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Outcome Prediction after Mild and Complicated
Mild Traumatic Brain Injury:

External Validation of Existing Models
and Identification of New Predictors
Using the TRACK-TBI Pilot Study

Hester F. Lingsma,1 John K. Yue,2,3 Andrew I.R. Maas,4 Ewout W. Steyerberg,1 Geoffrey T. Manley,2,3

and the TRACK-TBI Investigators including: Shelly R. Cooper,2,3,5 Kristen Dams-O’Connor,6

Wayne A. Gordon,6 David K. Menon,8 Pratik Mukherjee,2,5 David O. Okonkwo,7 Ava M. Puccio,7

David M. Schnyer,9 Alex B. Valadka,10 Mary J. Vassar,2,3 and Esther L. Yuh2,5

Abstract

Although the majority of patients with mild traumatic brain injury (mTBI) recover completely, some still suffer from

disabling ailments at 3 or 6 months. We validated existing prognostic models for mTBI and explored predictors of poor

outcome after mTBI. We selected patients with mTBI from TRACK-TBI Pilot, an unselected observational cohort of TBI

patients from three centers in the United States. We validated two prognostic models for the Glasgow Outcome Scale

Extended (GOS-E) at 6 months after injury. One model was based on the CRASH study data and another from Nijmegen,

The Netherlands. Possible predictors of 3- and 6-month GOS-E were analyzed with univariate and multi-variable pro-

portional odds regression models. Of the 386 of 485 patients included in the study (median age, 44 years; interquartile

range, 27–58), 75% (n = 290) presented with a Glasgow Coma Score (GCS) of 15. In this mTBI population, both

previously developed models had a poor performance (area under the receiver operating characteristic curve, 0.49–0.56).

In multivariable analyses, the strongest predictors of lower 3- and 6-month GOS-E were older age, pre-existing psychiatric

conditions, and lower education. Injury caused by assault, extracranial injuries, and lower GCS were also predictive of

lower GOS-E. Existing models for mTBI performed unsatisfactorily. Our study shows that, for mTBI, different predictors

are relevant as for moderate and severe TBI. These include age, pre-existing psychiatric conditions, and lower education.

Development of a valid prediction model for mTBI patients requires further research efforts.
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Introduction

Traumatic brain injury (TBI) is among the leading causes

of death and disability. In the United States, at least 1.7 million

patients a year seek some form of medical treatment.1 TBI exacts

significant health, social, and economic hardships on patients, their

families, and health systems.2,3 Approximately 70–90% of all TBIs

are categorized as mild (mTBI), that is, presenting with a Glasgow

Coma Scale (GCS) score of 13–15 after nonpenetrating head trauma.

Although most mTBI patients will recover without residual impair-

ments, persistent sequelae remain in a subgroup of 5–15%.4 These

complaints may include physical symptoms, behavioral disturbances,
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and cognitive dysfunction, any of which may interfere with return to

work or resumption of social activities. Prognostic analyses are es-

sential to identify patients at increased risk of developing residual

sequelae and for leveraging resources to follow a more risk-prone

subgroup. Closer observation and early intervention as part of clinical

practice may alleviate the psychological burden of injury on these

patients, as well as the related economic burden on society.

The heterogeneity in case definition of mTBI, the variety of

outcome measures, and the variability in time elapsed for scoring

both predictors and outcome render interpretation and comparison

of results from mTBI prognostic studies difficult. Further, most

studies only report on the association between predictors and out-

come in univariate analyses.5,6

To our knowledge, only two studies have combined predictors

and developed a prediction model specifically for mTBI.7,8 One

other model (Corticosteroid Randomization After Significant Head

Injury; CRASH) was developed on patients with GCS 3–14 and

thus captured a segment of the mTBI population, but not patients

with GCS 15.9,10 Further, none of the models have been externally

validated in mTBI. Before a prognostic model can reliably be ap-

plied to clinical practice, external validation is required to deter-

mine generalizability. In this study, we aimed to evaluate the

performance of existing mTBI prognostic models using a recent,

prospective, unselected population of mTBI patients enrolled

across three level 1 trauma centers in the United States and explore

relevant predictors of poor outcome after mTBI.

Methods

Patient population

The study population consisted of patients included in the
Transforming Research and Clinical Knowledge in TBI (TRACK-
TBI) Pilot study.11 In this study TBI patients age > 16 years were
enrolled upon arrival in the emergency departments (EDs) at San
Francisco General Hospital (University of California San Fran-
cisco; UCSF), University of Pittsburgh Medical Center, and Uni-
versity Medical Center Brackenridge. All participants or their
legally authorized representatives gave written informed consent.
At follow-up outcome assessments, participants previously con-
sented by legally authorized representative, if neurologically im-
proved and capable, were consented for continuation in the study.

Inclusion criteria were presentation to study hospital within 24 h
of injury and history of trauma to the head sufficient to triage to
noncontrast head computed tomography (CT) using the American
College of Emergency Physicians/Centers for Disease Control
evidence-based joint practice guidelines.12 We selected patients
with mTBI and available 3- or 6-month outcome. All study pro-
tocols were approved by the institutional review boards at each
participating level 1 trauma center.

Measures

Details on loss of consciousness, amnesia, and source of trauma
were recorded upon admission and informed consent was obtained.
GCS score was assessed by a neurosurgeon at admission.13 Trained
study personnel in the ED obtained demographic data, patient his-
tory, and clinical information from the patient. All patients under-
went CT imaging at the time of initial presentation to the ED. Each
patient’s head CT was characterized using the National Institutes of
Health/National Institute of Neurological Disorders and Stroke TBI
Common Data Elements (TBI-CDEs).14–16 Clinical brain CTs were
transmitted to a radiology picture-archiving and communications
system with software that allow controlled remote access for mul-
tiple users at study sites. To comply with the Health Insurance
Portability and Accountability Act of 1996, the UCSF Quantitative

Image Processing Center built a multiplatform tool that completely
anonymized CT studies during the transmission process. Each CT
was then reviewed by a single board-certified neuroradiologist
blinded to demographic, socioeconomic, and clinical data, except
gender and age, and scored on 26 of the 93 CDEs developed by the
TBI-CDE neuroimaging working group.17,18

Outcome

The outcomes for this study were the Glasgow Outcome Scale
Extended (GOS-E) at 3 and 6 months after injury.19 The GOS-E
provides eight categories of outcome: dead; vegetative state; lower
severe disability; upper severe disability; lower moderate disabil-
ity; upper moderate disability; lower good recovery; and upper
good recovery. Ratings are based on patient consciousness, inde-
pendence, ability to work, social and leisure activities, social
relationships, and other sequelae of TBI. Upper good recovery
(GOS-E score of 8) indicates return to preinjury baseline with no
residual effects of the TBI.

Prediction models

Our literature search identified three prediction models that were
developed (partly) on mTBI patients.7–9 We could not validate the
Stuhlemeijer and colleagues model because not all of the former’s
predictors were available in our data set.7 We thus undertook to
validate the Nijmegen and CRASH models.9 The characteristics of
the model are described in Table 1.

The Nijmegen model was built specifically for mTBI, with
6-month GOS-E < 7 as the endpoint. Multivariable analysis of 1069
patients with GOS-E yielded age, Abbreviated Injury Score for
head (AISh), Injury Severity Score (ISS) without head, and alcohol
intoxication as significant predictors in the clinical model and
number of hemorrhagic contusions and facial fractures as predic-
tors of unfavorable outcome in the CT model and age, ISS without
head, number of hemorrhagic contusions, and alcohol intoxication
in the combined model.8

The Medical Research Council CRASH trial built and externally
validated two prognostic models in mild, moderate, and severe TBI.9

A basic model included age, GCS, pupillary reactivity, and presence
of extracranial injury. In a CT model, additionally included were
petechial hemorrhage, obliteration of third ventricle and cisterns,
subarachnoid hemorrhage (SAH), mid-line shift, and nonevacuated
hematoma emerged as predictors for mortality at 14 days and un-
favorable outcome on the GOS ( < 4) at 6 months postinjury.9 In this
study, we only validated the models for 6-month unfavorable out-
come. We note that the CRASH model excluded patients with GCS
15, a score that represents a majority of this subpopulation.

Statistical analysis

If patients had a missing outcome at 6 months, but an observed
outcome at 3 months, the 3-month value was extrapolated to 6
months. Similarly, 6-month outcomes were interpolated when 3-
month outcome was missing. Patients with missing outcome at both
time points were excluded. Missing values in predictors were sta-
tistically imputed using single imputation with the AregImpute
function in R statistical software (version 2.14; R Foundation for
Statistical Computing, Vienna, Austria).

Patients’ baseline characteristics were described by median and
interquartile range (IQR) for continuous variables and frequencies
and percentages for categorical variables. These descriptive sta-
tistics were reported on the nonimputed data.

The prediction models were applied to the patients in the vali-
dation set, that is, a predicted probability of unfavorable outcome
was calculated for each patient using the CRASH and Nijmegen
models. Accordingly, the external validity of the models was as-
sessed by studying calibration and discrimination. Calibration refers
to the agreement between observed and predicted outcomes. The
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extent of over- or underestimation, relative to the observed and
predicted rate, was explored graphically using validation plots.20 We
assessed calibration-in-the-large by fitting a logistic regression
model with the logit of model predictions as an offset variable. The
intercept indicates whether predictions are systematically too low or
high and should ideally be zero. The calibration slope reflects the
average effects of the predictors in the model and was estimated in a
logistic regression model with the logit of the model predictions as
the only predictor. For a perfect model, the slope is equal to 1. The
area under the receiver operating characteristic curve (AUROC) was
used to quantify the ability of the model to discriminate between
patients who died versus survived. Because the development of the
CRASH model did not include patients with GCS 15, we validated it
both on patients with GCS 13–14 and on our total study population.

To further explore relevant predictors of 3- and 6-month GOS-E,
we selected 21 possible predictors from the literature and based on
clinical knowledge. These were analyzed in univariate and multi-
variable proportional odds regression models with 3- and 6-month
GOS-E as ordinal outcomes. This means that the full range of the
GOS-E is considered instead of dichotomizing at a fixed point (e.g.,
favorable vs. unfavorable outcome). Simulation studies have shown
that ordinal analysis is more efficient than dichotomization, also
when the proportional odds assumption is violated. Each predictor
was tested in the univariate models, and those with a p value of 0.30
in both the 3- and 6-month model were selected for inclusion in the
multi-variable models. The liberal p value was motivated by the fact
that we performed an exploratory analysis in a relatively small
sample size and did not want to exclude possible predictors.

All analyses were performed with R statistical software (version
2.14; R Foundation for Statistical Computing).

Results

Patient population

TRACK-TBI Pilot enrolled 485 patients with mTBI, including

480 with nonpenetrating injury who were eligible for our study.

Patients with penetrating brain injury (n = 5) or missing outcome at

both 3 and 6 months after injury (n = 94) were excluded. A total of

386 patients were included in our analysis. The median age of our

population was 44 years (IQR, 27–58). The majority (n = 271; 70%)

was male. Most patients (n = 290; 75%) presented with a GCS of 15

and two reactive pupils. Most patients were injured in a motor

vehicle traffic accident (n = 179; 47%). Almost one third (n = 118;

31%) of the patients had self-reported psychiatric (mental health)

history, which was obtained at the time of injury through patient

interview using a checklist of common psychiatric conditions as

defined by the TBI CDE V1.0 (e.g., anxiety, depression, sleep

disorders, post-traumatic stress, bipolar disorder, schizophrenia,

and others). Patients need not have been formally diagnosed with a

mental health disturbance; however, to qualify as ‘‘positive’’ for

psychiatric history, the patient must deem the condition to be sig-

nificantly disturbing for their baseline quality of life. More then half

(n = 198; 53%) of the patients reported history of previous TBI as

defined by external force injury to the head. Over half of the pa-

tients (n = 232; 60%) had no visible CT pathology (Marshall’s CT

classification I).21 The most common pathologies observed on CT

were contusions (61; 16%), SAH (103; 27%), and facial fractures

(53; 14%). Most baseline variables had very few missing values

( < 2%), but the AISh, ISS, and extracranial injury had almost 40%

missing values. Alcohol intoxication, as measured by blood alcohol

levels, was missing in almost 60% of cases (Table 2).

At 3 months after injury, 116 (24%) were lost to follow-up. Of

those with observed outcomes, 33% (n = 121) completely recov-

ered (GOS-E, 8) and 32% (n = 118) had some remaining symptoms

(GOS-E, 7). Of the remaining one third of the sample 2% (n = 6)

died, 4% (n = 15) were severely disabled (GOS-E, 3–4), and 28%

(n = 104) were moderately disabled (GOS-E, 5–6; Table 3).

After 6 months, an additional 181 (38%) patients were lost to

follow-up. Of those with observed outcome, 34% (n = 102) made a

complete recovery (GOS-E, 8) at 6 months and 30% (n = 89) had

Table 1. Characteristics of the Validated Models

Model Development population (n) Predictors Outcome

Nijmegen GCS 13–15 (n = 1069) 6-month GOS-E < 7
Clinical model -Age

-AIS head
-ISS without head
-Alcohol intoxication

CT model -Number of hemorrhagic contusions
-Facial fractures

Combined model -Age
-ISS without head
-Number of hemorrhagic contusions
-Alcohol intoxication

CRASH GCS 3–14 (n = 10,008) 6-month GOS < 4
Basic model -Age

-GCS
-Pupillary reactivity
-Extracranial injury

CT model Basic model plus
-Petechial hemorrhage
-Obliteration of third ventricle and cisterns
-Subarachnoid hemorrhage
-Mid-line shift
-Nonevacuated hematoma

CT, computed tomography; CRASH, Corticosteroid Randomization After Significant Head Injury; GCS, Glasgow Coma Scale; AIS, Abbreviated
Injury Score; ISS, Injury Severity Score; GOS-E, Glasgow Outcome Score Extended.
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some remaining symptoms (GOS-E, 7). Three percent (n = 9) had

died, 3% (n = 9) were severely disabled (GOS-E, 3–4), and 30%

(n = 90) were moderately disabled (GOS-E, 5–6).

Between 3 and 6 months after injury, 3 patients died and another

65 deteriorated, based on worsening GOS-E. Conversely, 66 pa-

tients showed improved GOS-E scores between 3 and 6 months.

The 94 patients with missing outcome at both time points were

excluded from this analysis.

Model validation

The Nijmegen models performed poorly in the external valida-

tion, with AUROCs of 0.52 (95% confidence interval [CI], 0.49–

0.56; clinical model), 0.55 (95% CI, 0.49–0.55; CT model), and

0.56 (95% CI, 0.49–0.56; combined model) (Fig. 1). The CRASH

models performed poorly in the total mTBI population, including

GCS 15 (AUROC basic model, 0.49; 95% CI, 0.43–0.70; AUROC

CT model, 0.49; 95% CI, 0.42–0.66) (Fig. 2). However, perfor-

mance was very well with AUROCs of 0.90 (95% CI, 0.82–0.97;

basic model) and 0.91 (95% CI, 0.85–0.98; CT model) (Fig. 3) in

the population they were developed on. The proportion of unfa-

vorable outcome in TRACK-TBI Pilot was overestimated by most

models. For example, the predicted proportion of patients with

unfavorable outcome by the CRASH CT model was 12%; however,

the actual observation of unfavorable outcome at 6 months was 8%.

Predictors

In univariate analyses (Table 4), we identified a large number of

characteristics as potential predictors of outcome both 3- and 6-

month GOS-E: age; cause of injury; GCS; pupil reactivity; psy-

chiatric medical history; hypoxia; hypotension; education; ISS;

extracranial injury; SAH; mid-line shift; and third ventricle oblit-

eration and contusions (all p < 0.30 for both 3- and 6-month GOS-E;

Table 4). Some predictors had a different effect on 3-versus 6-

month outcome. A GCS of 13 or 14 was a strong predictor for a

lower 6-month GOS-E (odds ratio [OR] = 0.3; p = 0.015), but less

predictive for lower 3-month GOS-E (OR = 0.5–0.6; p = 0.299). In

contrast, the CT characteristics were more predictive of 3-month

outcome, compared with 6-month outcome (e.g., SAH: 3-month

OR = 2.2, p < 0.001; 6-month OR = 1.3, p = 0.224).

In multivariable analyses (Table 5), the strongest predictors of

both lower 3- and 6-month GOS-E were older age (OR, 1.2;

p < 0.001), history of psychiatric conditions (OR = 2.2–2.4;

p < 0.001), and lower education (OR, 0.4–0.8; p < 0.05; Table 4).

Injury caused by assault and extracranial injury were important

predictors of poorer outcome at both time points ( p = 0.05–0.1).

Finally, a lower GCS was predictive of lower 6-month GOS-E (OR,

0.3–0.4; p = 0.039).

Discussion

In this study, we externally validated two prognostic models for

prediction of outcome after mTBI. We found that both models

performed unsatisfactorily in our validation data set. In exploratory

analyses, we identified older age, pre-existing psychiatric condi-

tions, lower education, injury caused by assault and extracranial

injury, and lower GCS as predictors of 3- and 6-month GOS-E.

Study population

We included only patients with a so-called mTBI, as defined by a

GCS 13–15. However, the population did contain some patients

Table 2. Patient Characteristics (n = 386a)

Characteristic Missing No. (%)

Age (median, IQR) 0 44 (27–58)
Male gender 0 271 (70)

Cause 4
Road traffic accident 179 (47)
Fall 133 (35)
Assault 54 (14)
Struck by/struck against

person or object
14 (6)

Other 2 (1)

GCS 0
15 290 (75)
14 81 (21)
13 15 (4)

Pupil reactivity 61
Both reactive 319 (98)
One reactive 5 (2)
None reactive 1 (0)

Psychiatric medical history 0 118 (31)

Hypoxia 2 23 (6)

Hypotension 1 13 (3)

Previous TBI (with and without
hospital admission)

11 198 (53)

Education 12
Low 37 (10)
Middle 202 (54)
High 135 (36)

Alcohol intoxication 228 52 (33)

ISS (median, IQR) 152 16 (10–18)

AIS head 152
0 34 (15)
1 6 (3)
2 27 (12)
3 70 (30)
4 83 (35)
5 14 (6)

Extracranial injury 152 53 (23)

Marshall CT 0
1 232 (60)
2 134 (35)
3 9 (2)
4 4 (1)
5 5 (1)
6 2 (1)

Facial fracture 0 53 (14)

EDH 0 12 (3)

tSAH 1 103 (27)

Mid-line shift 1 10 (3)

Third ventricle obliteration 2 11 (3)

Contusions 1 61 (16)

Petechial hemorrhage 1 3 (1)

aOf 485 patients, 5 were excluded because they had penetrating injury
and 94 had missing outcome, leaving 386 for inclusion.

IQR, interquartile range; GCS, Glasgow Coma Scale; TBI, traumatic
brain injury; ISS, Injury Severity Score; AIS, Abbreviated Injury Score;
CT, computed tomography; EDH, extradural haematoma; tSAH, traumatic
subarachnoid hemorrhage.
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Table 4. Univariate Predictors of 3- and 6-Month GOS-Ea

Common OR (95% CI) Common OR (95% CI)
Predictors (3 months) p value (6 months) p value

Age (per 10 years) 1.2 (1.1–1.3) < 0.001 1.2 (1.1–1.3) 0.002

Male gender 0.9 (0.6–1.4) 0.678 0.8 (0.6–1.2) 0.316

Cause 0.021 < 0.001

MV Ref Ref
Fall 1.4 (0.9–2.1) 1.6 (1.1–2.4)
Assault 2.2 (1.3–3.6) 2.6 (1.5–4.5)
Struck by/strike against 1.3 (0.5–3.4) 0.6 (0.2–1.7)

GCS 0.299 0.015
13 Ref Ref
14 0.6 (0.3–1.6) 0.3 (0.1–1.0)
15 0.5 (0.2–1.3) 0.3 (0.3–0.7)

No or one pupil reactive 2.4 (0.6–9.6) 0.205 3.8 (1.1–13.5) 0.039

Psychiatric medical history 2.2 (1.5–3.3) < 0.001 2.9 (1.9–4.2) < 0.001

Hypoxia 2.8 (1.3–5.9) 0.009 2.7 (1.2–6.1) 0.018

Hypotension 1.8 (0.7–4.8) 0.206 2.2 (0.8–5.8) 0.112

Education 0.050 0.012

Low Ref Ref
Middle 1.0 (0.5–1.9) 0.7 (0.4–1.4)
High 0.6 (0.3–1.1) 0.4 (0.2–0.8)

Alcohol intoxication 0.9 (0.6–1.3) 0.565 1.2 (0.8–1.7) 0.463

ISS 1.03 (1.01–1.06) 0.026 1.02 (0.99–1.04) 0.156

AIS head 1.2 (1.0–1.3) 0.017 1.03 (0.90–1.12) 0.701

Extracranial injury 1.7 (1.1–2.7) 0.012 1.6 (1.0–2.4) 0.044

Marshall’s CT 0.002 0.836
1 Ref Ref
2 1.9 (1.3–2.8) 1.0 (0.8–1.5)
3–4 2.9 (1.2–7.6) 1.7 (0.7–4.1)
5–6 15.5 (3.2–76.2) 8.5 (1.8–40.8)
Facial fracture 1.4 (0.9–2.4) 0.147 1.3 (0.8–2.3) 0.307

EDH 1.0 (0.4–2.6) 0.986 0.3 (0.1–0.9) 0.033

tSAH 2.2 (1.5–3.3) < 0.001 1.3 (0.9–1.9) 0.224

Midline shift 7.8 (2.2–27.6) 0.013 3.2 (0.9–11.6) 0.070

Third ventricle obliteration 8.2 (2.6–26.4) < 0.001 3.2 (1.0–10.3) 0.050

Contusions 1.9 (1.2–3.1) 0.008 1.4 (0.9–2.3) 0.171

Petechial hemorrhage 2.0 (0.3–12.7) 0.473 0.5 (0.1–3.5) 0.527

an = 386.
GOS-E, Glasgow Outcome Score Extended; MV, motor vehicle; GCS, Glasgow Coma Scale; ISS, Injury Severity Score; AIS, Abbreviated Injury Score;

CT, computed tomography; EDH, extradural haematoma; tSAH, traumatic subarachnoid hemorrhage; OR, odds ratio, CI, confidence interval; Ref, reference.

Table 3. Outcome
a

3-month GOS-E
6-month GOS-E 1 2 3 4 5 6 7 8 Unknown

Total
(%)

1 6 0 1 0 1 0 1 0 0 9 (3b)

2 0 0 0 0 0 0 0 0 0 0 (0b)

3 0 0 2 1 1 0 0 0 1 5 (2b)

4 0 0 2 1 0 0 1 0 0 4 (1b)

5 0 0 1 0 14 10 6 4 3 38 (13b)

6 0 0 0 3 9 13 21 3 3 52 (17b)

7 0 0 0 1 5 14 43 18 8 89 (30b)

8 0 0 0 0 2 7 22 64 7 102 (34b)

Unknown 0 0 0 3 9 19 24 32 94 181 (38c)

Total (%) 6 (2b) 0 (0b) 6 (2b) 9 (2b) 41 (11b) 63 (17b) 118 (32b) 121 (33b) 116 (24c) 480

an = 480.
bPercentage of patients with observed outcome.
cPercentage of all patients.
GOS-E, Glasgow Outcome Score Extended.
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with one or two unreactive pupils, an AISh of 4 or 5, or a Marshall’s

CT classification of 5 or 6, characteristics that indicate a more

severe head injury. This illustrates the limitations of a unidimen-

sional approach to classification of TBI. More than half of the

patients reported a previous head injury. This might be an over-

estimation given that it was self-reported.

Outcome

Our findings that one third of the patients made a complete

recovery (GOS-E, 8), one third had some minor remaining symp-

toms (GOS-E, 7), and the final one third had significant disabling

complaints at 3 and even 6 months are consistent with previous

research.7 Although our study population might include somewhat

more severe patients than the general population as a result of the

case mix at our level 1 trauma enrollment centers, these results

illustrate that the consequences of mTBI should not be under-

estimated. The overall outcome distribution was similar at 3 and 6

months, but there were some patients who died between 3 and 6

months and some that deteriorated. Unfortunately, we were unable to

trace whether those that deteriorated did so as a result of the initial

head injury or from other events. The lost to follow-up percentage

increased to 38% at 6 months. This lost to follow-up percentage is

similar to, or better than, other TBI studies.22–24 However, higher

follow-up rates are generally achieved in randomized, controlled

trials. TBI patients are a difficult group to follow, and researchers

should recognize the fact that it requires substantial resources to

achieve acceptable follow-up rates in TBI studies.

Approximately half of the patients (94 of 181) who were lost to

follow-up at 6 months also did not have a 3-month outcome. Of the

patients with observed outcome at 3 months, the majority (56 of 87)

had a GOS-E of 7 or 8. This is consistent with previous findings that

willingness to participate in research is less in those who fully

recover and may result in an overestimation of the rate of unfa-

vorable outcome.25 Given that it is unlikely that predictors have

differential relative effects in patients with more-favorable out-

come, we do not expect the results of the prognostic analyses to be

affected by the missing outcomes.

Models

With AUROCs of 0.52–0.56, the Nijmegen model’s ability to

discriminate between patients with favorable and unfavorable

outcome was hardly better than chance (AUROC = 0.5). The reason

for this poor performance is likely to be related to the original

modeling strategy used in this study. Their development sample

included 1069 patients, of which 257 had unfavorable outcome. In

this sample, 33 possible predictors were tested, corresponding to

one predictor for seven outcome events. A rule of thumb in prog-

nostic modeling is that at least 10–20 outcome events are required

to test one predictor. Testing too many predictors for the sample

size may result in models that are overfitted, resulting in a good

apparent performance in the development data, but poor perfor-

mance at external validation. The amount of overfitting can be

assessed and quantified with internal validation (e.g., in a bootstrap

procedure), but this was not done by Jacobs and colleagues. The

Table 5. Multivariable Predictors of 3- and 6-Month Ordinal GOS-E

Common OR (95% CI) Common OR (95% CI)
Predictor (3 months) p value (6 months) p value

Age (per 10 years) 1.2 (1.1–1.4) < 0.001 1.2 (1.1–1.4) < 0.001

Cause 0.103 0.039
MV Ref Ref
Fall 0.9 (0.6–1.4) 1.0 (0.6–1.6)
Assault 1.9 (1.1–3.4) 2.0 (1.1–3.6)
Struck by/strike against 1.1 (0.4–3.4) 0.5 (0.2–1.4)

GCS 0.481 0.061
13 Ref Ref
14 0.8 (0.3–2.3) 0.4 (0.1–1.2)
15 0.6 (0.2–1.7) 0.3 (0.1–0.9)

No or one pupil reactive 1.0 (0.2–4.4) 0.974 2.1 (0.6–7.5) 0.253

Psychiatric medical history 2.2 (1.4–3.2) < 0.001 2.4 (1.6–3.7) < 0.001

Hypoxia 2.0 (0.9–4.4) 0.101 1.8 (0.7–4.2) 0.193

Hypotension 1.4 (0.5–3.6) 0.507 1.6 (0.6–4.1) 0.369

Education 0.032 0.016
Low Ref Ref
Middle 0.8 (0.4–1.6) 0.7 (0.4–1.4)
High 0.5 (0.2–1.0) 0.4 (0.2–0.9)

ISS per point 1.02 (0.99–1.04) 0.250 1.00 (0.98–1.03) 0.759

Extracranial injury 1.7 (1.0–2.7) 0.045 1.5 (0.9–2.4) 0.105

tSAH 1.6 (0.9–2.9) 0.095 0.9 (0.5–1.5) 0.579

Mid-line shift 1.6 (0.3–8.6) 0.594 0.8 (0.1–5.2) 0.844

Contusion 1.3 (0.7–2.6) 0.404 1.6 (0.8–3.1) 0.176

Third ventricle obliteration 4.1 (0.8–20.6) 0.084 3.4 (0.6–20.2) 0.181

AUROC 3-month model = 0.68; AUROC 6-month model = 0.69.
GOS-E, Glasgow Outcome Score Extended; MV, motor vehicle; GCS, Glasgow Coma Scale; ISS, Injury Severity Score; tSAH, traumatic

subarachnoid hemorrhage; OR, odds ratio, CI, confidence interval; Ref, reference.
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difference between the discriminative ability in the development

data (AUROCs, 0.57–0.71) and in the validation data likely indi-

cate that the Jacobs model is overfitted, but may also be attributed to

true differences in prognostic relations.

The CRASH models discriminated equally poor in the total

mTBI population, with AUROCs of 0.49–0.50. However, the

CRASH models were not developed for patients with a GCS of 15,

which was the majority of our sample. When patients with GCS 15

were excluded, the CRASH models discriminated well. In contrast

to the Nijmegen models, the CRASH models were developed by

testing 14 predictors in 3556 outcome events and were internally

and externally validated in moderate and severe TBI.26 It should be

noted that the outcome predicted by the CRASH models was

GOS < 4, whereas the Nijmegen model predicts GOS-E < 7. Pos-

sibly, it is easier to discriminate between patients above or below a

cutoff in the middle of the GOS-E, compared with a cutoff at the

higher end. This is supported by the finding that our ordinal mul-

tivariable models had AUROCs of 0.68–0.69, representing the

discriminative ability over the complete GOS-E. When the models

were refitted with CRASH outcome GOS < 4, the AUCs increased

to 0.86. In all, the validation of these previously developed models

supports the need for further research to develop valid prognostic

models for mTBI patients.

Predictors of unfavorable outcome

Age, pre-existing psychiatric conditions, and lower education

were the strongest predictors for both 3- and 6-month GOS-E in our

data. Older age is a recognized predictor of poorer outcome in many

diseases, including TBI, and our finding is consistent with the lit-

erature.27 Pre-existing psychiatric conditions are less often studied,

but also have been found to predict unfavorable outcome.28 While

speculative, it is possible that individuals with a pre-existing mental

health condition may have less reserve to overcome the additional

strain of an mTBI. Alternatively, symptoms that relate primarily to

this comorbidity may falsely be attributed to the head injury.29

More highly educated patients may have more-adaptive cop-

ing skills that allow them to return to their previous levels of

functioning.7

Additional strong predictors of lower 6-month GOS-E were in-

jury caused by assault, extracranial injury, and lower GCS. GCS is

an indication of more-severe injury resulting in less favorable

outcome. Violence as a cause of injury has been previously de-

scribed as a predictor of fatigue after mTBI. The researchers sug-

gested that post-traumatic stress might play a role in this relation.28

Extracranial injury may result in disability independent of the head

injury and has been described as a predictor of poor outcome be-

fore, especially in unselected TBI populations.30

It has been suggested that in moderate and severe TBI, out-

come is determined by what ‘‘the injury brings to the patient’’

whereas in mTBI it is what ‘‘the patient brings to the injury,’’

and our data support this statement. Generally accepted prog-

nostic models for moderate and severe TBI include, in addition

to age, indicators of injury severity, such as GCS, pupillary re-

activity, and CT parameters.9,10,26 These predictors are less rel-

evant in mTBI. Here, indicators of social background, history of

psychiatric conditions, assault as cause of injury, and low edu-

cation seem to be predictive of poorer outcome. However, the

combination of pre-existing psychiatric conditions, low educa-

tion, and assault as a cause of injury as predictors of 6-month

outcome poses the question of whether persistent complaints are

fully attributable to the TBI. Future studies that follow up with

more-sensitive and -specific outcome measures in larger cohorts

are required to answer this question. In this study, we neither

aimed nor had enough patients to fully disentangle the mecha-

nisms causing poor outcome. This would be essential to target

treatment to patients at high risk for poor outcome and should be

a main focus of future studies and large ongoing efforts such as

CENTER-TBI and TRACK-TBI.

The predictors we combined in our multi-variable analysis had a

moderate discriminative ability (AUROCs, 0.68’’0.69). Emerging

technologies that could improve prognostication in mTBI include

proteomic biomarkers,31–33 genetic factors,34–36 and improved

imaging biomarkers, including magnetic resonance imaging.37

Additionally, prediction models for mTBI may require more-

sensitive and -specific outcome measures beyond the GOS-E.

We recognize several limitations to our study. We included

patients with GCS 13–15, which are classified in the category of

mTBI. However, there were patients with one or two unreactive

pupils, an AISh of 4 or 5, or a Marshall’s CT classification of 5 or 6

(indicative of ‘‘complicated’’ mTBI with pathological head CT

findings), all indicating quite severe injury. More than half of the

patients reported previous head injury, which may be an overesti-

mation given that it was self-reported without necessarily requiring

hospital admission. Pre-existing psychiatric conditions proved to

be one of the strongest predictors to poorer outcome. A goal of the

TRACK-TBI Pilot Study was to evaluate the feasibility of im-

plementing the TBI CDEs V1.0, which did not include a validated

structured interview for preinjury psychiatric history. Even though

we implemented the highest level of granularity for baseline data

collection, we were unable to capture the specific types, durations,

and formal diagnoses of pre-existing psychiatric conditions. In

moving forward, establishing a standard set of tools and ques-

tionnaires to obtain this level of granularity will be helpful in

evaluating the true associations among pre-existing mental health

conditions and post-TBI outcome.

Conclusion

Reliable outcome prediction in mTBI is important for clinical

practice. Identifying patients at increased risk of unfavorable out-

come permits targeting closer observation and early intervention,

which may reduce the psychological burden of injury on patients,

as well as the related economic burden on society. Our study

demonstrates that existing models for mTBI perform unsatisfac-

torily. We tested 21 variables in ordinal analysis of 386 patients,

which is 1 in 18 and thus reasonable from a statistical perspective.

Although we have found some strong predictors of poor outcome,

such as age and history of psychiatric condition, given the sample

size, we consider the results of our prognostic analysis as hypoth-

esis generating. These predictors will need further validation in

ongoing prospective, longitudinal studies, such as those that are

part of the International TBI Research Initiative.38,39

Acknowledgments

This work was supported by the National Institutes of Health

(grant nos. RC2 NS0694909 [to G.T.M.] and RC2 NS069409-02S1

[to G.T.M.]) and the Department of Defense (USAMRAA

W81XWH-13-1-0441; to G.T.M.). Registry: ClinicalTrials.gov

Identifier NCT01565551.

Author Disclosure Statement

No competing financial interests exist.

92 LINGSMA ET AL.



References

1. Faul, M., Xu, L., Wald, M.M., and Coronado, V.G. (2010). Traumatic
brain injury in the United States: emergency department visits, hos-
pitalizations and deaths 2002–2006. Centers for Disease Control and
Prevention, National Center for Injury Prevention and Control:
Atlanta, GA.

2. Bruns, J., Jr., and Hauser W.A. (2003). The epidemiology of traumatic
brain injury: a review. Epilepsia 44, Suppl. 10, 2–10.

3. Fleminger, S., and Ponsford, J. (2005). Long term outcome after
traumatic brain injury. BMJ 331, 1419–1420.

4. Cassidy, J.D., Carroll, L.J., Peloso, P.M., Borg, J., von Holst, H.,
Holm, L., Kraus, J., Coronado, V.G., and the WHO Collaborating
Center Task Force on Mild Traumatic Brain Injury. (2004). Incidence,
risk factors and prevention of mild traumatic brain injury: results of
the WHO Collaborating Center Task Force on Mild Traumatic Brain
Injury. J. Rehabil. Med. 43 Suppl., 28–60.

5. Carroll, L.J., Cassidy, J.D., Holm, L. Kraus, J. Coronado, V.G., and
the WHO Collaborating Center Task Force on Mild Traumatic Brain
Injury. (2004). Methodological issues and research recommendations
for mild traumatic brain injury: the WHO Collaborating Center Task
Force on Mild Traumatic Brain Injury. J. Rehabil. Med. 43 Suppl.,
113–125.

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

7. 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.

8. 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 pre-
dictors than CT abnormalities. J. Neurotrauma 27, 655–668.

9. 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.

10. Steyerberg, E.W., Mushkudiani, N., Perel, P., Butcher, I., Lu, J.,
McHugh, G.S., Murray, G.D., Marmarou, A., Roberts, I., Habbema,
J.D., and Maas, A.I. (2008). Predicting outcome after traumatic brain
injury: development and international validation of prognostic scores
based on admission characteristics. PLoS Med. 5, e165.

11. Yue, J.K., Vassar, M.J., Lingsma, H.F., Cooper, S.R., Okonkwo, D.O.,
Valadka, A.B., Gordon, W.A., Maas, A.I., Mukherjee, P., Yuh, E.L.,
Puccio, A.M., Schnyer, D.M., Manley, G.T., and the TRACK-TBI
Investigators. (2013). Transforming research and clinical knowledge
in traumatic brain injury pilot: multicenter implementation of the
common data elements for traumatic brain injury. J. Neurotrauma 30,
1831–1844.

12. Jagoda, A.S., Bazarian, J.J., Bruns, J.J., Jr., Cantrill, S.V., Gean, A.D.,
Howard, P.K., Ghajar, J., Riggio, S., Wright, D.W., Wears, R.L.,
Bakshy, A., Burgess, P., Wald, M.M., Whitson, R.R., American
College of Emergency Physicians, and the Centers for Disease Control
and Prevention. (2008). Clinical policy: neuroimaging and decision-
making in adult mild traumatic brain injury in the acute setting. Ann.
Emerg. Med. 52, 714–748.

13. Teasdale, G., and Jennett, B. (1976). Assessment and prognosis of
coma after head injury. Acta. Neurochir. (Wien). 34, 45–55.

14. Thurmond, V.A., Hicks, R., Gleason, T., Miller, A.C., Szuflita, N.,
Orman, J., and Schwab, K. (2010). Advancing integrated research in
psychological health and traumatic brain injury: common data ele-
ments. Arch. Phys. Med. Rehabil. 91, 1633–1636.

15. Maas, A.I., Harrison-Felix, C.L., Menon, D., Adelson, P.D., Balkin,
T., Bullock, R., Engel, D.C., Gordon, W., Orman, J.L., Lew, H.L.,
Robertson, C., Temkin, N., Valadka, A., Verfaellie, M., Wainwright,
M., Wright, D.W., and Schwab, K. (2010). Common data elements for
traumatic brain injury: recommendations from the interagency work-
ing group on demographics and clinical assessment. Arch. Phys. Med.
Rehabil. 91, 1641–1649.

16. Maas, A.I., Harrison-Felix, C.L., Menon, D., Adelson, P.D., Balkin,
T., Bullock, R., Engel, D.C., Gordon, W., Langlois-Orman, J., Lew,

H.L., Robertson, C., Temkin, N., Valadka, A., Verfaellie, M.,
Wainwright, M., Wright, D.W., and Schwab, K. (2011). Standar-
dizing data collection in traumatic brain injury. J. Neurotrauma 28,
177–187.

17. Duhaime, A.C., Gean, A.D., Haacke, E.M., Hicks, R., Wintermark,
M., Mukherjee, P., Brody, D., Latour, L., Riedy, G., the Common Data
Elements Neuroimaging Working Group Members, and the Pediatric
Working Group Members. (2010). Common data elements in radio-
logic imaging of traumatic brain injury. Arch. Phys. Med. Rehabil. 91,
1661–1666.

18. Haacke, E.M., Duhaime, A.C., Gean, A.D., Riedy, G., Wintermark,
M., Mukherjee, P., Brody, D.L., DeGraba, T., Duncan, T.D., Elovic,
E., Hurley, R., Latour, L., Smirniotopoulos, J.G., and Smith, D.H.
(2010). Common data elements in radiologic imaging of traumatic
brain injury. J. Magn. Reson. Imaging 32, 516–543.

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

20. Steyerberg, E.W., Vickers, A.J., Cook, N.R., Gerds, T., Gonen, M.,
Obuchowski, N., Pencina, M.J., and Kattan, M.W. (2010). Assessing
the performance of prediction models: a framework for traditional and
novel measures. Epidemiology 21, 128–138.

21. Marshall, L.F., Marshall, S.B., Klauber, M.R., Clark, M.B., Eisenberg,
H.M., Jane, J.A., Luerssen, T.G., Marmarou, A., and Foulkes, M.A.
(1991). A new classification of head injury based on computerized
tomography. J. Neurosurg. 75, S14–S20.

22. Polinder, S., Meerding, W.J., Lyons, R.A., Haagsma, J.A., Toet, H.,
Petridou, E.T., Mulder, S., and van Beeck, E.F. (2008). International
variation in clinical injury incidence: exploring the performance of
indicators based on health care, anatomical and outcome criteria.
Accid. Anal. Prev. 40, 182–191.

23. Von Steinbuechel, N., Wilson, L., Gibbons, H., Muehlan, H., Schmidt,
H., Sasse, N., Koskinen, S., Sarajuuri, J., Hofer, S., Bullinger, M.,
Maas, A., Neugebauer, E., Powell, J., von Wild, K., Zitnay, G., Bakx,
W., Christensen, A.L., Formisano, R., Hawthorne, G., and Truelle, J.L.
(2012). QOLIBRI overall scale: a brief index of health-related quality
of life after traumatic brain injury. J. Neurol. Neurosurg. Psychiatry
83, 1041–1047.

24. Ponsford, J., Cameron, P., Fitzgerald, M., Grant, M., and Mikocka-
Walus, A. (2011). Long-term outcomes after uncomplicated mild
traumatic brain injury: a comparison with trauma controls. J. Neuro-
trauma 28, 937–946.

25. McCullagh, S., and Feinstein, A. (2003). Outcome after mild trau-
matic brain injury: an examination of recruitment bias. J. Neurol.
Neurosurg. Psychiatry 74, 39–43.

26. Roozenbeek, B., Lingsma, H.F., Lecky, F.E., Lu, J., Weir, J., Butcher,
I., MuHugh, G.S., Murray, G.D., Perel, P., Maas, A.I., Steyerberg,
E.W., International Mission on Prognosis Analysis of Clinical Trials
in Traumatic Brain Injury (IMPACT) Study Group, Corticosteroid
Randomization After Significant Head Injury (CRASH) Trial Colla-
borators, and the Trauma Audit and Research Network (TARN).
(2012). Prediction of outcome after moderate and severe traumatic
brain injury: external validation of the International Mission on
Prognosis and Analysis of Clinical Trials (IMPACT) and Corticoid
Randomisation After Significant Head Injury (CRASH) prognostic
models. Crit. Care. Med. 40, 1609–1617.

27. Hukkelhoven, C.W., Steyerberg, E.W., Rampen, A.J., Farace, E.,
Habbema, J.D., Marshall, L.F., Murray, G.D., and Maas, A.I. (2003).
Patient age and outcome following severe traumatic brain injury: an
analysis of 5600 patients. J. Neurosurg. 99, 666–673.

28. Stulemeijer, M., van der Werf, S., Bleijenberg, G., Biert, J. Brauer, J.,
and Vos, P.E. (2006). Recovery from mild traumatic brain injury: a
focus on fatigue. J. Neurol. 253, 1041–1047.

29. Mittenberg, W., DiGiulio, D.V., Perrin, S., and Bass, A.E. (1992).
Symptoms following mild head injury: expectation as aetiology. J.
Neurol. Neurosurg. Psychiatry 55, 200–204.

30. Van Leeuwen, N., Lingsma, H.F., Perel, P., Lecky, F., Roozenbeek,
B., Lu, J., Shakur, H., Weir, J., Steyerberg, E.W., Maas, A.I., Inter-
national Mission on Prognosis and Clinical Trial Design in TBI Study
Group, Corticosteroid Randomization After Significant Head Injury
Trial Collaborators, and the Trauma Audit and Research Network.
(2012). Prognostic value of major extracranial injury in traumatic
brain injury: an individual patient data meta-analysis in 39,274 pa-
tients. Neurosurgery 70, 811–818.

MTBI OUTCOME PREDICTION MODELS AND PREDICTORS 93



31. Vos, P.E., Lamers, K.J., Hendriks, J.C., van Haaren, M., Beems, T.,
Zimmerman, C., van Geel, W., de Reus, H., Biert, J., and Verbeek,
M.M. (2004). Glial and neuronal proteins in serum predict outcome
after severe traumatic brain injury. Neurology 62, 1303–1310.

32. Mondello, S., Papa, L., Buki, A., Bullock, M.R., Czeiter, E., Tortella,
F.C., Wang, K.K., and Hayes, R.L. (2011). Neuronal and glial markers
are differently associated with computed tomography findings and
outcome in patients with severe traumatic brain injury: a case control
study. Crit. Care 15, R156.

33. Okonkwo, D.O., Yue, J.K., Puccio, A.M., Panczykowski, D., Inoue, T.,
McMahon, P.J., Sorani, M.D., Yuh, E.L., Lingsma, H.F., Maas, A.I.,
Valadka, A.B., Manley, G.T., and the TRACK-TBI Investigators. (2013).
GFAP-BDP as an acute diagnostic marker in traumatic brain injury:
results from the prospective transforming research and clinical knowl-
edge in traumatic brain injury study. J. Neurotrauma 30, 1490–1497.

34. Sundstrom, A., Nilsson, L.G., Cruts, M., Adolfsson, R., Van Broec-
khoven, C., and Nyberg, L. (2007). Increased risk of dementia fol-
lowing mild head injury for carriers but not for non-carriers of the
APOE epsilon4 allele. Int. Psychogeriatr. 19, 159–165.

35. McAllister, T.W., Rhodes, C.H., Flashman, L.A., McDonald, B.C.,
Belloni, D., and Saykin, A.J. (2005). Effect of the dopamine D2 re-
ceptor T allele on response latency after mild traumatic brain injury.
Am. J. Psychiatry 162, 1749–1751.

36. McAllister, T.W., Tyler, A.L., Flashman, L.A., Rhodes, C.H.,
McDonald, B.C., Saykin, A.J., Tosteson, T.D., Tsongalis, G.J., and
Moore, J.H. (2012). Polymorphisms in the brain-derived neurotrophic

factor gene influence memory and processing speed one month after
brain injury. J. Neurotrauma 29, 1111–1118.

37. 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,
A.I., Manley, G.T., and the TRACK-TBI Investigators. (2013).
Magnetic resonance imaging improves 3-month outcome prediction in
mild traumatic brain injury. Ann. Neurol. 73, 224–235.

38. Tosetti, P., Hicks, R.R., Theriault, E., Phillips, A., Koroshetz, W.,
Draghia-Akli, R., and Workshop Participants. (2013). Toward an in-
ternational initiative for traumatic brain injury research. J. Neuro-
trauma 30, 1211–1222.

39. Manley, G.T., and Maas, A.I. (2013). Traumatic brain injury: an in-
ternational knowledge-based approach. JAMA 310, 473–474.

Address correspondence to:

Geoffrey T. Manley, MD, PhD

Department of Neurological Surgery

University of California San Francisco

1001 Potrero Avenue

Building 1, Room 101

San Francisco, CA 94110

E-mail: manleyg@neurosurg.ucsf.edu

94 LINGSMA ET AL.




