretation of prognostic estimates by patients and their families.
IMPACT calculator was reported to be useful for reducing variability between physicians
with different levels of clinical experience.®®

Model discrimination, although variable, was adequate in most studies. The lack of
implementation can therefore not be explained by poor discriminative ability. Moreover,
models do not necessarily need high discriminative performance to be accepted in clinical
practice. Examples are the Hypertension, Abnormal Renal/Liver Function, Stroke, Bleeding
History or Predisposition, Labile INR, Elderly, Drugs/Alcohol Concomitantly (HAS-BLED, AUC
0.65) and Congestive heart failure, Hypertension, Age, Diabetes mellitus, Prior Stroke or
TIA or Thromboembolism (CHA2DS2-VASc, AUC 0.61) models that are commonly applied in
neurovascular practice, and the extensively used Gail breast cancer models (pooled AUCs
between 0.55-0.75).24% Compared to these widely implemented tools, the models for
outcome after moderate and severe TBI perform very well (weighted mean AUCs of 0.80
and 0.76 for mortality and unfavorable outcome, respectively).

Model calibration, on the other hand, showed substantial heterogeneity between
different settings. The adequate discriminative ability and highly variable calibration may
indicate that the models perform well at group level, but caution is required when using
them to provide predictions for individual patients in a specific clinical setting.

Based on the main findings of this systematic review, we provided a set of
recommendations regarding statistical evaluation and implementation of prognostic

models in moderate and severe TBI (Table 3).

Conclusion

The IMPACT and CRASH prognostic models have been developed on the largest datasets
and have adequate discriminative ability across a range of settings. The reliability of
predictions is highly variable. We recommend implementation of these models in clinical

practice, provided that they have been validated or updated for the specific clinical setting.
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Table 1. Summary of characteristics of development, validation and extension of models

for moderate and severe traumatic brain injury.

Characteristics

Development (n=42)

External validation

(n=149)

Extension (n=12)

No. of models

42

31

12

Median number of

patients (IQR)

700 (381-1466)

409 (290-890)

342 (160-534)

Type of model

Regression analysis 40 (94) 142 (95) 12 (67)
Classification tree 1(3) 7 (5) -
Other®® 1(3) - 4 (33)
Internal validation NA
Apparent 15 (36) 4 (33)
Cross-validation 6 (14) -
Bootstrapping 11 (26) 8 (67)
Split sample 13 (31) 3(25)
Performance
measures
Calibration
Plot 15 (36) 80 (54) 1(8)
Goodness of fit 36 (86) 77 (52) 10 (83)
Slope 2 (5) 53 (36) 5 (42)
Intercept 2 (5) 53 (36) 5(42)
Other® 2 (5) 7 (5) 3 (25)
Discrimination
Accuracy rate 1(8) 6 (4) -
2(5) 4(3) -
Sensitivity/specificity 32 (76) 142 (95) 11 (92)
ROC/AUC 13 (31) 39 (26) 8 (67)

Other®
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31
IQR = interquartile range, ROC = receiver operating characteristic curve, AUC = area under

the receiver operating characteristic curve

°E.g. Bayesian methods, discriminant analysis, machine learning

®One study compared five different statistical approaches on the same cohort: logistic
regression, decision tree, neural network, Bayesian methods and discriminant anaIysis.27
°E.g. Calibration belt

dE.g. Nagelkerke R?, Brier score
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Table 2. Summary model performance IMPACT and CRASH models versus other models at

external validation

Performance IMPACT models CRASH models Nijmegen Hukkelhoven

measure clinical model 1

Mortality Discrimination: Discrimination: Discrimination: 2 Discrimination:
56 validations 23 validations validations 4 validations
Calibration: 31 Calibration: 16 Calibration: 1 Calibration: 1
validations validations validation validation
Mean® Range Mean® Range Mean® Range Mean® Range

AUC 0.79 0.65- 0.82 0.66- 0.84 0.82- 0.81 0.74-

0.90 0.99 0.86 0.89

Calibration 1.1 0.42- 1.1 0.64- 0.98 - 1.1 -

slope 2.3 1.9

Calibration -0.22 -3.3- -0.41 -3.2- -0.29 - -0.13 -

intercept 0.93 0.51

Unfavorable Discrimination: Discrimination: Discrimination: 2  Discrimination:

outcome 55 validations 24 validations validations 3 validations
Calibration: 26 Calibration: 17 Calibration: 1 Calibration: 1
validations validations validation validation
Mean® Range Mean® Range Mean® Range Mean® Range

AUC 0.77 0.66- 0.78 0.66- 0.82 0.81- 0.74 0.69-

0.92 1.00 0.82 0.83

Calibration 0.90 0.63- 0.89 0.57- 0.87 - 0.57 -

slope 2.1 2.5

Calibration 0.044 -4.2-1.1 -0.13 -5.7-24 -0.74 - 0.39 -

intercept

*Weighted for the square root of sample size

IMPACT = International Mission for Prognosis and Analysis of Clinical Trials; CRASH =

Corticoid Randomisation After Significant Head injury; AUC = area under the receiver

operating characteristic curve
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Table 3. Recommendations on (statistical) evaluation and implementation of prognostic

models for moderate and severe TBI

Continuous validation and updating of prognostic models is required
to judge generalizability and transportability to other TBI populations.
Calibration reflects the ability of the prognostic model to provide
reliable predictions and should thus be reported at every external
validation.

The currently available prognostic models for moderate and severe
TBI discriminate well between low risk and high risk patients.

Caution is required when providing predictions for patients in a
specific clinical setting.

Prognostic models for moderate and severe TBlI may need to be
recalibrated for each new setting before implementation in clinical

practice is warranted.

33
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Figure Legends
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Figure 1. PRISMA flow diagram of selected articles.
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Figure 2. Overview of predictors included in 42 models for development, 31 models for

external validation and 12 models for extension.

GCS = Glasgow Coma Scale; tSAH = traumatic subarachnoid hemorrhage; IVH =
intraventricular hemorrhage; CT = computed tomography; AIS = Abbreviated Injury Scale;
ISS = Injury Severity Score; MEIl = major extracranial injury; PaO2 = partial arterial pressure
of oxygen; INR = international normalized rate; PT = prothrombin time; pH = potential
hydrogen; FiO2 = fraction of inspired oxygen; NACA = National Advisory Committee for

Aeronautics
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Figure 3. Correlation of discriminative ability (area under the receiver operating
characteristic curve, AUC) of models for (A) mortality and (B) unfavorable outcome
(defined as GOS 1-3 or GOSE 1-4) between internal and external validation. The colors of
the dots represent the different prognostic models that have been externally validated
once or more, and the dot size refers to the sample size of the different validation cohorts.
The diagonal line indicates equivalence between model discrimination at internal and
external validation. Above this line, model discrimination at external validation was better
than at internal validation. The dots below the line indicate a higher AUC at internal

validation compared to external validation.

APACHE = Acute Physiology And Chronic Health Evaluation; CRASH = Corticoid
Randomisation After Significant Head injury; CT = computed tomography; IMPACT =
International Mission for Prognosis and Analysis of Clinical Trials; MPM = mortality
probability models; SAPS = Simplified Acute Physhiology Score; LR = logistic regression;

AUC = area under the receiver operating characteristic curve
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Figure 4. Calibration intercept and slope reported for models for (A) mortality and (B)
unfavorable outcome (defined as GOS 1-3 or GOSE 1-4) at external validation. The colors of
the dots represent the different prognostic models that have been externally validated
once or more, and the dot size refers to the sample size of the different validation cohorts.
The vertical line indicates the ideal calibration intercept and the horizontal line shows the
perfect calibration slope. A calibration intercept > 0 indicates systematic underestimation
of mortality or unfavorable outcome, and an intercept < 0 refers to systematic
overestimation of outcome risk. A calibration slope below or above the horizontal line
indicates that predictions were too extreme: low predictions too low, and high predictions
too high. In short, the closer the dots are to the intersection of these lines, the better the

ability of the model to provide reliable predictions for patients in that specific setting.

CRASH = Corticoid Randomisation After Significant Head injury; CT = computed

tomography; IMPACT = International Mission for Prognosis and Analysis of Clinical Trials
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