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Abstract

In 2010, the National Institute of Neurological Disorders and Stroke (NINDS) created a set of common data
elements (CDEs) to help standardize the assessment and reporting of imaging findings in traumatic brain
injury (TBI). However, as opposed to other standardized radiology reporting systems, a visual overview and
data to support the proposed standardized lexicon are lacking. We used over 4000 admission computed
tomography (CT) scans of patients with TBI from the Collaborative European NeuroTrauma Effectiveness
Research in Traumatic Brain Injury (CENTER-TBI) study to develop an extensive pictorial overview of the
NINDS TBI CDEs, with visual examples and background information on individual pathoanatomical lesion
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types, up to the level of supplemental and emerging information (e.g., location and estimated volumes). We
documented the frequency of lesion occurrence, aiming to quantify the relative importance of different
CDEs for characterizing TBI, and performed a critical appraisal of our experience with the intent to inform
updating of the CDEs. In addition, we investigated the co-occurrence and clustering of lesion types and the
distribution of six CT classification systems. The median age of the 4087 patients in our dataset was 50 years
(interquartile range, 29-66; range, 0-96), including 238 patients under 18 years old (5.8%). Traumatic sub-
arachnoid hemorrhage (45.3%), skull fractures (37.4%), contusions (31.3%), and acute subdural hematoma
(28.9%) were the most frequently occurring CT findings in acute TBI. The ranking of these lesions was the
same in patients with mild TBI (baseline Glasgow Coma Scale [GCS] score 13-15) compared with those with
moderate-severe TBI (baseline GCS score 3-12), but the frequency of occurrence was up to three times
higher in moderate-severe TBI. In most TBI patients with CT abnormalities, there was co-occurrence and
clustering of different lesion types, with significant differences between mild and moderate-severe TBI
patients. More specifically, lesion patterns were more complex in moderate-severe TBI patients, with
more co-existing lesions and more frequent signs of mass effect. These patients also had higher and
more heterogeneous CT score distributions, associated with worse predicted outcomes. The critical app-
raisal of the NINDS CDEs was highly positive, but revealed that full assessment can be time consuming,
that some CDEs had very low frequencies, and identified a few redundancies and ambiguity in some def-
initions. Whilst primarily developed for research, implementation of CDE templates for use in clinical prac-
tice is advocated, but this will require development of an abbreviated version. In conclusion, with this study,
we provide an educational resource for clinicians and researchers to help assess, characterize, and report
the vast and complex spectrum of imaging findings in patients with TBI. Our data provides a comprehensive
overview of the contemporary landscape of TBI imaging pathology in Europe, and the findings can serve as

empirical evidence for updating the current NINDS radiologic CDEs to version 3.0.
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Introduction

Patients who suffer a traumatic brain injury (TBI) are ini-
tially assessed clinically using the Glasgow Coma Scale
(GCS), which broadly categorizes them into ‘‘mild
TBI”’ (GCS score 13-15), “moderate TBI’” (GCS score
9-12) or “‘severe TBI"” (GCS score <9; Supplementary
Table S1).' Despite its utility in the clinical and research
setting,2 this classification is unidimensional and rela-
tively crude. The terms mild, moderate, and severe TBI
may lead to treatment bias (e.g., nihilism in severe TBI
and disregard for the adverse long-term consequences
of mild TBI). Importantly, patients and their families
object to the use of these terms. A more refined and
multi-dimensional approach to characterization of TBI
is required.

Neuroimaging studies play a pivotal role in the diagno-
sis, management, and clinical outcome prediction of
brain-injured patients, and can contribute to a better
characterization of TBI.? In the acute phase post-injury,
non-contrast computed tomography (CT) is the preferred
imaging modality in adults, primarily due to its cost-
effectiveness, speed, widespread accessibility, and sensi-
tivity in detecting a broad spectrum of injuries affecting
the skull, brain, and blood vessels.> CT is eminently
suited to identify pathological conditions that may req-
uire surgery or other urgent interventions, such as
intracranial pressure (ICP)-lowering therapies. Magnetic

resonance imaging (MRI), however, is more sensitive in
detecting subtle hemorrhagic lesions such as micro-
bleeds, small traces of subarachnoid hemorrhage, as
well as certain non-hemorrhagic abnormalities such as
edema, ischemia, and distinct forms of axonal injuries
and contusions.® As a consequence, it can better reveal
the full lesion burden of TBI.

Depending on the magnitude and direction of external
forces to the head, a vast spectrum of findings can be
encountered on both standard and advanced neuro-
imaging.“’9 Individual findings may vary according to
location (e.g., temporal, frontal), anatomical compart-
ment (e.g., intra-axial, extra-axial), pattern (focal vs. dif-
fuse), temporality (primary vs. secondary injury) and
extent (e.g., small vs. large) and may be solitary or coex-
ist in various combinations with other findings. In the
clinical setting, the interpretation of neuroimaging stud-
ies is predominantly visual, qualitative, and subjective.
Findings are reported in narrative form, with different
physicians often using different terminology for the
same pathoanatomic lesion type (e.g., extradural col-
lection, epidural hematoma, extradural hematoma, etc.).
Substantial observer differences have been reported,
even between expert neuroradiologists.'”!" Such report-
ing inconsistencies are then perpetuated and potentially
enhanced when transferring imaging reports in study
databases for research purposes, with negative
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implications for data sharing, harmonization, aggrega-
tion, and interpretation across studies.

To address these issues, a multi-disciplinary task
force, led by the National Institutes of Health (NIH)-
National Institute of Neurological Disorders and Stroke
(NINDS), created in 2010 a set of common data ele-
ments (CDEs) with practical operational definitions
and standardized terminology for reporting imaging
findings in TBL.'>'? These data elements were then
updated to version 2 (v.2) in 2013.' A structured inter-
pretation scheme was proposed, with an outside-in ap-
proach (i.e., from the skull inward) of inspecting and
reporting findings. Information on each individual le-
sion or encountered abnormality can be reported by
tiers of increasing detail and complexity: 1) core infor-
mation, relating to whether the lesion or abnormality in
question is present, absent or indeterminate; 2)
supplemental-highly recommended information, relat-
ing to extent and anatomic location; and 3) emerging in-
formation, relating to in-depth measurements of
specific features, often performed with computer-
aided image analysis.'*'> We note that, in contrast to
the clinical TBI CDEs, these designations relate to the
detail of scoring, and not to the relative importance of
radiologic CDE:s.

Standardized reporting of neuroimaging findings,
using the CDE recommendations, substantially mini-
mizes inter- and intra-observer variability in research set-
tings, for both CT and MRL.'>' Moreover, with adequate
training by experienced neuroradiologists, non-physician
researchers (e.g., neuropsychologists, neuroscientists,
etc.) can also reliably interpret and report CDEs.'® As
such, TBI CDEs have a great potential to increase neuro-
imaging reporting quality, in both clinical and research
settings. However, the CDE recommendations were pub-
lished strictly as a written guide, without the support of
illustrated cases and data. This is in contrast to other
imaging classification systems, such as the widely used
BI-RADS (Breast Imaging-Reporting and Data System),
or PI-RADS (Prostate Imaging Reporting and Data Sys-
tem), which are supported by visual examples to increase
clarity, maximize adoption, and further decrease report-
ing variability.'”%°

The large-scale Collaborative European NeuroTrauma
Effectiveness Research in Traumatic Brain Injury
(CENTER-TBI) study has created one of the largest neu-
roimaging repositories in the world and implemented
scan interpretation and reporting according to the
CDEs. Based on this experience we aim to: 1) present
an extensive pictorial overview of TBI neuroimaging
CDEs, with visual examples and background informa-
tion; 2) report the frequencies of core, supplemental,
and emerging CDEs of observed findings on more
than 4000 admission CTs of patients with acute TBI;
and 3) explore clustering of core CDEs (pathoanatomic

entities) across TBI severities (mild TBI, defined by base-
line GCS score 13-15, and moderate-severe TBI defined
by baseline GCS score 3-12). This empirical evidence
will provide both an educational resource for clinicians
and researchers, and a comprehensive overview of the
neuroimaging case-mix of contemporary TBI patients
in the European landscape. Further, it provides an empir-
ical evidence base to inform updating of the CDEs to
version 3.0.

Methods

Study population

The CENTER-TBI study was a prospective, longitudinal,
observational study (ClinicalTrials.gov, NCT02210221),
conducted between December 2014 and December 2017
in over 60 centers across Europe and Israel.?! The study
recruited patients within 24 h of injury, with a clinical
diagnosis of TBI, a clinical indication for CT imaging
based on the judgment of the treating team, and no severe
pre-existing neurologic disorders that could confound
outcome assessment.”' The majority of participating
centers were referral centers for neurotrauma. Conse-
quently, the population studied may not be readily gen-
eralizable to community hospital settings. Further,
pediatric patients are underrepresented, as most centers
mainly focused on adult TBI.

Central scan interpretation

and reporting process

Interpretable admission CT datasets were forwarded to
a neuroimaging repository and centrally assessed by
trained investigators using NINDS CDE-based standard-
ized templates, under the supervision of an expert neuro-
radiologist. The central review methodology has been
described in detail elsewhere.'® The pathoanatomic
lesion types assessed are listed in Table 1. Apart from
the NINDS CDEs, the CENTER-TBI CDE reporting
template included brain herniation and cortical sulcus ef-
facement as distinct lesion types, and an extra item to re-
cord incidental neuroimaging findings, of potential
interest in the context of TBI. Some types of incidental
findings were preset choices (e.g., old stroke, prior TBI,
normal/abnormal prominent ventricles), but reviewers
could also add free text remarks. Free text was mostly
used to give extra information regarding interpretation
decisions or to add information when the readers felt
that certain options were lacking in the standard CDE
templates. As part of the structured reporting in
CENTER-TBI, we also graded the admission CTs
according to the Rotterdam, Marshall and Helsinki clas-
sification systems, and the Fisher, Morris-Marshall, and
Greene CT grading systems for quantification of trau-
matic subarachnoid hemorrhage (tSAH).
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Table 1. Occurrence of Pathoanatomic Lesion Types on Admission CT in CENTER-TBI

All TBIs Mild TBI*  Moderate-severe TBI* Classification
Pathoanatomic lesion type NIH/NINDS Primary/ Focal/
(TBI CDE core information) CDE ID N=4087 N=2744 N=1793 +* p value secondary diffuse
Skull fracture (%) C02463 1529 (37.4) 728 (26.5) 731 (61.3) < 0.001 Primary Focal/diffuse
Epidural hematoma (%) C02427 463 (11.3) 228 (8.3) 214 (17.9) < 0.001 Primary Focal
Extraaxial hematoma (%) C02430 24 (0.6) 8 (0.3) 13 (1.1) 0.003 Primary Focal/diffuse
Subdural hematoma, acute (%) C02472 1183 (28.9) 500 (18.2) 633 (53.1) < 0.001 Primary Focal/diffuse
Subdural hematoma, subacute C02476 22 (0.5) 16 (0.6) 5(0.4) 0.681 Primary Focal/diffuse
or chronic (%)
Subdural hematoma, mixed C02480 86 (2.1) 43 (1.6) 39 (3.3) 0.001 Primary Focal/diffuse
density (%)
Traumatic subarachnoid C02469 1852 (45.3) 840 (30.6) 927 (77.7) < 0.001 Primary Focal/diffuse
hemorrhage (%)
Vascular dissection (%) C02489 2 (0.0) 1 (0.0) 0 (0.0) 1.000 Primary Focal
Traumatic aneurysm (%) C02484 1 (0.0) 1 (0.0) 0 (0.0) 1.000 Primary Focal
Venous sinus injury (%) C02491 0 (0.0) 0 (0.0) 0 (0.0) NA Primary Focal
Midline shift (%) C02455 470 (11.5) 107 (3.9) 341 (28.6) < 0.001 Secondary Focal
Cisternal compression (%) C02410 652 (16.0) 130 (4.7) 485 (40.7) < 0.001 Secondary Focal
Ventricular shift/effacement (%)  C02435 591 (14.5) 129 (4.7) 431 (36.1) < 0.001 Secondary Focal
Contusion (%) C02414 1280 (31.3) 540 (19.7) 677 (56.7) < 0.001 Primary Focal/diffuse
Intracerebral hemorrhage (%) C02440 126 (3.1) 39 (1.4) 80 (6.7) < 0.001 Primary Focal
Intraventricular hemorrhage (%) C02446 491 (12.0) 121 (4.4) 347 (29.1) < 0.001 Primary/ Focal
secondary
Diffuse and traumatic axonal C02420/21 336 (8.2) 104 (3.8) 216 (18.1) < 0.001 Primary Focal/diffuse
injury (%)
Penetrating injury (%) C02459 18 (0.4) 5(0.2) 12 (1.0) 0.001 Primary Focal/diffuse
Cervicomedullary/brainstem C02407 5(0.1) 0 (0.0) 5(0.4) 0.004 Primary/ Focal/diffuse
injury (%) secondary
Cerebral edema (%) C02424 56 (1.4) 4 (0.1) 49 (4.1) < 0.001 Secondary Focal/diffuse
Brain swelling/hyperemia (%) C02404 14 (0.3) 0 (0.0) 14 (1.2) < 0.001 Secondary Focal/diffuse
Ischemia (%) C02451 4 (0.1) 0 (0.0) 4 (0.3) 0.013 Secondary Focal/diffuse
Pathoanatomic lesion types currently not in the CDEs but collected extra in CENTER-TBI
Brain herniation (%) 390 (9.5) 85 (3.1) 285 (23.9) < 0.001 Primary/ Focal/diffuse
secondary
Cortical sulcus effacement (%) 459 (11.2) 113 (4.1) 319 (26.7) < 0.001 Secondary Focal/diffuse
Incidental findings (%) 622 (15.2) 451 (16.4) 155 (13.0) 0.007

The data contains no missing values.

*Mild TBI was defined by baseline Glasgow Coma Scale (GCS) score 13-15, regardless of presence of CT abnormalities. Moderate-severe TBI was
defined by baseline GCS score 3-12. The baseline GCS score used for classification was a derived variable calculated centrally for baseline risk adjustment.
It represents the post-stabilization GCS value, which was imputed when absent using IMPACT methodology: work back in time towards pre-hospital value

until a non-missing value is found.

CDE, common data element; CENTER-TBI, Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury; CT, computed tomog-
raphy; NA, not applicable; NIH/NINDS, National Institutes of Health/National Institute of Neurological Disorders and Stroke; TBI, traumatic brain injury.

For pathoanatomic lesion types with size as a sup-
plemental CDE, the recommendations state reporting
volume or length, width, and maximal thickness. In
CENTER-TBI, these lesions were measured by volume,
calculated using the width X depth X length x 0.5 formula

by baseline GCS score 13-15, regardless of presence of
CT abnormalities) and moderate-severe TBI (defined by
baseline GCS score 3-12).

The abso-

(ABC/2; Supplementary Fig. S1). For subdural hemato-
mas in particular, the width was chosen on an axial
slice of average width, and not on the slice of largest
width, to avoid overestimation of non-ellipsoid volumes.
Data inconsistencies, such as discrepancies in timing and
naming of the scans, were addressed through diligent data
curation efforts.

Statistical analysis

Characteristics of the study sample. Demographic and
injury characteristics are reported for the entire study
sample and separately for patients with mild (defined

Occurrence of pathoanatomic lesion types.
lute and relative frequencies of pathoanatomic lesion
types included in the TBI CDEs reporting scheme are
reported for admission CTs of all patients and separately
for patients with mild and moderate-severe TBI. Addi-
tionally, we reported the occurrence of pathoanatomic
lesion types for patients at the extremes of the GCS-
based severity spectrum: the subgroup of patients with
baseline GCS score 3 and the subgroup with baseline
GCS score 15.

Individual pathoanatomic lesion types. We then elab-
orated on each individual pathoanatomic lesion type,
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following the proposed “‘outside-in’” approach. For each
type of lesion, we first provided background information,
including definitions and aspects on non-contrast CT.
Descriptive analyses for each type of lesion were rep-
orted and summarized following the CDEs information
tiers, and are accompanied by definitions and typical pic-
torial examples, along with diagnostic insights, explana-
tory text on clinical implications of specific findings and
imaging recommendations where appropriate. An initial
set of pictorial examples was selected during the central
review process in CENTER-TBI by the principal central
reader and an expert neuroradiologist. Subsequently, this
set of images was reviewed by a neurosurgeon with
extensive expertise in TBI. In instances where the clarity
or representativeness of the images was deemed insuffi-
cient, a consensus was reached to substitute with an alter-
native image. Subsequently, the refined set of images
underwent final scrutiny and was disseminated to the
remaining co-authors, including expert neuroradiologists,
for approval.

Core information relating to lesion occurrence and
multiplicity was provided for all patients, and separately
for patients with mild and moderate-severe TBI. Because
of lesion multiplicity for some types of findings (e.g.,
multiple contusions in a single patient), supplemental
and emerging information was reported at lesion-level
for individual lesions identified in all patients, and sepa-
rately for lesions identified in patients with mild and
moderate-severe TBI. Supplemental and emerging infor-
mation was reported as absolute and relative frequencies
for categorical variables and medians and interquartile
ranges (IQR) for continuous variables. Often, supplemen-
tal and emerging information categories are not exclu-
sive, so an individual lesion may present multiple such
characteristics simultaneously (e.g., a lesion extending
in multiple locations). Such information was depicted
in UpSet and polar plots. UpSet plots show the combina-
tions in which characteristics co-occur, the absolute fre-
quencies of these combinations (vertical bars) and the
absolute frequencies of each individual characteristic
(horizontal bars). The polar plot can be seen as a circular
bar chart, with variable categories listed on the circum-
ference and the length of each sector corresponding to
the number of lesions which display that characteristic.
Supplemental information relating to lesion extent (vol-
ume) was visualized using histograms. No descriptive
statistics were provided for pathoanatomic lesion types
observed less than 20 times in the entire sample.

Co-occurrence and clustering of pathoanatomic lesion
types. Correlations between pairs of pathoanatomic
lesions in the CENTER-TBI dataset were depicted
using a heatmap, with corresponding phi correlation coef-
ficients. Pathoanatomic lesion co-occurrence was visual-
ized using UpSet plots, separately for patients with mild

and moderate-severe TBI. For a summary description of
the most frequent findings, combinations of the four most
frequently observed lesion types across all severities and
the corresponding 6-months post-injury Glasgow Outcome
Scale-Extended (GOSE)** scores of patients exhibiting
these combinations were visualized using an UpSet plot.

In addition, hierarchical cluster analysis was per-
formed to identify clusters of pathoanatomic lesions
that tend to co-exist in the mild and moderate-severe
TBI subgroups with positive CT findings, using the R
package ClustOfVar.”® Each core CDE (as a binary var-
iable, lesion present/absent) was first set in its own clus-
ter. The algorithm performed ascendant hierarchical
clustering, selecting at each step the two most similar
clusters to merge. Similarity between any two clusters
was measured by the loss of homogeneity if the two
were merged. Cluster homogeneity (i.e., how strongly
the variables inside a cluster are related to its center)
was calculated as the sum of the correlation ratios be-
tween all the cluster variables and the cluster center.
The cluster center, a synthetic quantitative variable, is
the first principal component from multiple correspon-
dence analysis applied to all the variables in the cluster.”?
Results of the cluster analyses were summarized using
dendrograms.

The relative distribution of admission CT scores
according to the Rotterdam, Marshall, Helsinki, Fisher,
Morris-Marshall, and Greene CT systems in mild and
moderate-severe TBI was visualized using bar plots. The
relative distribution of 6 months post-injury GOSE scores
within the categories of each CT score was visualized
using bar plots.

Differences in demographic and injury characteristics,
and pathoanatomic lesion occurrence between patients
with moderate-severe TBI and patients with mild TBI
were tested using Mann-Whitney U tests for continuous
variables and y” statistics for categorical variables. The
same respective tests were used to test differences in
the distribution of supplemental and emerging character-
istics at lesion-level, between individual lesions observed
in patients with moderate-severe TBI and individual
lesions observed in patients with mild TBIL.

Analyses were performed using R (version 4.0.3) and
RStudio (version 2022.7.1.554). When testing differ-
ences between patient and lesion subgroups, two-sided
p<0.05 was considered statistically significant. Given
the exploratory nature of our study, no corrections for
multiple comparisons were made.

Results

Characteristics of the study sample

Of 4509 patients enrolled in CENTER-TBI, 4087 had
an available and interpretable admission CT and were in-
cluded in the analysis. The median age was 50 years
(IQR, 29-66; range, 0-96) and 238 patients were under
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the age of 18 (5.8%). Two-thirds of patients were
male, the most common cause of injury was an inci-
dental fall (46%), and the most common mechanism
of injury was a ground level fall (24%). A major extra-
cranial injury (any extracranial injury with an Abbreviated
Injury Scale score >3) was present in 37% of patients. The
majority of patients were admitted to hospital, either to the
ward (34%) or intensive care unit (ICU; 46%).

Based on the recorded baseline GCS score, 2744
patients had mild TBI (of whom 77% with GCS 15,
17% with GCS 14, and 6% with GCS 13) and 1193
moderate-severe TBI (of whom 72% with GCS 3-8 and
28% with GCS 9-12). Patients with moderate-severe
TBI were on average younger (median 47 years, IQR
27-64 vs. median 52 years, IQR 31-67, p<0.001), more
frequently male (73% vs. 64%, p<0.001), had differ-
ent distributions of injury causes and mechanisms
(Table 2), as well as more frequent major extracranial
injury (57% vs. 28%, p <0.001), compared with patients
with mild TBI. The most frequent cause of injury was a
road traffic incident in the moderate-severe TBI subgroup
(47%) and an incidental fall in the mild TBI subgroup
(50%). The most frequent mechanism of injury was

Table 2. Characteristics of the Study Sample

high velocity (acceleration/deceleration) trauma in the
moderate-severe TBI subgroup (28%) and ground level
fall in the mild TBI subgroup (28%). The vast majority
of patients with moderate-severe TBI were admitted to
the ICU (94%). Of the patients with mild TBI, 47%
were admitted to the ward, 29% were discharged home
from the emergency department and 24% were admitted
to the ICU (Table 2).

Occurrence of pathoanatomic lesion types
Of the 4087 admission CT's we reviewed, 1520 (37%) were
negative, with none of the NINDS TBI core CDEs ob-
served. These included 221 scans with isolated incidental
findings, such as (abnormal) prominent ventricles, old
strokes, and anatomical variants. While the proportion of
negative scans was low in patients with moderate-severe
TBI (81/1193, 7%), more than half of patients with mild
TBI had a negative admission CT scan (1399/2744, 51%).
Considering both negative scans and those on which
only isolated skull fracture(s) were reported, a total of
1652/4087 admission CTs (40%) were negative for intra-
cranial pathology. The proportion of scans negative for
intracranial pathology was considerably lower in patients

All TBIs Mild TBI* Moderate-severe TBI*
N=4087 N=2744 N=1193 p value** Missing

Age, years (median [IQR]) 50 [29, 66] 52 [31, 67] 47 [27, 64] < 0.001 0.0
Male sex (%) 2735 (66.9) 1767 (64.4) 868 (72.8) < 0.001 0.0
Cause of injury (%) < 0.001 2.3

Road traffic incident 1539 (38.5) 946 (34.9) 546 (47.4)

Incidental fall 1850 (46.3) 1349 (49.8) 445 (38.6)

Other non-intentional injury 221 (5.5) 153 (5.7) 51 (4.4)

Violence/assault 206 (5.2) 158 (5.8) 42 (3.6)

Act of mass violence 4 (0.1) 4 (0.1) 0 (0.0)

Suicide attempt 45 (1.1) 15 (0.6) 27 (2.3)

Other 128 (3.2) 82 (3.0) 42 (3.6)
Mechanism of injury (%) < 0.001 4.8

High velocity trauma (acceleration/deceleration) 772 (19.9) 428 (16.1) 311 (28.1)

Direct impact: blow to head 337 (8.7) 269 (10.1) 60 (5.4)

Direct impact: head against object 338 (8.7) 251 (9.5) 72 (6.5)

Ground level fall 923 (23.7) 729 (27.5) 179 (16.2)

Fall from height >1 m/5 stairs 716 (18.4) 453 (17.1) 232 (20.9)

Other closed head injury 94 (2.4) 57 (2.2) 35 (3.2)

Combined mechanism of injury 709 (18.2) 464 (17.5) 219 (19.8)
Baseline GCS Score (median [IQR]) 15 [10, 15] 15 [15, 15] 6 [3, 9] < 0.001 3.7
Major extracranial injury*** (%) 1500 (36.7) 759 (27.7) 677 (56.7) < 0.001 0.0
Admission stratum (%) < 0.001 0.0

Emergency department 808 (19.8) 789 (28.8) 5(0.4)

Ward 1396 (34.2) 1298 (47.3) 69 (5.8)

Intensive care unit 1883 (46.1) 657 (23.9) 1119 (93.8)
Clinical deterioration®*** (%) 982 (24.0) 322 (11.7) 612 (51.3) < 0.001 0.0

*Mild TBI was defined by baseline GCS score 13-15, regardless of presence of computed tomography (CT) abnormalities. Moderate-severe TBI was
defined by baseline GCS score 3-12. The baseline GCS score used for classification was a derived variable calculated centrally for baseline risk adjustment.
It represents the post-stabilization GCS value, which was imputed when absent using IMPACT methodology: work back in time towards pre-hospital value

until a non-missing value is found.

#%p values derived from 7 statistics for categorical variables and Mann-Whitney U tests for continuous variables, comparing patients with mild TBI vs.

patients with moderate-severe TBI.
***Any extracranial injury with an Abbreviated Injury Scale score >3.

###% Including GCS score deterioration of 1 point or more within 1 hour of presentation, any episode of neuroworsening during intensive care unit (ICU)
or hospital stay and clinical deterioration as reason for ICU admission or surgical intervention.
GCS, Glasgow Coma Scale; IQR, interquartile range; TBI, traumatic brain injury.
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with moderate-severe TBI compared with patients with
mild TBI (98/1193 vs.1508/2744; 8% vs. 55% respec-
tively, p <0.001).

In Table 1, we present the core TBI CDEs and their
distribution, as well as three additional elements, in the
entire CENTER-TBI dataset and separately for mild
and moderate-severe TBI. The four most frequently obs-
erved lesion types across all severities were tSAH (45%),
skull fracture (37%), contusion (31%), and acute sub-
dural hematoma (aSDH; 29%). The frequency of occur-
rence of all other CDEs was much lower, ranging from
0 to 16%. For the top four CDE:s, the order of frequencies
was the same for patients with mild and those with
moderate-severe TBI, but the relative frequencies were
up to three times higher in moderate-severe TBI
(Table 1). Of the 2567 patients with a positive scan
(at least one core CDE present), only 89 (3%) did not
exhibit any of the top four most common CDEs
(Fig. 1). The majority of patients presented with various
combinations of the top 4 CDEs, the most frequent of
which was all 4 lesion types simultaneously present
(20% of positive scans), followed by isolated tSAH
(12% of positive scans). When looking at 6 months
post-injury outcomes in subgroups of patients with each
of the four top CDEs present (Fig. 1, horizontal bars),
the highest percentages of mortality and GOSE scores
<4 were observed in the subgroup of patients with
aSDH present, isolated or in various combinations with
other lesion types (23% mortality, 40% GOSE score <4).

Additional pathoanatomic findings related to mass ef-
fect were at least 7 to 8 times more frequent in moderate-
severe TBI than mild TBI (e.g., midline shift [MLS] 29%
in moderate-severe TBI vs. 4% in mild TBI, p<0.001;
cisternal compression 41% vs. 5%, p <0.001; ventricular
effacement 36% vs. 5%, p <0.001; brain herniation 24%
vs. 3%, p<0.001). Certain lesion types occurred almost
exclusively in moderate-severe TBI, such as cerebral
edema, cervicomedullary/brainstem injury, ischemia,
and brain swelling.

Some lesion types, such as traumatic (pseudo-)
aneurysm, vascular dissection, and venous sinus injury,
were very rarely observed on admission CT in our cohort.
This may reflect a very low occurrence in the acute stage
or indicate that non-contrast CT is not the optimal inves-
tigation to detect such lesions. We suggest a liberal indi-
cation for contrast enhanced CT scanning when any
clinical suspicion for such lesions exists (e.g., fracture
of the carotid canal, associated cervical spine injury, in-
tracranial hematoma near major artery or venous sinus).
Additionally, magnetic resonance angiography or venog-
raphy can be beneficial in offering supplementary infor-
mation, particularly in cases involving fractures over
dural venous sinuses.

At the extremes of the severity spectrum, 428 patients
had a baseline GCS score 3, and 2107 patients had base-

line GCS score 15 (Supplementary Table S2). Of patients
with baseline GCS score 3, 83% presented with tSAH,
63% with skull fractures, 56% with aSDHs and 54%
with contusions. Even though the GCS 3 subgroup repre-
sents around 10% of our entire TBI sample, it accounted
for approximately a third of the total number of reported
cases of MLS (139/470, 30%), cisternal compression
(216/652, 33%), ventricular effacement (196/591, 33%)
and brain herniation (121/390, 31%). At the other end
of the severity spectrum, patients with baseline GCS
score 15 presented less frequently with findings: tSAH
25%, skull fractures 22%, aSDHs 15% and contusions
15%. The GCS 15 subgroup represented more than half
of our entire TBI sample, but accounted for approxima-
tely a tenth of reported cases of MLS (51/470, 11%), cis-
ternal compression (51/652, 8%), ventricular effacement
(48/591, 8%) and brain herniation (34/390, 9%). Never-
theless, these percentages are relatively high, illustrating
how imaging characteristics can contribute to the charac-
terization of patients with mild TBI.

Individual pathoanatomic lesion types

For each pathoanatomic lesion type, explanatory text on
clinical implications of specific findings or imaging rec-
ommendations are included where appropriate.

Skull fracture

Background. Skull fractures are primary injuries
where the neurocranium is broken in either partial or
full thickness, often in the proximity of scalp injuries.'*"?
A three-dimensional volume rendering of the non-
contrast CT images is warranted for better visualization
(Fig. 2 Panel 1 A2, A4, A6), as fractures that run parallel
to the conventional two-dimensional planes can be easily
missed.® MRI is less sensitive for detecting fractures
and is therefore not the modality of choice for detecting
these lesions.>*® The intricate anatomy of the skull
base warrants thorough inspection for small fractures
with potentially severe clinical complications, such as
fractures of the internal carotid artery (ICA) canal
(Fig. 3), that may be accompanied by vascular injury.?*
In the past, skull base fractures were considered a clinical
diagnosis (e.g., cerebrospinal fluid [CSF] leakage from
nose or ear, raccoon eyes, Battle’s sign and blood leak-
age from the ear), as they were poorly visualized on con-
ventional skull X-rays. The current generation of CT
scanners, however, allows accurate radiologic detection
of skull base fractures.

Core information: presence, multiplicity. Skull frac-
tures were the second most common lesion type on
admission CT in the CENTER-TBI dataset. They were
encountered in 37% of patients (1958 fractures in 1529/
4087 patients), and significantly more frequently in the
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FIG. 1. UpSet plot of combinations of the four most frequent lesion types encountered on non-contrast
computed tomography (CT) images. This figure depicts the combinations in which the four most frequent lesion
types (traumatic subarachnoid hemorrhage, skull fracture, contusion, acute subdural hematoma) occur on
admission CT. Combinations with other lesion types are not depicted here. Of all 2567 patients with positive CT
findings, only 89 did not present with any of the four most frequent lesion types. The most common phenotype,
present in a fifth of patients with positive CT findings, was all four lesion types simultaneously present. The
mortality at 6 months post-injury was high (27%) in this group, and almost half of these patients had an
unfavorable outcome at 6 months (47% Glasgow Outcome Scale-Extended [GOSE] score <5). We can also
observe that almost a quarter of patients (23%) with an acute subdural hematoma died within 6 months of
injury, regardless of the presence of other lesions. When possible, missing GOSE scores were imputed centrally
from scores recorded at different time-points, using a multi-state model. GOSE scores were assessed by in-
person/telephonic interviews or postal questionnaires, and as such a clear distinction between GOSE 2
(vegetative state) and GOSE 3 (lower severe disability) was not always possible. As a result of this, these two
categories were combined, giving a seven-point ordinal scale. GOSE, Glasgow Outcome Scale-Extended; LGR,
lower good recovery; LMD, lower moderate disability; LSD, lower severe disability; NA, not available; UGR, upper
good recovery; UMD, upper moderate disability; USD, upper severe disability; VS, vegetative state.
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moderate-severe TBI subgroup than in the mild TBI sub-
group (1009 fractures in 731/1193 patients vs. 850 frac-
tures in 728/2744 patients; 61% vs. 27% respectively;
p<0.001). Most patients with skull fractures presented
with a single fracture (79%), while two or more con-
comitant fractures were present in 27% and 14% of
skull fracture cases with moderate-severe and mild TBI
respectively.

Supplementary information: location. A total of 568
fractures were restricted to the cranial vault (29% of
skull fractures), and 190 to the skull base (10% of skull
fractures). Most fractures (i.e., 1199) involved both the
cranial vault and the skull base (61% of skull fractures),
with the most common location being the middle fossa
(41% of all fractures), with extension into the temporal
and/or parietal bones or vice versa (Supplementary
Fig. S2). Fractures in moderate-severe TBI more fre-
quently involved the middle fossa (46% vs. 35%,
p<0.001), parietal bone (left 27% vs. 20%, p <0.001;
right 30% vs. 23%, p=0.001) and temporal bone (left
25% vs. 17%, p<0.001; right 28% vs. 23%, p=0.007)
compared with fractures in the mild TBI subgroup (Sup-
plementary Table S3).

Emerging information: morphology. Skull fractures
(Fig. 2 Panel 1 A1-A6; Fig. 3) can be further character-
ized based on morphological traits: linear, depressed,
comminuted, diastatic, compound and penetrating.'*"?
Often, fractures are complex, meaning they display
various combinations of multiple morphological traits
(Supplementary Fig. S3). In the CENTER-TBI dataset,
over 90% of fractures had a linear component (Supple-
mentary Table S3; Fig. 2 Panel 1 A1-A6). Linear skull
fractures can be simple, but in many patients, they are
branched or encompass multiple separated fracture
lines.

After simple linear fractures, linear and compound
fractures with pneumocephalus were most common (Sup-
plementary Fig. S3). Compound fractures are fractures
that communicate with the skin, mastoid air cells, or par-
anasal sinuses.'”!® In CENTER-TBI, around 30% of
fractures were compound. These were mostly linear frac-
tures in the middle fossa that extended into the mastoid
air cells of the petrous bone or linear fractures in the
anterior fossa that extended into the frontal sinus. Detect-
ing such pathologic connections between the intracranial
space and the outside environment is crucial, as they can
be associated with CSF leakage and risk for infection,
especially in the presence of intracranial air (i.e.,
pneumocephalus).”

The third most common morphology was commi-
nuted (28% of fractures), meaning fractures consist-
ing of multiple fragments (Fig. 2 Panel 1 A3-A6).
Diastatic fractures cause widening of a cranial su-

ture or have bone fragments separated by more
than 3mm, according to the CDE definition.'*"?
Diastatic involvement occurred in 21% of fractures.
Depressed skull fractures are fractures where bone
fragments are driven inward by >1cm or by the full
thickness of the skull in that location.'*'? These frac-
tures were less common (Fig. 2 Panel 1 A3, A4), rep-
resenting 13% of observed fractures, and can be
associated with underlying parenchymal and/or vascu-
lar injury. They may require surgery to elevate or
remove bone fragments and reconstruct the underlying
dura if torn.?® In particular, compound depressed skull
fractures underlying scalp lacerations are considered a
potential surgical indication. Of the 105 patients with
compound depressed skull fractures, 56 (53%) were
treated surgically, often in combination with removal
of a hematoma. Penetrating fractures, resulting from
indriven foreign bodies (e.g., missile, blade), were
the least common morphology type (4%). Suspected
“‘probable fractures’’ are cases in which the fracture
itself cannot be detected definitively, but is suspected
due to pneumocephalus, and were rarely encountered
in this predominantly adult population. Accompanying
pneumocephalus was very common and found along-
side 48% of fractures. Further description of the loca-
tion of pneumocephalus can be relevant to determine
patient management.?’

Fractures in patients with moderate-severe TBI, com-
pared with fractures in patients with mild TBI, were
significantly more often compound (36% vs. 27%,
p<0.001), comminuted (32% vs 23%, p<0.001), dia-
static (24% vs. 18%, p=0.002), depressed (14% vs.
11%, p=0.04) and accompanied by pneumocephalus
(52% vs. 42%, p <0.001).

Epidural hematoma

Background. Epidural hematomas (EDHs; Fig. 2 Panel
1 B1-B5) are predominantly focal primary injuries that
typically occur at the site of impact (i.e., the ‘“‘coup”
site).?® A large force is needed to cause this kind of injury
in adults, which is reflected by the fact that an overlying
skull fracture is present in over 90% of cases.”® Epidural
hematomas are generally caused by a fracture lacerating
or rupturing extradural blood vessels, with blood filling
the space between the dura mater and the tabula interna
of the skull.* EDHs do not typically cross sutural mar-
gins because the periosteal layer of the dura adheres
very tightly to the sutures.® On non-contrast CT,
EDHs are hyperdense in the acute phase, but may in-
clude mixed density components in the case of active
ongoing bleeding. Over time, EDHs become isodense
or hypodense. Hypodense areas within the predomi-
nantly hyperdense bleeding on non-contrast CT repre-
sent unclotted blood and are referred to as “‘swirl
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FIG. 2 Panel 1. Examples of imaging findings in acute traumatic brain injury patients. Skull Fractures. (A1) Shows
a right parietal linear skull fracture (arrow) on the axial non-contrast computed tomography (CT) images with bone
window, which is better appreciated on the three-dimensional reconstruction (A2). (A3, A4) Show a right
frontoparietal depressed and comminuted skull fracture (arrow), possibly from blunt-force trauma. In cases like this,
underlying parenchymal injury should always be ruled out on the soft tissue window. (A5) Shows extensive
frontotemporoparietal (arrows) and craniofacial fractures (A6). The cranial fractures are morphologically depressed,
comminuted, and compound. The white arrows indicate the presence of pneumocephalus. Epidural hematomas
(EDHs). Non-contrast CT images with soft tissue window show an arterial EDH (B1, arrows, estimated [est.] 71 cm’)
with a typical biconvex shape. Note the swelling in the right cerebral hemisphere, indicated by cortical sulcus
effacement, but preserved gray-white matter differentiation. In these cases, it is important to inspect underlying
midbrain structures for mass effect (i.e., midline shift and cisternal compression or obliteration). (B2) Shows three
distinct EDHs (arrows) in a single TBI patient: one right parietal EDH, likely arterial, one left parietal EDH, also likely
arterial and one EDH in the left posterior fossa, which is likely venous (combined volumes, est. 108 cm®). Note the
presence of pneumocephalus. (B3) Shows a small temporal EDH (arrows, est. 5.50 cm>). In this case, the location is
suggestive of injury to the sphenoparietal sinus, and the EDH is therefore most likely of venous origin. (B4) Shows
a large underlying EDH (arrows, est. 50.80 cm?), likely venous. The location is suggestive of injury to the right
transverse sinus or one of its tributaries. (B5) Shows a vertex EDH (arrows, est. 32.40 cm?), likely venous in nature.
Note the distortion and displacement of the superior sagittal sinus. Subdural hematoma (SDH), acute. (C1) Shows a
right frontoparietal homogeneous acute SDH (arrows, est. 10cm?). (€2) Shows a typical hyperdense left temporal
and tentorial acute SDH (arrows), often distinguishable from tentorial traumatic subarachnoid hemorrhage due to
its thickness. (C3) Shows an acute SDH in the infratentorial compartment. Infratentorial involvement of an SDH in
the posterior fossa should be carefully examined in multiple directions, especially in the sagittal plane, to inspect
the retroclival area for bleedings (arrows). (C4) Right frontotemporoparieto-occipital acute heterogeneous SDH
(arrows, est. 158 cm?), causing mass effect with extensive midline shift, brain herniation, ipsilateral ventricular
compression, and contralateral obstructive hydrocephalus. (C5) Left frontotemporoparieto-occipital laminated acute
atypical mixed SDH (arrows, est. 99 cm?), causing midline shift and secondary mass effect. The hypodense areas
within the hematoma can indicate active bleeding or chronic components, which makes it very difficult to
distinguish atypical SDH from acute-on-chronic SDH. Note the hypodense aspect of the left hemisphere and part of
the right hemisphere, with preservation of gray-white matter differentiation, indicative of local ischemia or possibly
vasogenic edema. Subdural hematoma, subacute/chronic. (D1) Left frontotemporoparieto-occipital and small right
frontal subacute/chronic SDHs (arrows, total est. 74 cm?3). (D2) Left frontotemporoparieto-occipital chronic SDH
(arrows, est. 126 cm?), with midline shift and cortical sulcal effacement. (D3) Organized right frontotemporoparieto-
occipital acute-on-chronic SDH (arrows, total est. 168 cm?3). Note a sediment of high density below the white dashed
line in the chronic collection. (D4) Shows a difficult-to-detect small isodense bleeding consistent with subacute SDH
close to the cortex. (D5) Shows the same patient, but with the SDH delineated using blue dashed lines (arrows, est.
6 cm?). Traumatic subarachnoid hemorrhage (tSAH). (E1) Shows the right Sylvian cistern that is filled with tSAH
(arrows), as opposed to a normal-appearing left side. (E2) Shows typical traces of tentorial tSAH (arrows). (E3)
Shows a small focal trace of perimesencephalic tSAH in the interpeduncular fossa (arrow). Small traces in this area
can easily be missed. (E4) Shows diffuse left hemispheric tSAH (arrows) adjacent to an acute-on-chronic SDH (blue
dashed lines). (E5) Shows diffuse, full tSAH in the basal and Sylvian cisterns, with traces of interhemispheric and
bilateral cortical blood (arrows). Note the trace of intraventricular hemorrhage (IVH) in the 4th ventricle (white
arrow). Midline shift (MLS). (F1) Shows a patient with left frontotemporoparieto-occipital SDH, causing a significant
shift of the midline structures. (F2) Shows the (A/2-B) method to measure MLS, where A is the width of the
intracranial space and B is the distance from the tabula interna to the septum pellucidum at the level of the
foramen of Monro (MLS=1.94 cm). This method can also be used to measure MLS at the level of the largest
displacement and is the preferred method according to the National Institute of Neurological Disorders and Stroke
Common Data Elements. (F3) An alternative method is commonly used in routine radiological practice, where the
ideal midline (dashed yellow line) is drawn between the most anterior and posterior part of the falx cerebri.

A perpendicular line c is drawn to the septum pellucidum and is then measured as shift (MLS=2.09 cm). In some
cases, these methods can lead to quite different results. Third/fourth ventricle shift/effacement. (G1) Shows a large
left SDH (est. 173 cm?) causing MLS with subfalcine (¥*) and downward transtentorial (+) herniation. This causes a
compression of the third ventricle from left to right (arrow). (G2) Shows a large posterior fossa EDH (est. 170 cm?)
causing upward transtentorial herniation and obliteration or effacement of the fourth ventricle (arrow).

10



Skull Fracture

Epidural Hematoma

B3

il

' Subdural Hematoma, Subacute/Chronic

D3 D4

Midline Shift

11




12

VANDE VYVERE ET AL.

signs”” .?° Bleedings with swirl signs are often, though not
always, associated with active arterial bleeding and a
worse clinical outcome, and most require immediate sur-

occurred significantly more frequently in the moderate-
severe TBI subgroup than in the mild TBI subgroup
(291 EDHs in 214/1193 patients vs. 273 EDHs in 228/

gical intervention.**° 2744 patients; 18% vs. 8%, respectively; p<0.001).
Most EDHs were solitary (78% of patients with EDH),
with multiple EDHs occurring simultaneously in 28%
and 17% of EDH cases with moderate-severe and mild

TBI respectively.

Core information: presence, multiplicity. Epidural
hematomas were not very common in the CENTER-
TBI dataset (589 EDHs in 463/4087 patients, 11%) and

>

FIG. 2 Panel 2. Examples of imaging findings in acute traumatic brain injury patients continued. Cisternal
compression. (H1) Shows a patient with a right epidural hematoma (EDH), causing compression of the
contralateral ambient and quadrigeminal cisterns (arrows). (H2) Shows a patient with compression of the
prepontine, ambient (arrows), and quadrigeminal cisterns. Note the downward transtentorial herniation of the
uncus of the right temporal lobe into the prepontine cistern (green arrow) and the trace of temporal cortical
traumatic subarachnoid hemorrhage (tSAH). (H3) Shows a left acute subdural hematoma (SDH) causing
compression of the contralateral ambient and quadrigeminal cisterns (arrows). (H4-5) Show two patients with
global edema and brain swelling, causing complete obliteration of all basal subarachnoid cisterns (arrows in H4,
area between yellow dashed lines in H5). Contusion. (11-2) Show how peri-contusional edema (blue dashed lines)
in a patient with typical frontotemporal contusions expands over the next few days following injury and becomes
more hypodense. Note the contralateral shift and severe compression of the basal cisterns, with some traces of
cortical/convexal tSAH. (I13) Shows bilateral parasagittal contusions, also sometimes referred to as “gliding
contusions” (arrows). (14) Shows typical bilateral frontotemporal contusions (arrows, total estimated [est.] 88 cm?),
and (15) shows typical bilateral frontal contusions (arrows, total est. 58 cm?). Intracerebral hemorrhage (ICH). (J1)
Shows a patient with a temporal left ICH (arrows, est. 27 cm®). Note the contralateral diffuse tSAH. The third
ventricle is slightly shifted but still open. (J2) Shows a patient with bilateral temporal ICHs (arrows, total est.

120 cm?), with some traces of bilateral tSAH. Note the surrounding rings of edema. (J3-5) Show growing
intracerebral bleeding in a patient where the lesion was initially classified as focal traumatic axonal injury (TAI) at
time-point one (J3, arrow, est. 0.3 cm?). However, at time-point two (J4, 2 h later) the lesion grew into an ICH
(arrow, 3cm?) and continued growing (J5, 2 days later, arrow, 8cmd). In retrospect, the initial lesion was therefore
likely a small intracerebral hemorrhage. Intraventricular hemorrhage (IVH). (K1) Shows acute, mostly hyperdense,
blood in the left lateral ventricle (arrows) and a right, more isodense, horizontal sedimentation (white arrow). (K2)
Shows lateral ventricles filled with intraventricular blood (arrows). (K3) Shows IVH in both lateral ventricles (arrows)
and in the third ventricle (top arrow), with traces of co-occurring bilateral tSAH. (K4) Shows a typical horizontal
sedimentation level in the fourth ventricle (> 50% filled, arrow). (K5) Shows a right temporo-occipital ICH (est.
41cm?), connecting to the right lateral ventricle. There is also a horizontal sedimentation level of blood in the left
lateral ventricle (arrow). Traumatic and diffuse axonal injury. *Terminology under debate. (L1) Shows a typical focal
traumatic axonal injury (TAl) in the left midbrain (arrow). (L2) Shows an isolated TAl in the fornix (arrow) and
bilateral traces of frontal and parietal tSAH (white arrows). (L3) Shows a complex case with diffuse axonal injury
(DAI) in the frontal hemispheres, the right thalamus, the left genu, the left splenium of the corpus callosum, and
the left internal capsule. Note the bilateral IVH (asterisks) extending into the third ventricle, the moderate amount
of left frontotemporal tSAH (black arrow), the small right frontal EDH (red dashed line) and left occipital SDH (blue
dashed line). (L4) Magnetic resonance (MR) susceptibility-weighted image (SWI) of a patient showing diffuse
hypointense foci in the frontal lobes and splenium of the corpus callosum (arrows), consistent with DAI. (L5) MR
fluid-attenuated inversion recovery (FLAIR) image showing a patient with a focal axonal injury in the left splenium
of the corpus callosum (arrow), not visible on SWI (not shown), indicative of a non-hemorrhagic lesion. Cerebral
edema/brain swelling. (M1) Shows a patient with right hemispheric cerebral edema, swelling, and cortical sulcal
effacement, with preservation of gray-white matter differentiation. (M2) Shows a patient with bilateral hemispheric
cerebral edema, swelling, and cortical sulcal effacement, also with preservation of gray-white matter
differentiation. (M3-4) Show patients with global edema. In both cases, there is an obliteration of the basal
cisterns, cortical sulcal effacement, and loss of gray-white matter differentiation. (M5) Shows a patient with
bilateral hemispheric swelling, cortical sulcal effacement, and preservation of gray-white matter differentiation,
consistent with possible cerebral hyperemia.
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FIG. 3. Axial and coronal non-contrast computed tomography images with bone window of a patient
with skull base fractures. Fractures at the level of the skull base, especially in the sphenoid bone and the
petrous part of the temporal bone, may be difficult to detect. (A) Shows a fracture at the level of the
horizontal (arrow, A) and vertical segment (arrow, B) of the internal carotid artery (ICA) canal. It is crucial
not to miss these fractures, as they can be associated with vascular dissection.

Supplementary information: size. Most epidural hema-
tomas in the CENTER-TBI dataset were relatively small
(median volume 3.7cm’, IQR, 1.4-13.9), with no sig-
nificant volume differences between EDHs in patients
with moderate-severe versus mild TBI (Table 3). EDHs
of similar volume were relatively equally distributed
between patients with moderate-severe and mild TBI,
except for large EDHs above 80 cm® which occurred
more often in patients with moderate-severe TBI (60%;
Fig. 4). A total of 90 patients (19% of patients with
EDH) had an EDH volume higher than 25 cm?’, thus qual-
ifying as a mass lesion according to the Marshall CT Clas-

sification.’ Of these, 80 patients (89%) were treated
surgically for the EDH mass lesion and/or other co-
existing lesions, including 34/41 (83%) patients with
EDH mass lesion who were classified as having a mild
TBI.

Supplementary information: location. The most
common location where EDHs were encountered was tem-
poral (51%), followed by frontal (34%) and parietal (27%).
In contrast, occipital EDHs (8%) or in the posterior fossa
(6%) were quite rare. Most EDHs were confined to a single
location (Supplementary Fig. S4), which underscores the

Table 3. Characteristics of Epidural Hematomas on Admission CT

EDHs in all TBIs

EDHs in mild TBI

EDHs in moderate-severe TBI

N=589 N=273 N=291 p value* Missing

Number of EDHs (%) < 0.001 0.0

1 361 (61.3) 189 (69.2) 154 (52.9)

2 164 (27.8) 70 (25.6) 90 (30.9)

3-5 64 (10.9) 14 (5.1) 47 (16.2)
Supplementary CDEs: size
Volume, cm® (median [IQR]) 3.74 [1.38, 13.85] 3.92 [1.47, 12.19] 3.58 [1.32, 14.87] 0.956 0.0
Supplementary CDE:s: location (Table S4)
Emerging CDEs: likely source
Likely venous (%) 174 (31.1) 84 (32.2) 81 (29.6) 0.574 5.1
Likely arterial (%) 388 (69.4) 179 (68.6) 194 (70.8) 0.642 5.1

“p values derived from y* statistics for categorical variables and Mann-Whitney U tests for continuous variables, comparing EDHs encountered in

patients with mild TBI vs. EDHs in patients with moderate-severe TBI.

CDE, common data element; CT, computed tomography; EDH, epidural hematoma, IQR, interquartile range; TBI, traumatic brain injury.
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typical focal nature of this type of lesion, bound by sutural
margins. Overall, the locations of EDHs encountered in pa-
tients with moderate-severe and mild TBI were distributed
similarly (Supplementary Table S4).

Emerging information: likely source. EDHs can also be
classified based on the suspected origin of the bleeding,
either arterial or venous. Arterial EDHSs result from a lac-
eration of the middle meningeal artery (MMA) or its
branches (Fig. 2 Panel 1 B1, B2).4’9 More than two thirds
of EDHs in CENTER-TBI had suspected arterial origin,
which could also explain the observed frequent localiza-
tion of EDHs temporally, frontally and/or parietally (Sup-
plementary Fig. S5). Monitoring the size of arterial
bleedings is of paramount importance, as they can evolve
into space-occupying mass lesions that increase ICP to a
life-threatening level (Supplementary Fig. S6). Some-
times multiple MMA branches can be affected in a single
patient (Fig. 2 Panel 1 B2).

Venous EDHs may result from the disruption of
venous sinuses or blood leaking from a skull fracture
and are often associated with occipital fractures or frac-
tures of the greater wing of the sphenoid bone (Fig. 2
Panel 1 B3, B4).* These bleedings are less prone to pro-
gression, and do not always warrant surgical interven-
tion.>> Some venous EDHs can cross the dural folds, as
they are not limited by the falx cerebri and tentorium cer-
ebelli. For example, vertex hematomas caused by a lacer-
ation of the superior sagittal sinus can cross the midline
and are typically associated with skull fractures along
the sagittal suture (Fig. 2 Panel 1 BS5). In general, a
more conservative approach to the management of such
lesions is recommended, given the high risk of profuse
bleeding during surgery. In our cohort, suspected venous
EDHs were mostly localized temporally, although the
majority of temporal EDHs had a suspected arterial ori-
gin. Occipital EDHs and EDHs in the posterior fossa
were more frequently of suspected venous origin. No sig-
nificant difference was observed in the suspected origin
of EDHs diagnosed in patients with moderate-severe
versus mild TBI (likely arterial origin 71% vs. 69%,
p=0.642).

Extra-axial hematoma

Background. Sometimes it is difficult to determine
whether a bleeding is epidural, subdural, or subarachnoid
in nature (Supplementary Fig. S7). When the exact ana-
tomical compartment cannot be determined and the
bleeding does not fit the description of another patho-
anatomic entity specified elsewhere, it can be classified
as extraaxial.'>'? Extra-axial hematoma (EAH) refers
to the bleeding being inside of the skull, but external to
the brain parenchyma.lz’13

Core information: presence, multiplicity. EAHs were
rarely reported on acute CT in the CENTER-TBI dataset
(28 EAHs in 24/4087 patients, 0.6%). These lesions were
more often diagnosed in patients with moderate-severe
TBI than with mild TBI (15 EAHs in 13/1193 patients
vs. 8 EAHs in 8/2744 patients; 1.1% vs. 0.3% respec-
tively, p=0.003). A single EAH was usually present
(88% of cases).

Supplementary information: size. EAHs reported in
the CENTER-TBI dataset were small (median volume
4.7 cm?, IQR 1.5-10), with the ones diagnosed in patients
with moderate-severe TBI being significantly larger than
those diagnosed in patients with mild TBI (median
6.2cm’, IQR 2.8-10.9 vs. median 0.9 cm’, IQR 0.6-3.6,
p=0.03; Supplementary Table S5; Fig. 4).

Supplementary information: location. The most com-
mon locations where EAHs were encountered were fron-
tal (64%), followed by parietal (36%) and temporal
(32%), with few lesions in the posterior fossa, occipital
region or interhemispheric. Most EAHs were confined
to a single location (Supplementary Fig. S8).

Subdural hematoma, acute

Background. Acute subdural hematomas (aSDHs;
Fig. 2 Panel 1 C1-C5) are primary injuries that are
most often caused by acceleration-deceleration forces
with rotational components that rupture one or more so-
called “bridging” veins,>*"** or result from temporobasal
contusions with rupture of draining veins. Bridging veins
traverse the potential space between the dura mater and
arachnoid membrane and drain into the dural sinuses.
Because of their thin walls, they are fragile to laceration
caused by inertial forces.>>3¢ especially in older people,
where progressive cerebral atrophy can create tension
on these bridging veins. This frequent aSDH structural
injury pattern, involving bridging or draining veins, is
one of the reasons for recommending the use of a large
trauma flap in surgery for an aSDH, to ensure proper
visualization of the parasagittal and temporobasal regi-
ons. aSDHs commonly have a crescent shape that can
span the entire cerebral convexity and typically cross
suture lines, in contrast to most EDHs. The meningeal
layer of the dura mater and the arachnoid membrane
are not as firmly attached as the periosteal layer of the
dura mater to the tabula interna of the skull. Generally,
aSDHs are limited by dural reflections (i.e., the falx cer-
ebri and tentorium cerebelli), which often, but not
always, confine them to the supra- or infratentorial com-
partment.6 In the acute phase after injury (<1 week),
aSDHs predominantly appear hyperdense on non-
contrast CT (Fig. 2 Panel 1 C1-C4).
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Core information: presence, multiplicity. Acute sub-
dural bleedings were relatively common in the CENTER-
TBI dataset (1374 aSDHs in 1183/4087 patients, 29%)
and were encountered almost three times as often in
patients with moderate-severe TBI compared with pati-
ents with mild TBI (762 aSDHs in 633/1193 patients
vs. 552 aSDHs in 500/2744 patients; 53% vs. 18% res-
pectively, p<0.001). In most cases, only one aSDH

was present (85% of all patients with aSDH). Multiple
aSDHs occurring simultaneously were encountered in
19% of patients with aSDH in the moderate-severe TBI
subgroup and in 10% of patients with aSDH in the mild
TBI subgroup.

Supplementary information: size. The median aSDH
volume in the CENTER-TBI dataset was 12.8cm?
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(IQR, 4.1-35.8), with aSDHs encountered in patients with
moderate-severe TBI being significantly larger compared
with those in patients with mild TBI (median volume
17cm’®, IQR 5.3-49.4 vs. 7.9cm’, IQR 3.0-19.6,
p<0.001; Table 4). Moreover, the majority of large
aSDHs above 40 cm® were diagnosed in moderate-severe
TBI (77%; Fig. 4). In general, aSDHs in the CENTER-
TBI cohort were larger than EDHs (median volume
12.8cm’, IQR, 4.1-35.8 vs. 3.7cm’, IQR, 1.4-13.9).
A total of 352 patients (30% of patients with aSDH)
had an aSDH volume higher than 25 cm®, thus qualifying
as a mass lesion according to the Marshall CT Classifica-
tion.”" Of these, 229 patients (65%) were treated surgi-
cally for the aSDH mass lesion and/or other co-existing
lesions, including 44/80 (55%) patients with aSDH
mass lesion who were classified as having a mild TBI.
Of note, given the limitations of the widthxdepth X
length x 0.5 formula, lesion volumes were not recorded
for tentorial or interhemispheric aSDH components.

Supplementary information: location. As mentioned,
aSDHs usually span an entire hemisphere, so a single
lesion may extend to multiple anatomical locations. In
our cohort, the locations where aSDHs were most fre-
quently recorded were frontal (69% of all aSDHs ext-
ended frontally), parietal (61%) and temporal (55%).
Unilateral fronto-parieto-temporal aSDH was the most
common presentation, followed by aSDHs confined to
the frontal region and those confined to the tentorium
(Supplementary Fig. S9). Interhemispheric involvement
was also frequent (48% of all aSDHs), with or without
extension to the convexity and/or tentorium (Supplemen-
tary Fig. S9). Although infrequent, infratentorial aSDHs
were encountered, warranting inspection of the region
(Fig. 2 Panel 1 C3).

aSDHs observed in patients with moderate-severe TBI
were reported more frequently in almost all possible loca-
tions, compared with aSDHs observed in patients with
mild TBI (e.g., frontal left region was reported in 37%
vs. 28% of aSDHs in patients with moderate-severe and

mild TBI respectively, p=0.001; Supplementary Table
S6). This is to be expected given the larger average vol-
ume of aSDHs in more severe patients. A larger aSDH
spreads across a larger surface and thus interests multiple
anatomical locations at once.

Emerging information: homogeneous or heteroge-
neous. Acute SDHs can also be described according
to their aspect on non-contrast CT imaging (i.e., hypo-
dense or hyperdense).'*'? Although aSDHs predomi-
nantly appear hyperdense on acute non-contrast CT,
many times a mix of hypodense and hyperdense areas
can be observed. This heterogeneous aspect may be due
to active bleeding, underlying coagulopathy and/or CSF
admixture (Fig. 2 Panel 1 C4, C5).* The majority of
aSDHs observed in CENTER-TBI were homogenous
(58%), with bleedings in patients with moderate-severe
TBI being heterogeneous significantly more frequently
than those of patients from the mild subgroup (48% vs.
34%, p<0.001; Table 4).

Subdural hematoma, subacute, or chronic

Background. In the subacute phase after injury (1-3
weeks), cellular elements are degraded and removed,
gradually rendering the hyperdense aSDH into an iso-
dense or hypodense subacute SDH (sSDH) on non-
contrast CT (Fig. 2 Panel 1 D1-D5).* In the chronic
phase after injury (> 3 weeks), the subacute SDH typi-
cally becomes a homogeneously hypodense collection
(cSDH) on CT (Fig. 2 Panel 1 D2).*

Core information: presence, multiplicity. Subacute or
chronic SDHs (s-cSDHs) on the admission CT were
very rarely encountered in CENTER-TBI (28 s-cSDHs
in 22/4087 patients, 0.5%). They were the only pathoana-
tomic lesion type not to occur significantly more often
in patients with moderate-severe TBI compared with
patients with mild TBI (7s-cSDHs in 5/1193 patients
vs. 19s-cSDHs in 16/2744 patients; 0.4% vs. 0.6% res-
pectively, p=0.68). This could be explained by the fact

Table 4. Characteristics of Acute Subdural Hematomas on Admission CT

aSDHs in all TBIs

aSDHs in mild TBI

aSDHs in moderate-severe TBI

N=1374 N=552 N=762 p value* Missing

Number of aSDHs (%) < 0.001 0.0

1 1002 (72.9) 449 (81.3) 513 (67.3)

2 346 (25.2) 100 (18.1) 226 (29.7)

3-4 26 (1.9) 3 (0.5) 23 (3.0)
Supplementary CDEs: size
Volume, cm® (median [IQR]) 12.84 [4.12, 35.82] 7.94 [3.02, 19.63] 16.98 [5.30, 49.41] < 0.001 159
Supplementary CDEs: location (Table S6)
Emerging CDEs: homogeneous or heterogeneous
Homogeneous (%) 797 (58.0) 366 (66.3) 399 (52.4) < 0.001 0.0

“p values derived from y statistics for categorical variables and Mann-Whitney U tests for continuous variables, comparing aSDHs encountered in pa-

tients with mild TBI vs. aSDHs in patients with moderate-severe TBI.

aSDH, acute subdural hematoma; CDE, common data element; CT, computed tomography; IQR, interquartile range; TBI, traumatic brain injury.
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that CENTER-TBI only included patients within 24 h of
injury, so the s-cSDHs seen on acute CT potentially orig-
inated during previous TBIs, before enrollment in the
study, and so may have had limited influence on the clin-
ical status at enrollment. Approximately half of lesions
observed were subacute and the rest chronic, with no dif-
ference between severity subgroups (Supplementary
Table S7). Similar to aSDHs, most s-cSDHs were solitary
(73%, of all patients with s-cSDHs; 60% and 81% of
patients with s-cSDHs in the moderate-severe and mild
TBI subgroups respectively, p=0.46). Of the six patients
with two lesions simultaneously present on acute CT,
only one had both a subacute and a chronic lesion, with
the rest having both lesions of the same chronicity.
Despite the low frequency of occurrence of subacute
and chronic SDHs in our predominantly adult population,
we consider it relevant to record their presence, because
of a potential decrease in intracranial volume-buffering
capacity.

Supplementary information: size. The median
s-cSDHs volume in the CENTER-TBI dataset was
12.3cm® (IQR, 9.2-20.0), with no significant difference
in size between lesions encountered in patients with
moderate-severe vs. mild TBI (median volume 12cm®,
IQR 8.1-12.3 vs. 13.9, IQR 9.7-33.2, p=0.285; Supple-
mentary Table S7). All large s-cSDHs above 20cm’
were diagnosed in mild TBI (Fig. 4), suggesting once
again that these lesions preceded the acute TBI. Chronic
lesions had on average slightly larger volumes than sub-
acute lesions (median volume 12.5, IQR 10.8-29.4 vs.
10.1cm?, IQR 4.4-14, p=0.08; Fig. 4). Location and
emerging information can be found in the supplemental
materials (Supplementary Text File; Supplementary
Fig. S10; Supplementary Fig. S11).

Subdural hematoma/mixed density subdural
collection/CSF-like collections

Background. For some subdural collections and in cer-
tain research settings, like the CENTER-TBI study, when
reviewers are blinded to clinical information, the chronic-
ity is sometimes difficult to determine. In these cases, a
SDH can be referred to as a subdural collection, with
or without mixed density.lz’13 In CENTER-TBI, central
reviewers recorded subdural collections under the vari-
able “‘mixed density SDHs (mdSDHs)’’, mainly when
the timing of these lesions was difficult to determine
based on admission CTs. Suspected subdural hygromas
with no hemorrhagic components in the subdural space
(i.e., subdural collections without mixed density) and
CSF-like collections were recorded under incidental find-
ings. Based on CT alone, it can be very difficult to deter-
mine whether a collection is caused by changes in CSF
dynamics or because of progressive atrophy (e.g., in

elderly patients). In these cases, MRI can be useful to dif-
ferentiate between chronic SDH, subdural hygroma and
atrophic changes.?’

Core information: presence, multiplicity. Mixed den-
sity SDHs were rarely reported on acute CT in CENTER-
TBI (96 mdSDHs in 86/4087 patients, 2.1%). They were
reported twice as often in patients with moderate-severe
TBI compared with patients with mild TBI (43 mdSDHs
in 39/1193 patients vs. 49 mdSDHs in 43/2744 patients;
3.3% vs. 1.6%, respectively; p=0.001). Like aSDHs
and s-cSDHs, most mdSDHs were solitary (88% of all
patients with mdSDHs; 90% and 86% of patients with
mdSDHs in the moderate-severe and mild TBI subgroups
respectively, p=0.67). While we observed no cases of
mdSDHs in younger patients (< 18 years), this lesion
type is presumed to be more prevalent in infants and
young children.'*"?

Supplementary information: size. The median mdSDH
volume in the CENTER-TBI dataset was 26.9 cm® (IQR,
13.4-66.2; Supplementary Table S8), considerably larger
than the median volumes of s-cSDHs (median 12.3 cm?,
IQR, 9.2-20.0) and aSDHs (median 12.8 cm’, IQR 4.1-
35.8). More information on size, location and charac-
teristics can be found in the supplementary materials
(Supplementary Text File; Supplementary Fig. S12; Sup-
plementary Fig. S13).

Traumatic subarachnoid hemorrhage

Background. Traumatic subarachnoid hemorrhage
(tSAH; Fig. 2 Panel 1 E1-ES5) is a common primary injury
resulting in blood between the brain surface and the
arachnoid membrane. It is caused by cerebral abrasions,
tearing of small pial or arachnoidal cortical vessels, or
results from intraventricular hemorrhage (IVH) with
reflux into the subarachnoid space via the lateral aper-
tures of the fourth ventricle (i.e., foramina of Luschka).4
On non-contrast CT, acute tSAH appears as hyperdense
and is often quite straightforward to detect. However,
the combination of fluid-attenuated inversion recovery
(FLAIR) and susceptibility weighted imaging (SWI)
MRI is more sensitive than non-contrast CT in detecting
this kind of bleeding.*® In contrast to non-traumatic sub-
arachnoid hemorrhage, it is less frequently located in the
basal cisterns, and mainly located in the cortical region.
The presence of tSAH is an important prognostic factor
and should ideally always be reported.

Core information: presence. Traumatic SAH was the
most common pathoanatomic lesion type encountered
on acute CT in the CENTER-TBI dataset (1852/4087
patients, 45%). Traumatic SAH was present in over
three quarters of patients with moderate-severe TBI, sig-
nificantly more frequently than in patients with mild TBI
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(927/1193 patients vs. 840/2744 patients; 78% vs. 31%
respectively, p <0.001).

Supplementary information: location. Traumatic SAH
is commonly classified based on location. Often, a dis-
tinction is made between cortical and basal tSAH.**"
Cortical tSAH can be recognized by blood following
the contours of the sulci or large fissures (Fig. 2
Panel 1 El, E4), although ‘“‘convexal” tSAH might be a
better term to describe the location. Basal tSAH occurs
mainly in the perimesencephalic subarachnoid cisterns
(Fig. 2 Panel 1 E3, ES). A mixture of tSAH and contusion
or subdural hematoma at the cortical surface is frequently
encountered, making it sometimes difficult, if not impos-
sible, to distinguish the borders between these distinct
pathoanatomic entities (Fig. 2 Panel 1 E4). Perimesence-
phalic tSAH can also be easily missed, especially when
only small traces are present (Fig. 2 Panel 1 E3).” Careful
inspection of the interpeduncular fossa is therefore war-
ranted. Subarachnoid blood on the tentorium is some-
times difficult to distinguish from subdural blood.
Subdural blood in this location is generally thicker and
spans a larger space (Fig. 2 Panel 1 C2 vs. E2). Neverthe-
less, a combination of subdural and subarachnoid blood
in this location may also occur.

In CENTER-TBI, central reviewers recorded the pres-
ence, but not the precise location of cortical/convexal
tSAH (e.g., frontal, temporal), and instead elaborated
on hemispheric involvement (i.e., unilateral versus bilat-
eral). Cortical involvement was reported in 92% of pati-
ents with tSAH, unilaterally (43%) or bilaterally (49%).
After the convexities, the most common locations were
interhemispheric (38% of tSAH cases) and in the basal
cisterns (38%), with tentorial tSAH being less common
(19%). Traumatic SAH restricted to a single hemispheric
convexity was the most frequent presentation (24% of
tSAH cases), followed by tSAH restricted to both con-
vexities (14%), but most cases had bleeding in multiple
regions simultaneously, in various combinations (Supple-
mentary Fig. S14).

Of patients with tSAH, those with moderate-severe
TBI had tSAH located on the convexity bilaterally, inter-
hemispheric, on the tentorium and in the basal cisterns
significantly more frequently than those with mild TBI
(Supplementary Table S9). This suggests that in more
severe patients, tSAH is more diffuse, and spreads across
multiple regions. Unilateral cortical tSAH was the only
location that was reported significantly less often in pati-
ents with tSAH and moderate-severe TBI compared with
patients with tSAH and mild TBI (34% vs. 53%,
p<0.001), indicating that in the mild TBI patients
tSAH may be more focal (see next section).

Supplementary and emerging information not (system-
atically) recorded in CENTER-TBI. Traumatic SAH can

also be subdivided into focal (1-2 locations or lobes of
the brain) or diffuse (involving more than two contiguous
lobes or brain regions, supra- and infratentorial compart-
ments, or multiple basal (:isterns).lz’13 In CENTER-TBI,
tSAH locations were subdivided in cortical and basal and
graded based on the amount of blood present (see the
“Extra information” section below). The presence of
acute hydrocephalus as a consequence of tSAH can
also be recorded. This CDE was rarely observed in
the context of acute tSAH, which is to be expected, as
it typically evolves over several days or weeks. Besides
location, the thickness of tSAH can be used for subclas-
sification.'®!® Thresholds of >5 mm, >3 mm (specified
in the CDEs) have been proposed to distinguish between
linear and thick or ““mass-like”” tSAH.'>13*42 However,
a consensus is lacking about what constitutes ‘‘thick”
tSAH and how and where to measure it (e.g., in the cor-
onal, sagittal and/or axial plane). For instance, in the
Fisher grading system, vertical layers of tSAH or clots
of tSAH >1 mm are considered “‘thick’ and used as a
predictor of vasospasm.”” In CENTER-TBI, a thickness
>5 mm was recorded, but was only observed in a minority
of tSAH cases (7%), with similar proportions between
patients with tSAH and moderate-severe vs. mild TBI
8% vs. 6%, p=0.19).

Extra information: amount of tSAH per location. To
facilitate the calculation of Morris-Marshall, Fisher, and
Greene CT scores (see CT classification scores), the
amount of tSAH (graded as a trace, moderate or full)
present in a given location was recorded in CENTER-
TBI, despite not being mentioned in the TBI CDEs. For
every location, trace was the most frequent and full the
most uncommon reported tSAH amount (Supplementary
Table S9; Supplementary Fig. S15). In patients with uni-
lateral convexal tSAH, those with moderate-severe TBI
tended to have larger amounts of tSAH (i.e., more full
and moderate) compared with patients with mild TBI
(p<0.001). Tentorial tSAH was almost never full, sup-
porting the above-described distinction with aSDH.

Vascular dissection, traumatic aneurysm

and venous sinus injury

In the CENTER-TBI study, these three pathoanatomic
lesion types were very rarely encountered (< 0.10%) or
not encountered at all (i.e., venous sinus injury). The low
frequency observed in our dataset should, however, not
be construed as an indication that these lesions lack clinical
significance, as these are often not visible on non-contrast
CT or are delayed diagnoses that may be linked to pre-
ventable neurological catastrophes in individual patients.
They are discussed individually in further detail in the sup-
plementary materials (Supplementary Text File; Supple-
mentary Fig. S16-S18).
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Midline shift

Background. Midline shift (MLS) occurs when there is a
displacement of the supratentorial midline structures,
particularly the septum pellucidum, due to mass effect
of a focal traumatic lesion or swelling of the brain.'*'?
The shift is measured at the foramen of Monro or
where it is most significant (Fig. 2 Panel 1 F1-F3) and,
according to the CDEs, reported when greater than 2
millimeters (mm).'>'> MLS is a relatively frequent oc-
currence in severe TBI and is often an indication of raised
ICP.** In the presence of other abnormalities with mass
effect, MLS greater than 5 mm is often used by neurosur-
geons as a sign to consider surgery.45 “4% Moreover, as we
will see later, this threshold is also often used in prognos-
tic classification schemes. Given this consideration, and
acknowledging the proximity of 2 mm to potential mea-
surement errors, MLS was exclusively documented for
individuals exhibiting shifts surpassing a 5 mm threshold.
Only a minority of cases (i.e., 3%), distinguished by
evident subfalcine herniation and marginal proximity to
the designated 5 mm threshold, were also included in
the analysis.

Core information: presence. In CENTER-TBI, a shift
of 5mm or more was observed on the admission CT in
470/4087 patients (12%). Although MLS was signifi-
cantly more often encountered in patients with moderate-
severe TBI, it was also observed in more than 100
patients with mild TBI (341/1193 patients vs. 107/2744
patients; 29% vs. 4% respectively, p <0.001).

Supplementary information: degree. MLS can be
classified according to the degree of shift in millime-
ters.'>!'? 1Its presence indicates potentially dangerous
tissue shifts, which can cause brain herniation and subse-
quent brainstem compression. Brainstem compression
constitutes a medical emergency and serves as an indica-
tion for neurosurgeons to intervene, monitor and control
ICP. Other thresholds than an MLS >5mm have also
been used in the past. For instance, decades ago, Ropper
found that a horizontal shift of the pineal body >3 mm
was associated with changes in consciousness that ulti-
mately can lead to coma when the shift is >8 mm.*’

Supplementary information: side. MLS can be clas-
sified according to the direction of the shift.'>"* In
CENTER-TBI, MLS was observed from right-to-left in
56% of MLS cases (54% in the moderate-severe TBI sub-
set and 62% in the mild TBI subset, p=0.19).

Cisternal compression

Background. The subarachnoid cisterns are expansions
of the subarachnoid space between the pia mater and the
arachnoid membrane (Supplementary Fig. S19; Supple-

mentary Fig. $20).** Although they are described as dif-
ferent compartments, they are interconnected and not
truly anatomically distinct. Compression encompasses
any asymmetry or obliteration of the normal configura-
tion of the ambient, suprasellar, prepontine, superior cer-
ebellar cisterns, and/or cisterna magna due to mass effect
and/or brain swelling in the setting of trauma (Fig. 2
Panel 2 HI-H5).'*" Compression or absence of the
basal cisterns on the admission CT scan has been associ-
ated with raised ICP and unfavorable outcome.*’

Core information: presence. In CENTER-TBI, cister-
nal compression was observed on the admission CT in
652/4087 patients (16%), significantly more often in
patients with moderate-severe TBI than in patients with
mild TBI (485/1193 patients vs. 130/2744 patients;
41% vs. 5%, respectively; p<0.001).

Supplementary information: amount. Cisternal com-
pression can be classified based on the degree of com-
pression: 1) visible but compressed (which can be
further described as asymmetric/symmetric); 2) mixed
(some cisterns open, others compressed/obliterated); or
3) obliterated (all cisterns).'*'®> However, there are no
clear operational definitions for compressed, partially
compressed, or absent/obliterated cisterns. Therefore,
knowledge of the cisterns’ normal appearance in relation
to age is crucial for a correct assessment. In CENTER-
TBIL, 77% of patients in whom cisternal compression
was observed had mixed compression, with some cisterns
open and others compressed/absent (Fig. 5). In 153 pati-
ents (23%), all 5 cisterns were compressed to some
degree: 45 patients had all cisterns absent, meaning cis-
terns obliterated (7%), 27 patients had all cisterns visible
but compressed (4%) and the rest had various combina-
tions of cisterns compressed and absent (category not
specified in CDEs).

Supplementary information: side of compression (not
recorded in CENTER-TBI). Cisternal compression can
also be classified based on the side of compression
(left, right, midline or bilateral).'*"?

Emerging information: site.  Cisternal compression can
be described in further detail by specifying which cisterns
are abnormal.'*'? The ambient cistern was abnormal in
almost all patients with cisternal compression (92%), fol-
lowed by the suprasellar and quadrigeminal cisterns
(each abnormal in 78% of cases; Supplementary Table
S10). The cisterna magna was less commonly affected
(27% of cases). As mentioned earlier, the majority of
patients have some degree of compression in 1-4 of the
five cisterns, in various combinations (Fig. 2 Panel 2
H1-HS).
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In CENTER-TBI, the degree of compression was also
recorded, for each affected cistern (Supplementary
Table S10). When abnormal, each cistern was more
often compressed than completely obliterated (across
the five locations, 27-45% of abnormal cisterns were
absent; Supplementary Fig. S21). Whenever a specific
cistern was abnormal, it tended to be absent more fre-
quently in those patients with moderate-severe TBI
than in those patients with mild TBI (Supplementary
Table S10).

Fourth ventricle shift/effacement

Background. Ventricular shift or effacement (Fig. 2
Panel 1 G1, G2) occurs when there is a displacement, nar-
rowing, or effacement of a ventricle due to adjacent mass
lesions or brain swelling.lz’13 TBI core CDEs include
fourth ventricle shift/effacement, but in the CENTER-
TBI study we additionally reported the status of the

third ventricle. Some authors combine the status of the
third ventricle and the status of the basal cisterns because
this has strong prognostic power.”® Cerebral herniation is
often associated with compression or effacement of the
third and fourth ventricles.>!

Core information: presence. Any ventricular shift/ef-
facement (third and/or fourth) was reported on the admis-
sion CT in 591/4087 patients (15%), significantly more
often in patients with moderate-severe TBI than in pati-
ents with mild TBI (431/1193 patients vs. 129/2744 pati-
ents; 36% vs. 5%, respectively; p<0.001). Fourth
ventricle shift/effacement (Fig. 2 Panel 1 G2) was
reported in 146/4087 patients (4%), while third ventricle
shift/effacement was much more common (Fig. 2 Panel 1
G1), occurring in 565/4087 patients (14%). In 82% of
patients with fourth ventricle shift/effacement, the third
ventricle was simultaneously compressed (Supplemen-
tary Table S11; Supplementary Fig. S22).



22

VANDE VYVERE ET AL.

Supplementary information: amount. Ventricular
compression can be classified based on the amount of dis-
placement (maximal distance in mm from expected loca-
tion in any direction).'*'? In the CENTER-TBI study, we
recorded the degree of compression as ventricle com-
pressed vs. obliterated/absent. In a fifth of cases of fourth
ventricle effacement, the ventricle was completely oblit-
erated (Supplementary Fig. S23). The proportion of
complete obliteration when the third ventricle was
compressed was much larger, at 42% of cases (Supple-
mentary Fig. S23). Moreover, of patients with third
ventricular compression, the proportion of complete
obliteration was significantly larger in the moderate-
severe compared with the mild TBI subgroup (48% vs.
23%, p<0.001; Supplementary Table S12).

Emerging information: direction. The direction of
shift/effacement can also be specified: left-to-right,
right-to-left, anterior, posterior.'>'? In CENTER-TBI,
ventricular compression was distributed relatively equ-
ally between left-to-right and right-to-left (Supplemen-
tary Tables S11 and S12).

Brain herniation (extra core CDE recorded
in CENTER-TBI)

Background. Brain herniation is a consequence of mass
effect, acute brain swelling or other aspects of acute in-
jury that displace parts of the cerebrum or cerebellum
through paths of least resistance. Although not part of
the core TBI CDEs, this type of injury was recorded in
CENTER-TBI, because of its relevance for diagnosis
and surgical decision-making.’"

Presence. Brain herniation was observed on the admis-
sion CT in 390/4087 patients (10%) in CENTER-TBI.
Like MLS, brain herniation was significantly more often
encountered in patients with moderate-severe TBI, com-
pared with patients with mild TBI (285/1193 patients vs.
85/27744 patients; 24% vs. 3%, respectively; p <0.001).

Location. Brain herniation can be classified according to
location (Supplementary Table S13). Subfalcine herniation
is the most commonly encountered radiological form of ce-
rebral herniation, but lacks a clear clinical correlate other
than symptoms of raised intracranial pressure. It occurs
when one of the frontal hemispheres, specifically the cingu-
late gyrus, is pushed under the falx cerebri (Fig. 2 Panel 1
G1).>! It is sometimes used synonym for MLS. However,
in CENTER-TBI, although we found that all patients
with subfalcine herniation had MLS, not all patients with
MLS had subfalcine herniation (i.e., 77%). Almost all pa-
tients with brain herniation had subfalcine herniation
(93%), either on the left or right side, isolated or with addi-
tional herniation in other locations (Fig. 6).

Downward transtentorial or uncal herniation occurs
when the uncus of the temporal lobe is pushed under
the tentorium cerebelli (Fig. 2 Panel 1 G1; Fig. 2 Panel
2 H2).>" This type of herniation can cause compression
of cranial nerves, in particular the oculomotor nerve,
leading to pupillary dilation and loss of light reactivity.
Moreover, it can cause compression of blood vessels
that can lead to infarction and often requires immedi-
ate surgical and/or medical intervention to decrease
ICP.5'*? Uncal herniation was the second most fre-
quent type of herniation observed in CENTER-TBI
(75% of cases). Simultaneous unilateral subfalcine and
uncal herniation was the most common presentation in
patients with brain herniation (Fig. 6). Of 293 patients
with uncal herniation, 285 (97%) also had cisternal
compression.

Upward transtentorial herniation is less common (1%
of all patients with herniation in CENTER-TBI) and typ-
ically occurs in patients with sizable posterior fossa
lesions (Fig. 2 Panel 1 G2). Parts of the midbrain are
then pushed upwards through the tentorium cerebelli. In
these cases, the fourth ventricle is often compressed or
absent (Fig. 2 Panel 1 G2, arrow).

Tonsillar herniation is also uncommon and occurs
when the tonsils of the cerebellum are pushed into the fo-
ramen magnum, compressing the medulla oblongata.
This may lead, besides to further loss of consciousness,
to breathing disturbances, and dysregulation of the arte-
rial blood pressure. In the CENTER-TBI dataset, tonsillar
herniation was infrequent (10% of all patients with herni-
ation) and most times bilateral, in combination with sub-
falcine and/or uncal herniation.

Recommendation. Given the relatively high frequency
of occurrence of radiological signs of cerebral herniation,
and its relevance for medical management and surgical
decision-making, we suggest considering including
brain herniation in the CDEs. As format we suggest a
structure similar to the other CDEs (Supplementary
Text File).

Contusion

Background. Contusions (Fig. 2 Panel 2 I1-15) are com-
mon primary injuries that usually occur near the brain’s
surface and can span both cortical and subcortical re-
gions.'*'? Contusions are typically focal, mostly caused
by energy transfer at the site of impact.>* However, dam-
age can also occur distant to the point of impact or in the
contralateral hemisphere, due to the combination of
forces exerted within the intracranial cavity and move-
ment of the brain. Traumatic SAH is a common
co-existing finding due to the strain on the cortico-pial
vascular network.>* On non-contrast CT scans, contu-
sions are primarily encountered in the frontal and
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temporal lobes (Fig. 2 Panel 2 I1-15) and typically have a
“‘speckled’’ appearance (i.e., a mixture of small hyper-
dense petechial hemorrhages with hypodense areas of
perilesional edema or non-hemorrhagic contusion).'*"?
On the admission CT scan, small contusions may not
be directly visible.® Delayed contusions can also occur
after an initial negative scan, but are considered rare.>’

Core information: presence, multiplicity. Contusions
were the third most common pathoanatomic lesion
type on admission CT in the CENTER-TBI dataset
(2623 contusions in 1280/4087 patients, 31%) and
were encountered almost 3 times as often in patients
with moderate-severe TBI compared with patients
with mild TBI (1509 contusions in 677/1193 patients
vs. 980 contusions in 540/2744 patients; 57% vs.
20%, respectively; p<0.001). In contrast to other hem-
orrhagic lesion types (aSDHs, EDHs), solitary contu-
sions are rarer than multiple simultaneous ones (55%
of all patients with contusions had at least two contu-

sions). Up to 12 individual contusions on admission
CT have been observed in our dataset. Multiple contu-
sions were encountered in 60% and 46% of patients
with contusions in the moderate-severe and mild TBI
subgroups respectively.

Supplementary information: size. The majority of
individual contusions on the admission CT in CENTER-
TBI were small, below 5cm’ (median volume 1.4 cm’,
IQR 0.4-5.6). Contusions encountered in patients with
moderate-severe TBI were on average more voluminous
compared with those in patients with mild TBI (median
volume 1.6cm’, IQR 0.4-6.8 vs. 1.2, IQR 0.3-4.4,
p<0.001; Table 5). The majority of large contusions
>20cm® were diagnosed in moderate-severe TBI
(Fig. 4). A total of 146 patients (11% of patients with con-
tusion) had a contusion volume greater than 25 cm?, thus
qualifying as a mass lesion according to the Marshall CT
Classification.’" Of these, 85 patients (58%) were treated
surgically for the contusion mass lesion and/or other co-
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Table 5. Characteristics of Contusions on Admission CT

Contusions in all TBIs Contusions in mild TBI

Contusions in moderate-severe TBI

N=2623 N=980 N=1509 p value* Missing

Number of contusions (%) < 0.001 0.0

1 579 (22.1) 289 (29.5) 270 (17.9)

2 728 (27.8) 300 (30.6) 378 (25.0)

3-12 1316 (50.2) 391 (39.9) 861 (57.1)
Supplementary CDEs: size
Volume, cm® (median [IQR]) 1.44 [0.36, 5.64] 1.20 [0.33, 4.36] 1.64 [0.39, 6.78] < 0.001 0.1
Supplementary CDEs: location (Table S14)
Emerging CDEs: characteristics
Hemorrhagic (%) 2618 (99.8) 978 (99.8) 1506 (99.8) 1.000 0.0
Non-hemorrhagic (%) 1924 (73.4) 697 (71.1) 1130 (74.9) 0.042 0.0
Cortical (%) 2254 (85.9) 807 (82.3) 1332 (88.3) < 0.001 0.0
Subcortical (%) 1354 (51.6) 481 (49.1) 803 (53.2) 0.048 0.0
Deep brain structures (%) 9 (0.3) 2 (0.2) 6 (0.4) 0.638 0.0
Probable brain laceration (%) 4(0.2) 1 (0.1) 3(0.2) 0.939 0.0
Extra CDE: intracerebral hemorrhage component
Intracerebral hemorrhage component (%) 98 (3.7) 34 (3.5) 61 (4.0) 0.534 0.0

“p values derived from y? statistics for categorical variables and Mann-Whitney U tests for continuous variables, comparing contusions encountered in

patients with mild TBI vs. contusions in patients with moderate-severe TBI.

CDE, common data element; CT, computed tomography; IQR, interquartile range; TBI, traumatic brain injury.

existing lesions, including 12/34 (35%) patients with con-
tusion mass lesion who were classified as having a mild
TBIL

Supplementary information: location. Most contu-
sions are small and confined to a single location (Supple-
mentary Fig. S24). The most common locations where
they were encountered were frontal (51%), followed by
temporal (40%). Contusions in deeper brain structures
like the internal capsule (anterior or posterior), thalamus,
basal ganglia, but also contusions in the brainstem and
cerebellum were rare (Supplementary Table S14).
Lesions in the deeper regions are more common in the
context of intracerebral hemorrhage (see next section).
We also observed 158 bifrontal contusions (6% of all
contusions), which were recorded as a single lesion
(as opposed to two separate lesions, one right and the
other left). Bifrontal contusions are a distinct traumatic
phenotype that may cause the ‘“‘talk and die” phenome-
non.>* Overall, the locations of contusions encountered
in patients with moderate-severe and mild TBI were dis-
tributed similarly (Supplementary Table S14), except for
left temporal location, which was observed significantly
more often for contusions in patients with moderate-
severe TBI compared with contusions in patients with
mild TBI (22% vs. 18%, p=0.01).

Emerging information: characteristics. Contusions can
also be further subdivided according to their nature (i.e.,
hemorrhagic, non-hemorrhagic) or by providing location
details (i.e., cortical, subcortical, deep brain struc-
tures).'>! In most cases, contusions contain both hem-
orrhagic and non-hemorrhagic components (73% of
contusions in our dataset). Some contusions (4%) even
contained a large hemorrhagic component that could be

classified as an intracerebral hematoma if not for sur-
rounding admixture. Likewise, most contusions (52%)
span both the cortical and subcortical regions. A probable
brain laceration manifests as a linear pattern of hemorrha-
gic/non-hemorrhagic (penetrating) injury, typically asso-
ciated with overlying skull fracture and was rare (0.2%)
in our primarily adult population. Nevertheless, this
type of laceration is not uncommon among children
with transiently depressed skull sections. In our dataset,
brain laceration occurred particularly in cases involving
penetrating bullets or other foreign bodies.

Intracerebral hemorrhage

Background. Intracerebral hemorrhage (ICH) is differ-
entiated from contusion because it predominantly con-
sists of a collection of homogeneous blood (Fig. 2
Panel 2 J1-J5).'%'3 ICHs typically do not have a speckled
appearance. In most cases, the terms ‘‘intracerebral hem-
orrhage’” and ‘‘intracerebral hematoma’ are used inter-
changeably to refer to more extensive collections of
blood (i.e., >5 mm) that are less superficial than contu-
sions.*'*!? Very small collections of intracerebral
blood, that more often coexist with contusions or are scat-
tered throughout the brain, may represent diffuse or trau-
matic axonal injury (DAI/TAI) or micro-hemorrhages.
On follow-up scans, but also in the acute phase after
injury, the distinction between contusion and ICH can
be difficult, and some overlap between these two entities
is common. Moreover, as mentioned in the Contusion
section, some lesions may contain a large uniform hem-
orrhagic component (that in isolation could be classified
as an ICH) surrounded by an admixture of hemorrhagic
and non-hemorrhagic components. In CENTER-TBI we
considered such lesions contusions and reserved the
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ICH classification for lesions without admixture compo-
nents. It is better to consider intraparenchymal bleedings
as part of a spectrum. For example, multiple small hyper-
dense petechial hemorrhages within a contusion can
merge and form a more homogeneous collection that is
better classified as a hematoma. Or for instance, small,
isolated bleedings classified as traumatic axonal injuries
(TAIs) in the acute phase can progress into an ICH,
thus altering the appearance and characterization of the
injury (Fig. 2 Panel 2 J3-J5).

Core information: presence, multiplicity. ICHs were
relatively rare on the admission CT in our cohort (151
ICHs in 126/4087 patients, 3%). In comparison, contu-
sions occurred in approximately 10 times more patients.
ICHs were encountered significantly more often in pa-
tients with moderate-severe TBI compared with patients
with mild TBI (97 ICHs in 80/1193 patients vs. 46
ICHs in 39/2744 patients; 7% vs. 1% respectively,
p <0.001). While more than a half of patients with contu-
sions had 2 or more contusions present at the same time,
patients with ICH usually had a single ICH lesion (86%
of cases solitary ICH). Contusion(s) co-occurred in 68/
126 patients with ICH (54%).

Supplementary information: size. The TBI CDEs rec-
ommend measuring the size of the entire ICH and also
separately the hemorrhagic component (not recorded in
CENTER-TBI). In general, observed ICHs were larger
than contusions (median ICH volume 9.1 cm’, IQR 1.6-
26.8 vs. median contusion volume 1.4cm’, IQR 0.4-
5.6). Volumes were not significantly different between
ICHs encountered in patients with moderate-severe TBI
and those in patients with mild TBI (median volume
6.7cm’, IQR 1.4-24.1 vs. 11.9, IQR 2.1-31.9, p=0.33;
Supplementary Table S15). However, 15 large ICHs
>20cm? were diagnosed in mild TBI, with over half in
the frontal lobe (Fig. 4). A total of 37 patients (29% of pa-
tients with ICH) had an ICH volume higher than 25 cm?,
thus qualifying as a mass lesion according to the Marshall
CT Classification.®' Of these, 16 patients (43%) were trea-
ted surgically for the ICH mass lesion and/or other co-
existing lesions, including 4/14 (29%) patients with ICH
mass lesion who were classified as having a mild TBL

Supplementary information: location. Like contu-
sions, ICHs were mostly confined to a single location
(Supplementary Fig. S25) and the most common location
where ICHs were encountered was frontal (53%), fol-
lowed by temporal (29%). In 12% of ICHs, the location
was in the internal capsule (anterior or posterior), thala-
mus or basal ganglia. No ICHs were reported in the brain-
stem, potentially because of the size and aspect of
hemorrhagic lesions observed in this area, which were
classified as contusions, traumatic axonal injury, cervico-

medullary/brainstem injury, or Duret hemorrhage. Over-
all, the locations of ICHs encountered in patients with
moderate-severe and mild TBI were distributed similarly
(Supplementary Table S15), except for right frontal loca-
tion, which was observed significantly more rarely for
ICHs of patients with moderate-severe TBI compared
with ICHs of patients with mild TBI (19% vs. 42%, re-
spectively; p=0.005).

Emerging information: characteristics. ICHs can be
layered, meaning they contain a fluid level, and a sur-
rounding ring of non-hemorrhagic signal (i.e., perile-
sional edema) may be present (Fig. 2 Panel 2 J2,
J5).'%'3 Around 17% of ICHs in our dataset were layered
and around a quarter had a surrounding ring. Both traits
were more often noted in ICHs of patients with mild
TBI (Supplementary Table S15).

Intraventricular hemorrhage

Background. Traumatic intraventricular hemorrhage
(Fig. 2 Panel 2 K1-K5) is a primary injury that occurs
when subependymal veins in the fornix, septum pelluci-
dum, or choroid plexus are damaged, when an adjacent
intracerebral hemorrhage breaches into the ventricles,
or it can be a secondary injury because of reflux of
tSAH into the ventricular system.55 In the acute phase,
IVH is hyperdense on non-contrast CT (Fig. 2 Panel 2
K1-KS5). When the patient is supine, it typically presents
as a horizontal sedimented blood—CSF level in the occipital
horns of the lateral ventricles or fourth ventricle (Fig. 2
Panel 2 K1 [white arrow], K4, and K5 [right arrow]).56
IVH can be easily missed on non-contrast CT if the bleed-
ing is only mild, and it is best appreciated on magnetic res-
onance (MR) SWL>’ IVH often co-occurs with other
lesions and should raise the suspicion of DAI/TAL® Sev-
eral classification systems exist to grade the severity of
IVH and predict clinical outcome.’®®* These systems
have shown a good prognostic classification performance.®?
However, they were based on relatively low numbers and
mostly in the context of intracerebral hemorrhages, not spe-
cifically TBI.

Core information: presence. In CENTER-TBI, IVH
was observed on the admission CT in 491/4087 patients
(12%), significantly more often in patients with
moderate-severe TBI than patients with mild TBI (347/
1193 patients vs. 121/2744 patients; 29% vs. 4%, respec-
tively; p<0.001).

Supplementary information: location. IVH is typically
classified based on location.'*'? It occurs most often
in the lateral ventricles, which were affected in 94% of
patients with IVH in CENTER-TBI. The most frequent
presentation of IVH was hemorrhage in both lateral
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ventricles (Fig. 2 Panel 2 K1-K3, K5), followed by iso-
lated left ventricle and isolated right ventricle hemor-
rhage (Supplementary Fig. S26). In 41 patients in our
dataset (8% of all IVH cases), IVH was present in all
four  ventricles  simultaneously  (Supplementary
Fig. S26; Fig. 2 Panel 2 K3). IVH in the third and fourth
ventricles is less common (15%, 23% of IVH cases, re-
spectively; Table 6). These ventricles are more often af-
fected in various combinations with each other or the
lateral ventricles, than in isolation (Supplementary
Fig. S26).

Emerging information: ventriculomegaly (acute hydro-
cephalus), hemorrhage volume. One of the effects of
IVH can be acute or delayed hydrocephalus or ventriculome-
galy, caused by clotted blood that obstructs the CSF drainage
pathways or other mechanisms.** TVH volume was not
recorded, as no consensus exists on the measurement of
IVH volume, particularly when it spans multiple ventricles.

Diffuse axonal injury and traumatic axonal
injury (DAI/TAI)

Background. Diffuse and traumatic axonal injury
(Fig. 2 Panel 2 L1-L5) is a primary injury that typically
consists of scattered, small hemorrhagic and/or non-
hemorrhagic abnormalities that correlate with pathologic
findings of relatively widespread injury to white matter
axons.'>!® TAI consists of typically small, hemorrhagic
and/or non-hemorrhagic lesions, in a more confined white
matter distribution (Fig. 2 Panel 2 L1, L2, L5) than in
DAL DAI refers to more widespread lesions, in multiple
white matter distributions, including the subcortical hemi-
spheric white matter (Fig. 2 Panel 2 L3, L4), the corpus cal-
losum, the brainstem, and/or cerebellar regions.lz"3 For
imaging reporting purposes, the distinction between DAI
and TAI, according to the CDEs, is made based on the
number of separate foci of signal abnormality: TAI
includes 1-3 foci, DAI includes more than three.'>!3
DAI/TAI is associated with rotational acceleration/de-
celeration forces and can be observed weeks, months, and
even years after the injury.®® T2*-gradient echo (GRE)
and/or SWI sequences are far more sensitive than
non-contrast CT in the detection of cerebral micro-
hemorrhages, also referred to as traumatic microbleeds

(TMBs), that are suggestive of DAI/TAI (Fig. 2 Panel 2
L4; Fig. 7B).> SWI and T2* sequences detect DAI lesions
in 20 to 30% of patients with a negative admission non-
contrast CT scan.®®%” However, lesion volume on FLAIR
sequences tends to be the predominant predictor of clinical
outcome, compared with the number of lesions
on SWIL%% TMBs may thus suggest DAI, but do not
always show histologically associated damaged axons.””
In the past, this has led to substantial confusion about the
used terminology. Therefore, significant efforts are under-
way to shift away from characterizing small vascular inju-
ries as DAI/TAI, as they can, but do not consistently,
involve injured axons. A different term is required to
more effectively underscore the point that axonal damage
is not always present and it is believed that even with cur-
rent imaging techniques, the true extent of axonal injury
and how it affects patients clinically is still heavily under-
estimated. During the recent NIH-NINDS workshop on
TBI classification and nomenclature, held in January
2024 in Bethesda (https://www.ninds.nih.gov/news-events/
events/ninds-tbi-classification-and-nomenclature-workshop),
the term Traumatic Axonal and/or Microvascular Injury
(TAMVI) was proposed for consideration beyond DA/
TAI given this newer evidence from radiological-pathological
studies.

Core information: presence. In the CENTER-TBI
study, TAI was observed on the admission CT in 257/
4087 patients (6%), significantly more often in patients
with moderate-severe TBI than patients with mild TBI
(151/1193 patients vs. 92/2744 patients; 13% vs. 3%,
respectively; p<0.001). DAI was observed less often
than TAIL in only 79/4087 patients (2%), similarly
more often in patients with moderate-severe TBI than
in patients with mild TBI (65/1193 patients vs. 12/2744
patients; 5% vs. 0.4%, respectively; p<0.001). We ac-
knowledge that these data underestimate the true occur-
rence of TAI/DAI, as CT scanning is less sensitive at
detecting these lesions compared with MRI.

Supplementary information: location, number of foci
of signal abnormality. Most patients with TAI had a
single lesion (61%), with 2-3 foci being more often
encountered in patients with TAI who had moderate-
severe TBI rather than mild TBI (47% vs. 26%,

Table 6. Locations of Intraventricular Hemorrhage on Admission CT

Intraventricular hemorrhage

Intraventricular hemorrhage

Intraventricular hemorrhage

in all TBIs in mild TBI in moderate-severe TBI
Ventricle N=491 N=121 N=347 1 p value Missing
Lateral left (%) 361 (73.5) 84 (69.4) 262 (75.5) 0.233 0.0
Lateral right (%) 316 (64.4) 73 (60.3) 229 (66.0) 0312 0.0
Third (%) 74 (15.1) 14 (11.6) 57 (16.4) 0.256 0.0
Fourth (%) 111 (22.6) 20 (16.5) 83 (23.9) 0.118 0.0

CT, computed tomography; TBI, traumatic brain injury.
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FIG. 7. Axial fluid-attenuated inversion recovery (FLAIR) (A) and susceptibility weighted imaging (SWI)

(B) magnetic resonance (MR) sequences of a traumatic brain injury (TBI) patient with diffuse axonal injury
(DAI). (A, B) illustrate typical shearing injuries (arrows) consistent with DAl in the bilateral temporal lobes
and brainstem (lesion in brainstem only visible on SWI). MR is significantly more sensitive than non-contrast
computed tomography in detecting these kinds of injuries and is therefore the preferred modality for
investigating possible DAl/traumatic axonal injury (TAI).

p=0.005; Supplementary Table S16). The 1-3 lesion(s)
of patients with TAI were mostly all confined to a single
white matter territory (Supplementary Fig. S27). The lo-
cations where signal abnormalities were found most often
were the frontal subcortical white matter (43% of TAI pa-
tients), the corpus callosum (25%) and brainstem (20%;
Fig. 8A). The frontal region and the corpus callosum
were also the regions most affected by multiple foci si-
multaneously (Fig. 8A).

In patients with DAI, the median number of observed
foci was 5, IQR 4.0-9.5. Patients with DAI and
moderate-severe TBI had significantly more lesions
than those with mild TBI (median 6, IQR 5-10 vs. me-
dian 4, IQR 4-5.5, p=0.01; Supplementary Table S17).
A quarter of patients with DAI had 10 or more foci of
signal abnormality, with 41 being the maximum
reported. In contrast to TAI, the lesions in DAI spanned
multiple white matter territories simultaneously (Sup-
plementary Fig. S28). Like TAI, the regions most
often affected were frontal (78% of patients with DAI
had at least one frontal lesion) and the corpus callosum
(52%). The frontal region was also the only location
where more than 10 simultaneous lesions were reported
unilaterally (Fig. 8B). Moreover, whenever the right
frontal region was affected in patients with DAL, it usu-
ally contained four or more foci on its own, apart from
potential other foci in different locations.

Penetrating injuries

Background. Penetrating injuries (Supplementary
Fig. S29), or open-head-injuries, are primary injuries
caused by indriven fragments or foreign bodies, which
penetrate any of the normal layers of the head, including
the scalp, skull, dura mater, and brain.'>!? They are less
common than closed-head injuries and are considered
prognostically worse.”' Traumatic intracranial aneu-
rysms are more common in penetrating brain injuries,
and additional diagnostic procedures may be indicated
in high-risk patients, for example when an intracranial
hematoma is close to a major cerebral artery, or if the
missile tract crosses one of these arteries.

Core information: presence. As opposed to other TBI
datasets, penetrating injury was not an exclusion criterion
for enrollment in the CENTER-TBI study. Even so, only
18 penetrating injuries were observed (0.4% of all pa-
tients), involving significantly more frequently patients
with moderate-severe TBI than patients with mild TBI
(12/1193 patients vs. 5/2744 patients; 1% vs. 0.2%, res-
pectively; p=0.001).

Supplementary information: deepest extent pene-
trated (scalp, skull, dura, parenchyma). The extent of
damage depends on the mechanism, modality, kinetic
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energy, and location of impact (e.g., certain parts of the
calvarium are thinner and thus more vulnerable). All pen-
etrating injuries observed in our cohort reached the par-
enchyma, passing through bone (which was oftentimes
indriven) and dura. The scalp was not always penetrated,
as some injuries entered through the skull base.

Supplementary information: location. Penetrating
injuries in the CENTER-TBI study were usually unilobar
(11/18 injuries), often confined to the frontal lobe (4/11
injuries; Supplementary Fig. S30). In seven patients, mul-
tiple locations were simultaneously affected (multilobar),
usually by cross-midline trajectory of gunshot wounds
(e.g., entrance frontal left, exit parietal right).

Supplementary information: modality/mechanism
(stab wound/gunshot wound/other foreign body).
Penetrating injuries are often classified by mechanism
(i.e., high-velocity, e.g., caused by projectiles, firearms,
shockwaves, etc.; or low-velocity penetrations, e.g.,
caused by knives, glass, etc.).">" A third of penetrating
injuries in our cohort were caused by high-velocity mech-
anisms like gunshot wounds (six patients, all with
moderate-severe TBI).

Emerging information: indriven fragments, through
and through trajectory, transventricular trajectory,
crosses midline. The type (bone, foreign object) and
trajectory of the penetrating fragment can also be speci-
fied. For example, a through-and-through (entrance and
exit sites), also termed perforating injury, and/or trans-

ventricular trajectory (Supplementary Fig. S29C) can
occur with penetrating bullets or other indriven frag-
ments, such as bone fragments or foreign bodies. Trans-
ventricular trajectories have been associated with poor
clinical outcome.”” The only penetrating injuries in our
cohort with complex trajectories were those caused by
gunshot wounds: 6/6 crossed the midline, 5/6 had a trans-
ventricular trajectory and 2/6 had a through-and-through
trajectory.

Cervicomedullary junction/brainstem injury

Background. Cervicomedullary injuries and brainstem
hemorrhages, in the context of trauma, can be primary
(e.g., contusion, laceration, TAI, etc.) or secondary.lz’13
They are most commonly focal. Secondary brainstem
hemorrhages are not very common and are typically asso-
ciated with raised ICP and rapidly evolving downward
transtentorial herniation.”* These secondary hemorrhages
are often referred to as ‘‘Duret hemorrhages,” and are
associated with poor prognosis.”® Their pathophysiology
is still under debate. The cause is likely multi-factorial,
with stretching and laceration of pontine perforating
branches of the basilar artery as the most probable
explanation.73

Core information: presence. In the CENTER-TBI
study, cervicomedullary junction/brainstem injuries
were observed on admission CT in only 5/4087 patients
(0.1%), all with moderate-severe TBI. Duret hemor-
rhages were mentioned four times in the free-text box
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of incidental findings, while they could also be classified
under ‘‘brainstem injury.”’

Supplementary information: location. These injuries
are often classified based on their nature (primary vs. sec-
ondary) and location (midbrain, pons, medulla, cervi-
cal).lz’13 In most cases, however, multiple anatomic
areas are involved. Duret hemorrhages are commonly
located in the ventral and paramedian regions of the mes-
encephalon and/or pons (Fig. 9).”

Findings with pathophysiologic connotations

Cerebral edema

Background. Cerebral edema (Fig. 2 Panel 2 M1-M4)
is a secondary injury and refers to an abnormal accumu-
lation of water in the brain’s intracellular and/or extracel-
lular spaces.'*'*7 Tt should be differentiated from
cerebral swelling due to vascular engorgement (see the
“Brain Swelling”’ section below).

Core information: presence. Cerebral edema was rarely
reported on the admission CT in our cohort (56/4087
patients, 1.4%), almost exclusively in patients with
moderate-severe TBI (49/1193 patients vs. 4/2744 patients
with mild TBI; 4% vs. 0.1%, respectively; p <0.001).

Supplementary information: extent. Cerebral edema
may be classified as focal (involves less than half of
one lobe), lobar (affects more than half of one lobe),
multi-lobar (involves multiple lobes), hemispheric
(involves an entire hemisphere; Fig. 2 Panel 2 M1), bihe-
mispheric (involves both hemispheres; Fig. 2 Panel 2
M?2-M4), in the posterior fossa (affects the cerebellum
and/or brainstem) or global edema (affects the entire
brain; Fig. 2 Panel 2 M3, M4). In our cohort, cerebral
edema on the admission CT was mostly global (71%),
followed by hemispheric (15%).

Emerging information: type, volume of edema. Cere-
bral edema can also be classified according to mechanism
into vasogenic, cytotoxic, interstitial, or osmotic. All
types of edema will appear hypodense on the admission
CT, making it nearly impossible to differentiate edema
types. Loss of grey-white matter differentiation may indi-
cate cytotoxic processes instead of brain swelling by
other causes.” In patients with TBI, vasogenic and cyto-
toxic edema are likely to overlap.”® In two thirds of
patients with cerebral edema in our cohort, the edema
was labeled as vasogenic. Although rarely, fluid can
also accumulate within the extracellular space of the peri-
ventricular white matter due to obstructive hydrocepha-
lus, which is sometimes referred to as hydrocephalic

s

compression (not shown).

FIG. 9. Axial non-contrast computed tomography images with soft tissue window of two different
traumatic brain injury (TBI) patients with secondary brainstem hemorrhage. (A) Shows focal injury in the
brainstem at the level of the pontomesencephalic junction (arrow). There is a left acute temporal subdural
hematoma (SDH; blue dashed line), causing downward transtentorial herniation and obliteration of the
basal cisterns. (B) Shows multiple hemorrhages in the pons and midbrain (arrow) in a patient with bilateral
SDH, subfalcine and downward transtentorial herniation, midline shift (MLS), cisternal and ventricular

~
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or ““interstitial” edema.”” Osmotic or ionic edema is
another subtype that can occur in the proximity of bleed-
ings, infarctions, or contusions due to high osmolality in
the affected tissue compared with plasma, which can trig-
ger a water influx.”” Other increases in brain mass that do
not fit these definitions, or are believed to have different
underlying pathophysiology, are commonly referred to as
“brain swelling.”'*"3

Brain swelling

Background. Brain swelling refers to a non-specific
increase in brain tissue mass that can result from an in-
crease in water content or intravascular blood volume
(i.e., “hyperemia’). An increase in intravascular blood
volume can be caused by venous outflow obstruction, ce-
rebral dysautoregulation in the context of systemic hyper-
tension, or in hypermetabolic states where there is a
hyperperfusion of brain tissue.'*'® According to the
CDEs, cerebral hyperemia can appear as focal or diffuse
mass effect (i.e., sulcal/cisternal effacement) with preser-
vation of the gray-white differentiation (GWD). In the
CENTER-TBI study, the reviewers reported cerebral
“hyperemia’” only if findings were in accordance with
this definition, and if the findings did not fit the defini-
tions included under edema (e.g., Fig. 2 Panel 2 M5).
Of note, it is very difficult to determine whether actual
cerebral hyperemia is present from a non-contrast CT.
Therefore, the term ‘‘hyperemia’” in the CENTER-
TBI study should always be considered ‘‘possible
hyperemia”.

Core information: presence. Brain swelling was very
rarely reported on the admission CT in our cohort (14/
4087 patients, 0.3%), exclusively in patients with
moderate-severe TBI (14/1193 patients, 1.2%). In eight
of these 14 patients, the observed aspect was indicative
of cerebral hyperemia (Fig. 2 Panel 2 M5) due to pre-
served GWD, with diffuse mass effect and sulcal/cisternal
effacement.

Supplementary information: location, extent. Similar
to cerebral edema, hyperemia may be classified based
on which locations are affected and the extent.'>'?
Often, in cases where the central review panel was in
doubt between brain swelling caused by edema or hyper-
emia, there was local swelling of the temporal lobes, ac-
companied by compression of cisterns and cortical sulcal
effacement, but some preservation of GWD (Fig. 2 Panel
2 M5).

Ischemia/infarction/hypoxic-ischemic injury

Background. Cerebral ischemia and other related terms
(e.g., infarction, hypoxic-ischemic injury) refer to find-
ings in tissue that reflect a deficit between oxygen

demand and delivery.'*'? Post-traumatic cerebral ische-
mia and infarction are secondary injuries typically hypo-
dense on non-contrast CT (Supplementary Fig. S31,
S32a-e) and hyperintense on FLAIR images (Supplemen-
tary Fig. S32f). Early detection and intervention (e.g.,
decompressive surgery, anticoagulation, or others) can
minimize the damage to the brain tissue caused by
these injuries and may reverse it in some cases.”® How-
ever, post-traumatic ischemia is now considered more
common than previously thought and an independent
prognostic factor for poor clinical outcome.”*"%°

Core information: presence. Ischemia was very rarely
reported on the admission CT in our cohort (4/4087 pa-
tients, 0.1%), exclusively in patients with moderate-
severe TBI (4/1193 patients, 0.3%).

Supplementary information: location, extent, acute ver-
sus subacute. Ischemia and infarction are often classi-
fied based on location and/or the extent of the deficit.'*'?
The location of vascular territories can help to distinguish
between infarction and non-hemorrhagic contusion.®!
A distinction can also be made based on aspect in the
acute versus subacute stage (i.e., hypodense, isodense,
hyperdense or mixed).

Emerging information: pattern. Further classification
can be made based on the pattern of injury, which is re-
lated to the cause. Watershed infarction occurs after pro-
longed systemic hypotension and typically affects the
junctions of vascular territories, (i.e., territories supplied
by the anterior cerebral artery, middle cerebral artery,
and/or posterior cerebral artery).®> One of the most com-
mon causes of ischemia or infarction is the occlusion of a
large artery due to subfalcine and/or transtentorial herni-
ation, induced by a space-occupying extra- or intra-axial
bleeding (e.g., EDH, SDH, ICH, or contusion)6 or brain
swelling, and frequently involves the posterior cerebral
artery. Lacunar infarctions are small infarctions caused
by an occlusion of a single terminal branch of these
large arteries.®® Venous infarctions occur due to obstruc-
tion of one of the larger intracerebral veins by a thrombus
or external compression (e.g., by a mass lesion).**

Incidental findings (extra CDE recorded

in CENTER-TBI)

Incidental findings were reported in 15.2% of patients,
less frequently in patients with moderate-severe TBI
(13%) compared with those with mild TBI (16.4%).
The most frequent incidental findings were (abnormal)
prominent ventricles (104/4087, 2.5% of all patients), old
strokes (1.9%), various cysts (1.7%, mostly arachnoid
cysts), various chronic subdural collections (1.1%) and
past neurosurgical interventions (1.1%). Other types of in-
cidental findings were reported in less than 1% of patients:



IMAGING FINDINGS IN ACUTE TBI

31

prior TBI, various anatomical variants (e.g., cavum septum
pellucidum), tumoral formations, hydrocephalus, mega
cisterna magna, acute strokes, and Duret hemorrhages
not classified under cervicomedullary/brainstem injury.

Co-occurrence and clustering of pathoanatomic
lesion types
Of the 4087 admission CTs we reviewed, 2567 (63%)
showed traumatic abnormalities, with at least one of the
NINDS TBI core CDEs present. In a fifth of these, only
a single type of core CDE (a single pathoanatomic lesion
type, solitary or not) was reported (539 scans, 21% of pos-
itive scans, 13% of all scans). In these patients, the most
frequent isolated findings that were observed were tSAH
(208 patients), skull fracture(s) (132 patients), aSDH(s)
(87 patients) and contusion(s) (54 patients). In the remain-
ing 2028 scans (79% of positive scans, 50% of all scans),
various combinations of different pathoanatomic lesion
types were observed, ranging from 2 to 12 simultaneous,
distinct lesion types. Some of these lesion types were
highly correlated (Fig. 10). Of patients with positive
scans (1345 with mild TBI, 1112 with moderate-severe
TBI), those with moderate-severe TBI had on average
more simultaneous types of lesions than patients with
mild TBI (median 5, IQR 3-7 distinct pathoanatomic
lesion types vs. median 2, IQR 1-4, p<0.001; Fig. 11)
Cluster analysis of lesion types on positive CTs in the
two subgroups (Fig. 12), shows early clustering of markers
of mass effect (MLS, cisternal and ventricular compres-
sion), indicating once again the high correlation between
these characteristics. In patients with moderate-severe
TBI, these markers of mass effect also cluster with
aSDH. Cerebral edema was mostly encountered in patients
with moderate-severe TBI and seemed to be an overarching
feature of the aSDH cluster with mass effect markers, indi-
cating a pattern of secondary injury caused by a large
aSDH. As mentioned earlier and in line with previous re-
search, other pathoanatomic lesion types also tend to clus-
ter. For instance, in both subgroups we found evidence of
early clustering of EDH with skull fracture and contusions
with tSAH, with all four clustering in patients with
moderate-severe TBI. Interestingly, IVH and DAI/TAI
also tend to cluster together, which corroborates that the
presence of IVH can in fact serve as a marker for DAI/-
TAIL® IVH and DAI/TAI also seemed clustered with intra-
cerebral hemorrhage, indicating a pattern of injury affecting
deeper cerebral vascular structures simultaneously.

CT classification scores. Multiple classification schemes
or severity grading systems have been developed in the past
for injury characterization and clinical outcome prediction,
either on their own or in combination with demographic
and clinical variables. These provide a summary score,
which reflects the overall findings on a scan, based on

the presence or absence of selected non-contrast CT fea-
tures (Table 7; Supplementary Table S18).3!-39-41:85-87

The most validated imaging-based descriptive scheme
is the Marshall classification, which was originally devel-
oped for patient classification, not necessarily prognosis,
but has been used for outcome prediction ever since.’
Although this classification is considered a very strong
tool to predict 6-month mortality in TBI, it has several
limitations, including the fact that the scale is not ordinal
and that it does not consider the presence of tSAH, which
is the most frequently observed CT abnormality with sig-
nificant association with poorer outcome,® and also the
most commonly encountered pathoanatomic lesion type
in our dataset. The Rotterdam CT score was developed
from a prognostic perspective, and overcomes these lim-
itations by using individual features, including tSAH, and
has been reported to have an equal or greater predictive
value compared with the Marshall classification.®®
Other, more recent scales like the Helsinki and Stock-
holm scoring systems achieve similar discrimination per-
formance and sometimes even outperform the Marshall
and Rotterdam classifications.®’ Unfortunately, these
scoring systems are also not accompanied by many visual
examples, and since most scales are not CDE-based, cer-
tain terminology used in the scales may appear ambigu-
ous. In Table 7, we list the features in the different
scoring systems and refer to figures in which such fea-
tures are illustrated.

The Neurolmaging Radiological Interpretation
System (NIRIS) is a recently developed scoring system
with CDE-based terminology that, in addition to pre-
dicting outcome, also suggests patient management
actions based on imaging findings (Supplementary
Table S18).%>%

Prognostic tools are currently mostly used for research
purposes and sometimes underperform in terms of out-
come prediction accuracy. However, as the NIRIS in-
tends, and if further validated and improved, these
systems could play a role in clinical radiology routine,
where the scores could be automatically extracted from
structured and templated CDE reports and could inform
patient management and communication.

As with all prognostic models, continuous validation
of CT classification schemes and grading systems is nec-
essary to ensure applicability to contemporary, diverse
patient populations, across different clinical settings
and geographic regions. Some of these scores were devel-
oped on samples of patients treated more than 30 years
ago, meaning that predicted outcomes might not reflect
the advances in treatment and rehabilitation that have oc-
curred over time. As such, updating the predicted out-
comes might be necessary. The use and evaluation of
these imaging prognostic models or severity classifica-
tions should reflect clinical practice and integrate essen-
tial patient demographic, clinical, and laboratory data.



&
o @
‘0 c)’\Q\ \(\‘bg . \ic\
e® & & N
\'}\, ) ((\0 A
e o D& o @
R AT 2N @ o 0
o & @ & P N S & &
> 06‘ > > 0 ‘{\{\ r-o\o évg.’.? d‘& @Q f§
& &S F @ & & @ & QA
& & @'5:' & 6\'2’\ & @Q\ N < %‘\0 & (\§;\ & o
N & & & & . & ¢ G ST S
Q-\\QQ &\@} {2}(\ <§0 ‘R}Q é\o‘a r}\\(\ 5S R & <‘\{\\C- S q}‘(\ ?}eb &e\\
N N PN 2 &L o & @ [ X €& 9
S @ D & ¢ & & N & L e
Qﬁ\b d—‘\ o c_.,o'ob & <& \‘l‘\& & & & & \(’\k“(b N & <3‘®

1
Skull fracture .o.ae 0.34 0.02 u.os.o.zz 0.36 0.32.0.07 014 0 0.05 0.1 0.06

Epidural hematoma -0.02 0.1 -0.03-0.01 0.19 0.1 0.18 0.18 0.23 0.03 004 0 0 -0.01-0.01 0.8

Extra—axial hematoma 0.01 -0.01 0.01 0.07 0.01 0.05 0 006 O 0.02 0.01 0.04 -0.01 0

Subdural hematoma, acute -0.02-0.04_ 0.39 0.12 0.16 0.04 0 0.1 0.05 0.6

Subdural hematoma, subacute or chronic 0.01 003 0 0 -0.02 0.03 0.03 0.01 =001 0 =-0.01 0

0.4
Subdural hematoma, mixed density 0.11 0.19 0.15 0.15 0.06 0.02 0.03 -0.01 0.02 0.01 -0.01
Traumatic subarachnoid hemorrhage 0.25 0.37 0.33.0.15 0.29 0.16 0.04 0. 0.05 - 0.2
Midline shift 0.22 0.14 0.12 -0.02 0.01 0.11 0.07
Cisternal compression 0.32 0.11 0.23 0.02 0 0.26 0.13 0
Ventricular compression 0.27 0.11 0.15 0.01 0.03 0.26 0.13 L _0.2
Contusion 0.09 0.2 0.15 0.03 0.05 0.01
Intracerebral hemorthage  0.46 0.08 042 o -001 | ~O-4
Intraventricular hemorrhage 0.29 0.08 0.08 0.02 O
Diffuse and traumatic axonal injury 0.03 0 0.01
Penetrating injury 0.02 o0 -0.8

Cerebral edema -0.01

-1
FIG. 10. Heatmap that shows the co-occurrence correlations of all possible pairs of National Institute of
Neurological Disorders and Stroke (NINDS) core traumatic brain injury (TBI) common data elements (CDEs) in
Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI). Lesion
types with less than 10 observations in the entire sample are not shown. Some lesion types were highly
correlated. In particular, the CDEs that indicate the presence of mass effect: midline shift (MLS), cisternal
compression, and ventricular effacement were highly correlated with each other (range of phi correlation
coefficients between pairs 0.66-0.79). These three CDEs were also correlated with the extra CDEs brain
herniation and cortical sulcus effacement, with the highest correlation between any lesion types being that
between MLS and brain herniation (phi=0.84). Skull fractures were correlated with contusions (phi=0.51),
traumatic subarachnoid hemorrhage (tSAH; phi=0.46), and epidural hematoma (EDH; phi=0.45; of note, 98%
of patients with EDHs had co-existing skull fractures). Contusions were also correlated with tSAH (phi=0.50).
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FIG. 11. UpSet plots of co-existing National Institute of Neurological Disorders and Stroke (NINDS) core
traumatic brain injury (TBI) common data elements (CDEs) in mild (A) and moderate-severe (B) TBI patients.
Core CDEs with less than 10 observations in the entire sample were not included in the analysis.
Combinations with less than 10 occurrences in each subgroup and lesion types appearing exclusively in
these less frequent combinations are not shown.
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The distribution of the Marshall, Rotterdam, Helsinki, intended for scoring the quantity and distribution of sub-
Fisher, Morris-Marshall, and Greene CT scores in arachnoid hemorrhage following aneurysmal ruptures,
CENTER-TBI is presented in Figure 13. Since subarach-  with the purpose of predicting vasospasm, but has also
noid blood is considered an important outcome predictor been used in TBI. The Greene and Morris-Marshall clas-
in TBI, the Fisher, Morris-Marshall and Greene CT score sifications also include mass lesion, but none of these
were also included. The Fisher CT score was originally grading systems have been widely adopted. The
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core traumatic brain injury (TBI) common data elements (CDEs) in (A) mild and (B) moderate-severe TBI
patients. In each analysis, only lesions with 10 or more occurrences in that respective subgroup were included.




Table 7. Overview of CT Classification Systems

NCCT scoring Grade/
system characteristic Radiologic imaging findings
Marshall I No visible intracranial pathology on NCCT
II Cisterns present with MLS <5 mm and/or lesion densities present <25 mL, may include bone fragments and
foreign bodies
I Cisterns compressed or absent with MLS <5 mm, no high or mixed-density lesion >25 mL
v MLS >5mm, no high or mixed-density lesion >25mL
V+VI High or mixed-density lesion >25mL (e.g., Fig. 2 Panel 1 B1,B2,B4,B5; C4,C5; D1-D3; F1-F3; G1,G2
and Fig. 2 Panel 2 I1,12,14,15; J1,J2; KS)
Rotterdam Basal cisterns O=normal (e.g., Supplementary Figure S19-20), 1 =compressed (e.g., Fig. 2 Panel 2 H1-H3), 2=absent (e.g.,
Fig. 2 Panel 2 H4,HS5)
MLS 0=no shift or <=5mm, 1=shift >5mm (e.g., Fig. 2 Panel 1 C4; D2; F1-F3; GI)
Epidural mass O=present (e.g., Fig. 2 Panel 1 B1, B2, B4, B5), 1=absent (e.g. Fig. 2 Panel 1 B3 (< 25mL))
IVHASAH O=absent, 1 =present (Fig. 2 Panel 1 E1-ES5; and Fig. 2 Panel 2 K1-K5)
Score Sum +1 (range=1 to 6)
Helsinki Mass lesion type SDH=2, ICH=2, EDH=-3
Mass lesion size Volume >25mL =2 (see Marshall)
IVH O=absent, 3=present (see Rotterdam)
Basal cisterns O=normal, 1=compressed suprasellar cistern, 5=absent suprasellar cistern (e.g., Fig 2 Panel 2 HS)
Score Sum (range=-3 to 14)
Stockholm tSAH SAH in convexities (1: 1 to 5Smm, 2: > 5mm) + SAH in basal cisterns (1: 1 to 5mm, 2: > 5mm) + IVH
(2=present), Sum (range=0 to 6)
Tally MLS (mm)/10 + tSAH score/2 — 1 if EDH +1 if DAI (basal ganglia, splenium, or brainstem) +1 if dual-sided

SDH +1

CT, computed tomography; DAI, diffuse axonal injury; ICH, intracerebral hemorrhage; MLS, midline shift; NCCT, non-contrast computed tomogra-
phy; SDH, subdural hematoma; tSAH, traumatic subarachnoid hemorrhage; IVH, intraventricular hemorrhage.
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FIG. 13. Traumatic brain injury (TBI) classification and grading system scores in the Collaborative
European NeuroTrauma Effectiveness Research in TBI (CENTER-TBI) study, based on admission non-contrast
computed tomography (CT) findings. The distribution of scores on the 6 CT classification systems and their
association with mortality and unfavorable outcome at 6 months in CENTER-TBI is presented in
Supplementary Table S19. In CENTER-TBI, Marshall CT scores 5 and 6 were combined.
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distribution of scores varied greatly between patients
with moderate-severe TBI and those with mild TBI, for
every classification system (p values <0.001; Supple-
mentary Table S19). As expected, patients with moder-
ate-severe TBI had more heterogeneous score
distributions, and more often higher scores, associated
with worse predicted outcomes, than patients with mild
TBI. In general, for all classifications, higher scores
were associated with worse outcomes (Fig. 14).

Discussion

This is the first comprehensive pictorial review of the
NINDS TBI CDEs, based on over 4000 admission CT
scans from the CENTER-TBI study, with descriptive in-
formation about core data elements and information

about supplemental and emerging elements, including lo-
cations and estimated volumes of lesions.

Our study shows that traumatic subarachnoid hemor-
rhage (45.3%), skull fractures (37.4%), contusions
(31.3%), and acute subdural hematoma (28.9%) are the
most frequently occurring non-contrast CT findings in
acute TBI. The ranking of these lesions is the same in
patients with moderate-severe TBI (baseline GCS score
3-12), compared with those with mild TBI (baseline
GCS score 13-15). However, the frequency of occur-
rence is up to three times higher in moderate-severe
TBI. Other lesion types also occur more often in patients
with moderate-severe TBI and are often larger in volume
(in the case of bleedings), and more diffuse (i.e., span
multiple locations). In most TBI patients, there is a co-
occurrence and clustering of pathoanatomic lesion
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FIG. 14. Six-month GOSE scores within the categories of traumatic brain injury (TBI) classification and
grading systems in Collaborative European NeuroTrauma Effectiveness Research in TBI (CENTER-TBI) based
on admission non-contrast CT findings. We can observe that the proportion of worse outcomes generally
increases with the CT score category, for all six classifications. Some categories (e.g., Helsinki CT score -2)
have very few observations (Supplementary Table S19). GOSE scores were assessed by in-person/telephonic
interviews or postal questionnaires, and as such a clear distinction between GOSE 2 (VS) and GOSE 3 (LSD)
was not always possible. As a result of this, these two categories were combined, giving a seven-point
ordinal scale. CT, computed tomography; GOSE, Glasgow Outcome Scale-Extended; LGR, lower good
recovery; LMD, lower moderate disability; LSD, lower severe disability; NA, not available; UGR, upper good
recovery; UMD, upper moderate disability; USD, upper severe disability; VS, vegetative state.
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types, with significant differences between moderate-
severe and mild TBI patients. The clustering in mild
TBI patients is very similar to what Yuh et al described.”!
For instance, aSDH, contusion, and tSAH typically cluster
together and have been associated with linear acceleration
and deceleration forces.”! In our study, and in line with Yuh
et and colleagues, IVH and DAI/TAI cluster together, how-
ever this time also with intracerebral hemorrhage. These
injuries are probably caused by more rotational acceleration
and deceleration forces.” Epidural hematoma and skull
fracture formed a separate cluster in our cohort of mild
TBI patients. Often these patients have good outcomes.”'
Interestingly, in moderate-severe TBI patients, contusions
were added to this cluster, which also indicates a higher
level and probably a combination of impact forces. In
moderate-severe TBI patients, patterns were thus
more complex, with more co-existing lesion types and
more frequent signs of mass effect (i.e., edema, MLS, cis-
ternal and ventricular compression). For instance, we found
a specific aSDH cluster, with mass effect, including sec-
ondary injuries like edema, which is very different from
the mild TBI patients. Secondary injuries related to mass
effect were at least 7 to 8 times more frequent in moderate-
severe TBI (e.g., edema, brain swelling).

Patients who were clinically classified based on the
baseline GCS score as ““mild TBI”” sometimes displayed
remarkable imaging findings, such as hemorrhagic mass
lesions with volumes higher than 25cm’, which were
mostly located in the frontal lobes. Moreover, in over a
hundred mild TBI patients (i.e., 117), imaging features
and clusters of imaging features that are suggestive of se-
rious underlying pathophysiology were present (MLS, all
cisterns absent, 3rd or 4th ventricle obliteration, brain
herniation). Further, since a large threshold was used to
report MLS (> 5 mm), the true number of patients with
a shift of the midline was probably underestimated. The
median time from injury to scan in the 117 patients
with mild TBI and markers of significant mass effect
was 3.1h (IQR 1.7-5.7h) and the median age was 62
years (IQR 49-73). In 61/117 (52%) of these patients,
clinical deterioration was recorded at some point during
hospitalization, either before or after the scan, while oth-
ers remained in an acceptable or good neurologic condi-
tion, despite their imaging findings, and were treated
conservatively. Interestingly, the average age in this sub-
group of 117 patients was significantly higher than that of
the rest of our sample and that of the patients with mild
TBI, but without signs of mass effect. Additionally, spo-
radic data-entry errors in recorded GCS scores cannot be
excluded. These findings highlight the limitations of a
unidimensional, static approach to severity classification
by the GCS and illustrate how imaging characteristics
can contribute to more refined characterization.

The need for improved characterization of TBI sever-
ity has been recognized by the NIH/NINDS, which

resulted in the implementation of a task force, consisting
of six working groups, to develop a more refined
and multi-dimensional approach to characterization of
TBI. The working groups convened at a workshop on
TBI classification and nomenclature in January 2024
(https://www.ninds.nih.gov/news-events/events/ninds-
tbi-classification-and-nomenclature-workshop). The aim
of the workshop was two-fold: 1) to highlight the working
groups’ findings after reviewing data from previous and
existing clinical studies and 2) to seek public input and
feedback from the TBI community and stakeholders with
the goal of informing the development of a more precise,
and evidence-based classification system—beyond the
terms that are currently used ‘‘mild, moderate, severe’’.
The inclusion of imaging and other markers (such as
blood-based biomarkers) has been proposed as a more
informative approach that could improve the character-
ization of these patients.

Multiple classification systems exist that group specific
CT features with a main aim to predict clinical outcome.
In our study, the distribution of scores on each of these clas-
sifications also varied greatly between patients with mild and
moderate-severe TBI. As expected, patients with moderate-
severe TBI had a more heterogeneous score distribution, and
more often higher scores, predictive of worse clinical out-
comes, compared with patients with mild TBI. Observed
outcomes for the various CT score categories were generally
worse for higher scores, but no formal model validation was
performed in the present study. Acute trauma-induced vas-
cular abnormalities like dissections, (pseudo-)aneurysms
or venous sinus injuries were rarely encountered in our data-
set. The low number of vascular lesions may be explained by
the lack of contrast-enhanced imaging in the acute phase,
and the fact that some lesions (e.g., pseudoaneurysms)
may develop over time, and are not yet visible on admission
CTs. Studies have shown that these abnormalities are quite
rare in general, even in level I trauma centers.”> However,
incorporating CTA in targeted patients can be useful.”*
For a more comprehensive discussion on these specific le-
sion types, we refer to the supplementary materials (Supple-
mentary Text File).

Certain lesions with pathophysiological connotations like
brain swelling and ischemia, or subacute/chronic hemato-
mas were also rare in the acute phase. Typically, these pa-
thologies are encountered on serial follow-up imaging.

Critical appraisal of the NINDS CDEs

and considerations for their improvement

The radiologic NINDS TBI CDEs were developed
over 10 years ago and are subject to updates and improve-
ments based on data and experience. Minor changes,
mostly with respect to terminology of the classification
of CDEs as basic, supplemental, or emerging, have
been implemented over the past years. Multiple
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studies have been published regarding the radiologic
CDEs and have mostly focused on reliability and
validation.'>1%°%9597 1p addition, a whole series of stud-
ies have already been published using mostly core imag-
ing CDE data from the CENTER- and Transforming
Research and Clinical Knowledge in TBI (TRACK-
TBI) studies.”’*®'” The empirical experience of
CENTER-TBI and other observational studies, such as
TRACK-TBI, can provide a solid evidence base to in-
form updating of the CDEs. Overall, the CENTER-TBI
experience in using the radiologic TBI CDEs is over-
whelmingly positive as they provide a standardized and
structured approach for radiologic assessment, thus facil-
itating validation and meta-analyses across studies. An
example is the study by Yuh and coworkers described
above, on CT features associated with adverse outcome
after mild TBL.”! The radiologic TBI CDEs were primar-
ily developed from a research perspective. They also
have great potential for broad implementation into clini-
cal practice. We found, however, that completion of the
reading templates is time-consuming, up to sometimes
more than an hour per patient, depending on the complex-
ity of the pathology. An abbreviated version, for example
restricted to core descriptions, would be needed for
templated and structured clinical reporting. Expert
consensus-based templates would also be needed, like
the ones used in the reporting and data systems
(RADS) by the American College of Radiology (https://
www.acr.org/Clinical-Resources/Reporting-and-Data-
Systems). Redundant information can be omitted and
other elements can be adjusted based on the insights
gained from the CENTER-TBI experience and analogous
studies.

Redundancy and overlap

The current radiologic CDEs have many elements. Some
CDEs, such as vascular dissection, traumatic aneurysm,
venous sinus injury, cervicomedullary/brainstem injury,
and ischemia were only rarely reported (< 5 times). Inclu-
sion of CDEs should, however, not only depend on fre-
quency of occurrence, but also on clinical relevance
taking the timing of CT scanning into consideration.
For example, vascular dissection and traumatic aneurysm
have high clinical relevance, and may have been underre-
ported in CENTER-TBI. Ischemia may not be relevant in
the acute phase of an admission scan but becomes more
important over time.

We found that ‘‘hydrocephalus’ appears in three dif-
ferent elements (i.e., in the context of tSAH, ventricular
effacement, and IVH), which could be grouped into one
distinct CDE with different subtypes. Moreover, acute
ventricular dilatation in our dataset was not reported in
the context of tSAH or IVH but was mostly seen in pati-
ents with large subdural hematomas, where midline shift
and ipsilateral compression of the ventricles leads to en-

largement of the contralateral ventricles. Brainstem com-
pression is also an option that appears in three elements
(i.e., ventricular effacement, cisternal compression, and
cervicomedullary/brainstem injury). To avoid reporting
redundancy, cisternal compression could be used as the
single element to denote brainstem compression.

Additional elements

In the CENTER-TBI study, and in clinical routine, radi-
ologists often describe the subtype of cerebral herniation
(i.e., subfalcine, transtentorial, etc.). Although highly
correlated with MLS, we show that herniation subtypes
are also highly correlated with other features that are clin-
ically relevant to report (e.g., transtentorial herniation
and subsequent cisternal compression). It could therefore
be useful to add this CDE in the next update, as the gran-
ularity of the subtype contains important clinical infor-
mation. In CENTER-TBI, the reviewers experienced
difficulties in differentiating between clear-cut edema,
brain swelling and hyperemia, and felt more comfortable
adding ‘“‘cortical sulcus effacement’ as an extra CDE in
the acute phase. We suggest considering adding ‘‘cortical
sulcus effacement’’ as new element, or at least to provide
better guidance for scoring edema, brain swelling and hy-
peremia. As opposed to free-text reporting, the current
reporting templates do not include an option to denote
a level of confidence or add nuance to the reported obser-
vations. In CENTER-TBI, when readers wanted to elab-
orate on a certain lesion, or in complex cases where the
reporting templates were lacking a certain option, the
free-text box in the incidental findings was often used.
This indicates a need for reporting some level of (un)cer-
tainty. Although we in general would discourage an
option for free-text entries, in this case, inclusion of a
“comment” box may be considered. The relatively
high incidence of incidental findings in the CENTER-
TBI population (15.2%) motivates inclusion of incidental
findings as a separate CDE. Finally, we suggest including
one or more of the CT classification systems as supple-
mental CDEs.

Ambiguity in definitions and measurements

Some issues exist with definitions that are still in flux
(e.g., “DAI/TAL” cerebral ‘‘hyperemia,” ‘‘gliding con-
tusions’”), which can be a source of systematic observer
variation. For instance, in CENTER-TBI, cerebral hyper-
emia was only used as a subtype of brain swelling when it
corresponded with the CDE definition but was rarely
reported. Only in cases with mostly global edema and
without large bleedings, and in cases where it was diffi-
cult to distinguish between edema or hyperemia, ‘‘brain
swelling” was used, which is also the most common
term used in clinical radiology settings in this context.
A better description or collapsing of these entities
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might be needed in an updated version of the CDEs.
Although volumetric measurements appear objective,
they depend on the imaging plane in which they are per-
formed and can be time-consuming. Finally, some thresh-
olds in the current version of the CDEs appear somewhat
arbitrary (e.g., 2mm for MLS, 1cm thickness in the
context of depressed fractures, 3 mm in the context of
a diastatic skull fracture and ‘‘mass-like tSAH’). It
would be useful if these thresholds were supported by
evidence and guidelines established on how to take
these measurements.

Dynamic changes

A challenging aspect in both the reporting and the analy-
sis of neuroimaging findings is the evolution over time.
Most individual pathoanatomic lesion types (except for
skull fractures and incidental findings, for the most
part) are dynamic in the acute and subacute period after
TBI. Individual primary lesions may resolve or expand,
separate, or coalesce, either spontaneously or because
of directed therapies, and secondary injuries may appear
or evolve accordingly. Such changes will be apparent in
those patients with serial imaging. For instance, com-
pared with a pre-operative SDH or EDH, the evacuated
bleedings that remain post-operatively will often be
labeled as EAH, or contusions that coalesce between
locations can change into ‘“‘intracerebral hemorrhages.”
At present, no specific reporting recommendations to re-
cord such dynamic transitions of individual lesions exist.
A technical solution would be to implement unique lesion
identifiers in structured reporting templates, so that all
observed individual lesions could be tracked longitudi-
nally on serial imaging, along with changes in their
core, supplemental and emerging information. Such
lesion-level reporting would facilitate subsequent analy-
sis for both mechanistic and prognostic purposes.

Limitations

We acknowledge several limitations to our study. The
CENTER-TBI dataset consists of images from over 60
European recruiting centers with substantial inter-center
differences in recruitment number (i.e., university hospi-
tals and level I trauma centers recruited more patients).
Also, CENTER-TBI only included patients with an indi-
cation for CT scanning, which created a bias towards
patients with intracranial pathology.

Second, although the use of imaging CDEs minimizes
observer variability, it remains a qualitative interpreta-
tion, even when a double reading paradigm is imple-
mented. Such subjective interpretations can still be
prone to observer and data entry errors.

Third, we did not report CDEs for atrophy/
encephalomalacia, since we focused on acute non-
contrast CT. Atrophic changes are longitudinal in nature

and are better captured with MRI algorithms like voxel-
based morphometry (VBM).

Fourth, some mismatch between the times of GCS
evaluation and imaging acquisition is unavoidable, as
CT scanning is generally performed only after the base-
line GCS is documented. In CENTER-TBI, missing
post-stabilization GCS scores were imputed with the
closest in-time available value, meaning that for some pa-
tients, hospital arrival or pre-hospital GCS scores were
used. We recognize that both the imaging findings and
the baseline GCS score represent a snapshot in time,
whilst the disease course is dynamic. Particularly in pati-
ents in whom pre-hospital GCS assessments were used as
baseline value, transitions between higher and lower GCS
scores could translate to different classifications of TBI
severity. For example, it is possible that an admission
CT was only ordered for an initially mild TBI patient
after they deteriorated to a lower GCS value (Table 2).
Specifically in the elderly, a decline in GCS from 15 to
14 can already be associated with worse clinical out-
come.'®® Additionally, we recognize that relying exclu-
sively on an admission GCS score of 13 or higher,
without subsequent reassessment or updates within the
initial hours, does not represent the definitive benchmark
for categorizing mild TBI. Divergent perspectives exist
within the literature, with some authors defining the
GCS 13-15 range as mild, while others designate only
GCS 14 and/or 15 as such.'” Moreover, there is an ongo-
ing debate to revisit the classification of patients with a
GCS score of 13 as ““‘moderate”” TBI due to notable dif-
ferences in neuroimaging findings and the necessity for
neurosurgical procedures compared with those with
scores of 14-15.

Further, certain criteria, such as posttraumatic amnesia
not exceeding 24 h, are incorporated by the World Health
Organization (WHO) task force definition of mild TBL.''®
It is thus likely that some cases identified as “‘mild”’ in
our study may have exhibited prolonged posttraumatic
amnesia, potentially warranting reclassification as ‘‘mod-
erate” TBL

In our investigation, we opted for a conventional dif-
ferentiation between moderate-severe and mild TBI, a
common practice. However, our findings indicate that
this classification is constrained and one-dimensional.
Our results also emphasize that the effectiveness of this
distinction is contingent upon the method and timing
of employing the GCS scoring. While acknowledging
the limitation of potential mismatches between the
times of GCS evaluation and imaging acquisition in
our study, we highlight the possible importance of
reporting imaging findings to enhance severity
characterization.

Fifth, we acknowledge that the ABC/2 method used
for volumetric calculations, may not always be a correct
representation of the actual volume of lesions. Expert
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segmentations remain the reference standard. Even so, it
remains difficult to have a solid comparison of ABC/2
method with this reference standard, as no measures of
pixel similarity or overlap like the Dice coefficient can
be calculated. However, studies have shown that it can
be a good estimation of the volume of lesions and was
therefore considered in this study.'''"''* In the future,
these measurements might be validated by comparing
with actual manual volume segmentations.

Sixth, we recognize that the critical appraisal of the
NINDS radiologic CDEs represents little more than ex-
pert opinion. However, it is based on the vast experience
of the CT reviewers involved in CENTER-TBI and forms
a solid evidence base to inform updating of the CDEs to
version 3.0.

Seventh, we recognize the need to better represent
children, especially the youngest, who are significantly
affected by TBI and frequently admitted to hospitals.
MRI use in the pediatric population is increasing, driven
by concerns over radiation and the demand for higher res-
olution imaging.

Future perspective

Advanced computational methods like natural language
processing (NLP) algorithms are available that can be
used to extract core CDEs from free-text radiology re-
ports with good accuracy.' 4 One problem with this
method however, is that it faces linguistic challenges
that are similar to those of humans, and that these algo-
rithms have difficulties handling incomplete reports or re-
ports with variable content.''> Moreover, it is not clear
how well these methods perform on more granular sup-
plemental and emerging levels of the CDEs.

In the future, speech-enabled structured reporting
using CDE-based itemized templates integrated into the
radiologist’s workflow would likely be the preferred
method. This approach, would allow radiologists to in-
crementally enhance report details in a structured way,
and would not only promote standardized communication
across the patient care pathway but could also produce
machine-readable data capable of constructing research
registries with detailed lesion information surpassing
the scale of the CENTER and TRACK-TBI studies.

In upcoming iterations of the CDEs, tools that allow
radiologists and investigators to selectively choose and
expand only the elements pertinent to the specific needs
of a clinical report or research study from a predeter-
mined set of elements would be favorable. For instance,
when addressing an acute non-contrast CT scan of an
elderly patient, specific elements could pop up, or be se-
lected, from a primary tree using a drop-down list. This
functionality would also potentially minimize the re-
dundancy and overlap we encountered in the current
system.

Emerging information about abnormal imaging find-
ings can also be drawn from computer-aided image anal-
ysis.'?!3 In this study, we did not include computational
measurements. However, currently, there are multiple al-
gorithms that have been developed that already perform
better than humans at detecting acute bleeding on non-
contrast CT scans.''®'"” Some of these algorithms are
used to flag abnormal scans and move them up the radi-
ologists’ worklist."'®

Tools were also developed using CENTER-TBI data
that can automatically extract and quantify certain fea-
tures or CDEs from non-contrast CT scans, especially
those that are related to mass effect (e.g., MLS, compres-
sion of cisterns, and certain bleedings with segmented
lesion volume).''*"'?° Other algorithms have been devel-
oped to track the progression of lesion volume, demon-
strating potential applications for imaging-based
precision medicine and patient follow—up.lm’121

Many of these methods typically stay within the realm
of research, with only a limited number transitioning into
clinical practice. Given the considerable heterogeneity of
TBI pathology, even with robust abnormality detection,
these models encounter significant hurdles in segmenta-
tion and classification. The challenges arise from the
necessity for extensive manually annotated datasets for
both training and testing.

External validation in independent datasets is also partic-
ularly problematic, due to variations in annotation or seg-
mentation software wused by different researchers.
Cumbersome and time-consuming manual segmentation,
especially for certain lesion types like tSAH, along with
poor CT resolution, and a lack of clear definition of bound-
aries between coexisting lesion types (e.g., tSAH, contusion
and SDH) has hindered progress of algorithm development.
Additionally, the lack of harmonized lesion definitions re-
sults in substantial inter-observer differences among ex-
perts, making comparisons of methodologies difficult.

In addition to CT-based algorithms, MRI-based algo-
rithms exist that can automatically detect microbleeds
with great accuracy,'?>'?* and segment different types
of lesions.'** Other already well-established algorithms
can objectively quantify longitudinal changes in gray or
white matter (e.g., voxel-based morphometry),lzs’127
even in severely-injured patients with heavily distorted
brains.'*® Advanced neuroimaging methods, like diffu-
sion MRI (dMRI) in particular, could help detect struc-
tural injury to axons. This technique thus has the
potential to improve the characterization of “DAIL”
which is now generally considered a misnomer and, as
mentioned above, efforts are on the way to improve the
characterization of this pathologic entity. In addition,
resting-state fMRI is a promising method that could
help quantify functional changes in different brain
networks, otherwise not visible with conventional
neuroimaging.
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Even though many of the above-described methods still
need to mature and there is no clear consensus yet on the
interpretation of the findings,'* and the gap between re-
search and the clinic remains substantial, computational ap-
proaches show great promise to standardize and accelerate
certain aspects of image analysis, and can reveal pathology
that is otherwise not visible to the naked eye. In the absence
of a universal ground truth validation dataset however, re-
liable benchmarking of algorithms that quantify visible
macroscopic abnormalities remains impossible, and we
see a great need to develop a “‘ground truth validation data-
set” for this specific purpose.

As additional evidence on the CDEs continues to accu-
mulate, it is anticipated that a hybrid approach to inter-
pretation and reporting will develop in the future. In
routine clinical practice, this approach would ideally
manifest itself through the adoption of a speech-enabled
structured radiological reporting template, with
evidence-based core and supplemental CDEs as items.
These reports can then be enhanced by incorporating
objective and quantitative measures of lesion burden de-
rived from emerging advanced and externally validated
computational tools and other markers for a more com-
prehensive diagnosis and targeted treatment approach.'>°

Conclusion

We developed a comprehensive pictorial overview of the
NINDS radiological TBI CDEs, supported by data from
one of the largest structured imaging databases in TBI to
date. This overview, accompanied by detailed analysis,
serves as a valuable tool for evaluating, characterizing,
and reporting the vast spectrum of complex acute CT
abnormalities and pathophysiologic findings in acute
brain-injured patients. Our research offers insight into the
neuroimaging case-mix of current TBI patients, focusing
on adults in the European context. Further, we highlight
the drawbacks of adopting a one-dimensional, static ap-
proach, advocating for a more nuanced characterization
of TBI. The results presented, combined with a critical ap-
praisal of the CDEs, represent an empirical evidence base
to inform updating of the CDEs to version 3.0.

Transparency, Rigor,

and Reproducibility Summary

The study was pre-registered on clinicaltrials.gov with
the identifier NCT02210221. A total of 4509 patients par-
ticipated in the CENTER-TBI study, and 4087 were in-
cluded in the analysis with an interpretable CT scan.
The final clinical outcome assessments and adjudications
were conducted by team members who were unaware of
the relevant characteristics of the participants. As this
study is primarily descriptive and a pictorial review, there
was no need for a formal sample size calculation, and no
prognostic models were developed. The key inclusion crite-

ria and outcome evaluations adhere to established stan-
dards. De-identified data and the analytical code from this
study can be made available upon approval of a submitted
study proposal at https://www.center-tbi.eu/data. The ana-
lytical code used for the analyses presented in this study is
not publicly available in a repository. This paper will be
published under a Creative Commons Open Access license
and will be freely accessible at https://www .liebertpub.com/
loi/neu upon publication.
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