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IMPORTANCE A head computed tomography (CT) with positive results for acute intracranial
hemorrhage is the gold-standard diagnostic biomarker for acute traumatic brain injury (TBI). In
moderate to severe TBI (Glasgow Coma Scale [GCS] scores 3-12), some CT features have been shown
to be associated with outcomes. In mild TBI (mTBI; GCS scores 13-15), distribution and co-occurrence
of pathological CT features and their prognostic importance are not well understood.

OBJECTIVE To identify pathological CT features associated with adverse outcomes after mTBI.

DESIGN, SETTING, AND PARTICIPANTS The longitudinal, observational Transforming Research and
Clinical Knowledge in Traumatic Brain Injury (TRACK-TBI) study enrolled patients with TBI, including
those 17 years and older with GCS scores of 13 to 15 who presented to emergency departments at 18
US level 1 trauma centers between February 26, 2014, and August 8, 2018, and underwent head CT
imaging within 24 hours of TBI. Evaluations of CT imaging used TBI Common Data Elements.
Glasgow Outcome Scale–Extended (GOSE) scores were assessed at 2 weeks and 3, 6, and 12 months
postinjury. External validation of results was performed via the Collaborative European NeuroTrauma
Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) study. Data analyses were completed
from February 2020 to February 2021.

EXPOSURES Acute nonpenetrating head trauma.

MAIN OUTCOMES AND MEASURES Frequency, co-occurrence, and clustering of CT features;
incomplete recovery (GOSE scores <8 vs 8); and an unfavorable outcome (GOSE scores <5 vs
�5) at 2 weeks and 3, 6, and 12 months.

RESULTS In 1935 patients with mTBI (mean [SD] age, 41.5 [17.6] years; 1286 men [66.5%]) in
the TRACK-TBI cohort and 2594 patients with mTBI (mean [SD] age, 51.8 [20.3] years; 1658
men [63.9%]) in an external validation cohort, hierarchical cluster analysis identified 3 major
clusters of CT features: contusion, subarachnoid hemorrhage, and/or subdural hematoma;
intraventricular and/or petechial hemorrhage; and epidural hematoma. Contusion,
subarachnoid hemorrhage, and/or subdural hematoma features were associated with
incomplete recovery (odds ratios [ORs] for GOSE scores <8 at 1 year: TRACK-TBI, 1.80 [95%
CI, 1.39-2.33]; CENTER-TBI, 2.73 [95% CI, 2.18-3.41]) and greater degrees of unfavorable
outcomes (ORs for GOSE scores <5 at 1 year: TRACK-TBI, 3.23 [95% CI, 1.59-6.58];
CENTER-TBI, 1.68 [95% CI, 1.13-2.49]) out to 12 months after injury, but epidural hematoma
was not. Intraventricular and/or petechial hemorrhage was associated with greater degrees of
unfavorable outcomes up to 12 months after injury (eg, OR for GOSE scores <5 at 1 year in
TRACK-TBI: 3.47 [95% CI, 1.66-7.26]). Some CT features were more strongly associated with
outcomes than previously validated variables (eg, ORs for GOSE scores <5 at 1 year in
TRACK-TBI: neuropsychiatric history, 1.43 [95% CI .98-2.10] vs contusion, subarachnoid
hemorrhage, and/or subdural hematoma, 3.23 [95% CI 1.59-6.58]). Findings were externally
validated in 2594 patients with mTBI enrolled in the CENTER-TBI study.

CONCLUSIONS AND RELEVANCE In this study, pathological CT features carried different
prognostic implications after mTBI to 1 year postinjury. Some patterns of injury were
associated with worse outcomes than others. These results support that patients with mTBI
and these CT features need TBI-specific education and systematic follow-up.
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A computed tomography (CT) with positive results for in-
tracranial hemorrhage is the gold-standard diagnos-
tic biomarker for acute TBI. Many (although not all)

studies have shown that complicated mild TBI (mTBI), or mTBI
with a positive head CT result, is associated with worse out-
comes compared with uncomplicated mTBI. However, posi-
tive head CT results include a wide spectrum of intracranial
lesions. A more precise understanding of the prognostic im-
portance of CT abnormalities in mTBI, beyond the simple pres-
ence vs absence of abnormal findings on CT, is timely.

Associations between individual CT imaging features and
outcomes have been demonstrated in moderate and severe TBI
(Glasgow Coma Scale [GCS] scores 3-12).1-3 Similar efforts for
mTBI have been stymied by subtler manifestations of im-
paired outcome, resulting in behavioral outcome measure-
ments with less variability and a greater skew toward normal.
Thus, a large study population is needed to accurately esti-
mate the prognostic importance of individual CT features in
patients with mTBI.

We used a large, longitudinal, observational cohort of pa-
tients with mTBI enrolled at US level 1 trauma centers for whom
outcomes were measured at 2 weeks and 3, 6, and 12 months
postinjury to determine the distribution and patterns of in-
tracranial hemorrhage in mTBI and their implications for prog-
nosis. We then externally validated these findings in a larger,
independent, longitudinal observational cohort of patients with
mTBI enrolled at European trauma centers.

Methods
Study Population
The Transforming Research and Clinical Knowledge in Trau-
matic Brain Injury (TRACK-TBI) study enrolled patients with
TBI who presented to the emergency departments of 1 of 18
US level 1 trauma centers (eTable 1 in Supplement 1) and were
treated along 1 of 3 care pathways (emergency department dis-
charge, hospital admission without intensive care, or hospi-
tal admission with intensive care) (Table 1). The inclusion cri-
terion for TRACK-TBI was presentation to a participating center
within 24 hours of injury with a clinical indication for a head
CT under American College of Emergency Medicine/US
Centers for Disease Control and Prevention guidelines.4

Exclusion criteria included pregnancy, incarceration, nonsur-
vivable physical trauma, and preexisting medical or neuro-
psychiatric conditions that could interfere with outcome as-
sessments. Institutional review boards of participating centers
approved all study protocols. Patients or their legal represen-
tatives gave written informed consent. The Galveston Orien-
tation and Amnesia Test was administered to determine abil-
ity to consent. For those without a passing score, a legally
authorized representative gave initial consent and the com-
petency screening was repeated at all follow-up visits. Race/
ethnicity data (with options defined by the investigators) were
collected to assess for racial/ethnic disparities in outcomes that
have been reported in previous studies.5-7

This article examines the subset of patients in the TRACK-
TBI study who were 17 years or older at time of enrollment with

GCS scores of 13 to 15 on emergency department arrival and
an initial head CT available for review. eFigure 1 in Supplement 1
shows the recruitment and retention flowchart for the partici-
pants included in this analysis.

The Collaborative European NeuroTrauma Effectiveness
Research in Traumatic Brain Injury (CENTER-TBI) study8,9 is
a prospective, longitudinal, observational study of patients
with TBI presenting to 1 of 55 trauma centers in Europe, with
the same inclusion criteria and treatment along the same 3 care
pathways as described for TRACK-TBI. The CENTER-TBI and
TRACK-TBI studies are part of the International Initiative for
TBI Research (https://intbir.incf.org/) and were codesigned for
international collaboration.10

CT Imaging and Evaluation of TBI Neuroimaging
Common Data Elements
In both TRACK-TBI and CENTER-TBI, the patients’ initial head
CT images after injury were deidentified, uploaded to a cen-
tral repository, and evaluated by a board-certified neuroradi-
ologist (E.L.Y. and 1 nonauthor associated with the CENTER-
TBI study) using National Institute of Neurological Disorders
and Stroke (NINDS) TBI Neuroimaging Common Data
Elements (CDEs).11,12 A positive CT result was defined as pres-
ence of any acute intracranial abnormality on the first head CT
after admission, consistent with the US Food and Drug Ad-
ministration definition.13 A positive CT result did not include
an isolated skull fracture without an acute intracranial abnor-
mality. The term petechial hemorrhage was used to describe
small subcortical or deep hemorrhages that are the most com-
mon CT manifestation of the CDEs, traumatic axonal injury,
and diffuse axonal injury. Readers (E.L.Y. and 1 nonauthor as-
sociated with the CENTER-TBI study) were blinded to clinical
information except sex and age (and care path stratum, for
CENTER-TBI). Figure 1 presents CDEs corresponding to differ-
ent types of acute traumatic intracranial hemorrhage.

Outcome Measure
The Glasgow Outcome Scale–Extended (GOSE) score is the most
widely used measure of global functional outcome after

Key Points
Question Are different patterns of intracranial injury on head
computed tomography associated with prognosis after mild
traumatic brain injury (mTBI)?

Findings In this cohort study, subarachnoid hemorrhage, subdural
hematoma, and contusion often co-occurred and were associated
with both incomplete recovery and more severe impairment out
to 12 months after injury, while intraventricular and/or petechial
hemorrhage co-occurred and were associated with more severe
impairment up to 12 months after injury; epidural hematoma was
associated with incomplete recovery at some points but not with
more severe impairment. Some intracranial hemorrhage patterns
were more strongly associated with outcomes than previously
validated demographic and clinical variables.

Meaning In this study, different pathological features on head
computed tomography carried different implications for mild
traumatic brain injury prognosis to 1 year.
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TBI.14-16 In CENTER-TBI, the primary outcome measure was
the GOSE score. In TRACK-TBI, the primary outcome mea-
sure was the GOSE-TBI score, which consists of the GOSE ad-
ministered with the intent of specifically capturing disability
associated with the TBI (ie, excluding any disability attribut-
able to co-occurring traumas, such as orthopedic injuries).

Statistical Analysis
Demographic, clinical, and CT characteristics were summa-
rized descriptively. Between-group comparisons used Wil-
coxon rank sum tests for continuous variables and Fisher ex-
act tests for categorical variables were used. We used
hierarchical cluster analysis (HCA) and multiple correspon-
dence analysis (MCA) to derive CT phenotypes, or clusters of
subtypes of intracranial hemorrhage, to mitigate potential mul-
ticollinearity issues.

Generalized estimating equation (GEE) models, a semi-
parametric approach to longitudinal analysis of correlated data,
were used to study the association of demographics, clinical

features, and CT features with incomplete recovery (GOSE
scores <8 vs 8) and greater degrees of unfavorable outcome
(GOSE scores <5 vs ≥5) at 2 weeks and 3, 6, and 12 months
postinjury. The model included GOSE scores at each
follow-up as the outcome; independent variables included de-
mographics (age, sex, race/ethnicity, years of education), base-
line clinical characteristics (prior TBI, neuropsychiatric his-
tory), CT clusters, data collection points (eg, 2 weeks), and
interaction between CT clusters and data collection points. An
unstructured working correlation matrix was used. We com-
pared the marginal pseudo-R2 statistic for models to assess the
contribution of CT variables.

We also performed GEE analysis to assess the association
of the single most common CT pattern of intracranial injury,
isolated subarachnoid hemorrhage (SAH), with incomplete re-
covery (GOSE scores <8 vs 8) and greater degrees of unfavor-
able outcome (GOSE scores <5 vs ≥5) at 2 weeks and 3, 6, and
12 months postinjury. Following complete analysis of the
TRACK-TBI mTBI cohort, the same analytical approach and

Table 1. Demographic and Baseline Clinical Characteristics by Head Computed Tomography (CT) Status
(n = 1935) in the Transforming Research and Clinical Knowledge in Traumatic Brain Injury Study

Characteristic Total, No. (%)

Initial head CT with findings of acute
intracranial abnormality, No. (%)

P valueNegative Positive
Sex

Male 1286 (66.5) 782 (60.8) 504 (39.2)
.004

Female 649 (33.5) 438 (67.5) 211 (32.5)

Total 1935 (100.0) 1220 (63.0) 715 (37.0)

Race

White 1481 (77.5) 893 (60.3) 588 (39.7)

<.001Black 318 (16.6) 244 (76.7) 74 (23.3)

Other 113 (5.9) 71 (62.8) 42 (37.2)

Total 1912 (100.0) 1208 (63.2) 704 (36.8)

Hispanic ethnicity

No 1526 (79.8) 969 (63.5) 557 (36.5)
.68

Yes 387 (20.2) 241 (62.3) 146 (37.7)

Total 1913 (100.0) 1210 (63.3) 703 (36.7)

Neuropsychiatric history

No 1501 (77.7) 935 (62.3) 566 (37.7)
.24

Yes 432 (22.3) 283 (65.5) 149 (34.5)

Total 1933 (100.0) 1218 (63.0) 715 (37.0)

Prior traumatic brain injury

Yes 586 (31.5) 409 (69.8) 177 (30.2)
<.001

No 1272 (68.5) 768 (60.4) 504 (39.6)

Total 1858 (100.0) 1177 (63.3) 681 (36.7)

Care pathway

Emergency department discharge 503 (26.0) 453 (90.1) 50 (9.9)

<.001
Hospital admission without
intensive care

833 (43.0) 584 (70.1) 249 (29.9)

Hospital admission with
intensive care

599 (31.0) 183 (30.6) 416 (69.4)

Total 1935 (100.0) 1220 (63.0) 715 (37.0)

Age, y

Mean (SD) 41.5 (17.6) 37.7 (15.8) 47.8 (18.7)
<.001Median (IQR) [range] 38 (26-55)

[17-90]
34 (24-50)
[17-88]

48 (31-64)
[17-90]

Education, y

Mean (SD) 13.5 (2.9) 13.4 (2.7) 13.6 (3.2)
.046Median (IQR) [range] 13 (12-16)

[0-20]
12 (12-16)
[1-20]

13 (12-16)
[0-20]

Abbreviation: IQR, interquartile
range.
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code used for the TRACK-TBI mTBI cohort analyses were ap-
plied to the CENTER-TBI mTBI cohort for external validation.
All analyses were performed using R version 3.6.1 (R Founda-
tion for Statistical Computing), using a threshold for statisti-
cal significance of P < .05, 2-tailed. Analyses were performed
from February 2020 to February 2021.

Results
Demographic and Baseline Clinical Characteristics,
CT Features, and GOSE
A total of 1935 individuals were eligible for the TRACK-TBI
study. Of these, outcome measures (GOSE scores 1-8) (eTable 2
in Supplement 1) were available for 1497 (77.4%) at 2 weeks,
1381 (71.4%) at 3 months, 1311 (67.8%) at 6 months, and 1243
(64.2%) at 12 months. Table 1 presents demographic and base-
line clinical characteristics of the TRACK-TBI cohort. Most par-
ticipants were men (1286 [66.5%]). The most common clini-
cal care pathway was hospital admission without an intensive
care unit stay (833 [43.0%]). A positive head CT result was more
likely in men (504 of 1286 men [39.2%]; 211 of 649 women
[32.5%]; P = .004), individuals with higher education levels

(mean [SD]: with positive CT results, 13.6 [3.2] years; with nega-
tive CT results, 13.4 [2.7] years; P = .046), and participants with-
out a history of prior TBI (504 of 1272 participants without prior
TBI [26.0%]; 177 of 586 participants with prior TBI [34.8%];
P < .001). A positive head CT result was less likely in Black in-
dividuals (74 of 318 Black individuals [23.3%]; 588 of 1481 White
individuals [39.7%]; 42 of 113 individuals of other races [37.2%];
P<.001). There was no significant association with Hispanic eth-
nicity or history of neuropsychiatric disease.

Figure 2A shows an UpSet plot of CT patterns of intracra-
nial hemorrhage in descending order of frequency. Overall, 715
of 1935 individuals (37.0%) in this analytic cohort had a posi-
tive CT result for acute intracranial pathology. The most com-
mon pattern was isolated SAH (157 of 715 [22.0% of examina-
tions with positive CT results]). Other common patterns were
combined SAH, subdural hematoma (SDH), and contusion (92
examinations [12.9%]); isolated SDH (85 examinations [11.9%]);
and combined SAH and SDH (73 examinations [10.2%]).

Figure 2A shows overall numbers of CT examinations with
different acute intracranial hemorrhage subtypes. The most
common was SAH (present in isolation or in combination with
other findings on 473 CT examinations among all 1935 pa-
tients (24.4%), followed by SDH on 341 examinations (17.6%)

Figure 1. Examples of National Institute of Neurologic Disorders and Stroke Traumatic Brain Injury
Neuroimaging Common Data Elements Corresponding to Different Subtypes of Acute Intracranial Hemorrhage

Epidural hematomaA Subdural hematomaB

Subarachnoid hemorrhageD Intraventricular hemorrhageE

ContusionC

 Petechial hemorrhageF

Arrowheads indicate areas of
intracranial hemorrhage.
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Figure 2. Distribution and Co-occurrences of Intracranial Pathology on Computed Tomography (CT) in Mild Traumatic Brain Injury (mTBI) by Cohort
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A, Distribution of National Institute of Neurological Disorders and Stroke TBI
Neuroimaging Common Data Elements (CDEs) in participants 17 years and older
with Glasgow Coma Scale scores of 13 to 15 (n = 1935) in the Transforming
Research and Clinical Knowledge in TBI (TRACK-TBI) study. An UpSet plot shows
that the most common pattern of acute intracranial hemorrhage is isolated
subarachnoid hemorrhage (SAH), which constitutes 157 of 715 (22.0%) of all CT
examinations showing intracranial hemorrhage. (Hierarchical cluster analysis
demonstrates clusters of CT abnormalities. A dendrogram shows the distance at
which the cluster was formed along the vertical axis, with 3 clusters: contusion,
SAH, and/or subdural hematoma (SDH); intraventricular hemorrhage (IVH)
and/or petechial hemorrhage; and epidural hemorrhage (EDH). The bar graph in
the lower left corner shows that the most common acute intracranial
abnormality was SAH (in 473 of 1935 patients [24.4%]), followed by SDH (341

[17.6%]), brain contusion (244 [12.6%]), EDH (102 [5.3%]), petechial
hemorrhage (92 [4.8%]), and IVH (42 [2.2%]). B, Distribution of CDEs in
participants 17 years and older with Glasgow Coma Scale scores of 13 to 15
(n = 2594) in the Collaborative European NeuroTrauma Effectiveness Research
in Traumatic Brain Injury (CENTER-TBI) study. An UpSet plot shows that the
most common pattern of acute intracranial hemorrhage is isolated SAH, which
constitutes 234 of 1175 (19.9%) of all CT examinations positive for intracranial
hemorrhage. Hierarchical cluster analysis shows clusters of CT abnormalities.
A dendrogram shows the distance at which the cluster was formed along the
vertical axis. The most common acute CT finding was SAH (810 of 2594 patients
[31.2%]), followed by brain contusion (526 [20.3%]), SDH (476 [18.4%]), EDH
(211 [8.1%], IVH (116 [4.5%]), and petechial hemorrhage (99 [3.8%]).
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and contusion on 244 examinations (12.6%). Less common
were EDH on 102 examinations (5.3%), petechial hemorrhage
on 92 examinations (4.8%), and intraventricular hemorrhage
(IVH) on 42 examinations (2.2%).

The Rotterdam CT score1 (developed for moderate to se-
vere TBI) demonstrated very minimal variability in this popu-
lation of patients with mTBI. A total of 1873 of 1935 scores
(96.8%) for the entire cohort were either 2 or 3.

HCA and CT Phenotypes
Figure 2A shows results of HCA performed on CT intracranial
hemorrhage subtypes in 1935 patients in the TRACK-TBI co-
hort. The dendrogram shows the existence of common clus-

ters of CT abnormalities, or phenotypes. From the dendro-
gram and clinical experience, we define 3 clusters:
(1) contusion, SAH, and/or SDH; (2) IVH and/or petechial hem-
orrhage; and (3) EDH. Multiple correspondence analysis reca-
pitulated the HCA results, demonstrating identical groupings
of CT findings (eFigure 2 in Supplement 1).

Association of Demographics, Baseline Clinical Features,
and CT Phenotypes With GOSE Scores Postinjury
We used GEE models to assess the association of demograph-
ics, baseline clinical features, and CT phenotypes with incom-
plete recovery (GOSE scores <8 vs 8; Table 2) and greater de-
grees of unfavorable outcomes (GOSE scores <5 vs ≥5; Table 3)

Table 2. Associations of Demographic, Baseline Clinical, and Computed
Tomography (CT) Phenotypes With Incomplete Recovery at 2 Weeks
and 3, 6, and 12 Months Postinjury in the Transforming Research
and Clinical Knowledge in Traumatic Brain Injury Studya

Variable Odds ratio (95% CI) P value
CT phenotypes

Contusion, subarachnoid hemorrhage,
and/or subdural hematoma

2 wk 2.22 (1.61-3.06) <.001

3 mo 1.87 (1.43-2.44) <.001

6 mo 1.67 (1.28-2.17) <.001

12 mo 1.80 (1.39-2.33) <.001

Epidural hematoma

2 wk 3.08 (1.27-7.49) .01

3 mo 2.33 (1.28-4.24) .006

6 mo 1.27 (0.74-2.17) .39

12 mo 1.42 (0.85-2.37) .18

Intraventricular and/or petechial
hemorrhage

2 wk 2.23 (1.10-4.51) .03

3 mo 1.16 (0.69-1.93) .58

6 mo 1.19 (0.74-1.92) .46

12 mo 1.48 (0.92-2.38) .10

Demographics

Age (55 vs 26 y)b 1.17 (1.00-1.37) .04

Years of education (16 vs 12 y)b 0.64 (0.57-0.74) <.001

Sex (male vs female) 0.58 (0.48-0.70) <.001

Race (White vs Black) 0.76 (0.59-0.98) .09

Race (White vs other)c 1.22 (0.89-1.67) .43

Ethnicity (Hispanic vs non-Hispanic) 1.11 (0.86-1.43) .43

Baseline clinical characteristics

Neuropsychiatric history (yes vs no) 1.61 (1.31-1.99) <.001

Prior traumatic brain injury
(yes vs no)

1.39 (1.16-1.67) <.001

a A generalized estimating equation model was used to study the association of
demographic, clinical, and CT variables with incomplete recovery (Glasgow
Outcome Scale–Extended [GOSE] scores <8 vs 8) at 2 weeks and 3, 6, and 12
months postinjury. The model included GOSE scores (<8 vs 8) at each
follow-up as the outcome; independent variables included demographics,
baseline clinical characteristics, CT phenotypes, data collection points (eg, 2
weeks), and interaction between CT phenotypes and data collection points.
An unstructured working correlation matrix was used. The marginal R2 of the
generalized estimating equation model was 9.1% without CT variables and
11.2% with CT variables.

b For the continuous variables (age and years of education), we reported odds
ratios comparing the third quartile vs the first quartile.

c Other races includes Alaskan Native or Inuit, American Indian, Asian, Native
Hawaiian or other Pacific Islander, and unknown categories.

Table 3. Associations of Demographic, Baseline Clinical, and Computed
Tomography (CT) Features With Unfavorable Outcome at 2 Weeks and 3,
6, and 12 Months Postinjury in the Transforming Research and Clinical
Knowledge in Traumatic Brain Injury Studya

Variable Odds ratio (95% CI) P value
CT phenotypes

Contusion, subarachnoid hemorrhage,
and/or subdural hematoma

2 wk 2.14 (1.48-3.10) <.001

3 mo 2.18 (1.23-3.89) .008

6 mo 2.32 (1.23-4.38) .01

12 mo 3.23 (1.59-6.58) .001

Epidural hematoma

2 wk 1.23 (0.58-2.64) .59

3 mo 0.37 (0.08-1.64) .19

6 mo 0.37 (0.08-1.62) .19

12 mo 0.31 (0.06-1.70) .18

Intraventricular and/or petechial
hemorrhage

2 wk 1.47 (0.82-2.62) .19

3 mo 2.37 (1.14-4.92) .02

6 mo 3.42 (1.62-7.22) .001

12 mo 3.47 (1.66-7.26) <.001

Demographics

Age (55 vs 26 y)b 2.64 (2.02-3.46) <.001

Years of education (16 vs 12 y)b 0.60 (0.47-0.76) <.001

Sex (male vs female) 0.92 (0.64-1.31) .63

Race (White vs Black) 0.90 (0.56-1.44) .89

Race (White vs other)c 1.27 (0.60-2.69) .81

Ethnicity (Hispanic vs non-Hispanic) 0.70 (0.39-1.28) .25

Baseline clinical characteristics

Neuropsychiatric history (yes vs no) 1.43 (0.98-2.10) .07

Prior traumatic brain injury (yes vs no) 1.06 (0.73-1.53) .78

a A generalized estimating equation model was used to study the association of
demographic, clinical, and CT variables with unfavorable outcome (Glasgow
Outcome Scale–Extended [GOSE] scores <5 vs �5) at 2 weeks and 3, 6, and 12
months postinjury. The model included GOSE scores at each follow-up as the
outcome; independent variables included demographic, baseline clinical
characteristics, CT phenotypes, data collection points (eg, 2 weeks), and
interaction between CT phenotypes and data collection points. An
unstructured working correlation matrix was used. The marginal R2 of the
generalized estimating equation model was 7.8% without CT variables and
10.0% with CT variables.

b For the continuous variables (age and years of education), we reported odds
ratios comparing the third quartile vs the first quartile.

c Other races includes Alaskan Native or Inuit, American Indian, Asian, Native
Hawaiian or other Pacific Islander, and unknown categories.
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at the 4 postinjury points. Regarding demographics and base-
line clinical features, female sex (odds ratio [OR], 1.73 [95% CI,
1.43-2.08]; P < .001), neuropsychiatric history (OR, 1.61 [95%
CI, 1.31-1.99]; P < .001), and TBI history (OR, 1.39 [95% CI, 1.16-
1.67]; P < .001) were significantly associated with incomplete
recovery (GOSE scores <8) but not greater degrees of unfavor-
able outcomes (GOSE scores <5). Age and fewer years of edu-
cation were significantly associated with both incomplete re-
covery (GOSE scores <8; age [55 vs 26 years]: OR, 1.17 [95% CI,
1.00-1.37]; P = .04; education [16 vs 12 years]: OR, 0.64 [95%
CI, 0.57-0.74]; P < .001) and greater degrees of unfavorable out-
comes (GOSE scores <5; age [55 vs 26 years]: OR, 2.64 [95% CI,
2.02-3.46]; P < .001; education [16 vs 12 years]: OR, 0.60 [95%
CI, 0.47-0.76]; P < .001).

Regarding CT phenotypes derived from HCA or MCA, 3
trends emerged. The contusion, SAH, and/or SDH cluster was
significantly associated with both incomplete recovery (ORs
from 1.67 [95% CI, 1.28-2.17] at 6 months to 2.22 [95% CI, 1.61-
3.06] at 2 weeks) and greater degrees of unfavorable out-
comes (ORs from 2.14 [95% CI, 1.48-3.10] at 2 weeks to 3.23
[95% CI, 1.59-6.58] at 12 months) at all points from 2 weeks to
1 year. Epidural hematoma was associated only with incom-
plete recovery at earlier points (2 weeks and 3 months; ORs,
3.08 [95% CI, 1.27-7.49]; P = .01 and 2.33 [95% CI, 1.28-4.24];
P = .006, respectively) but not 6 or 12 months. Intraventricu-
lar and/or petechial hemorrhage was significantly associated
with greater degrees of unfavorable outcomes at 3, 6, and 12
months (ORs, 2.37 [95% CI, 1.14-4.92]; 3.42 [95% CI, 1.62-
7.22]; and 3.47 [95% CI, 1.66-7.26], respectively).

The marginal R2 of GEE models17 for incomplete recovery
was 9.1% without CT variables and 11.2% with CT variables.
The marginal R2 of GEE models for unfavorable outcomes was
7.8% without CT variables and 10.0% with CT variables.

We also performed post hoc GEE analysis of the associa-
tion of isolated SAH (157 of 715 positive CT examination re-
sults [22.0%] for intracranial injury) with outcomes (eTables 3
and 4 in Supplement 1) and found significant association with
incomplete recovery up to 6 months after injury (ORs: 2 weeks,
2.01 [95% CI, 1.19-3.39]; 3 months, 1.53 [95% CI, 1.00-2.35]; 6
months, 1.57 [95% CI, 1.01-2.43]). There was a trend toward sig-
nificant association of isolated SAH with incomplete recov-
ery at 12 months (OR, 1.36 [95% CI, 0.90-2.03]; P = .14).

When all 41 participants who underwent decompressive
hemicraniotomy (21 for epidural hematoma) were excluded from
the analytic cohort, odds ratios changed minimally (eTable 5 in
Supplement 1 and Table 2). Finally, because patients with GCS
scoresof13mayhaveworseprognosesthanthosewithGCSscores
of 14 or 15, we verified that the CT phenotypes remained prognos-
tic for outcome up to 1 year after injury, even after participants
with GCS scores of 13 were removed from the GEE models.

External Validation in CENTER-TBI
A validation analysis was conducted in the CENTER-TBI co-
hort (n = 2594). As with TRACK-TBI, most participants in
CENTER-TBI were men (1658 [63.9%] in CENTER-TBI vs 1286
of 1935 [66.5%] in TRACK-TBI) and had similar care pathways
(eTable 6 in Supplement 1). The CENTER-TBI cohort had a
higher incidence of positive CT findings (1175 of 2594 [45.3%]

in CENTER-TBI vs 715 of 1935 [37.0%] in TRACK-TBI)), were
older (mean [SD] ages, 51.8 [20.3] years vs 41.5 [17.6] years),
and had a lower incidence of prior TBI (282 of 2494 partici-
pants with available TBI history [11.3%] in CENTER-TBI vs 586
of 1858 [31.5%] in TRACK-TBI).

Isolated SAH was the most common pattern in CENTER-
TBI, similar to TRACK-TBI (234 of 1175 CT examinations with
positive findings [19.9%] in CENTER-TBI vs 157 of 1175 CT ex-
aminations with positive findings [22.0%] in CENTER-TBI), and
combined SAH, SDH, and/or contusion the second most com-
mon (126 [10.7%] vs 92 [12.9%]). Isolated SDH was the third most
common pattern in TRACK-TBI and fourth most common in
CENTER-TBI. Overall, the top 4 common patterns in TRACK-
TBI were within the top 5 common patterns in CENTER-TBI
(Figure 2B). Hierarchical cluster analysis and MCA in CENTER-
TBI reproduced nearly identical CT imaging phenotypes found
in TRACK-TBI (Figure 2; eFigures 2 and 3 in Supplement 1).

The GEE models also demonstrated consistent findings
across TRACK-TBI (Tables 2 and 3) and CENTER-TBI (eTables 7
and 8 in Supplement 1). In both studies, the contusion, SAH,
and/or SDH phenotype demonstrated significant associa-
tions with both incomplete recovery and greater degrees of un-
favorable outcome at all points up to 1 year (eg, ORs for GOSE
scores <8 at 1 year: TRACK-TBI, 1.80 [95% CI, 1.39-2.33];
CENTER-TBI, 2.73 [95% CI, 2.18-3.41]; ORs for GOSE scores <5
at 1 year: TRACK-TBI, 3.23 [95% CI, 1.59-6.58]; CENTER-TBI,
1.68 [95% CI, 1.13-2.49]). Intraventricular and/or petechial hem-
orrhage was associated with greater levels of unfavorable out-
come in both studies up to 1 year (ORs for GOSE scores <5 at 1
year: TRACK-TBI, 3.47 [95% CI, 1.66-7.26]; CENTER-TBI, 1.82
[95% CI, 1.00-3.29]) and incomplete recovery in CENTER-TBI
at 1 year (OR, 1.71 [95% CI, 1.11-2.62]). Epidural hematoma was
associated with incomplete recovery at 1 year in CENTER-TBI
(OR, 1.55 [95% CI, 1.02-2.36]) and at 2 weeks (OR, 3.08 [95%
CI, 1.27-7.49]) and 3 months (OR, 2.33 [95% CI, 1.28-4.24]) in
TRACK-TBI but was not associated with greater levels of
unfavorable outcome at any point in either study. The R2 of
GEE models17 for incomplete recovery and greater degrees of
unfavorable outcomes in CENTER-TBI were similar to those
in TRACK-TBI (10.2% vs 11.2% for GOSE scores <8, and 11.0%
vs 10.0% for GOSE scores <5).

Discussion
Fewer than half of all patients with mTBI evaluated at US level
1 trauma centers, and only 39% of patients with mTBI and posi-
tive head CT findings, receive follow-up care, including such
simple interventions as provision of TBI educational materi-
als at the time of discharge.18 In this study, we determined and
then externally validated the distribution, patterns, and (im-
portantly) clinical significance of intracranial CT findings in a
large longitudinal observational cohort of 1935 patients with
mTBI enrolled at 18 US level 1 trauma centers. The study popu-
lation was enriched for so-called complicated mTBI: 37% of
participants demonstrated intracranial hemorrhage on head
CT, while the mean positive head CT rate in US emergency de-
partments is approximately 9%.19 This enrichment provided
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sufficient power to determine the prognostic importance of CT
abnormalities at a more granular level than simply positive vs
negative categories. These more granular CT findings can im-
mediately aid in the triage to TBI-specific education and sys-
tematic follow-up of the nearly 5 million patients with mTBI
evaluated annually in US emergency departments.19 We also
demonstrate, to our knowledge for the first time, the exis-
tence of common CT patterns or phenotypes of intracranial in-
jury in mTBI and show that these different phenotypes have
varying implications for outcomes up to 1 year postinjury.

The external validation of the findings in an independent
prospective longitudinal observational cohort of 2594 pa-
tients with mTBI enrolled at 55 European trauma centers con-
firms the fidelity of our results. There was striking replication
of results across TRACK-TBI and CENTER-TBI: contusion, SAH,
and SDH often co-occur and were strongly associated with ad-
verse outcomes over a broad range of GOSE scores up to 1 year
postinjury in both studies. Intraventricular and/or petechial
hemorrhage was associated with greater degrees of unfavor-
able outcome (GOSE scores <5) up to 1 year postinjury in both
studies. Epidural hemorrhage was associated with incom-
plete recovery (GOSE scores <8 vs 8) at 3 months in TRACK-
TBI and 1 year in CENTER-TBI but had no significant associa-
tion with greater degrees of unfavorable outcome at any point
in either study. Finally, some CT patterns of injury were even
more strongly associated with outcomes than known demo-
graphic and clinical variables (older age, female sex, fewer years
of education, and neuropsychiatric history),20,21 the second of
which were reconfirmed across both studies to be variables sig-
nificantly associated with adverse outcome.

We observed several minimal differences between TRACK-
TBI and CENTER-TBI results. Intraventricular hemorrhage
and/or petechial hemorrhage was significantly associated with
incomplete recovery at 1 year in CENTER-TBI but not in TRACK-
TBI. This may be because of higher statistical power in CENTER-
TBI, based on both its larger sample size (n = 2594 vs n = 1935)
and higher rate of positive CT findings compared with TRACK-
TBI (45% vs 37%). In addition, a history of prior TBI had an ap-
parent protective association against an unfavorable out-
come in CENTER-TBI, while it was associated with incomplete
recovery in TRACK-TBI. This may be because of differences in
how prior TBI was assessed: CENTER-TBI used a short series
of questions regarding medical history, and TRACK-TBI used
a TBI-CDE standardized procedure for eliciting lifetime his-
tory of TBI via a structured interview,22 which may have cap-
tured more prior TBI events.

Most prior studies of mTBI outcome have treated head
CT results as a binary variable (ie, any finding of an acute trau-
matic intracranial abnormality).21,23-36 Although many
studies have reported an association of head CT positive
for any acute traumatic intracranial finding with poorer
outcome,24,29-31,33,35 others have shown no association,25,26,32

a weak association that does not endure in multivariable mod-
els that include demographic and other clinical factors,21,23,28,34

an association at 3 months but not at 6 months,27 or even an
association with a better outcome.36 Recently, van der Naalt
et al21,37 found that CT abnormalities were not associated with
the 6-month outcome in either an emergency department

model based on baseline factors nor an emergency department–
plus model that included additional information (indicators
of emotional distress and coping mechanisms) collected at a
2-week postinjury visit.

The few studies that have considered more granular CT pa-
thology have found that most or all individual CT features are
insignificant in multivariable models of outcome after
mTBI.38-40 In some cases, this may have been in part because
of a smaller study sample. However, even recent large studies
have demonstrated negative results. Jacobs et al38 found that
CT characteristics were not associated with significant im-
provement in an outcome prediction model based on clinical
variables alone in a 1998-2006 series of 1999 consecutive pa-
tients with mTBI at a level 1 trauma center in the Nether-
lands. Specifically, the addition of head CT results to a prog-
nostic model based on demographic and clinical characteristics
resulted in a nonsignificant increase in the area under the curve
from 0.69 to 0.70. Based on our results, we believe that re-
duced power because of a smaller sample size and/or lower
positive CT rate, in addition to covariances (collinearity) among
CT features, likely masked the significance of individual CT fea-
tures in these previously reported multivariable models. In ad-
dition, cumulative advances in CT technology have resulted
in continuous improvements in CT image quality over the past
decade. Computed tomography scanners at US trauma cen-
ters now typically have 64 to 320 detector rows and 360° gan-
try rotation times less than 0.3 seconds,41 making thin sec-
tions, high-resolution multiplanar reconstructions, and whole-
head acquisition in less than 1 second the new modern standard
of care in CT imaging. These changes have likely significantly
improved the diagnostic accuracy of CT imaging biomarkers
over the past decade.

Finally, we surmise that the CT phenotypes we have de-
scribed using data-driven analytics (HCA and MCA) provide a
window into mechanisms of injury. Subarachnoid hemor-
rhage, contusion, and SDH often occur in the same patient. We
speculate that these may occur primarily in injury mecha-
nisms with linear acceleration or deceleration. The intraven-
tricular and petechial hemorrhage category likely represents
injuries including a significant component of rotational accel-
eration or deceleration,42 with IVH representing more severe ro-
tational forces causing injury to deep structures. Superficial pe-
techial hemorrhages in the subcortical white matter (eg, superior
frontal gyrus) are more common and may represent milder cases
of rotational acceleration or deceleration. Finally, the associa-
tion of EDH with relatively good outcome has been demon-
strated in studies of patients with moderate to severe TBI.1 We
redemonstrate this in mTBI, showing that EDH is associated with
early incomplete recovery but not with greater degrees of un-
favorable outcome at any point. We also demonstrate that trau-
matic SAH, in isolation or combination with other features, is
strongly associated with outcome in mTBI.

Limitations
We recognize several limitations of this analysis. TRACK-TBI
had follow-up rates of 77% at 2 weeks, 71% at 3 months, 68%
at 6 months, and 64% at 12 months. The distribution of out-
comes in participants lost to follow-up may have differed from
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those who attended 1 or more follow-up appointments. We
note, however, that the 37% rate of positive CT findings in the
entire TRACK-TBI cohort (n = 1935) was not significantly dif-
ferent from the 38% rate of positive CT findings in partici-
pants who attended at least 1 follow-up appointment (n = 1602).
Also, both TRACK-TBI and CENTER-TBI were observational co-
hort studies designed to enroll participants in 3 care path-
ways (Table 1), resulting in 74% of the TRACK-TBI cohort and
70% of the CENTER-TBI cohort being admitted to the hospi-
tal or intensive care unit. Indeed, the incidence of CT abnor-
malities (37% in TRACK-TBI and 45% in CENTER-TBI) is higher
than in some prior studies of mTBI.38,43,44 However, the CT phe-
notypes identified using HCA and MCA should depend only
on the distribution of pathoanatomic results on head CT ex-
aminations positive for injury and should be unaffected by any
number of additional head CT examinations with normal re-
sults in the cohort. This was confirmed by nearly identical re-
sults for both HCA and MCA in TRACK-TBI and CENTER-TBI.

Conclusions
It is anecdotally taught that in moderate and severe TBI, out-
come is determined by what “the injury brings to the

patient”39(p92) while in mTBI it is what “the patient brings to
the injury.”39(p92) In this study, while reconfirming the
importance of patient baseline characteristics in mTBI out-
come, we demonstrate for the first time (to our knowledge)
that different pathological subtypes of intracranial hemor-
rhage are not equivalent in their implications for prognosis.
This finding of varying odds ratios for different subtypes of
intracranial hemorrhage, including high odds ratios for IVH
and petechial hemorrhage as markers for rotational injury,
appears to be a new observation in mTBI, and it invites fur-
ther validation. By demonstrating variability in prognostic
implications of different pathoanatomic lesion types, we
show that in mTBI, as in moderate and severe TBI, some
poor outcomes are attributable to what “the injury brings to
the patient.”39(p92)

Based on 2 large observational studies conducted on dif-
ferent continents, contusion, SAH, SDH, IVH, and petechial
hemorrhage are associated with adverse outcomes across a
broad range of GOSE scores up to 1 year after mTBI, while EDH
is not. These routinely obtained imaging findings can be used
to identify patients at risk for unfavorable outcomes and im-
prove clinical trial design. Patients with mTBI and these CT fea-
tures should be considered for TBI-specific education and
systematic follow-up.

ARTICLE INFORMATION

Accepted for Publication: March 3, 2021.

Published Online: July 19, 2021.
doi:10.1001/jamaneurol.2021.2120

Open Access: This is an open access article
distributed under the terms of the CC-BY License.
© 2021 Yuh EL et al. JAMA Neurology.

Author Affiliations: Brain and Spinal Injury Center,
San Francisco, California (Yuh, Harris, Taylor,
Markowitz, Mukherjee, Manley); Department of
Radiology and Biomedical Imaging, University of
California, San Francisco, San Francisco (Yuh,
Mukherjee); Biostatistics Research Center, Herbert
Wertheim School of Public Health and Human
Longevity Science, University of California, San
Diego, La Jolla (Jain, Sun); Department of
Neurosurgery, Erasmus Medical Center, Rotterdam,
the Netherlands (Pisică); Department of
Neurological Surgery, University of California, San
Francisco, San Francisco (Harris, Taylor, Markowitz,
Manley); Research and Development, Icometrix,
Leuven, Belgium (Verheyden); Department of
Physical Medicine and Rehabilitation, Spaulding
Rehabilitation Hospital, Charlestown,
Massachusetts (Giacino); Department of Physical
Medicine and Rehabilitation, Baylor College of
Medicine, Houston, Texas (Levin); Department of
Neurosurgery, Medical College of Wisconsin,
Milwaukee (McCrea); Department of Psychiatry,
University of California San Diego, La Jolla (Stein);
Veterans Affairs San Diego Healthcare System, San
Diego, California (Stein); Department of
Neurological Surgery, University of Washington,
Seattle (Temkin); Department of Neurology,
University of Pennsylvania, Philadelphia
(Diaz-Arrastia); Department of Neurosurgery,
Baylor College of Medicine, Houston, Texas
(Robertson); Department of Public Health, Erasmus
Medical Center, Rotterdam, the Netherlands (Pisică,
Lingsma); Department of Neurological Surgery,

University of Pittsburgh, Pittsburgh, Pennsylvania
(Okonkwo); Department of Neurosurgery, Antwerp
University Hospital and University of Antwerp,
Edegem, Belgium (Maas); Department of Physical
Medicine and Rehabilitation, Harvard Medical
School, Boston, Massachusetts (Giacino).

TRACK-TBI Investigators authors: Opeolu Adeoye,
MD; Neeraj Badjatia, MD; Kim Boase, BA; Yelena
Bodien, PhD; John D. Corrigan, PhD, ABPP; Karen
Crawford; Sureyya Dikmen, PhD; Ann-Christine
Duhaime, MD; Richard Ellenbogen, MD; V. Ramana
Feeser, MD; Adam R. Ferguson, PhD; Brandon
Foreman, MD; Raquel Gardner; Etienne Gaudette,
PhD; Luis Gonzalez; Shankar Gopinath, MD; Rao
Gullapalli, PhD; J. Claude Hemphill, MD; Gillian
Hotz, PhD; C. Dirk Keene, MD, PhD; Joel Kramer,
PsyD; Natalie Kreitzer, MD; Chris Lindsell, PhD; Joan
Machamer, MA; Christopher Madden, MD; Alastair
Martin, PhD; Thomas McAllister, MD; Randall
Merchant, PhD; Lindsay Nelson, PhD; Laura B.
Ngwenya, MD, PhD; Florence Noel, PhD; Amber
Nolan, MD, PhD; Eva Palacios, PhD; Daniel Perl, MD;
Miri Rabinowitz, PhD; Jonathan Rosand, MD, MSc;
Angelle Sander, PhD; Gabriella Satris; David
Schnyer, PhD; Seth Seabury, PhD; Arthur Toga, PhD;
Alex Valadka, MD; Mary Vassar, RN, MS; Ross
Zafonte, DO.

Affiliations of TRACK-TBI Investigators authors:
University of Cincinnati, Cincinnati, Ohio (Adeoye,
Foreman, Kreitzer, Ngwenya); University of
Maryland, College Park (Badjatia, Gullapalli);
University of Washington, Seattle (Boase, Dikmen,
Ellenbogen, Keene, Machamer); Massachusetts
General Hospital, Boston (Bodien); Ohio State
University, Dublin (Corrigan); University of
Southern California, Los Angeles (Crawford,
Gaudette, Seabury, Toga); Massachusetts General
Hospital for Children, Boston (Duhaime); Virginia
Commonwealth University, Richmond (Feeser,
Merchant, Valadka); University of California, San

Francisco, San Francisco (Ferguson, Gardner,
Hemphill, Kramer, Martin, Nolan, Palacios, Satris,
Vassar); TIRR Memorial Hermann, Houston, Texas
(Gonzalez); Baylor College of Medicine, Houston,
Texas (Gopinath, Noel, Sander); University of
Miami, Miami, Florida (Hotz); Vanderbilt University,
Nashville, Tennessee (Lindsell); UT Southwestern
Medical Center, Dallas, Texas (Madden); Indiana
University, Bloomington (McAllister); Medical
College of Wisconsin, Milwaukee (Nelson);
Uniformed Services University, Bethesda, Maryland
(Perl); University of Pittsburgh, Pittsburgh,
Pennsylvania (Rabinowitz); Massachusetts General
Hospital, Boston (Rosand); University of Texas at
Austin, Austin (Schnyer); Harvard Medical School,
Boston, Massachusetts (Zafonte).

Author Contributions: Dr Manley had full access to
all of the data in the study and takes responsibility
for the integrity of the data and the accuracy of the
data analysis.
Concept and design: Yuh, Mukherjee, McCrea,
Temkin, Diaz-Arrastia, Okonkwo, Manley, Adeoye,
Corrigan, Kramer, Perl, Dikmen.
Acquisition, analysis, or interpretation of data: Yuh,
Jain, Sun, Pisică, Harris, Taylor, Markowitz,
Mukherjee, Verheyden, Giacino, Levin, McCrea,
Stein, Temkin, Diaz-Arrastia, Robertson, Lingsma,
Okonkwo, Maas, Manley, Adeoye, Badjatia, Boase,
Bodien, Crawford, Duhaime, Ellenbogen, Feeser,
Ferguson, Foreman, Gardner, Gaudette, Gonzalez,
Gopinath, Gullapalli, Hemphill, Hotz, Keene,
Kreitzer, Lindsell, Machamer, Madden, Martin,
McAllister, Merchant, Nelson, Ngwenya, Noel,
Nolan, Palacios, Rabinowitz, Rosand, Sander, Satris,
Schnyer, Seabury, Toga, Valadka, Vassar, Zafonte.
Drafting of the manuscript: Yuh, Jain, Harris,
Verheyden, Okonkwo, Noel, Rabinowitz, Vassar.
Critical revision of the manuscript for important
intellectual content: Jain, Sun, Pisică, Harris, Taylor,
Markowitz, Mukherjee, Giacino, Levin, McCrea,
Stein, Temkin, Diaz-Arrastia, Robertson, Lingsma,

Pathological Computed Tomography Features Associated With Adverse Outcomes After Mild Traumatic Brain Injury Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology September 2021 Volume 78, Number 9 1145

Downloaded From: https://jamanetwork.com/ by a Erasmus MC - Univ of Rotterdam User  on 09/30/2021

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2021.2120?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120
https://jamanetwork.com/pages/cc-by-license-permissions?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120


Okonkwo, Maas, Manley, Adeoye, Badjatia, Boase,
Bodien, Corrigan, Crawford, Duhaime, Ellenbogen,
Feeser, Ferguson, Foreman, Gardner, Gaudette,
Gonzalez, Gopinath, Gullapalli, Hemphill, Hotz,
Keene, Kramer, Kreitzer, Lindsell, Machamer,
Madden, Martin, McAllister, Merchant, Nelson,
Ngwenya, Nolan, Palacios, Perl, Rosand, Sander,
Satris, Schnyer, Seabury, Toga, Valadka, Zafonte,
Dikmen.
Statistical analysis: Yuh, Jain, Sun, Pisică, Harris,
Okonkwo, Ferguson.
Obtained funding: Mukherjee, Temkin,
Diaz-Arrastia, Okonkwo, Manley, Adeoye, Corrigan,
Toga.
Administrative, technical, or material support:
Harris, Taylor, Markowitz, Mukherjee, Verheyden,
McCrea, Diaz-Arrastia, Robertson, Okonkwo,
Manley, Adeoye, Bodien, Duhaime, Ellenbogen,
Ferguson, Gonzalez, Gopinath, Gullapalli, Lindsell,
Martin, Merchant, Perl, Rabinowitz, Satris, Schnyer,
Valadka, Vassar, Zafonte.
Supervision: Lingsma, Okonkwo, Maas, Manley,
Bodien, Ferguson, Gopinath, Sander.
Other—Member of TRACK TBI Outcomes Core:
McAllister.
Other—monitoring: Noel.
Other—Discussion of need for validating imaging
Common Data Elements for TBI: Levin.
Other: Dikmen.

Conflict of Interest Disclosures: Dr Bodien reports
grants from the National Institute of Neurological
Disorders and Stroke (NINDS) during the conduct of
the study. Dr Boase reports grants from NINDS and
grants from the Department of Defense during the
conduct of the study. Dr Diaz-Arrastia reports
grants from the National Institutes of Health (NIH),
Department of Defense, and Pennsylvania
Department of Health. Dr Duhaime reports grants
from the NIH during the conduct of the study.
Dr Adeoye reports being a founder and equity
holder from Sense Diagnostics Inc outside the
submitted work and holding patent US13/977,689
issued, which is related to Sense Diagnostics work.
Dr Giacino reports grants from NINDS, the
Department of Defense, the National Institute on
Disability, Independent Living and Rehabilitation
Research, James S. McDonnell Foundation, and the
National Football League during the conduct of the
study. Dr Ferguson reports grants from the NIH
(grants UG3/UH3NS106899, R01NS088475,
U01NS086090), the Department of Veterans
Affairs (grants I01RX002245 and I01RX002787),
the Department of Energy (LLNL), and the
Department of Defense (grants
W81XWH-14-2-0176 and W81XWH2010245) during
the conduct of the study and grants from the NIH
(grants U19AR076737, R01AG056770,
R01MH116156, R01CA213441, and R01NS114043),
Defense Advanced Research Projects Agency
(grant N660012024046), the National Aeronautics
and Space Administration (grant 80NSSC19K158),
the Craig H. Neilsen Foundation, and Wings for Life
Foundation outside the submitted work.
Dr Foreman reports grants from the NINDS, the
Department of Defense, and the National Science
Foundation and personal fees from UCB Pharma Inc
for speaking and consulting outside the submitted
work. Dr Lindsell reports grants from the NIH
during the conduct of the study and grants from the
NIH, Department of Defense, and US Centers for
Disease Control and Prevention; research contracts
to their institution from Entegrion Inc, Endpoint
Health, and bioMerieux; stock options from

Bioscape Digital; and grants from Marcus
Foundation outside the submitted work. In
addition, Dr Lindsell has a patent for risk
stratification in pediatric septic shock issued to
Cincinnati Children's Hospital Medical Center.
Dr Levin reports grants from the NIH and the
Department of Defense during the period of
research for this study. Dr Maas reports a grant
from European Union 7th Framework Program
(grant 602150) during the conduct of the study and
grants from Integra LifeSciences and NeuroTrauma
Sciences and personal fees from PresSuraNeuro
outside the submitted work. Dr McAllister reports
grants from University of California, San Francisco
research subaward for Indiana University School of
Medicine for TRACK-TBI during the conduct of the
study. Dr McCrea reports a research subaward from
the NIH during the conduct of the study and
research grants from the NINDS, Department of
Defense, Centers for Disease Control and
Prevention, Abbott Laboratories, National
Collegiate Athletic Association, and National
Football League Scientific Advisory Board outside
the submitted work. Dr Mukherjee reports grants
from the NIH, Department of Defense, Abbott Labs,
and the National Football League Scientific
Advisory Board, and patents 15/782,005 and
PCT/US2020/042811 pending to the University of
California Regents during the conduct of the study.
Dr Nelson reports grants from NINDS during the
conduct of the study and grants from the
Department of Defense, Advancing a Healthier
Wisconsin Research & Education Program, Medical
College of Wisconsin, and the US Centers for
Disease Control and Prevention outside the
submitted work. Dr Machamer reports grants from
the Department of Defense and grants from NINDS
during the conduct of the study. Dr Madden reports
grants from the NIH to TRACK-TBI during the
conduct of the study. Dr Manley reports grants
from NINDS to TRACK-TBI (grant U01NS086090),
the US Department of Defense for the Traumatic
Brain Injury Endpoints Development Initiative
(grant W81XWH-14-2-0176), funding for stipends
for patients in TRACK-TBI and support to clinical
sites from One Mind, support for TRACK-TBI data
curation efforts from NeuroTrauma Sciences LLC,
support for a precision medicine collaboration from
US Department of Energy, grants from US
Department of Defense for TRACK-TBI precision
medicine (grant W81XWH-18-2-0042), a contract
from the US Department of Defense to the Medical
Technology Enterprise Consortium TRACK-TBI
Network (contract W81XWH-15-9-0001), and a
grant from the National Football League to the
TRACK-TBI LONG study (which will extend
TRACK-TBI’s current 1-year follow-up for 3
additional years) during the conduct of the study.
Ms Markowitz reports a grant from the US
Department of Defense TBI Endpoints
Development Initiative (grant W81XWH-14-2-0176),
a contract from the US Department of Defense/
Medical Technology Enterprise Consortium to the
TRACK-TBI NETWORK (contract
W81XWH-15-9-0001), personal fees from the US
Department of Energy for salary support from the
precision medicine collaboration, and personal fees
from One Mind for salary support during the
conduct of the study. Dr Okonkwo reports grants
from the NIH, the Department of Defense, Abbott,
One Mind, and the National Football League
Scientific Advisory Board during the conduct of the
study. Dr Robertson reports grants from the NIH,

the Department of Defense, Abbott, and the
National Football League Scientific Advisory Board
during the conduct of the study. Dr Rosand reports
grants from the NIH and One Mind for research
during the conduct of the study and fees from
Boehringer Ingelheim for consulting outside the
submitted work. Dr Pisică reports a grant from
European Union 7th Framework Program (EC grant
602150) during the conduct of the study. Dr Toga
reports grants from the NIH during the conduct of
the study. Dr Temkin reports grants from the NIH
and Department of Defense during the study and
other funding from the Department of Energy and
University of Southern California during the
conduct of the study. Dr Stein reports grants from
NINDS during the conduct of the study and stock
options from Oxeia Biopharmaceuticals outside the
submitted work. Dr Yuh reports patents 15/
782,005 and PCT/US2020/042811 pending to the
University of California Regents. Dr Schnyer reports
grants from the NIH and the Department of
Defense during the conduct of the study.
Dr Verheyden reports grants from 7th Framework
Program (grant NCT02210221) during the conduct
of the study. Dr Zafonte received royalties from
Oakstone for an educational CD called Physical
Medicine and Rehabilitation: a Comprehensive
Review and Springer/Demos Publishing for serving
as coeditor of the text Brain Injury Medicine;
Dr Zafonte serves on the scientific advisory boards
of Myomo, Oxeia Biopharma, ElMindA, and
Biodirection and evaluates patients in the
Massachusetts General Hospital Brain and Body–
TRUST Program, which is funded by the National
Football League Players Association.

Funding/Support: This Transforming Research and
Clinical Knowledge in Traumatic Brain Injury
(TRACK-TBI) analysis was funded by the US
Department of Defense (TBI Endpoints
Development Initiative grant W81XWH-14-2-0176);
TRACK-TBI was funded by the National Institutes of
Health/National Institute for Neurologic Disorders
and Stroke (grant U01 NS1365885), One Mind,
NeuroTrauma Sciences, and Jackson Family
Foundation; and Abbott Laboratories provides
research support to the TRACK-TBI Network under
a collaborative research agreement. Collaborative
European NeuroTrauma Effectiveness Research in
Traumatic Brain Injury (CENTER-TBI) was funded by
the European Union Seventh Framework Program
(EC grant 602150) with additional funding from the
Hannelore Kohl Stiftung, One Mind, the Integra
LifeSciences Corporation, and NeuroTrauma
Sciences. Patient travel expenses and stipends
were supported by One Mind (Staglin Family and
General Peter Chiarelli).

Role of the Funder/Sponsor: The funders had
no role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Disclaimer: The article contents are solely the
responsibility of the authors, do not necessarily
represent the official views of the National
Institutes of Health, and are not necessarily
endorsed by the US Department of Defense or
other study sponsors.

REFERENCES

1. Maas AI, Hukkelhoven CW, Marshall LF,
Steyerberg EW. Prediction of outcome in traumatic

Research Original Investigation Pathological Computed Tomography Features Associated With Adverse Outcomes After Mild Traumatic Brain Injury

1146 JAMA Neurology September 2021 Volume 78, Number 9 (Reprinted) jamaneurology.com

Downloaded From: https://jamanetwork.com/ by a Erasmus MC - Univ of Rotterdam User  on 09/30/2021

http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120


brain injury with computed tomographic
characteristics: a comparison between the
computed tomographic classification and
combinations of computed tomographic
predictors. Neurosurgery. 2005;57(6):1173-1182.
doi:10.1227/01.NEU.0000186013.63046.6B

2. Marshall LF, Eisenberg HM, Jane JA, Marshall SB,
Klauber MR. A new classification of head injury
based on computerized tomography. J Neurosurgery.
1991;75:S14-S20. doi:10.3171/sup.1991.75.1s.0s14

3. Murray GD, Butcher I, McHugh GS, et al.
Multivariable prognostic analysis in traumatic brain
injury: results from the IMPACT study. J Neurotrauma.
2007;24(2):329-337. doi:10.1089/neu.2006.0035

4. Jagoda AS, Bazarian JJ, Bruns JJ Jr, et al;
American College of Emergency Physicians; Centers
for Disease Control and Prevention. Clinical policy:
neuroimaging and decisionmaking in adult mild
traumatic brain injury in the acute setting. Ann
Emerg Med. 2008;52(6):714-748. doi:10.1016/
j.annemergmed.2008.08.021

5. Meagher AD, Beadles CA, Doorey J, Charles AG.
Racial and ethnic disparities in discharge to
rehabilitation following traumatic brain injury.
J Neurosurg. 2015;122(3):595-601. doi:10.3171/2014.
10.JNS14187

6. Shafi S, Marquez de la Plata C, Diaz-Arrastia R,
et al. Racial disparities in long-term functional
outcome after traumatic brain injury. J Trauma.
2007;63(6):1263-1268. doi:10.1097/TA.
0b013e31815b8f00

7. Staudenmayer KL, Diaz-Arrastia R, de Oliveira A,
Gentilello LM, Shafi S. Ethnic disparities in
long-term functional outcomes after traumatic
brain injury. J Trauma. 2007;63(6):1364-1369.
doi:10.1097/TA.0b013e31815b897b

8. Maas AI, Menon DK, Steyerberg EW, et al;
CENTER-TBI Participants and Investigators.
Collaborative European NeuroTrauma effectiveness
research in traumatic brain injury (CENTER-TBI) a
prospective longitudinal observational study.
Neurosurgery. 2015;76(1):67-80. doi:10.1227/NEU.
0000000000000575

9. Vande Vyvere T, De La Rosa E, Wilms G, et al;
CENTER-TBI Participants and Investigators.
Prognostic validation of the NINDS common data
elements for the radiologic reporting of acute
traumatic brain injuries: a CENTER-TBI study.
J Neurotrauma. 2020;37(11):1269-1282. doi:10.1089/
neu.2019.6710

10. Maas AIR, Menon DK, Adelson PD, et al; InTBIR
Participants and Investigators. Traumatic brain
injury: integrated approaches to improve
prevention, clinical care, and research. Lancet Neurol.
2017;16(12):987-1048. doi:10.1016/S1474-4422(17)
30371-X

11. Duhaime AC, Gean AD, Haacke EM, et al;
Common Data Elements Neuroimaging Working
Group Members, Pediatric Working Group
Members. Common data elements in radiologic
imaging of traumatic brain injury. Arch Phys Med
Rehabil. 2010;91(11):1661-1666. doi:10.1016/j.apmr.
2010.07.238

12. Haacke EM, Duhaime AC, Gean AD, et al.
Common data elements in radiologic imaging of
traumatic brain injury. J Magn Reson Imaging. 2010;
32(3):516-543. doi:10.1002/jmri.22259

13. US Food and Drug Administration Center for
Devices and Radiological Health. Evaluation of

automatic class III designation for Banyan brain
trauma indicator: decision memorandum.
Published 2018. Accessed February 21, 2021.
https://www.accessdata.fda.gov/cdrh_docs/
reviews/DEN170045.pdf

14. Hudak AM, Caesar RR, Frol AB, et al. Functional
outcome scales in traumatic brain injury:
a comparison of the Glasgow Outcome Scale
(Extended) and the Functional Status Examination.
J Neurotrauma. 2005;22(11):1319-1326. doi:10.1089/
neu.2005.22.1319

15. 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):
573-585. doi:10.1089/neu.1998.15.573

16. Levin HS, Boake C, Song J, et al. Validity and
sensitivity to change of the extended Glasgow
Outcome Scale in mild to moderate traumatic brain
injury. J Neurotrauma. 2001;18(6):575-584.
doi:10.1089/089771501750291819

17. Zheng B. Summarizing the goodness of fit of
generalized linear models for longitudinal data. Stat
Med. 2000;19(10):1265-1275. doi:10.1002/(SICI)
1097-0258(20000530)19:10<1265::AID-
SIM486>3.0.CO;2-U

18. Seabury SA, Gaudette É, Goldman DP, et al;
TRACK-TBI Investigators. Assessment of follow-up
care after emergency department presentation for
mild traumatic brain injury and concussion: results
from the TRACK-TBI study. JAMA Netw Open. 2018;1
(1):e180210-e180210. doi:10.1001/jamanetworkopen.
2018.0210

19. Korley FK, Kelen GD, Jones CM, Diaz-Arrastia R.
Emergency department evaluation of traumatic
brain injury in the United States, 2009–2010.
J Head Trauma Rehabil. 2016;31(6):379-387.
doi:10.1097/HTR.0000000000000187

20. 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):517-526.
doi:10.1089/neu.2014.3600

21. van der Naalt J, Timmerman ME, de Koning ME,
et al. Early predictors of outcome after mild
traumatic brain injury (UPFRONT): an observational
cohort study. Lancet Neurol. 2017;16(7):532-540.
doi:10.1016/S1474-4422(17)30117-5

22. Corrigan JD, Bogner J. Initial reliability and
validity of the Ohio State University TBI
identification method. J Head Trauma Rehabil.
2007;22(6):318-329. doi:10.1097/01.HTR.
0000300227.67748.77

23. Cnossen MC, Winkler EA, Yue JK, et al;
TRACK-TBI Investigators. Development of a
prediction model for post-concussive symptoms
following mild traumatic brain injury: a TRACK-TBI
pilot study. J Neurotrauma. 2017;34(16):2396-2409.
doi:10.1089/neu.2016.4819

24. Hsiang JN, Yeung T, Yu AL, Poon WS. High-risk
mild head injury. J Neurosurg. 1997;87(2):234-238.
doi:10.3171/jns.1997.87.2.0234

25. Lannsjö 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):124-129. doi:10.1111/j.1468-
1331.2012.03813.x

26. 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):489-497. doi:10.1080/
02699050010007353

27. McMahon PJ, Hricik AJ, Yue JK, et al.
Symptomatology and functional outcome in mild
traumatic brain injury: results from the prospective
TRACK-TBI Study. J Neurotrauma. 2014;31(1):26-33.

28. Müller K, Ingebrigtsen T, Wilsgaard T, et al.
Prediction of time trends in recovery of cognitive
function after mild head injury. Neurosurgery.
2009;64(4):698-704. doi:10.1227/01.NEU.
0000340978.42892.78

29. Nelson LD, Temkin NR, Dikmen S, et al; and the
TRACK-TBI Investigators. Recovery after mild
traumatic brain injury in patients presenting to US
Level I trauma centers: a Transforming Research
and Clinical Knowledge in Traumatic Brain Injury
(TRACK-TBI) study. JAMA Neurol. 2019;76(9):1049-
1059. doi:10.1001/jamaneurol.2019.1313

30. Sadowski-Cron C, Schneider J, Senn P, Radanov
BP, Ballinari P, Zimmermann H. Patients with mild
traumatic brain injury: immediate and long-term
outcome compared to intra-cranial injuries on CT
scan. Brain Inj. 2006;20(11):1131-1137. doi:10.1080/
02699050600832569

31. Smits M, Hunink MG, van Rijssel DA, et al.
Outcome after complicated minor head injury.
AJNR Am J Neuroradiol. 2008;29(3):506-513.
doi:10.3174/ajnr.A0852

32. Stulemeijer M, van der Werf S, Borm GF, Vos
PE. Early prediction of favourable recovery 6
months after mild traumatic brain injury. J Neurol
Neurosurg Psychiatry. 2008;79(8):936-942.
doi:10.1136/jnnp.2007.131250

33. Voormolen DC, Zeldovich M, Haagsma JA, et al.
Outcomes after complicated and uncomplicated
mild traumatic brain injury at three-and six-months
post-injury: results from the CENTER-TBI study.
J Clin Med. 2020;9(5):1525. doi:10.3390/jcm9051525

34. Wäljas M, Iverson GL, Lange RT, et al.
A prospective biopsychosocial study of the
persistent post-concussion symptoms following
mild traumatic brain injury. J Neurotrauma. 2015;32
(8):534-547. doi:10.1089/neu.2014.3339

35. Williams DH, Levin HS, Eisenberg HM. Mild
head injury classification. Neurosurgery. 1990;27
(3):422-428. doi:10.1227/00006123-199009000-
00014

36. Zumstein MA, Moser M, Mottini M, et al.
Long-term outcome in patients with mild traumatic
brain injury: a prospective observational study.
J Trauma. 2011;71(1):120-127. doi:10.1097/TA.
0b013e3181f2d670

37. Lingsma HF, Cnossen MC. Identification of
patients at risk for poor outcome after mTBI. Lancet
Neurol. 2017;16(7):494-495. doi:10.1016/S1474-
4422(17)30171-0

38. Jacobs B, Beems T, Stulemeijer M, et al.
Outcome prediction in mild traumatic brain injury:
age and clinical variables are stronger predictors
than CT abnormalities. J Neurotrauma. 2010;27(4):
655-668. doi:10.1089/neu.2009.1059

39. Lingsma HF, 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

Pathological Computed Tomography Features Associated With Adverse Outcomes After Mild Traumatic Brain Injury Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology September 2021 Volume 78, Number 9 1147

Downloaded From: https://jamanetwork.com/ by a Erasmus MC - Univ of Rotterdam User  on 09/30/2021

https://dx.doi.org/10.1227/01.NEU.0000186013.63046.6B
https://dx.doi.org/10.3171/sup.1991.75.1s.0s14
https://dx.doi.org/10.1089/neu.2006.0035
https://dx.doi.org/10.1016/j.annemergmed.2008.08.021
https://dx.doi.org/10.1016/j.annemergmed.2008.08.021
https://dx.doi.org/10.3171/2014.10.JNS14187
https://dx.doi.org/10.3171/2014.10.JNS14187
https://dx.doi.org/10.1097/TA.0b013e31815b8f00
https://dx.doi.org/10.1097/TA.0b013e31815b8f00
https://dx.doi.org/10.1097/TA.0b013e31815b897b
https://dx.doi.org/10.1227/NEU.0000000000000575
https://dx.doi.org/10.1227/NEU.0000000000000575
https://dx.doi.org/10.1089/neu.2019.6710
https://dx.doi.org/10.1089/neu.2019.6710
https://dx.doi.org/10.1016/S1474-4422(17)30371-X
https://dx.doi.org/10.1016/S1474-4422(17)30371-X
https://dx.doi.org/10.1016/j.apmr.2010.07.238
https://dx.doi.org/10.1016/j.apmr.2010.07.238
https://dx.doi.org/10.1002/jmri.22259
https://www.accessdata.fda.gov/cdrh_docs/reviews/DEN170045.pdf
https://www.accessdata.fda.gov/cdrh_docs/reviews/DEN170045.pdf
https://dx.doi.org/10.1089/neu.2005.22.1319
https://dx.doi.org/10.1089/neu.2005.22.1319
https://dx.doi.org/10.1089/neu.1998.15.573
https://dx.doi.org/10.1089/089771501750291819
https://dx.doi.org/10.1002/(SICI)1097-0258(20000530)19:10%3C1265::AID-SIM486%3E3.0.CO;2-U
https://dx.doi.org/10.1002/(SICI)1097-0258(20000530)19:10%3C1265::AID-SIM486%3E3.0.CO;2-U
https://dx.doi.org/10.1002/(SICI)1097-0258(20000530)19:10%3C1265::AID-SIM486%3E3.0.CO;2-U
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2018.0210?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamanetworkopen.2018.0210?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120
https://dx.doi.org/10.1097/HTR.0000000000000187
https://dx.doi.org/10.1089/neu.2014.3600
https://dx.doi.org/10.1016/S1474-4422(17)30117-5
https://dx.doi.org/10.1097/01.HTR.0000300227.67748.77
https://dx.doi.org/10.1097/01.HTR.0000300227.67748.77
https://dx.doi.org/10.1089/neu.2016.4819
https://dx.doi.org/10.3171/jns.1997.87.2.0234
https://dx.doi.org/10.1111/j.1468-1331.2012.03813.x
https://dx.doi.org/10.1111/j.1468-1331.2012.03813.x
https://dx.doi.org/10.1080/02699050010007353
https://dx.doi.org/10.1080/02699050010007353
https://www.ncbi.nlm.nih.gov/pubmed/23952719
https://dx.doi.org/10.1227/01.NEU.0000340978.42892.78
https://dx.doi.org/10.1227/01.NEU.0000340978.42892.78
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2019.1313?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120
https://dx.doi.org/10.1080/02699050600832569
https://dx.doi.org/10.1080/02699050600832569
https://dx.doi.org/10.3174/ajnr.A0852
https://dx.doi.org/10.1136/jnnp.2007.131250
https://dx.doi.org/10.3390/jcm9051525
https://dx.doi.org/10.1089/neu.2014.3339
https://dx.doi.org/10.1227/00006123-199009000-00014
https://dx.doi.org/10.1227/00006123-199009000-00014
https://dx.doi.org/10.1097/TA.0b013e3181f2d670
https://dx.doi.org/10.1097/TA.0b013e3181f2d670
https://dx.doi.org/10.1016/S1474-4422(17)30171-0
https://dx.doi.org/10.1016/S1474-4422(17)30171-0
https://dx.doi.org/10.1089/neu.2009.1059
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120


using the TRACK-TBI pilot study. J Neurotrauma.
2015;32(2):83-94. doi:10.1089/neu.2014.3384

40. Yuh EL, Mukherjee P, Lingsma HF, et al;
TRACK-TBI Investigators. Magnetic resonance
imaging improves 3-month outcome prediction in
mild traumatic brain injury. Ann Neurol. 2013;73(2):
224-235. doi:10.1002/ana.23783

41. Lell MM, Kachelrieß M. Recent and upcoming
technological developments in computed
tomography: high speed, low dose, deep learning,

multienergy. Invest Radiol. 2020;55(1):8-19.
doi:10.1097/RLI.0000000000000601

42. Ommaya AK, Gennarelli TA. Cerebral
concussion and traumatic unconsciousness:
correlation of experimental and clinical
observations of blunt head injuries. Brain. 1974;97
(4):633-654. doi:10.1093/brain/97.1.633

43. Isokuortti H, Iverson GL, Silverberg ND, et al.
Characterizing the type and location of intracranial

abnormalities in mild traumatic brain injury.
J Neurosurg. 2018;129(6):1588-1597. doi:10.3171/
2017.7.JNS17615

44. Stiell IG, Wells GA, Vandemheen K, et al. The
Canadian CT head rule for patients with minor head
injury. Lancet. 2001;357(9266):1391-1396.
doi:10.1016/S0140-6736(00)04561-X

Research Original Investigation Pathological Computed Tomography Features Associated With Adverse Outcomes After Mild Traumatic Brain Injury

1148 JAMA Neurology September 2021 Volume 78, Number 9 (Reprinted) jamaneurology.com

Downloaded From: https://jamanetwork.com/ by a Erasmus MC - Univ of Rotterdam User  on 09/30/2021

https://dx.doi.org/10.1089/neu.2014.3384
https://dx.doi.org/10.1002/ana.23783
https://dx.doi.org/10.1097/RLI.0000000000000601
https://dx.doi.org/10.1093/brain/97.1.633
https://dx.doi.org/10.3171/2017.7.JNS17615
https://dx.doi.org/10.3171/2017.7.JNS17615
https://dx.doi.org/10.1016/S0140-6736(00)04561-X
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.2120

