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Objective: Accurate outcome prediction models for patients with mild traumatic brain 
injury (MTBI) are key for prognostic assessment and clinical decision-making. Using 
multivariate machine learning, we tested the unique and added predictive value of (1) 
magnetic resonance imaging (MRI)-based brain morphometric and volumetric charac-
terization at 4-week postinjury and (2) demographic, preinjury, injury-related, and postin-
jury variables on 12-month outcomes, including global functioning level, postconcussion 
symptoms, and mental health in patients with MTBI.

Methods: A prospective, cohort study of patients (n = 147) aged 16–65 years with a 
12-month follow-up. T1-weighted 3 T MRI data were processed in FreeSurfer, yielding 
accurate cortical reconstructions for surface-based analyses of cortical thickness, area, 
and volume, and brain segmentation for subcortical and global brain volumes. The 
12-month outcome was defined as a composite score using a principal component 
analysis including the Glasgow Outcome Scale Extended, Rivermead Postconcussion 
Questionnaire, and Patient Health Questionnaire-9. Using leave-one-out cross-validation 
and permutation testing, we tested and compared three prediction models: (1) MRI 
model, (2) clinical model, and (3) MRI and clinical combined.

results: We found a strong correlation between observed and predicted outcomes 
for the clinical model (r = 0.55, p < 0.001). The MRI model performed at the chance 
level (r = 0.03, p = 0.80) and the combined model (r = 0.45, p < 0.002) were slightly 
weaker than the clinical model. Univariate correlation analyses revealed the strongest 
association with outcome for postinjury factors of posttraumatic stress (Posttraumatic 
Symptom Scale-10, r = 0.61), psychological distress (Hospital Anxiety and Depression 
Scale, r = 0.52), and widespread pain (r = 0.43) assessed at 8 weeks.

conclusion: We found no added predictive value of MRI-based measures of brain 
cortical morphometry and subcortical volumes over and above demographic and clinical 
features.
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inTrODUcTiOn

Traumatic brain injury (TBI) ranges from severe to mild 
injuries with approximately 85% classified as mild TBI (MTBI) 
(1). Most patients with MTBI have a favorable outcome (2), but 
5–15% must learn to live with persistent physical, emotional, 
and cognitive deficits (3). These complaints are known as post-
concussion symptoms that may impact long-term postinjury 
social functioning and work participation (4). Identifying 
patients at increased risk of poor outcome is essential to aid 
prognostics and optimize treatment. The advancement of 
magnetic resonance imaging (MRI) techniques could provide 
opportunities as prognostic tool in this respect. In a review, 
Studerus-Germann et  al. found that several MRI-based brain 
imaging modalities, including diffusion tensor imaging (DTI), 
susceptibility weighted imaging, magnetic resonance spectros-
copy, and functional MRI, seem to have adequate sensitivity 
and specificity as predictive diagnostic tools according to the 
current literature (5). However, the numbers of studies are 
small. Blood-based biomarkers for brain damage have long 
been evaluated as potential prognostic measures in MTBI, but 
none have emerged thus far as a means of identifying those 
cases of MTBI with evolving brain damage leading to long-term 
dysfunction at an early stage (6).

Several factors may increase risk of poor outcome after MTBI. 
In a systematic review, Silverberg et al. (7) found that potential 
contributors include preinjury factors (demographic variables 
including female gender (8), advanced age (8), being single, lower 
education, poor preinjury health, preinjury functioning, and low 
level of resilience), injury-related factors (mechanism of injury, 
severity of MTBI in terms of longer posttraumatic amnesia (PTA) 
duration, lower Glasgow Coma Scale (GCS) score, and loss of 
consciousness (LOC), and alcohol intoxication), and postinjury 
coexistence of pain, posttraumatic stress, anxiety and depression, 
and negative expectations (7).

Preinjury psychiatric problems (9, 10), premorbid or comor-
bid physical dysfunction (9), and associated injuries (9, 11) have 
all been associated with less favorable outcome after MTBI. In 
a recent Transforming Research and Clinical Knowledge in TBI 
(TRACK-TBI) pilot study, the strongest predictors of lower 
functional outcome measured by the Glasgow Outcome Scale 
Extended (GOSE) at both 3 and 6 months were the demographic 
and preinjury factors, older age, a history of psychiatric condi-
tions, and lower education (12). The influence of psychological 
resilience and mood status in conjunction with MTBI remains 
relatively unexplored. McCauley et  al. (13) suggested that pre-
injury depressed mood and low level of resilience contribute to 
the severity of postinjury postconcussion symptoms. Low level of 
resilience has been associated with poor self-reported outcome 
(14). Also, moderate to severe depressive symptoms in the 
month prior to injury represent a risk factor for poor behavioral, 
cognitive, and mental health-related quality-of-life outcomes 
at 3  months after MTBI (15). Concurrent anxiety, depression, 
posttraumatic stress (16, 17), and pain (18–20) may contribute 
to symptoms, and depression and posttraumatic stress have been 
associated with decreased functional outcome measured with the 
GOSE (21).

Multiple injury-related factors have been associated with 
persistent symptoms following MTBI, but findings have been 
inconsistent (2). The predictive value of GCS has been found to 
be modest (9, 22). PTA duration greater than 7 days was found 
to be predictive of residual moderate disability at 6  months 
postinjury in patients with complicated MTBI (i.e., intracranial 
injuries) (23). Adding to the heterogeneity, imaging studies 
have demonstrated that brain pathology, as indicated by CT, is 
not a strong predictor of outcome with regard to symptoms or 
global function according to the GOSE in MTBI (11, 24–26). 
MRI is more sensitive than CT (27), but studies aiming to pre-
dict outcome using MRI measures have provided inconsistent 
results. CT and conventional MRI findings were not predictive 
of neurocognitive functioning at 1 or 12  months after injury, 
nor was functional outcome 1 year after injury (25). However, 
brain contusions and axonal injury within 16 days after injury 
were stronger predictors for poor outcome in MTBI than demo-
graphic factors (28).

In a review of studies of MRI brain volumetry in patients with 
TBI, the amount of atrophy correlated significantly with impor-
tant clinical variables, such as LOC, duration of coma, and dura-
tion of PTA, and the rate of atrophy was associated with worse 
long-term functional outcomes after injury (29). Da Costa et al. 
(30) found significant decrease in gray matter volume between 2 
and 6 months after MTBI and a positive correlation between gray 
matter and SCAT2, a questionnaire assessing current symptoms, 
with tasks probing cognitive and balance abilities.

However, as a result of the inconsistent findings, the clinical 
and functional significance of MRI findings is unclear, and there 
is a need for studies with well-defined, thoroughly characterized 
cohorts utilizing advanced and automated structural neuroimag-
ing to assess its prognostic value. Understanding how postinjury 
structural properties of the brain relate to long-term function in 
MTBI patients is important for developing better predictions of 
outcomes in clinical settings.

Thus, the main aim of this study was to test the unique and 
added predictive value of MRI-based brain morphometric 
and volumetric characterization at 4  weeks postinjury and 
demographic and clinical data at 12  month-outcome, cover-
ing global functioning level, postconcussion symptoms, and 
mental health. To the best of our knowledge, this is the first 
attempt to use morphometric and volumetric MRI as features 
in multivariate prediction models for clinical outcomes in 
individuals with MTBI.

Based on the literature reviewed above and the notion that 
interindividual variability in brain structure is sensitive to 
clinically relevant functions, we hypothesized that MRI-based 
brain morphometry and volumetry at 4 weeks postinjury would 
show predictive value for outcomes at 12  months postinjury 
beyond what can be obtained using clinical and demographic 
data alone.

MaTerials anD MeThODs

subjects
Patients were included in a prospective cohort study comprising 
patients with acute MTBI admitted to Oslo University Hospital 
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during a period from September 2011 to September 2013. The 
study was approved by the Norwegian Regional Committee for 
Medical Research Ethics (REC) (2010/1899) and all methods 
were carried out in accordance with the relevant guidelines and 
regulations of REC. All participants provided written informed 
consent.

Mild traumatic brain injury classification criteria vary 
across studies. Here, MTBI was defined using the criteria from 
the American Congress of Rehabilitation Medicine (31) and 
included patients aged 16–65 years with recent (<24 h) history 
of trauma to the head (hospitalization with ICD-10 diagnosis 
S06.0–S06.9), resulting in LOC < 30 min, PTA < 24 h, and GCS 
between 13 and 15. The GCS was registered within the first 24 h 
following injury, and the lowest GCS score within the first 24 h 
is reported.

Exclusion criteria were severe mental illness (e.g., major 
depressive disorder, schizophrenia, or bipolar disorder diagnosed 
by a psychiatrist or clinical psychologist), progressive neurologic 
disease, previous ICD-10 diagnosis of substance dependence, 
contraindications for MRI (including pregnancy and claustro-
phobia), or lack of Norwegian language skills.

Of the 223 patients who fulfilled the inclusion criteria, 36 
were excluded, 28 did not attend to MRI or withdrew, five inter-
rupted MRI, and three had an MRI-incompatible implant. Eight 
patients did not show up for 8-week follow-up. MRI data sets 
for 11 patients were discarded due to motion artifact or gross 
abnormal intracranial findings, which severely interfered with 
the automated reconstruction in FreeSurfer. Seventeen patients 
did not show up for 12-month follow-up, and four patients were 
excluded after quality assurance of the segmentation, resulting in 
a final sample size of 147 patients (Figure 1).

Mri Data acquisition and analysis
Magnetic resonance imaging was performed using a 3 T whole-
body MRI system (Signa HDxt, GE Medical Systems, Milwaukee, 
WI, USA) with two different head coils: the Head/Neck/Spine coil 
and the 8HRBRAIN. The protocol included a 3D Fast Spoiled 
Gradient Echo T1-weighted sequence used for morphometric 
assessments (repetition time in millisecond/echo time in mil-
lisecond/inversion time in millisecond, 7.8/2.96/450; flip angle, 
12°; and spatial resolution, 1 × 1 × 1.2 mm). Acquisition param-
eters were optimized for increased gray/white matter contrast. 
Additionally, a T2-weighted sequence and a T2 Susceptibility-
Weighted Angiography sequence were performed to depict hem-
orrhagic or other lesions. There was no major scanner upgrade in 
the study period. All patient MRI data were evaluated for gross 
pathologies and lesions by a neuroradiologist.

Cortical reconstruction and volumetric segmentation were 
performed with FreeSurfer (http://surfer.nmr.mgh.harvard.
edu/). In short, this processing includes removal of non-brain 
tissue (32), automated Talairach transformation, segmentation 
of the subcortical white matter and deep gray matter volumetric 
structures (33), intensity normalization, tessellation of the gray/
white matter boundary, topology correction, and surface defor-
mation (34, 35) to produce representations of cortical thickness. 
These representations are calculated as the closest distance from 
the gray/white boundary to the gray/CSF boundary at each vertex 

on the surface. The maps are not restricted to the voxel resolution 
of the original data and are capable of detecting submillimeter 
differences between groups. Using an automated labeling system 
based on the Desikan–Killiany atlas (36, 37), the cortex was divided 
into 33 gyral-based regions in each hemisphere. We computed 
average estimated cortical thickness, surface area, volume, and 
subjacent white matter volume for major lobes (frontal, cingulate, 
occipital, temporal, parietal, and insula; https://surfer.nmr.mgh.
harvard.edu/fswiki/CorticalParcellation). We also included the 
volume of the following structures based on standard FreeSurfer 
volume segmentation algorithms (33): corpus callosum (pos-
terior, mid posterior, central, mid anterior, and anterior), total 
brain volume (ventricles excluded), total subcortical gray matter 
volume, total gray matter volume, total supratentorial volume 
(ventricles excluded), estimated intracranial volume (eTIV), 
total brain volume to eTIV ratio, lateral ventricles, inferior lateral 
ventricles, brain stem, cerebellar white matter, cerebellar cortex, 
thalamus, caudate, putamen, pallidum, hippocampus, amygdala, 
accumbens, cortical volume, white matter volume, and choroid 
plexus. The above described procedures yielded a total of 104 
brain imaging measures.

Demographic and clinical Measures
Selection of preinjury, injury-related, and postinjury predic-
tors was based on prior knowledge from the literature and 
clinical experience. Clinical data were obtained from the 
medical records. Postinjury factors were assessed from self-
reports obtained at outpatient clinical appointment 8  weeks 
after injury.

Preinjury Factors
Preinjury factors included age in years, gender, marital status 
(married/partnership/live with and unmarried/widowed/
divorced), education (0–12/>12 years), preinjury employment 
status (yes/no) and in addition preinjury anxiety and depression 
(yes/no), and resilience measured retrospectively. The Resilience 
Scale for Adults (RSA) is a 33-item self-report scale measuring 
resilience protective factors among adults (38, 39). The scale cov-
ers six subscales: perception of self, perception of future, social 
competence, family cohesion, social resources, and structured 
style as well as a total score. We used both the subscales and 
the total score in the analyses. This study used a 5-point scale 
(range 33–165).

Injury-Related Factors
The GCS score (40) utilizes the injured persons best eye-opening, 
verbal, and motor responses to assess the conscious state, with a 
total score between 3 (showing no response) and 15 (alert and 
well orientated).

Duration of PTA was assessed in the emergency department 
(ED) and was classified into no amnesia, less than 1  h, and 
between 1 and 24 h [Hellstrøm et al. (41), in press].

The presence and duration of LOC were also based on the 
medical record and classified into no LOC, less than 5  min or 
5  min or more [Hellstrøm et  al. (41), in press]. The causes of 
injury were extracted from the medical record and classified as 
traffic accidents, falls, violence, and others.
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Alcohol use was assessed (yes/no) through blood alcohol con-
centration or clinical examination at the time of hospital admission.

Postinjury Factors
Pain
Painful areas were recorded using a pain drawing, counting the 
number of areas (maximum 10 areas) according to Kuorinka et al. 

(42), including the head. Higher scores indicated widespread 
pain.

Expectation of a Favorable Outcome
In the questionnaire at 8 weeks postinjury, an expectation of a 
favorable outcome was classified as yes, recovered, no, or do not 
know the outcome (43).
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Anxiety and Depression
The Hospital Anxiety and Depression Scale (HADS) (44) is a vali-
dated self-assessment scale of anxiety and depression symptoms 
for the last 7 days, with 14 questions graded on a 4-point Likert 
scale (0–3), yielding separate anxiety and depression subscale 
scores of 0–21. The validity and reliability of the HADS have been 
established in patients with TBI (45, 46). The total HADS score 
(range 0–42) was used in the analyses.

Posttraumatic Stress Symptoms
The Posttraumatic Symptom Scale-10 (PTSS-10) is a self-report 
rating scale measuring the intensity of posttraumatic stress symp-
toms (intrusion, avoidance, and hyperalertness). A total symptom 
severity score (range 10–70) is obtained by summing scores from 
the 10 items from 1 (never) to 7 (always). It has shown satisfac-
tory psychometric properties with a high internal consistency for 
the diagnosis of posttraumatic stress syndrome (PTSD) (47, 48). 
Because the PTSS-10 does not give a formal PTSD diagnosis, we 
used the term PTSS.

Outcome assessment
The dependent variable in this study was determined by com-
bining data from GOSE, Rivermead Postconcussion Symptoms 
Questionnaire (RPQ), and Patients Health Questionnaire-9 
(PHQ-9) obtained during the visit to the outpatient clinic 
12 months postinjury into a composite score. We used principal 
component analysis (PCA) to compute an outcome score reflect-
ing the common variance across GOSE, RPQ, and PHQ-9 (details 
are given below).

Glasgow Outcome Scale Extended is a global assessment of 
a functioning tool for the areas of independence, work, social, 
and leisure activities, and participation in social life (49) recom-
mended as the main outcome measurement in TBI studies in 
the Common Data Elements (50). It is an 8-point ordinal scale 
divided into upper and lower levels of good recovery (7, 8), 
moderate disability (5, 6), severe disability (3, 4), vegetative state 
(2), and death (1).

Rivermead Postconcussion Symptoms Questionnaire con-
sists of 16 items, which represent the most frequently reported 
symptoms after MTBI. This instrument covers the cognitive 
(RPQ cognitive), emotional (RPQ emotional), and physical 
(RPQ somatic) domains and has been shown to be valid for 
diagnosing postconcussion symptoms (51). The patients are 
asked to rate the degree to which each item has become more 
of a problem during the previous 24 h compared to before the 
TBI. The responses are then rated on a 5-point Likert scale as 
follows: 0 = not experienced at all; 1 = no more of a problem; 
2 = a mild problem; 3 = a moderate problem; and 4 = a severe 
problem. The RPQ items are then summed to a total score, 
excluding ratings of 1 (51).

Patients Health Questionnaire-9 is a reliable and valid meas-
ure of the severity of depressive symptoms (52). It consists of nine 
items that reflect typical symptoms of depression. The response 
choices assess how often each problem has bothered the patient 
over the preceding 2 weeks and range from 0 to 3 (not at all to 
every day). Total score ranges of 0–4 indicate no depression, 5–9 
indicate mild depression, 10–14 indicate moderate depression, 

15–19 indicate moderately severe depression, and 20–27 indicate 
severe depression.

Prediction Models and cross Validation
We attempted to predict the outcome on the g factor based on 
data from preinjury factors, injury-related factors, and postinjury 
factors. We formed three prediction models: (A) a brain imaging 
data model, (B), a clinical data model, and (C) an imaging and 
clinical data model.

The imaging model included the 104 brain imaging measures, 
assessed 4 weeks postinjury. The clinical model included the 14 
preinjury factors (age, gender, education, marital status, preinjury 
depression, preinjury anxiety, preinjury work status, and seven 
resilience factor scores), five injury-related factors (mechanism 
of injury, GCS on admission, PTA, LOC, and alcohol influence), 
and four postinjury factors (PTSS-10 total score, HAD total score, 
expectation of a favorable outcome, and pain), all assessed on 
admission to the hospital or on outpatient clinical appointment 
at 8 weeks postinjury. Model C combined all features from both 
models.

We performed a total of 127 univariate associations (104 imag-
ing features +  23 clinical variables) and corrected for multiple 
comparison using the false discovery rate (FDR) (53). A sup-
port vector regression model was built using a Gaussian kernel 
with heuristic, automated kernel scaling, and z-standardization 
applied to the data. Each model was validated using leave-one-out 
cross-validation. To compare predictive value of the models, we 
assessed their mean squared error (MSE) as well as the correlation 
between predicted outcome and the (true) outcome g factor. We 
validated robustness of the model across 10,000 permutations, 
each randomly permuting the predictor variable.

statistical analysis
Descriptive statistical analyses were performed using SPSS for 
Windows, version 22 (SPSS Inc., Chicago, IL, USA). Statistical 
significance was reported at the 0.05 level. PCA, machine 
learning-based predictions, and corresponding permutation 
tests were performed using MATLAB 2015b (MathWorks, Inc.). 
Preinjury, injury-related, and postinjury data are presented as 
percentage, mean and SD, or median. Next, we performed a 
PCA on the scores of the RPQ emotional score, RPQ somatic 
score, RPQ cognitive score, total sum of GOSE, and total score of 
PHQ-9 and used an alternating least squares algorithm to impute 
missing data in the PCA framework, whereas missing data were 
not imputed in the descriptive statistics. Pearson correlation 
between the composite outcome score and RPQemotional (r = 0.86), 
RPQsomatic (r = 0.86), RPQcognitive (r = 0.90), GOSEtotal (r = −0.78), 
and PHQtotal (r = 0.88) indicated that all outcome metrics contrib-
uted substantially to the composite score. The subtle variations in 
the above correlations are likely attributable to varying specificity 
of the different measures, yet PCA captured the shared variance 
between all metrics, which was extremely high (73.3% variance 
explained by the first factor). The outcome composite score did 
not correlate with age (r = −0.088). We then used the resulting 
factor (g factor) explaining the highest proportion of variance 
across all features as a summary score reflecting functional 
and symptomatic outcomes. All five variables were equally well 
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TaBle 1 | Demographics and injury-related variables of mild traumatic 
brain injuries (MTBis) at 8 weeks postinjury.

Variables MTBi at baseline (n = 147)

Age (years)
Mean (SD) 40.0 (13.8)

Gender (n, %)
 – Male
 – Female

92 (63)
55 (37)

Marital status
 – Married/partnership/live with
 – Unmarried/widowed/divorced

94 (64)
53 (36)

Education (n, %)
 – 0–12 years
 – >12 years

68 (46)
79 (54)

Employment (n, %)
 – Yes
 – No

123 (84)
24 (16)

Preinjury anxiety
 – Yes
 – No

12 (8)
135 (92)

Preinjury depression
 – Yes
 – No

13 (9)
134 (91)

Mechanism of injury (n, %)
 – Traffic accidents
 – Falls
 – Violence
 – Others

64 (43)
54 (37)
16 (11)
13 (9)

Glasgow Coma Scale score (n, %)
 – 15
 – 14
 – 13

107 (73)
34 (23)
6 (4)

Isolated traumatic brain injury (n, %)
 – Yes
 – No

88 (60)
59 (40)

Loss of consciousness (n, %)
 – Yes (<5 min)
 – Yes (≥5 min)
 – No
 – Unknown

86 (58)
4 (3)

28 (19)
29 (20)

Posttraumatic amnesia (n, %)
 – No amnesia
 – <1 h
 – >1 < 24 h
 – Unknown

13 (9)
104 (71)

1 (1)
29 (19)

Alcohol intoxication admission
 – Yes
 – No

44 (30)
103 (70)

Length of acute hospital stay (days)
Mean (SD) 2.4 (2.5)

Time to magnetic resonance imaging scan (days)
Mean (SD) 36.7 (20)
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represented in this factor (coefficients; RPQ emotional 0.45, RPQ 
somatic 0.45, RPQ cognitive 0.47, GOSE total 0.41, and PHQ total 
0.46). The score explained 73% of the total variance in the five 
scales, thus rendering it a robust indicator of outcome. A high g 
factor reflected poor outcome.

resUlTs

Demographic and injury-related Variables
Demographics and injury characteristics are summarized in 
Table 1. Participants (n = 147) were predominately male (63%) 
with a median age of 40. The leading cause of trauma was traffic 
injuries (43%). Most patients had LOC less than 5 min (58%) and 
PTA less than 1 h (71%), LOC and PTA missing for 29 patients.

CT scan at admission was negative in 87 patients, and for five 
patients, we did not have a CT scan, of which four had a negative 
and one a positive MRI scan. Twelve patients with a negative CT 
scan (14%) displayed injury-related findings on MRI (six diffuse 
axonal injuries, 10 cerebral contusions, and two subdural hemor-
rhages) and 40% had extracranial injuries. MRI was performed at 
a median time of 37 days postinjury.

self-reported symptoms at 8 Weeks
As seen in Table 2, most patients had an expectation of favorable 
outcome (71%). The mean number of pain areas demarcated was 
1.84 (SD 1.7). The mean total HADS score was 7.96 (SD 6.7), and 
the mean total PTSS-10 score was 21.7 (12.3), indicating low 
emotional distress and posttraumatic stress symptoms (Table 2). 
Resilience was missing for five patients, and the distribution of 
the domains is described in Table 2.

Functional and symptomatic Outcome 
12 Months Postinjury
Table 3 presents the mean and SD of the functional (GOSE) and 
symptomatic outcome (RPQ and PHQ-9) 12 months after injury. 
The results indicate good functional outcome [GOSE mean 7  
(SD 1)] and relatively low symptom burden [RPQ mean 13.12 
(SD 14.0), PHQ-9 mean 6.45 (SD 5.45)] at 12 months postinjury.

Outcome Prediction
Figure 2 shows the association between predicted and observed 
outcomes. With an MSE of 2.58 and a correlation between 
observed and predicted outcomes (r = 0.55), the clinical model 
(model B) yielded significantly better prediction accuracy than 
the imaging model (MSE 4.05, r = 0.03). Predictions in model 
A (MRI data only) did not perform significantly above chance 
(p = 0.80, p value obtained across 10,000 permutations), whereas 
those in model B (clinical data only) were well above chance 
(p < 0.001). The prediction accuracy of the imaging model with 
age incorporated as a feature did not improve (MSE: 4.06). Adding 
MRI and clinical data in one model (model C) did not increase 
performance (model 3, MSE 2.91, r = 0.45, p < 0.002) compared 
to the clinical model.

Univariate correlations with outcome revealed seven FDR 
significant correlations (p  ≤  0.0017) including six clinical 

[three  RSA  (RSA perception of self, RSA perception of future, 
and RSA total), PTSS, HADS, and pain] and one imaging feature 
(the volume of the left choroid plexus).

Strongest association was found with posttraumatic stress 
(PTSS-10, r  =  0.61), psychological distress (HADS, r  =  0.52), 
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TaBle 3 | self-reported outcome measures of MTBis at 12 months 
postinjury.

Variables MTBi (n = 147)

RPQ total
Mean (SD) 13.12 (14.0)

RPQ somatic
Mean (SD) 6.39 (7.2)

RPQ emotional
Mean (SD) 3.40 (4.3)

RPQ cognitive
Mean (SD) 3.33 (4.0)

GOSE
Mean (SD) 7 (1)

PHQ-9
Mean (SD) 6.45 (5.45)

MTBI, mild traumatic brain injury; RPQ, Rivermead Postconcussion Symptoms 
Questionnaire; GOSE, Glasgow Outcome Scale Extended; PHQ-9, Patient Health 
Questionnaire-9.

TaBle 2 | self-reported predictors of MTBis at 8 weeks postinjury.

Variables MTBi (n = 147)

RSA total
Mean (SD) 112.5 (18.5)

RSA; perception of self
Mean (SD) 3.28 (0.86)

RSA; perception of future
Mean (SD) 3.27 (0.92)

RSA; social competence
Mean (SD) 3.25 (0.76)

RSA; family cohesion
Mean (SD) 3.49 (0.71)

RSA; social resources
Mean (SD) 3.83 (0.57)

RSA; structured style
Mean (SD) 3.13 (0.78)

Posttraumatic Symptom 
Scale-10 total
Mean (SD) 21.7 (12.3)

HADS total
Mean (SD) 7.96 (6.7)

Expectation of favorable outcome
 – Yes
 – Recovered
 – No
 – Do not know

104 (71)
30 (20)
2 (1)

11 (8)

Pain draft
Mean (SD) 1.84 (1.7)

MTBI, mild traumatic brain injury; RSA, Resilience Scale for Adults, missing 5; HADS, 
Hospital Anxiety and Depression Scale.
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and pain (r = 0.43). Higher resilience was associated with better 
outcome (RSA perception of self: r = −0.34, RSA perception of 
future: r = −0.39, and RSA total: r = −0.26). The volume of the 
left choroid plexus (r = −0.26) and the midposterior part of the 
corpus callosum (r = 0.19, not surviving FDR correction) were 

the MRI features showing the strongest associations with out-
come, with a smaller choroid plexus and a larger corpus callosum 
associated with worse outcomes. Partial correlations accounting 
for age revealed the same seven significant (FDR-corrected) 
associations.

DiscUssiOn

Accurate prognostic estimates are critical for clinical decision-
making, but the added value of advanced MRI brain morpho-
metric characteristics for prognostic purposes has remained 
unclear. The main result in this study is that we found no added 
predictive value of morphometric and volumetric measures 
obtained 4  weeks postinjury on a continuous outcome meas-
ure based on a composite score of GOSE, RPQ, and PHQ-9 at 
12 months after injury in patients suffering from MTBI who had 
been admitted to the hospital within 24 h of injury. Comparing 
three multivariate prognostic models revealed that the model 
including demographic and clinical features yielded significantly 
better prediction than a model including imaging data alone and 
the merged model. The most robust prognostic factors obtained 
at 8 weeks postinjury, when considered alongside others in the 
multivariate models, were posttraumatic stress symptoms (PTSS-
10), psychological distress (HADS), and widespread pain.

Magnetic resonance imaging has been shown to be more 
sensitive than CT in detecting subtle lesions during the acute 
phase (26, 54). Despite this, neither CT nor MRI neuroradiologi-
cal findings were found to account for cognitive impairment in 
the study of Lee et al. (25), suggesting that alternative imaging 
techniques are needed to provide imaging-based predictors of 
outcome in MTBI. Here, we assessed the predictive value of a 
sensitive and automated approach for quantifying morphometric 
properties of the brain, including cortical thickness and sub-
cortical volumetry. Although the sensitivity of these measures 
has been demonstrated repeatedly across a range of conditions 
and disorders (55, 56), the multivariate model including clinical 
variables outperformed the neuroimaging model for predicting 
outcome, and adding neuroimaging features to the clinical model 
did not increase accuracy. The two volumetric measures showing 
the strongest associations with outcome were the volumes of the 
lateral ventricle choroid plexus and the midposterior part of the 
corpus callosum, of which only the first survived corrections 
for multiple comparisons. A smaller choroid plexus and a larger 
corpus callosum were associated with worse outcomes.

The choroid plexus is a collection of cells located in the 
ventricles. In addition to the production of cerebrospinal fluid 
(CSF), its tasks include filtration and cleaning of the CSF, indi-
cating an important role in maintaining optimal brain function. 
Interestingly, TBI frequently results in neuroinflammation, which 
includes the invasion of neutrophils. A review article concluded 
that functional destabilization of the choroid plexus and ependy-
mal wall in the brain following TBI has marked effects on CSF 
homeostasis and periventricular neurogenic viability (57). Using a 
morphometric MRI analysis, a previous study reported larger esti-
mated choroid plexus volume in patients suffering from complex 
regional pain syndrome (58). Although the current implication 
of choroid plexus-related processes (e.g., neuroinflammation and 
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FigUre 2 | association between predicted and observed outcome. (a) Imaging model mean squared error (MSE): 4.05, (B) clinical model MSE: 2.58, and (c) 
model with imaging + clinical data MSE: 2.91.
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CSF/brain maintenance and homeostasis) in the pathophysiology 
of MTBI is intriguing, the choroid plexus has received relatively 
little attention in clinical neuroscience, partly because a precise 
delineation of the structure using MRI data is often difficult. 
Therefore, the current results need to be interpreted with cau-
tion and should be replicated and investigated in independent 
samples and with other MRI sequences specifically targeting 
neuroinflammatory mechanisms.

The gray–white matter junction and midline brain struc-
tures are particularly vulnerable to diffuse axonal injury, and 
the corpus callosum and dorsolateral midbrain are frequently 
involved (59). Studies have found reduced white matter integrity 
in the corpus callosum (60, 61), which has also been associated 
with functional outcome using The Functional Independence 
Measure and Glasgow Outcome Scale, although in severe TBI 
(62). Importantly, we did not include DTI-based indices of white 
matter microstructure in the present analysis, and the relation-
ship between DTI-based measures and white matter volume is 
complex (63). The results from our study need to be verified, but 
the findings pinpoint the corpus callosum as a potential target for 
future research.

Mental health including levels of anxiety has been associated 
with outcome after MTBI in several studies (10, 17, 19, 64). 
Posttraumatic stress has been implicated as an outcome predic-
tor (9, 19), and both depression and PTSD have been associated 
with decreased functional outcome measured with GOSE (21). 
Recently, it was demonstrated that patients reporting ongoing 
PCS at 12  months of follow-up exhibited a psychological risk 
factor at 1  month (e.g., depression, possible traumatic stress, 

and/or low resilience) (65). Indeed, it has been suggested that 
preinjury depressed mood and low level of resilience are sig-
nificant contributors to the severity of postinjury anxiety and 
postconcussion symptoms, even after accounting for effects of 
other host factors (13). Another study reported that resilience 
was associated with self-reported outcome after MTBI (14), 
which is consistent with our current results. These converging 
findings emphasize the importance of considering emotional 
well-being after injury, and early mental health interventions 
may be beneficial for recovery.

A literature review concluded that headache and bodily pain 
represent inconsistent predictors of outcome (7). Headache is 
shown to be predictive of outcome measured by RPQ at 3 months 
postinjury (66), and patients with low levels of pain early after 
injury had good recovery measured by return to work (9). Acute 
pain has been significantly associated with postconcussive symp-
toms at 3  months of follow-up, but the generalizability to the 
current study is unclear due to the predominance of 40% assaults 
(20) compared to 11% in this study. High levels of pain have 
been related to adverse early MTBI outcomes (67), and negative 
MTBI perceptions were associated with PCS at 6 months (64). 
In contrast, our multivariate prediction models did not yield a 
relevant predictive value of patient expectations of favorable 
outcome, which may be because the instrument does not measure 
any specific components of patients’ perceptions of their illness 
and the future.

Preinjury factors including age, gender, education, marital sta-
tus, preinjury health, and preinjury work status did not contribute 
uniquely to outcome prediction in our study. A recent review 
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article concluded that gender was not a well-studied prognostic 
indicator for recovery after MTBI, but small gender differences 
were found for some outcome variables (68), with worse outcome 
for female patients. Older age has been shown to be a significant 
predictor of global functioning at 3 and 6  months after MTBI 
(12), which is consistent with a recent review concluding that 
older adults may be more vulnerable to poor outcomes than 
younger adults (7). Findings in this study indicate no age effects 
probably because older adults (>65  years) were excluded. The 
prognostic value of education level in most studies is not related 
to symptomatic outcome (69), but in some studies it is related to 
functional outcome (9, 12). Possible explanations of the education 
not being a predictor in our study could be related to character-
istics of the composite outcome measure and that education level 
is typically relatively homogeneous in Norway. Although earlier 
studies have reported that married people with a disability have 
fewer problems (70) and longer life expectancy (71) compared to 
their unattached counterparts, marital status was not predictive 
of outcome in this study.

Although preinjury mental health is shown to be a robust 
prognostic factor in several studies (10, 12, 19, 72), our models 
did not reveal any relevant predictive value of preinjury anxiety 
or depression. However, preinjury mental health status was based 
on self-reports that may be less sensitive and more biased than 
more objective assessments. Another likely explanation is that 
our patients had a relatively high functional level preinjury, and 
thus, residual limitations may influence their ability to regain 
their former psychological problems. Additionally, we excluded 
patients with severe mental illness. Being sick-listed before 
injury as a measure of preinjury functioning has been shown 
to contribute to postinjury functioning measured as return to 
work (73). However, in the present study, work status (yes/no) 
did not contribute uniquely to outcome above the other preinjury 
predictors.

In accordance with a recent comprehensive literature review 
(7), traditional injury characteristics such as GCS, LOC, PTA 
duration, and mechanism of injury did not predict outcome in 
this study. Another study revealed that extracranial injuries and 
lower GCS were predictive of poorer functional outcome after 
mild TBI caused by assault (12). A study combining several meas-
ures found no predictive value of GCS, LOC, PTA, and abnormal 
CT findings for MTBI recovery (9), which is consistent with 
another study reporting no predictive value of CT pathology (24).

Various outcome measures are used in prognostic analysis 
for MTBI. The GOSE is often used for global outcome and RPQ 
for self-reported symptoms. The coarseness of GOSE makes it 
less sensitive to subtle dysfunction, which is typically observed 
in patients with MTBI, and may, therefore, not permit sufficient 
differentiation of outcome in patients with milder injuries (74). 
GOSE also does not discriminate between physical and mental 
disabilities. It has been reported that GOSE was uniformly high 
for MTBI patients at 1 year after injury and may not be sensitive 
to specific neurocognitive deficits in specific domains as more 
specialized tests (25). RPQ is sensitive to postconcussion symp-
toms but is a gross outcome measure and also grades common 
symptoms that are not specific to MTBI. Because composite out-
come measures are recommended (74), we created a composite 

outcome score using PCA based on global functioning and 
self-reported cognitive, emotional, somatic, and mental health 
symptoms (GOSE, RPQ and PHQ-9, respectively).

This study has several limitations which should be considered 
in interpreting the findings. Our sample size was relatively small 
for prediction modeling. Additionally, only MTBI patients 
requiring neurosurgical consultation at the ED and hospitaliza-
tion were included, which may have caused inclusion bias. Our 
models may, therefore, have the most value for more severely 
injured MTBI patients, and generalization of the findings to all 
MTBI patients should be made with caution. Neuropsychological 
dysfunctions are usually not seen in sport athletes after 1–3 weeks 
(75), and Ivins et al. (76) reported that 23% of active duty soldiers 
sustained TBI after joining the army.

Magnetic resonance imaging was undertaken approximately 
4 weeks postinjury, we have no preinjury MRI to compare with 
postinjury MRI, and acute changes present within 24 h may have 
disappeared 4  weeks later. More studies are needed to clarify 
the importance of different time intervals between injury and 
scanning. The use of potential different prognostic measures like 
blood-based biomarkers would possibly have strengthened the 
study, but none have so far been able to identify those cases of 
MTBI with evolving brain damage leading to long-term dysfunc-
tion. Also, the included volumetric estimates do not allow for a 
detailed characterization of the neurobiological underpinnings. 
PTA and LOC were unknown for several patients, and we had five 
missing data for resilience. We have used imputation procedures 
based on a least squares algorithm to replace missing values with 
the predicted estimate.

The lack of a control group either without injury or with non-
head injury makes it impossible to determine whether the factors 
associated with MTBI prognosis in our study are specific to 
MTBI. It is also difficult to compare results across various MTBI 
prognostic studies due to the heterogeneity in the definition 
of MTBI, the variety of outcome measures, and the variability 
in time elapsed for scoring both predictors and outcome. It is 
important to choose a measure assessing clinically meaningful 
outcome, and we, therefore, created a factor of GOSE, RPQ, and 
PHQ-9 for outcome evaluation because it comprises mental, 
cognitive, physical, and global functioning level of postinjury 
MTBI. This measure, as in many other MTBI studies, is subjective 
and requires further validation. The outcome was measured at 
12 months of follow-up, which is consistent with previous rec-
ommendations (77). Additionally, although we addressed many 
factors, there are other potentially relevant variables that we did 
not include, such as early cognitive testing.

Reliable outcome prediction of MTBI remains difficult, 
despite major progress in brain imaging techniques. There is 
need for supplementary tests to enable early prediction, both 
to select appropriate management strategies and to determine 
the need for prolonged follow-up. Contrary to our hypothesis, 
MRI morphometry and volumetry did not provide predictive 
value for outcome at 12  months postinjury over and above 
the information captured by conventional clinical variables. 
However, this finding does not exclude brain pathology as a 
factor at play in patients with poor outcome after MTBI. First, 
despite the better sensitivity to brain pathology, it could be that 
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the imaging method used in this study may not be sensitive 
to relevant functional and structural abnormalities, and further 
studies should include a broader range of MRI modalities, 
including structural, functional, and neurochemical imaging. 
There are needs for large cohort studies like TRACK-TBI, The 
Chronic Effects of Neurotrauma Consortium, and Center TBI, 
and hopefully these studies will provide answers to some of the 
questions under study. Second, it is also possible that imaging 
features may be associated with other aspects of functional 
outcome not included in this study and which may be affected 
in MTBI patients (e.g., specific cognitive functions assessed using 
experimental or neuropsychological tests).

cOnclUsiOn

This study has shown no added predictive value of cortical 
morphometry and subcortical volumes over and above the infor-
mation provided in the demographic and clinical features. The 
current results will need further validation in large longitudinal 
studies in independent samples using a more comprehensive set 
of neuroimaging methods that hopefully will clarify the pos-
sible role of structural and functional brain abnormalities for 

long-term outcome after MTBI. The findings, however, support 
the view that factors other than brain injury deserve attention to 
minimize long-term complaints after MTBI.

aUThOr cOnTriBUTiOns

TH, NA, HS, OA, SS, and EH took part in design of the study. 
TH collected data and analyzed the demographic part, LW was 
in charge of FreeSurfer analysis, and LW and TK were responsible 
for the prediction model and the description of the model. SS was 
responsible for the neuropsychological test battery. NA was the 
main supervisor. All authors discussed the results and implica-
tions and commented on the manuscript at all stages.

acKnOWleDgMenTs

The authors thank all the patients who took time to participate in 
the study. We also thank radiograph Anne-Hilde Farstad for prac-
tical MRI assistance and the Department of Physical Medicine 
and Rehabilitation, Oslo University Hospital for institutional and 
financial support. The research was funded by the South-Eastern 
Norway Regional Health Authority (2014097).

reFerences

1. Andelic N, Sigurdardottir S, Brunborg C, Roe C. Incidence of hospital-treated 
traumatic brain injury in the Oslo population. Neuroepidemiology (2008) 
30(2):120–8. doi:10.1159/000120025 

2. Carroll LJ, Cassidy JD, Peloso PM, Borg J, von Holst H, Holm L, et  al. 
Prognosis for mild traumatic brain injury: results of the WHO collaborating 
centre task force on mild traumatic brain injury. J Rehabil Med (2004) 36(43 
Suppl):84–105. doi:10.1080/16501960410023859 

3. Cassidy JD, Carroll LJ, Peloso PM, Borg J, von Holst H, Holm L, et al. Incidence, 
risk factors and prevention of mild traumatic brain injury: results of the WHO 
collaborating centre task force on mild traumatic brain injury. J Rehabil Med 
(2004) 36(43 Suppl):28–60. doi:10.1080/16501960410023732 

4. Sigurdardottir S, Andelic N, Roe C, Jerstad T, Schanke AK. Post-concussion 
symptoms after traumatic brain injury at 3 and 12 months post-injury: a 
prospective study. Brain Inj (2009) 23(6):489–97. doi:10.1080/02699050902 
926309 

5. Studerus-Germann AM, Thiran JP, Daducci A, Gautschi OP. Diagnostic 
approaches to predict persistent post-traumatic symptoms after mild trau-
matic brain injury – a literature review. Int J Neurosci (2016) 126(4):289–98.  
doi:10.3109/00207454.2015.1033620 

6. Siman R, Giovannone N, Hanten G, Wilde EA, McCauley SR, Hunter JV, et al. 
Evidence that the blood biomarker SNTF predicts brain imaging changes and 
persistent cognitive dysfunction in mild TBI patients. Front Neurol (2013) 
4:190. doi:10.3389/fneur.2013.00190 

7. Silverberg ND, Gardner AJ, Brubacher JR, Panenka WJ, Li JJ, Iverson GL. 
Systematic review of multivariable prognostic models for mild traumatic brain 
injury. J Neurotrauma (2015) 32(8):517–26. doi:10.1089/neu.2014.3600 

8. King NS. A systematic review of age and gender factors in prolonged post-con-
cussion symptoms after mild head injury. Brain Inj (2014) 28(13–14):1639–45. 
doi:10.3109/02699052.2014.954271 

9. Stulemeijer M, van der Werf S, Borm GF, Vos PE. Early prediction of favour-
able recovery 6 months after mild traumatic brain injury. J Neurol Neurosurg 
Psychiatry (2008) 79(8):936–42. doi:10.1136/jnnp.2007.131250 

10. Ponsford J, Cameron P, Fitzgerald M, Grant M, Mikocka-Walus A, 
Schonberger M. Predictors of postconcussive symptoms 3 months after mild 
traumatic brain injury. Neuropsychology (2012) 26(3):304–13. doi:10.1037/ 
a0027888 

11. Jacobs B, Beems T, Stulemeijer M, van Vugt AB, van der Vliet TM, Borm 
GF, et al. Outcome prediction in mild traumatic brain injury: age and clinical 

variables are stronger predictors than CT abnormalities. J Neurotrauma (2010) 
27(4):655–68. doi:10.1089/neu.2009.1059 

12. Lingsma H, Yue JK, Maas AI, Steyerberg EW, Manley GT; TRACK-TBI 
Investigators. 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. J Neurotrauma (2014) 
32(2):83–94. doi:10.1089/neu.2014.3384 

13. McCauley SR, Wilde EA, Miller ER, Frisby ML, Garza HM, Varghese R, et al. 
Preinjury resilience and mood as predictors of early outcome following mild 
traumatic brain injury. J Neurotrauma (2013) 30(8):642–52. doi:10.1089/
neu.2012.2393 

14. Losoi H, Silverberg ND, Waljas M, Turunen S, Rosti-Otajarvi E, Helminen M, 
et al. Resilience is associated with outcome from mild traumatic brain injury. 
J Neurotrauma (2015) 32(13):942–9. doi:10.1089/neu.2014.3799 

15. Kumar RG, Bracken MB, Clark AN, Nick TG, Melguizo MS, Sander AM. 
Relationship of preinjury depressive symptoms to outcomes 3 mos after 
complicated and uncomplicated mild traumatic brain injury. Am J Phys Med 
Rehabil (2014) 93(8):687–702. doi:10.1097/PHM.0000000000000077 

16. Stulemeijer M, Vos PE, Bleijenberg G, van der Werf SP. Cognitive com-
plaints after mild traumatic brain injury: things are not always what they 
seem. J Psychosom Res (2007) 63(6):637–45. doi:10.1016/j.jpsychores.2007. 
06.023 

17. Dischinger PC, Ryb GE, Kufera JA, Auman KM. Early predictors of postcon-
cussive syndrome in a population of trauma patients with mild traumatic 
brain injury. J Trauma (2009) 66(2):289–96; discussion 96–7. doi:10.1097/
TA.0b013e3181961da2 

18. Meares S, Shores EA, Taylor AJ, Batchelor J, Bryant RA, Baguley IJ, et  al. 
Mild traumatic brain injury does not predict acute postconcussion syn-
drome. J Neurol Neurosurg Psychiatry (2008) 79(3):300–6. doi:10.1136/
jnnp.2007.126565 

19. Meares S, Shores EA, Taylor AJ, Batchelor J, Bryant RA, Baguley IJ, et  al. 
The prospective course of postconcussion syndrome: the role of mild 
traumatic brain injury. Neuropsychology (2011) 25(4):454–65. doi:10.1037/ 
a0022580 

20. Sheedy J, Harvey E, Faux S, Geffen G, Shores EA. Emergency department 
assessment of mild traumatic brain injury and the prediction of postconcus-
sive symptoms: a 3-month prospective study. J Head Trauma Rehabil (2009) 
24(5):333–43. doi:10.1097/HTR.0b013e3181aea51f 

21. Haagsma JA, Scholten AC, Andriessen TM, Vos PE, Van Beeck EF, Polinder 
S. Impact of depression and post-traumatic stress disorder on functional 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1159/000120025
https://doi.org/10.1080/16501960410023859
https://doi.org/10.1080/16501960410023732
https://doi.org/10.1080/02699050902926309
https://doi.org/10.1080/02699050902926309
https://doi.org/10.3109/00207454.2015.1033620
https://doi.org/10.3389/fneur.2013.00190
https://doi.org/10.1089/neu.2014.3600
https://doi.org/10.3109/02699052.2014.954271
https://doi.org/10.1136/jnnp.2007.131250
https://doi.org/10.1037/a0027888
https://doi.org/10.1037/a0027888
https://doi.org/10.1089/neu.2009.1059
https://doi.org/10.1089/neu.2014.3384
https://doi.org/10.1089/neu.2012.2393
https://doi.org/10.1089/neu.2012.2393
https://doi.org/10.1089/neu.2014.3799
https://doi.org/10.1097/PHM.0000000000000077
https://doi.org/10.1016/j.jpsychores.2007.
06.023
https://doi.org/10.1016/j.jpsychores.2007.
06.023
https://doi.org/10.1097/TA.0b013e3181961da2
https://doi.org/10.1097/TA.0b013e3181961da2
https://doi.org/10.1136/jnnp.2007.126565
https://doi.org/10.1136/jnnp.2007.126565
https://doi.org/10.1037/a0022580
https://doi.org/10.1037/a0022580
https://doi.org/10.1097/HTR.0b013e3181aea51f


11

Hellstrøm et al. Predicting Outcome after MTBI

Frontiers in Neurology | www.frontiersin.org April 2017 | Volume 8 | Article 125

outcome and health-related quality of life of patients with mild traumatic brain 
injury. J Neurotrauma (2015) 32(11):853–62. doi:10.1089/neu.2013.3283 

22. McCullagh S, Oucherlony D, Protzner A, Blair N, Feinstein A. Prediction 
of neuropsychiatric outcome following mild trauma brain injury: an 
examination of the Glasgow Coma Scale. Brain Inj (2001) 15(6):489–97. 
doi:10.1080/02699050010007353 

23. Hart T, Novack TA, Temkin N, Barber J, Dikmen SS, Diaz-Arrastia R, et al. 
Duration of posttraumatic amnesia predicts neuropsychological and global 
outcome in complicated mild traumatic brain injury. J Head Trauma Rehabil 
(2016) 31(6):E1–9. doi:10.1097/HTR.0000000000000210 

24. Lannsjo M, Backheden M, Johansson U, Af Geijerstam JL, Borg J. Does head 
CT scan pathology predict outcome after mild traumatic brain injury? Eur 
J Neurol (2013) 20(1):124–9. doi:10.1111/j.1468-1331.2012.03813.x 

25. Lee H, Wintermark M, Gean AD, Ghajar J, Manley GT, Mukherjee P. Focal 
lesions in acute mild traumatic brain injury and neurocognitive outcome: 
CT versus 3T MRI. J Neurotrauma (2008) 25(9):1049–56. doi:10.1089/
neu.2008.0566 

26. Jerstad T, Roe C, Ronning P, Sigurdardottir S, Nakstad P, Andelic N. Predicting 
functional outcome one year after traumatic brain injury with CT and MRI 
findings. J Neurol Res (2012) 2(4):134–44. doi:10.4021/jnr133w

27. Povlishock JT, Katz DI. Update of neuropathology and neurological recovery 
after traumatic brain injury. J Head Trauma Rehabil (2005) 20(1):76–94. 
doi:10.1097/00001199-200501000-00008 

28. Yuh EL, Mukherjee P, Lingsma HF, Yue JK, Ferguson AR, Gordon WA, et al. 
Magnetic resonance imaging improves 3-month outcome prediction in 
mild traumatic brain injury. Ann Neurol (2013) 73(2):224–35. doi:10.1002/
ana.23783 

29. Ross DE. Review of longitudinal studies of MRI brain volumetry in patients 
with traumatic brain injury. Brain Inj (2011) 25(13–14):1271–8. doi:10.3109/
02699052.2011.624568 

30. da Costa L, van Niftrik CB, Crane D, Fierstra J, Bethune A. Temporal profile 
of cerebrovascular reactivity impairment, gray matter volumes, and persistent 
symptoms after mild traumatic head injury. Front Neurol (2016) 7:70. 
doi:10.3389/fneur.2016.00070 

31. Mild Traumatic Brain Injury Committee; American Congress of Rehabilitation 
Medicine; Group HIISI. Definition of mild traumatic brain injury. J Head 
Trauma Rehabil (1993) 8(3):86–7. doi:10.1097/00001199-199309000-00010 

32. Segonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, et  al. A 
hybrid approach to the skull stripping problem in MRI. Neuroimage (2004) 
22(3):1060–75. doi:10.1016/j.neuroimage.2004.03.032 

33. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et  al. 
Whole brain segmentation: automated labeling of neuroanatomical 
structures in the human brain. Neuron (2002) 33(3):341–55. doi:10.1016/
S0896-6273(02)00569-X 

34. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Segmentation 
and surface reconstruction. Neuroimage (1999) 9(2):179–94. doi:10.1006/
nimg.1998.0395 

35. Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from 
magnetic resonance images. Proc Natl Acad Sci U S A (2000) 97(20):11050–5. 
doi:10.1073/pnas.200033797 

36. Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An 
automated labeling system for subdividing the human cerebral cortex on MRI 
scans into gyral based regions of interest. Neuroimage (2006) 31(3):968–80. 
doi:10.1016/j.neuroimage.2006.01.021 

37. Fischl B, van der Kouwe A, Destrieux C, Halgren E, Segonne F, Salat DH, et al. 
Automatically parcellating the human cerebral cortex. Cereb Cortex (2004) 
14(1):11–22. doi:10.1093/cercor/bhg087 

38. Friborg O, Hjemdal O, Rosenvinge JH, Martinussen M. A new rating scale 
for adult resilience: what are the central protective resources behind healthy 
adjustment? Int J Methods Psychiatr Res (2003) 12(2):65–76. doi:10.1002/
mpr.143 

39. Friborg O, Barlaug D, Martinussen M, Rosenvinge JH, Hjemdal O. Resilience 
in relation to personality and intelligence. Int J Methods Psychiatr Res (2005) 
14(1):29–42. doi:10.1002/mpr.15 

40. Teasdale G, Jennett B. Assessment of coma and impaired consciousness. 
A  practical scale. Lancet (1974) 2(7872):81–4. doi:10.1016/S0140-6736(74) 
91639-0 

41. Hellstrøm T, Westlye LT, Server A, Løvstad M, Brunborg C, Lund MJ, et al. 
Volumetric and morphometric MRI findings in patients with mild traumatic 

brain injury. Brain Inj (2016) 30(13–14):1683–91. doi:10.1080/02699052.201
6.1199905

42. Kuorinka I, Jonsson B, Kilbom A, Vinterberg H, Biering-Sorensen F, 
Andersson G, et  al. Standardised Nordic questionnaires for the anal-
ysis of musculoskeletal symptoms. Appl Ergon (1987) 18(3):233–7. 
doi:10.1016/0003-6870(87)90010-X 

43. Constantino MJ, Arnkoff DB, Glass CR, Ametrano RM, Smith JZ. Expectations. 
J Clin Psychol (2011) 67(2):184–92. doi:10.1002/jclp.20754 

44. Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta 
Psychiatr Scand (1983) 67(6):361–70. doi:10.1111/j.1600-0447.1983.tb09716.x 

45. Schonberger M, Ponsford J. The factor structure of the Hospital Anxiety and 
Depression Scale in individuals with traumatic brain injury. Psychiatry Res 
(2010) 179(3):342–9. doi:10.1016/j.psychres.2009.07.003 

46. Whelan-Goodinson R, Ponsford J, Schonberger M. Validity of the Hospital 
Anxiety and Depression Scale to assess depression and anxiety following 
traumatic brain injury as compared with the Structured Clinical Interview 
for DSM-IV. J Affect Disord (2009) 114(1–3):94–102. doi:10.1016/j.
jad.2008.06.007 

47. Eid J, Thayer JF, Johnsen BH. Measuring post-traumatic stress: a psychometric 
evaluation of symptom – and coping questionnaires based on a Norwegian 
sample. Scand J Psychol (1999) 40(2):101–8. doi:10.1111/1467-9450.00105 

48. Stoll C, Kapfhammer HP, Rothenhausler HB, Haller M, Briegel J, Schmidt 
M, et al. Sensitivity and specificity of a screening test to document traumatic 
experiences and to diagnose post-traumatic stress disorder in ARDS patients 
after intensive care treatment. Intensive Care Med (1999) 25(7):697–704. 
doi:10.1007/s001340050932 

49. Wilson JT, Pettigrew LE, Teasdale GM. Structured interviews for the Glasgow 
Outcome Scale and the extended Glasgow Outcome Scale: guidelines for their 
use. J Neurotrauma (1998) 15(8):573–85. doi:10.1089/neu.1998.15.573 

50. Wilde EA, Whiteneck GG, Bogner J, Bushnik T, Cifu DX, Dikmen S, et al. 
Recommendations for the use of common outcome measures in traumatic 
brain injury research. Arch Phys Med Rehabil (2010) 91(11):1650.e–60.e. 
doi:10.1016/j.apmr.2010.06.033 

51. King NS, Crawford S, Wenden FJ, Moss NE, Wade DT. The rivermead post 
concussion symptoms questionnaire: a measure of symptoms commonly 
experienced after head injury and its reliability. J Neurol (1995) 242(9):587–92. 
doi:10.1007/BF00868811 

52. Kroenke K, Spitzer RL, Williams JB. The PHQ-9: validity of a brief 
depression severity measure. J Gen Intern Med (2001) 16(9):606–13. 
doi:10.1046/j.1525-1497.2001.016009606.x 

53. Nichols T, Hayasaka S. Controlling the familywise error rate in functional neu-
roimaging: a comparative review. Stat Methods Med Res (2003) 12(5):419–46. 
doi:10.1191/0962280203sm341ra 

54. Paterakis K, Karantanas AH, Komnos A, Volikas Z. Outcome of patients with 
diffuse axonal injury: the significance and prognostic value of MRI in the acute 
phase. J Trauma (2000) 49(6):1071–5. doi:10.1097/00005373-200012000-00016 

55. Zeller B, Tamnes CK, Kanellopoulos A, Amlien IK, Andersson S, Due-
Tonnessen P, et al. Reduced neuroanatomic volumes in long-term survivors of 
childhood acute lymphoblastic leukemia. J Clin Oncol (2013) 31(17):2078–85. 
doi:10.1200/JCO.2012.47.4031 

56. Rimol LM, Nesvag R, Hagler  DJ Jr, Bergmann O, Fennema-Notestine C, 
Hartberg CB, et al. Cortical volume, surface area, and thickness in schizophre-
nia and bipolar disorder. Biol Psychiatry (2012) 71(6):552–60. doi:10.1016/j.
biopsych.2011.11.026 

57. Johanson C, Stopa E, Baird A, Sharma H. Traumatic brain injury and recovery 
mechanisms: peptide modulation of periventricular neurogenic regions 
by the choroid plexus-CSF nexus. J Neural Transm (2011) 118(1):115–33. 
doi:10.1007/s00702-010-0498-0 

58. Zhou G, Hotta J, Lehtinen MK, Forss N, Hari R. Enlargement of choroid plexus 
in complex regional pain syndrome. Sci Rep (2015) 5:14329. doi:10.1038/
srep14329 

59. Bigler ED, Maxwell WL. Neuroimaging and neuropathology of TBI. 
NeuroRehabilitation (2011) 28(2):63–74. doi:10.3233/NRE-2011-0633 

60. Inglese M, Makani S, Johnson G, Cohen BA, Silver JA, Gonen O, et al. Diffuse 
axonal injury in mild traumatic brain injury: a diffusion tensor imaging study. 
J Neurosurg (2005) 103(2):298–303. doi:10.3171/jns.2005.103.2.0298 

61. Chamard E, Lefebvre G, Lassonde M, Theoret H. Long-term abnormalities 
in the corpus callosum of female concussed athletes. J Neurotrauma (2016) 
33(13):1220–6. doi:10.1089/neu.2015.3948 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1089/neu.2013.3283
https://doi.org/10.1080/02699050010007353
https://doi.org/10.1097/HTR.0000000000000210
https://doi.org/10.1111/j.1468-1331.2012.03813.x
https://doi.org/10.1089/neu.2008.0566
https://doi.org/10.1089/neu.2008.0566
https://doi.org/10.4021/jnr133w
https://doi.org/10.1097/00001199-200501000-00008
https://doi.org/10.1002/ana.23783
https://doi.org/10.1002/ana.23783
https://doi.org/10.3109/02699052.2011.624568
https://doi.org/10.3109/02699052.2011.624568
https://doi.org/10.3389/fneur.2016.00070
https://doi.org/10.1097/00001199-199309000-00010
https://doi.org/10.1016/j.neuroimage.2004.03.032
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1073/pnas.200033797
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1093/cercor/bhg087
https://doi.org/10.1002/mpr.143
https://doi.org/10.1002/mpr.143
https://doi.org/10.1002/mpr.15
https://doi.org/10.1016/S0140-6736(74)91639-0
https://doi.org/10.1016/S0140-6736(74)91639-0
https://doi.org/10.1080/02699052.2016.1199905
https://doi.org/10.1080/02699052.2016.1199905
https://doi.org/10.1016/0003-6870(87)90010-X
https://doi.org/10.1002/jclp.20754
https://doi.org/10.1111/j.1600-0447.1983.tb09716.x
https://doi.org/10.1016/j.psychres.2009.07.003
https://doi.org/10.1016/j.jad.2008.06.007
https://doi.org/10.1016/j.jad.2008.06.007
https://doi.org/10.1111/1467-9450.00105
https://doi.org/10.1007/s001340050932
https://doi.org/10.1089/neu.1998.15.573
https://doi.org/10.1016/j.apmr.2010.06.033
https://doi.org/10.1007/BF00868811
https://doi.org/10.1046/j.1525-1497.2001.016009606.x
https://doi.org/10.1191/0962280203sm341ra
https://doi.org/10.1097/00005373-200012000-
00016
https://doi.org/10.1200/JCO.2012.47.4031
https://doi.org/10.1016/j.biopsych.2011.11.026
https://doi.org/10.1016/j.biopsych.2011.11.026
https://doi.org/10.1007/s00702-010-0498-0
https://doi.org/10.1038/srep14329
https://doi.org/10.1038/srep14329
https://doi.org/10.3233/NRE-2011-0633
https://doi.org/10.3171/jns.2005.103.
2.0298
https://doi.org/10.1089/neu.2015.3948


12

Hellstrøm et al. Predicting Outcome after MTBI

Frontiers in Neurology | www.frontiersin.org April 2017 | Volume 8 | Article 125

62. Sidaros A, Engberg AW, Sidaros K, Liptrot MG, Herning M, Petersen P, 
et al. Diffusion tensor imaging during recovery from severe traumatic brain 
injury and relation to clinical outcome: a longitudinal study. Brain (2008)  
131(Pt 2):559–72. doi:10.1093/brain/awm294 

63. Fjell AM, Westlye LT, Greve DN, Fischl B, Benner T, van der Kouwe AJ, et al. 
The relationship between diffusion tensor imaging and volumetry as measures 
of white matter properties. Neuroimage (2008) 42(4):1654–68. doi:10.1016/ 
j.neuroimage.2008.06.005 

64. Hou R, Moss-Morris R, Peveler R, Mogg K, Bradley BP, Belli A. When a 
minor head injury results in enduring symptoms: a prospective investigation 
of risk factors for postconcussional syndrome after mild traumatic brain 
injury. J Neurol Neurosurg Psychiatry (2012) 83(2):217–23. doi:10.1136/
jnnp-2011-300767 

65. Losoi H, Silverberg ND, Waljas M, Turunen S, Rosti-Otajarvi E, Helminen M, 
et al. Recovery from mild traumatic brain injury in previously healthy adults. 
J Neurotrauma (2016) 33(8):766–76. doi:10.1089/neu.2015.4070 

66. Faux S, Sheedy J, Delaney R, Riopelle R. Emergency department pre-
diction of post-concussive syndrome following mild traumatic brain  
injury – an international cross-validation study. Brain Inj (2011) 25(1):14–22.  
doi:10.3109/02699052.2010.531686 

67. Chaput G, Lajoie SP, Naismith LM, Lavigne G. Pain catastrophizing correlates 
with early mild traumatic brain injury outcome. Pain Res Manag (2016) 
2016:2825856. doi:10.1155/2016/2825856

68. Cancelliere C, Donovan J, Cassidy JD. Is sex an indicator of prognosis after 
mild traumatic brain injury: a systematic analysis of the findings of the World 
Health Organization collaborating centre task force on mild traumatic brain 
injury and the International Collaboration on Mild Traumatic Brain Injury 
Prognosis. Arch Phys Med Rehabil (2016) 97(2 Suppl):S5–18. doi:10.1016/ 
j.apmr.2014 

69. McLean SA, Kirsch NL, Tan-Schriner CU, Sen A, Frederiksen S, Harris RE, 
et al. Health status, not head injury, predicts concussion symptoms after minor 
injury. Am J Emerg Med (2009) 27(2):182–90. doi:10.1016/j.ajem.2008.01.054 

70. Kreuter M, Sullivan M, Dahllof AG, Siosteen A. Partner relationships, func-
tioning, mood and global quality of life in persons with spinal cord injury 
and traumatic brain injury. Spinal Cord (1998) 36(4):252–61. doi:10.1038/
sj.sc.3100592 

71. Chang FH, Wang YH, Jang Y, Wang CW. Factors associated with quality of 
life among people with spinal cord injury: application of the International 

Classification of Functioning, Disability and Health Model. Arch Phys Med 
Rehabil (2012) 93(12):2264–70. doi:10.1016/j.apmr.2012.06.008 

72. van Veldhoven LM, Sander AM, Struchen MA, Sherer M, Clark AN, Hudnall 
GE, et al. Predictive ability of preinjury stressful life events and post-traumatic 
stress symptoms for outcomes following mild traumatic brain injury: analysis 
in a prospective emergency room sample. J Neurol Neurosurg Psychiatry 
(2011) 82(7):782–7. doi:10.1136/jnnp.2010.228254 

73. Vikane E, Hellstrom T, Roe C, Bautz-Holter E, Assmus J, Skouen JS. Predictors 
for return to work in subjects with mild traumatic brain injury. Behav Neurol 
(2016) 2016:8026414. doi:10.1155/2016/8026414 

74. Maas AI, Lingsma HF, Roozenbeek B. Predicting outcome after trau-
matic brain injury. Handb Clin Neurol (2015) 128:455–74. doi:10.1016/
B978-0-444-63521-1.00029-7 

75. Lovell MR, Collins MW, Iverson GL, Johnston KM, Bradley JP. Grade 1 
or "ding" concussions in high school athletes. Am J Sports Med (2004) 
32(1):47–54. doi:10.1177/0363546503260723 

76. Ivins BJ, Schwab KA, Warden D, Harvey LT, Hoilien MA, Powell CO, 
et  al. Traumatic brain injury in U.S. Army paratroopers: prevalence and 
character. J Trauma (2003) 55(4):617–21. doi:10.1097/01.TA.0000052368. 
97573.D4 

77. Kristman VL, Borg J, Godbolt AK, Salmi LR, Cancelliere C, Carroll LJ, et al. 
Methodological issues and research recommendations for prognosis after 
mild traumatic brain injury: results of the International Collaboration on 
Mild Traumatic Brain Injury Prognosis. Arch Phys Med Rehabil (2014) 95(3 
Suppl):S265–77. doi:10.1016/j.apmr.2013.04.026 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Hellstrøm, Kaufmann, Andelic, Soberg, Sigurdardottir, Helseth, 
Andreassen and Westlye. This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1093/brain/awm294
https://doi.org/10.1016/j.neuroimage.2008.06.005
https://doi.org/10.1016/j.neuroimage.2008.06.005
https://doi.org/10.1136/jnnp-2011-300767
https://doi.org/10.1136/jnnp-2011-300767
https://doi.org/10.1089/neu.2015.4070
https://doi.org/10.3109/02699052.2010.531686
https://doi.org/10.1155/2016/2825856
https://doi.org/10.1016/j.apmr.2014
https://doi.org/10.1016/j.apmr.2014
https://doi.org/10.1016/j.ajem.2008.
01.054
https://doi.org/10.1038/sj.sc.3100592
https://doi.org/10.1038/sj.sc.3100592
https://doi.org/10.1016/j.apmr.2012.06.008
https://doi.org/10.1136/jnnp.2010.228254
https://doi.org/10.1155/2016/8026414
https://doi.org/10.1016/B978-0-444-63521-1.00029-7
https://doi.org/10.1016/B978-0-444-63521-1.00029-7
https://doi.org/10.1177/0363546503260723
https://doi.org/10.1097/01.TA.0000052368.
97573.D4
https://doi.org/10.1097/01.TA.0000052368.
97573.D4
https://doi.org/10.1016/j.apmr.2013.04.026
http://creativecommons.org/licenses/by/4.0/

	Predicting Outcome 12 Months after Mild Traumatic Brain Injury in Patients Admitted to a Neurosurgery Service
	Introduction
	Materials and Methods
	Subjects
	MRI Data Acquisition and Analysis
	Demographic and Clinical Measures
	Preinjury Factors
	Injury-Related Factors
	Postinjury Factors
	Pain
	Expectation of a Favorable Outcome
	Anxiety and Depression
	Posttraumatic Stress Symptoms


	Outcome Assessment
	Prediction Models and Cross Validation
	Statistical Analysis

	Results
	Demographic and Injury-Related Variables
	Self-Reported Symptoms at 8 Weeks
	Functional and Symptomatic Outcome 12 Months Postinjury
	Outcome Prediction

	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	References


