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Summary
Background Contemporary surgical practices for traumatic brain injury (TBI) remain unclear. We describe the clinical
profile of an 18-centre US TBI cohort with cranial surgery.

Methods The prospective, observational Transforming Research and Clinical Knowledge in Traumatic Brain Injury
Study (2014–2018; ClinicalTrials.gov #NCT02119182) enrolled subjects who presented to trauma centre and received
head computed tomography within 24-h (h) post-TBI. We performed a secondary data analysis in subjects aged ≥17-
years with hospitalisation. Clinical characteristics, surgery type/timing, hospital and six-month outcomes were
reported.

Findings Of 2032 subjects (age: mean = 41.4-years, range = 17–89-years; male = 71% female = 29%), 260 underwent
cranial surgery, comprising 65% decompressive craniectomy, 23% craniotomy, 12% other surgery. Subjects with
surgery (vs. without surgery) presented with worse neurological injury (median Glasgow Coma Scale = 6 vs. 15;
midline shift ≥5 mm: 48% vs. 2%; cisternal effacement: 61% vs. 4%; p < 0.0001). Median time-to-craniectomy/
craniotomy was 1.8 h (interquartile range = 1.1–5.0 h), and 67% underwent intracranial pressure monitoring.
Seventy-three percent of subjects with decompressive craniectomy and 58% of subjects with craniotomy had ≥3
intracranial lesion types. Decompressive craniectomy (vs. craniotomy) was associated with intracranial injury
severity (median Rotterdam Score = 4 vs. 3, p < 0.0001), intensive care length of stay (median = 13 vs. 4-days,
p = 0.0002), and six-month unfavourable outcome (62% vs. 30%; p = 0.0001). Earlier time-to-craniectomy was
associated with intracranial injury severity.

Interpretation In a large representative cohort of patients hospitalised with TBI, surgical decision-making and time-to-
surgery aligned with intracranial injury severity. Multifocal TBIs predominated in patients with cranial surgery. These
findings summarise current TBI surgical practice across US trauma centres and provide the foundation for analyses
in targeted subpopulations.

Funding National Institute of Neurological Disorders and Stroke; US Department of Defense; Neurosurgery Research
and Education Foundation.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Decompressive craniectomy; Craniotomy; Glasgow outcome scale; Medical decisionmaking; Neuroimaging;
Triage; Traumatic brain injury; Traumatic intracranial hemorrhage
Introduction
Traumatic brain injury (TBI) is a major cause of injury-
related deaths worldwide, with annual incidence of
50–60 million cases and annual costs exceeding $400
billion United States (US) dollars.1 TBI care has been
recognised as inconsistent across countries, regions,
and centres, with heterogeneous contributing factors.1

While guidelines for TBI surgical management were
provided by the Brain Trauma Foundation in 2006,2

modern surgical practices require updated characteri-
sation, as demographics, clinical severity, diagnostic
modalities, access to treatment, and medical informa-
tion flow have changed over time.2

Multidisciplinary and multimodality neurotrauma
care has evolved over the past two decades. The Brain
Trauma Foundation Guidelines for the Management of
Severe Traumatic Brain Injury Fourth Edition was
updated in 2020 to incorporate findings from two rand-
omised controlled trials: Decompressive Craniectomy in
Patients with Severe Traumatic Brain Injury,3 and Trial of
Decompressive Craniectomy for Traumatic Intracranial
Hypertension (RESCUEicp).4 The Brain Trauma
Foundation Guidelines provide best practices for man-
agement of intracranial pressure elevations. Interval up-
dates were encouraged to establish “living guidelines”
and ensure that adopted clinical practices remain relevant
to their intended patient cohorts,5 which requires feed-
back from representative clinical studies.

Prognostic modelling can provide insight into effi-
cacy and quality of guidelines-based treatment. Two
extensively validated prognostic models for mortality
and unfavourable outcome were developed from the
International Mission on Prognosis and Analysis of
Clinical Trials in Traumatic Brain Injury (1984–1997)6

and the Corticosteroid Randomisation After Significant
Head Injury (1999–2004)7 studies. Recent evidence
showed that these models may overestimate mortality
and unfavourable outcome when applied to two large
TBI studies conducted between 2014 and 2018 across 18
US hospitals (Transforming Research and Clinical
Knowledge in Traumatic Brain Injury [TRACK-TBI])8

and 77 centres in Europe and Israel (Collaborative Eu-
ropean NeuroTrauma Effectiveness Research in Trau-
matic Brain Injury [CENTER-TBI]).1 These findings
www.thelancet.com Vol 39 November, 2024
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Research in context

Evidence before this study
Clinical care guidelines for traumatic brain injury (TBI) vary
across centres, regions, and countries. Emergent surgical
decompression is often indicated in patients with TBI with
pathological progression of intracranial mass effect. In 2020,
the Brain Trauma Foundation incorporated evidence
regarding the utility of surgical decompression for refractory
intracranial hypertension from two large randomised
controlled trials (RESCUEicp performed by the CENTER-TBI
Study, and DECRA performed by the OzENTER-TBI Study)
conducted primarily outside of the United States (US), which
may not reflect the contemporary surgical practice for TBI
within the US.
We conducted a broad search for published reports between
September 1, 2004 and September 28, 2024 across the
biomedical databases PubMed, Cochrane Library, Google
Scholar, ScienceDirect, and Web of Science. Our search
strategy comprised the following key terms: “traumatic brain
injury”, AND “cranial surgery”, “craniotomy” OR
“craniectomy” OR “surgical practice”, AND “United States” OR
“US”. Our search yielded one retrospective study examining
craniotomy vs. craniectomy in acute subdural haematomas
and hospital mortality using a US national database. There
were no prospective studies that comprehensively
characterised the clinical risk factors, intracranial injury
subtypes, surgery type and timing, and related outcomes of
patients with TBI who underwent cranial surgery across
representative US centres over the past two decades. This
undercharacterisation contributes to the critical knowledge
gap impeding the refinement of clinical best practices and
targeted treatment strategies for hospitalised TBI cohorts
within the US specifically.

Added value of this study
This secondary data analysis of the TRACK-TBI Study is the
first study to rigorously and comprehensively characterise a
prospectively enrolled cohort of hospitalised patients with
acute TBI who underwent cranial surgery across 18 US Level I
trauma centres between 2014 and 2019. Our study aimed to
provide an overview of the cranial surgery cohort, inclusive of
presentation, clinical and radiological injury characteristics,

surgery type and timing, hospital interventions and
outcomes, and six-month outcomes. Enrolment, data
collection, and data coding processes and procedures in the
TRACK-TBI Study were centrally standardised, and all clinical
protocols are publicly available to facilitate study
transparency, rigor, and reproducibility. The proportion of
patients who underwent acute cranial surgery was
commensurate with recent large international TBI studies
including CENTER-TBI and OzENTER-TBI. Our study found
strong associations between clinical and radiologic TBI
severity, need for cranial surgery, and earlier time to surgery.
Worse clinical and radiologic TBI severity was associated with
earlier time-to-surgery specifically in patients with
decompressive craniectomy. Compared to craniotomy,
decompressive craniectomy was associated with longer
hospital length of stay and six-month unfavourable outcome.
These results descriptively summarise the current surgical
practice for TBI across US Level I trauma centres and provide
support for future hypothesis-driven investigations on risk
stratification, prognostication, and comparative effectiveness.

Implications of all the available evidence
Refining TBI prognostic models with contemporary data is
requisite to advance management of TBI across care settings.
Our results improve the modern evidence base for future
studies examining comparative effectiveness between
decompressive craniectomy vs. craniotomy across traumatic
intracranial lesion types, severities, and volumes, which to
date has only been assessed for acute subdural hematomas.
Our findings serve as the analytic foundation for deep
multivariable assessment of factors that may influence
surgical timing/type and outcomes, including relevant and
increasingly validated predictors such as blood-based
biomarkers in TBI, volumetric neuroimaging findings, frailty,
polytrauma, and bio-psycho-socio-ecological variables; these
factors have been shown to influence TBI prognosis,
however their impact on surgical decision-making and
management remains to be clarified. These studies may pave
the way for improved surgical decision-making algorithms
and prognostic models for the evolving casemix of patients
with TBI in the US.

Articles
highlight the need to refine TBI prognostic models with
updated understanding of TBI casemix and surgical
practices.

Recent data showed that subsets of severely-injured
patients with TBI improve over years post-injury,9,10

prompting increased interest in surgical decision-
making and surgical predictors of long-term
outcome.11,12 The RESCUEicp trial reported that sur-
gery for refractory intracranial pressure elevations were
associated with reduced mortality at two years post-
injury.13 Similarly, CENTER-TBI found the association
www.thelancet.com Vol 39 November, 2024
between early cranial surgery and better six-month
outcome for moderate TBI with intracerebral haemato-
mas.14 The complex relationships between socio-
demographics, medical history, intracranial injury
burden, clinical decision-making, and outcomes in
contemporary patients in the US require examination of
rigorously-collected data from representative TBI
populations.

Herein we describe the clinical profiles and out-
comes of patients hospitalised with acute TBI from the
18-centre US TRACK-TBI cohort who underwent cranial
3
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surgery. We aimed to provide an overview of this cohort,
including presentation, injury characteristics, surgery
type/timing, acute clinical management, and six-month
outcomes. Our report provides evidence for upcoming
hypothesis-driven analyses utilising the surgical TBI
cohort, including risk stratification, prognostication, and
comparative effectiveness research.
Methods
Study overview
The prospective, observational TRACK-TBI Study
(ClinicalTrials.gov #NCT02119182) enrolled subjects
through convenience sampling across 18 US Level I
trauma centres between February 26, 2014 and July 30,
2018, with final follow-up on June 30, 2019. Inclusion
criteria were presentation to the emergency department
with acute non-penetrating TBI meeting at minimum
the American Congress of Rehabilitation Medicine
definition for TBI,15 and clinical triage to head computed
tomography (CT) scan within 24-h (h) of injury. Exclu-
sion criteria were pregnancy, incarceration, penetrating
TBI, non-survivable physical trauma as determined by
the principal investigator at each study site, and pre-
existing medical or neuropsychiatric conditions that
could interfere with outcome assessments as deter-
mined by the principal investigator at each site. The
institutional review board (IRB) at each study site
approved all TRACK-TBI Study protocols, which were
inclusive of secondary data analyses using TRACK-TBI
Study data. Subjects or their legally authorised repre-
sentatives (LAR) provided written informed consent.
The Galveston Orientation and Amnesia Test was
administered to each subject for competency screening
to determine capacity for consent. For subjects without
passing scores, LAR provided initial consent. Compe-
tency screening was repeated at each follow-up visit, and
if a passing score was achieved, the subject was re-
consented for participation. Secondary data analyses
using TRACK-TBI Study data did not require separate
IRB/ethical approval or additional consent procedures.

Data collection conformed to the National Institute
of Neurological Disorders and Stroke (NINDS) TBI
Common Data Elements version two.16 Socio-
demographic and medical history, clinical, and acute
hospitalisation variables were collected.17 Subsets of
subjects underwent venepuncture for blood biomarker
analyses at day one, three, five, two-weeks, and six-
months, brain magnetic resonance imaging (MRI) at
two-weeks and six-months, and outcomes assessment at
two-weeks, three-months, six-months, and 12-months.
Detailed study protocols, consent forms, and data
collection forms are available on the TRACK-TBI
website.18

The current study is a secondary descriptive analysis
of subjects hospitalised with TBI from the TRACK-TBI
Study.
Cohort determination and analytic plan
Data from hospitalised subjects aged ≥17 years at time
of injury were extracted from the TRACK-TBI Study. Per
our aims, cranial surgery for acute TBI was our primary
variable of interest. The first (i.e. index) cranial surgery
included decompressive craniectomy or craniotomy to
relieve mass effect, and other surgeries including skull
fracture repair, skull base repair, intracranial pressure
monitor placement in the operating room, debridement,
or another surgery not for decompression/evacuation of
mass effect. Surgical indications and criteria were not
set by the TRACK-TBI Study and were determined
locally at each centre, which generally conformed to the
Brain Trauma Foundation Guidelines. Decompressive
craniectomies were performed for supratentorial trau-
matic injuries in our cohort. The Elixhauser Comor-
bidity Index was calculated using International
Classification of Diseases diagnosis codes. The non-
head/neck Injury Severity Score was calculated from
the sum of squares of the highest three scores amongst
five non-head/neck body systems (face, chest/thorax,
abdomen, extremities/pelvic girdle, external) to measure
extracranial injury severity. Socio-demographic, clinical,
and injury-related variables were compared between
subjects with and without cranial surgery.

We then focused our analysis on subjects with the
primary surgical indication in TBI (decompression or
evacuation of mass effect; decompressive craniectomy/
craniotomy). Time-to-surgery was calculated from the
time of injury. Second craniectomy/craniotomies (after
the index surgery) were identified. Intracranial pressure
monitor placement was coded as prior to or during/after
index surgery. Hospital length of stay and intensive care
unit (ICU) length of stay were reported for subjects alive
at hospital discharge. For surgery timing, we examined
clinical factors and outcomes by 0–2, 2–4, 4–24, and
>24 h groups, in consideration of decreased mortality
associated with surgery for acute subdural haematoma
within 4 h discussed in the 2006 Brain Trauma Foun-
dation Guidelines.2,19 The CONsolidated Standards Of
Reporting Trials flow diagram is shown in Fig. 1.

Neuroimaging data
Head CT images were de-identified at each TRACK-TBI
centre, uploaded to a central repository (Laboratory of
Neuro Imaging, Los Angeles, California, US), and coded
in accordance with NINDS TBI Neuroimaging Com-
mon Data Elements by a central board-certified neuro-
radiologist blinded to clinical information except age
and sex.20 Given its prognostic utility, the Rotterdam CT
Score for structural TBI severity21 was coded by the same
central neuroradiologist.

Outcome measures and coding
The Glasgow Outcome Scale-Extended (GOS-E) is an
overall measure of functional disability based on con-
sciousness, independence inside/outside the home,
www.thelancet.com Vol 39 November, 2024
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Fig. 1: Flow diagram of included subjects. The CONsolidated Standards of Reporting Trials (CONSORT) flow diagram for the current study,
which aimed to characterise subjects hospitalised with acute TBI who underwent cranial surgery. TRACK-TBI, Transforming Research and Clinical
Knowledge in Traumatic Brain Injury.

Articles
employability, social/community participation, and post-
concussion symptomatology.9,22 GOS-Es were adminis-
tered through structured interviews by trained
personnel at each outcomes timepoint to capture TBI-
related disability (e.g. excluding disability attributable
to extracranial injuries). The 8-point ordinal scale con-
sists of 1 = dead, 2 = vegetative state, 3 = lower severe
disability, 4 = upper severe disability, 5 = lower mod-
erate disability, 6 = upper moderate disability, 7 = lower
good recovery, 8 = upper good recovery (recovery to pre-
injury status).22

Six-month GOS-E was evaluated as the standard
timepoint for outcomes in neurotrauma.23 Based on
large recent TBI studies and neurosurgical clinical
trials,4,9,24,25 GOS-E scores were dichotomised as unfav-
ourable (GOS-E = 1–3) vs. favourable (GOS-E = 4–8).
GOS-E = 4 was coded as “favourable” based on the
premise that subjects with functional independence
>8 h/day inside the home have considerable autonomy,
and caregivers can maintain full-time employment and
economic self-sufficiency.

Statistical analysis
Categorical variables were reported using proportions.
Continuous variables were assessed for normality, and
www.thelancet.com Vol 39 November, 2024
reported as means and standard deviations when nor-
mally distributed (age, education years), and as medians
and interquartile ranges (IQR) when non-normally
distributed (Glasgow Coma Scale (GCS), Elixhauser
Comorbidity Index, Rotterdam score, Injury Severity
Score, length of stay, GOS-E). Differences between
subgroups were assessed for statistical significance us-
ing chi-square test for categorical variables, analysis of
variance for parametric continuous variables, and the
Mann-Whitney U Test for non-parametric continuous
variables. A two-sided threshold of p < 0.05 was used to
define statistical significance. As this was a descriptive
study, no adjustments were made for multiple com-
parisons. For sample size calculations, the available
number of participants yielded a 95% confidence in-
terval width on a percentage of no greater than: 12% for
all surgery, 15% for decompressive craniectomy, and
25% for craniotomy. Statistical analyses were performed
using SAS version 9.4 (SAS Institute, Cary, North Car-
olina, US).

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
5
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Variable Total (N = 2032) Cranial surgery

No (N = 1772) Yes (N = 260) p-value

Age (Years)

Mean (SD) 42.5 (18.0) 42.7 (18.2) 41.4 (16.6) 0.50

Sex

Male 1439 (71%) 1231 (69%) 208 (80%) 0.0004

Female 593 (29%) 541 (31%) 52 (20%)

Race

Indian 5 (0%) 4 (0%) 1 (0%) 0.0009

Alaska Native/Inuit 1 (0%) 1 (0%) 0 (0%)

Asian 70 (4%) 51 (3%) 19 (8%)

Black 309 (15%) 286 (16%) 23 (9%)

Hawaiian/Pacific Islander 6 (0%) 5 (0%) 1 (0%)

White 1579 (79%) 1372 (79%) 207 (82%)

Mixed race 28 (1%) 26 (1%) 2 (1%)

Unknown 34 27 7

Ethnicity

Non-Hispanic 1560 (78%) 1362 (78%) 198 (78%) 0.95

Hispanic 437 (22%) 381 (22%) 56 (22%)

Unknown 35 29 6

Education (Years)

Mean (SD) 13.1 (2.9) 13.2 (2.9) 12.6 (2.7) 0.014

Unknown 152 112 40

Employment status

Working now 1335 (70%) 1182 (71%) 153 (66%) 0.031

Disabled 58 (3%) 44 (3%) 14 (6%)

Temporary leave 19 (1%) 17 (1%) 2 (1%)

Keeping house 38 (2%) 35 (2%) 3 (1%)

Unemployed 138 (7%) 112 (7%) 26 (11%)

Student 88 (5%) 76 (5%) 12 (5%)

Retired 206 (11%) 186 (11%) 20 (9%)

Other 15 (1%) 14 (1%) 1 (0%)

Unknown 135 106 29

Psychiatric history

No 1584 (78%) 1383 (78%) 201 (77%) 0.79

Yes 448 (22%) 389 (22%) 59 (23%)

Prior TBI history

No prior TBI 1458 (81%) 1279 (80%) 179 (84%) 0.38

Yes prior TBI—ED Visit 197 (11%) 178 (11%) 19 (9%)

Yes prior TBI—Hospital admit 147 (8%) 133 (8%) 14 (7%)

Unknown 230 182 48

Loss of consciousness

No 181 (9%) 169 (10%) 12 (5%) 0.011

Yes/Suspected 1735 (91%) 1506 (90%) 229 (95%)

Unknown 116 97 19

Post-Traumatic amnesia

No 237 (14%) 222 (15%) 15 (8%) 0.020

Yes/Suspected 1474 (86%) 1307 (85%) 167 (92%)

Unknown 321 243 78

ED arrival GCS

Median (IQR) 15 (13–15) 15 (14–15) 6 (3–12) <0.0001

Severe TBI (GCS 3–8) 362 (18%) 214 (12%) 148 (61%) <0.0001

Moderate TBI (GCS 9–12) 120 (6%) 84 (5%) 36 (15%)

Mild TBI (GCS 13–15) 1490 (76%) 1432 (83%) 58 (24%)

Unknown 60 42 18

(Table 1 continues on next page)
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Variable Total (N = 2032) Cranial surgery

No (N = 1772) Yes (N = 260) p-value

(Continued from previous page)

ED arrival pupillary reactivity

Bilateral Reactive 1608 (92%) 1453 (96%) 155 (68%) <0.0001

Unilateral unreactive 31 (2%) 17 (1%) 14 (6%)

Bilateral unreactive 104 (6%) 45 (3%) 59 (26%)

Unknown for either pupil 289 257 32

ED disposition

Hospital ward 871 (43%) 868 (49%) 3 (1%) <0.0001

Intensive care unit 1161 (57%) 904 (51%) 257 (99%)

Extracranial ISS

Median (IQR) 4 (1–9) 4 (1–9) 4 (1–10) 0.57

Unknown 49 42 7

Elixhauser comorbidity index

Median (IQR) 1 (0–2) 1 (0–2) 1 (0–2) 0.52

Sociodemographic, medical history, and injury-related variables were compared between subjects hospitalised after acute TBI who underwent cranial surgery vs. those who
did not. Column proportions (%) are shown. Variables with at least 5% missingness in the study sample were post-traumatic amnesia (16%), ED arrival pupillary reactivity
(14%), prior TBI history (11%), education (7%), employment status (7%), and loss of consciousness (6%). ED, emergency department; GCS, Glasgow Coma Scale; IQR,
interquartile range; ISS, Injury Severity Score; SD, standard deviation; TBI, traumatic brain injury; TRACK-TBI, Transforming Research and Clinical Knowledge in Traumatic
Brain Injury.

Table 1: Demographic and clinical characteristics of the overall cohort, with and without cranial surgery.

Articles
Results
Cranial surgery cohort characteristics
In 2032 subjects hospitalised with TBI from the
TRACK-TBI Study, 260 (13%) underwent cranial sur-
gery, comprising 65% decompressive craniectomy
(N = 169), 23% craniotomy (N = 61), and 12% other
surgeries (N = 30; skull base repair = 9, skull fracture
repair = 9, intracranial pressure monitor placement in
operating room = 6, other = 6). Mean age was 41.4 years
(standard deviation 18, range of 17–89), 71% (1439)
were male and 29% (593) were female. Demographic
and clinical characteristics of subjects with and without
cranial surgery are shown in Table 1. Subjects who
underwent surgery presented with lower median
emergency department GCS (6 [IQR 3–12] vs. 15 [IQR
14–15]), and higher proportions of severe TBI (61%
(148/242) vs. 12% (214/1730)) and moderate TBI (15%
(36/242) vs. 5% (84/1730)). Ten percent (155/1608)
of subjects with two reactive pupils, 45% (14/31) with
one unreactive pupil, and 57% (59/104) with two
unreactive pupils underwent surgery. Ninety-nine
percent (257/260) of the surgery cohort were admitted
to ICU vs. 51% (904/1772) for non-surgery; the 3 sub-
jects in the surgery cohort who were not admitted to
ICU had skull fracture repair or debridement (not cra-
niectomy/craniotomy). No statistically significant dif-
ferences were observed in Elixhauser Comorbidity Index
between surgery and non-surgery (p = 0.52).

Subjects with surgery had significantly higher
proportions of all intracranial lesion types on CT
(Table 2). Similarly, indicators of mass effect/hernia-
tion were elevated in the surgery cohort (midline shift
www.thelancet.com Vol 39 November, 2024
≥5 mm: 48% (115/238) vs. 2% (41/1688), cerebral
oedema: 60% (142/238) vs. 8% (136/1687), cisternal
effacement: 61% (145/238) vs. 4% (69/1688), as was
the median Rotterdam Score (4 [IQR 3–5] vs. 2 [IQR
2–3]) (Table 2).

We then examined our target cohort who underwent
cranial surgery for intracranial mass lesion and/or mass
effect (craniectomy/craniotomy, N = 230).

Decompressive craniectomy and craniotomy
cohort: key comparisons in neuroimaging,
hospitalisation, and outcomes
All subjects who underwent surgery for intracranial
mass effect were admitted to ICU. Lesion types included
subdural haematoma (86% (182/211)), subarachnoid
haemorrhage (85% (180/211)), contusions (72% (151/
211)), and epidural haematoma (35% (74/211)). For
signs of mass effect/herniation, 54% (114/211) had
midline shift ≥5 mm, 64% (134/211) had cerebral
oedema, and 66% (140/211) had cisternal effacement.
Sixty-seven percent (152/230) underwent intracranial
pressure monitoring. Median ICU length of stay was 8
days and median hospital length of stay was 17 days
(Table 3). In-hospital mortality was 20% (44/220), 25%
(54/220) were discharged to home, 38% (76/220) to
rehabilitation/skilled nursing facility, 10% (22/220) to
long-term care, and 6% (13/220) to another hospital. Six-
month outcomes included 29% (54/188) mortality, 2%
(4/188) vegetative state, 23% (43/188) lower severe
disability, 2% (3/188) upper severe disability, 29% (56/
188) moderate disability, and 15% (28/188) good re-
covery (Table 3).
7
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Variable Total (N = 2032) Cranial surgery

No (N = 1772) Yes (N = 260) p-value

Epidural haematoma

No 1740 (90%) 1582 (94%) 158 (66%) <0.0001

Yes 185 (10%) 105 (6%) 80 (34%)

Unknown 107 85 22

Subdural haematoma

No 1287 (67%) 1244 (74%) 43 (18%) <0.0001

Yes 638 (33%) 443 (26%) 195 (82%)

Unknown 107 85 22

Subarachnoid haemorrhage

No 1103 (57%) 1066 (63%) 37 (16%) <0.0001

Yes 823 (43%) 622 (37%) 201 (84%)

Unknown 106 84 22

Cerebral contusion

No 1434 (74%) 1363 (81%) 71 (30%) <0.0001

Yes 491 (26%) 324 (19%) 167 (70%)

Unknown 107 85 22

Axonal injury

No 1713 (89%) 1519 (90%) 194 (82%) 0.0002

Yes 212 (11%) 168 (10%) 44 (18%)

Unknown 107 85 22

Intraventricular haemorrhage

No 1807 (94%) 1596 (95%) 211 (89%) 0.001

Yes 119 (6%) 92 (5%) 27 (11%)

Unknown 106 84 22

Midline shift

<5 mm 1770 (92%) 1647 (98%) 123 (52%) <0.0001

≥5 mm 156 (8%) 41 (2%) 115 (48%)

Unknown 106 84 22

Cerebral oedema

No 1647 (86%) 1551 (92%) 96 (40%) <0.0001

Yes 278 (14%) 136 (8%) 142 (60%)

Unknown 107 85 22

Cisternal effacement

None 1712 (89%) 1619 (96%) 93 (39%) <0.0001

Partial effacement 143 (7%) 49 (3%) 94 (39%)

Complete effacement 71 (4%) 20 (1%) 51 (21%)

Unknown 106 84 22

Rotterdam CT score

Median (IQR) 2 (2–3) 2 (2–3) 4 (3–5) <0.0001

1 40 (2%) 34 (2%) 6 (3%)

2 1121 (58%) 1083 (64%) 38 (16%)

3 568 (29%) 505 (30%) 63 (26%)

4 86 (4%) 33 (2%) 53 (22%)

5 67 (3%) 24 (1%) 43 (18%)

6 44 (2%) 9 (1%) 35 (15%)

Unknown 106 84 22

Radiographic findings on initial head computed tomography (CT) scan were compared between subjects with TBI who underwent cranial surgery vs. those who did not.
Column proportions (%) are shown. CT data were missing in 5% of the study sample. IQR, interquartile range; TBI, traumatic brain injury; TRACK-TBI, Transforming
Research and Clinical Knowledge in Traumatic Brain Injury.

Table 2: Head CT characteristics of the overall cohort, with and without cranial surgery.
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Variable Total (N = 230) Cranial surgery type

DC (N = 169) Craniotomy (N = 61) p-value

Epidural haematoma

No 137 (65%)
[58, 71]

118 (75%)
[67, 81]

19 (36%)
[23, 50]

<0.0001

Yes 74 (35%)
[29, 42]

40 (25%)
[19, 33]

34 (64%)
[50, 77]

Unknown 19 11 8

Subdural haematoma

No 29 (14%)
[9, 19]

12 (8%)
[4, 13]

17 (32%)
[20, 46]

<0.0001

Yes 182 (86%)
[81, 91]

146 (92%)
[87, 96]

36 (68%)
[54, 80]

Unknown 19 11 8

Subarachnoid haemorrhage

No 31 (15%)
[10, 20]

17 (11%)
[6, 17]

14 (26%)
[15, 40]

0.005

Yes 180 (85%)
[80, 90]

141 (89%)
[83, 94]

39 (74%)
[60, 85]

Unknown 19 11 8

Cerebral contusion

No 60 (28%)
[22, 35]

38 (24%)
[18, 31]

22 (42%)
[28, 56]

0.015

Yes 151 (72%)
[65, 78]

120 (76%)
[69, 82]

31 (58%)
[44, 72]

Unknown 19 11 8

Axonal injury

No 171 (81%)
[75, 86]

127 (80%)
[73, 86]

44 (83%)
[70, 92]

0.67

Yes 40 (19%)
[14, 25]

31 (20%)
[14, 27]

9 (17%)
[8, 30]

Unknown 19 11 8

Intraventricular haemorrhage

No 97 (46%)
[39, 53]

69 (44%)
[36, 52]

28 (53%)
[39, 67]

0.23

Yes 114 (54%)
[47, 61]

89 (56%)
[48, 64]

25 (47%)
[33, 61]

Unknown 19 11 8

Midline shift

<5 mm 97 (46%)
[39, 53]

69 (44%)
[36, 52]

28 (53%)
[39, 67]

0.27

≥5 mm 114 (54%)
[47, 61]

89 (56%)
[48, 64]

25 (47%)
[33, 61]

Unknown 19 11 8

Cerebral oedema

No 77 (36%)
[30, 43]

47 (30%)
[23, 38]

30 (57%)
[42, 70]

0.0009

Yes 134 (64%)
[57, 70]

111 (70%)
[62, 77]

23 (43%)
[30, 58]

Unknown 19 11 8

Cisternal effacement

None 71 (34%)
[27, 40]

49 (31%)
[24, 39]

22 (42%)
[28, 56]

0.015

Partial effacement 89 (42%)
[35, 49]

63 (40%)
[32, 48]

26 (49%)
[35, 63]

Complete effacement 51 (24%)
[19, 31]

46 (29%)
[22, 37]

5 (9%)
[3, 21]

Unknown 19 11 8

(Table 3 continues on next page)
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Variable Total (N = 230) Cranial surgery type

DC (N = 169) Craniotomy (N = 61) p-value

(Continued from previous page)

Rotterdam CT score

Median (IQR) 4 (3–5) 4 (3–5) 3 (2–4) <0.0001

1 6 (3%)
[1, 6]

3 (2%)
[0, 5]

3 (6%)
[1, 16]

2 29 (14%)
[9, 19]

14 (9%)
[5, 14]

15 (28%)
[17, 42]

3 47 (22%)
[17, 28]

32 (20%)
[14, 27]

15 (28%)
[17, 42]

4 52 (25%)
[19, 31]

42 (27%)
[20, 34]

10 (19%)
[9, 32]

5 42 (20%)
[15, 26]

36 (23%)
[16, 30]

6 (11%)
[4, 23]

6 35 (17%)
[12, 22]

31 (20%)
[14, 27]

4 (8%)
[2, 18]

Unknown 19 11 8

ED arrival GCS

Median (IQR) 6 (3–11) 6 (3–10) 8 (3–13) 0.07

A–Severe 134 (63%)
[56, 69]

104 (66%)
[58, 74]

30 (54%)
[40, 67]

0.20

B–Moderate 34 (16%)
[11, 22]

24 (15%)
[10, 22]

10 (18%)
[9, 30]

C–Mild 45 (21%)
[16, 27]

29 (18%)
[13, 25]

16 (29%)
[17, 42]

Unknown 17 12 5

ED arrival pupillary reactivity

Bilateral reactive 135 (67%)
[60, 74]

95 (64%)
[55, 71]

40 (77%)
[63, 87]

0.07

Unilateral unreactive 12 (6%)
[3, 10]

9 (6%)
[3, 11]

3 (6%)
[1, 16]

Bilateral unreactive 54 (27%)
[21, 34]

45 (30%)
[23, 38]

9 (17%)
[8, 30]

Unknown for either pupil 29 20 9

ICP monitor placement

Never 135 (67%)
[60, 74]

95 (64%)
[55, 71]

40 (77%)
[63, 87]

0.0006

Before index surgery 12 (6%)
[3, 10]

9 (6%)
[3, 11]

3 (6%)
[1, 16]

During/After index surgery 54 (27%)
[21, 34]

45 (30%)
[23, 38]

9 (17%)
[8, 30]

ICU LOS (Days)

Median (IQR) 8 (4–18) 13 (4–20) 4 (2–8) 0.0002

Unknown 20 18 2

Hospital LOS (Days)

Median (IQR) 17 (7–29) 20 (12–32) 8 (5–18) <0.0001

Unknown 6 6 0

Discharge disposition

Home 54 (25%)
[19, 31]

26 (16%)
[11, 23]

28 (46%)
[33, 59]

(Table 3 continues on next page)
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Greater proportions of subdural haematoma, sub-
arachnoid haemorrhage, and contusions were observed
in decompressive craniectomy compared to craniotomy
(92% (146/158) vs. 68% (36/53), p < 0.0001; 89%
(141/158) vs. 74% (39/53), p = 0.015; 76% (120/158) vs.
58% (31/53), p = 0.015, respectively), while lower pro-
portions of epidural haematoma were observed in
decompressive craniectomy (25% (40/158) vs. 64%
(34/53), p < 0.0001). For signs of mass effect/herniation,
higher proportions of cerebral oedema and complete
www.thelancet.com Vol 39 November, 2024
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Variable Total (N = 230) Cranial surgery type

DC (N = 169) Craniotomy (N = 61) p-value

(Continued from previous page)

Rehabilitation facility 73 (33%)
[27, 40]

55 (35%)
[27, 43]

18 (30%)
[19, 43]

<0.0001

Skilled nursing facility 11 (5%)
[3, 9]

8 (5%)
[2, 10]

3 (5%)
[1, 14]

Nursing home 3 (1%)
[0, 4]

3 (2%)
[0, 5]

0 (0%)
[0, 6]

Long-Term acute care facility 22 (10%)
[6, 15]

17 (11%)
[6, 17]

5 (8%)
[3, 18]

Other hospital 13 (6%)
[3, 10]

13 (8%)
[4, 14]

0 (0%)
[0, 6]

Died 44 (20%)
[15, 26]

37 (23%)
[17, 31]

7 (11%)
[5, 22]

Unknown 10 10 0

GOS-E at six months

Median (IQR) 3 (1–6) 3 (1–5) 5 (3–7) 0.0001

1 54 (29%)
[22, 36]

47 (33%)
[26, 42]

7 (15%)
[6, 28]

2 4 (2%)
[1, 5]

4 (3%)
[1, 7]

0 (0%)
[0, 8]

3 43 (23%)
[17, 30]

36 (26%)
[19, 34]

7 (15%)
[6, 28]

4 3 (2%)
[0, 5]

3 (2%)
[0, 6]

0 (0%)
[0, 8]

5 29 (15%)
[11, 21]

19 (13%)
[8, 20]

10 (21%)
[11, 36]

6 27 (14%)
[10, 20]

17 (12%)
[7, 19]

10 (21%)
[11, 36]

7 13 (7%)
[4, 12]

7 (5%)
[2, 10]

6 (13%)
[5, 26]

8 15 (8%)
[5, 13]

8 (6%)
[2, 11]

7 (15%)
[6, 28]

Unknown 42 28 14

Head computed tomography (CT) findings, length of stay (LOS), and outcome variables were compared between subjects with TBI who underwent cranial surgery for
intracranial mass effect or mass lesion (DC/craniotomy). Column proportions (%) are shown. The 95% confidence intervals of the percentages are provided in brackets.
Variables with at least 5% missingness were six-month GOSE (18%), ED pupils (13%), ICU LOS (9%), CT findings (8%), ED GCS (7%). DC = decompressive craniectomy; GOS-
E, Glasgow Outcome Scale-Extended; ICP, intracranial pressure; ICU, intensive care unit; IQR, interquartile range; LOS, length of stay; TBI, traumatic brain injury.

Table 3: Head CT, hospital and outcome characteristics of subjects with craniectomy/craniotomy.

Articles
cisternal effacement were observed for decompressive
craniectomy (70% (111/158) vs. 43% (23/53),
p = 0.00085; 29% (46/158) vs. 9% (5/53), p = 0.015,
respectively). Rotterdam Score and intracranial pressure
monitoring rates were higher in decompressive craniec-
tomy (median 4 vs. 3, p < 0.0001; 73% (124/169) vs. 46%
(28/61), p = 0.0006, respectively) (Table 3). Concurrent
lesion types by surgery type are shown in Fig. 2. The
majority of injuries were consistent with multifocal TBI
(≥2 lesion types: 92% (145/158) vs. 77% (41/53); ≥3
lesion types: 73% (116/158) vs. 58% (31/53), for decom-
pressive craniectomy vs. craniotomy, respectively).

Median ICU length of stay (13 days [IQR 4–20] vs. 4
days [IQR 2–8], p = 0.0002) and hospital length of stay
(20 days [IQR 12–32] vs. 8 days [IQR 5–18], p < 0.0001)
were considerably longer in decompressive craniectomy
compared to craniotomy. In-hospital mortality was
www.thelancet.com Vol 39 November, 2024
significantly higher (23% (37/159) vs. 11% (7/61)) and
discharge to home was significantly lower (16% (26/159)
vs. 46% (28/61) for decompressive craniectomy
compared to craniotomy. Median six-month GOS-E was
significantly lower in decompressive craniectomy
compared to craniotomy (3 [IQR 1–5] vs. 5 [IQR 3–7]),
with higher proportions of unfavourable outcome (62%
(87/141) vs. 30% (14/47), p < 0.0001) (Table 3).

Decompressive Craniectomy and Craniotomy
Cohort: associations with surgical timing
Overall, median time from injury to craniectomy/
craniotomy was 1.8 h [IQR 1.1–5.0]; median time-to-
decompressive craniectomy was 2.0 h [1.1–5.8] and to
craniotomy was 1.5 h [1.0–3.3]. Most subjects with
surgery underwent decompressive craniectomy or
craniotomy within 4 h (69% (115/167) and 79% (48/61),
11

http://www.thelancet.com


Fig. 2: Traumatic intracranial lesion types in the cranial surgery cohort. UpSet plots were used to display concurrent traumatic intracranial
lesion types on initial head CT scan in subjects who underwent decompressive craniectomy (DC) or craniotomy. Four primary TBI lesion types
were examined (SDH, SAH, contusion, EDH). The sample size differs slightly from the full cohort (DC: N = 169, craniotomy: N = 61) as 11
subjects with DC and 8 subjects with craniotomy did not have complete data for CT lesion types and were not included in these plots. CT,
computed tomography; EDH, epidural haematoma; SAH, subarachnoid haemorrhage; SDH, subdural haematoma; TRACK-TBI, Transforming
Research and Clinical Knowledge in Traumatic Brain Injury.
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respectively) and nearly all within 24 h (87% (146/167)
and 97% (59/61), respectively). Age, comorbidities,
extracranial Injury Severity Score, GCS, Rotterdam
Score, intracranial pressure monitoring, length of stay,
in-hospital mortality, and six-month GOS-E distribu-
tions by time-to-surgery are shown in Table 4.

After the index craniectomy or craniotomy, 9% (21/
228) required additional craniectomy or craniotomy to
relieve mass effect (8% (14/167) and 11% (7/61),
respectively). For subjects with an index craniotomy (7 of
21; 4 for subdural haematoma, 2 for epidural haema-
toma, 1 for contusion), the second surgery comprised 5
ipsilateral craniectomies, 1 ipsilateral craniotomy for re-
evacuation of haemorrhage, and 1 contralateral craniec-
tomy; in this subgroup, 86% of second surgeries were
ipsilateral and 14% were contralateral to the index sur-
gery. For subjects with an index decompressive craniec-
tomy (14 of 21), 6 underwent additional ipsilateral
decompression, 4 contralateral craniectomy, 3 contralat-
eral craniotomy, and 1 unspecified craniotomy; in sub-
jects with known laterality for the second surgery, 46%
were ipsilateral and 54% were contralateral to their index
surgery. The distribution of ipsilateral vs. contralateral
second surgery did not statistically significantly differ
between index decompressive craniectomy and index
craniotomy (p = 0.16). Hospital mortality (20% (4/20) vs.
20% (40/205), p = 0.99), six-month mortality (21% (4/19)
vs. 30% (50/167), p = 0.60), and six-month unfavourable
outcome (78% (15/19) vs. 59% (99/167), p = 0.14) did not
statistically significantly differ for those with vs. without a
second cranial surgery, respectively.
Within the first 24 h post-injury, earlier decom-
pressive craniectomy was associated with greater injury
burden (median; 0–2 h: GCS = 4, Rotterdam Score = 5;
2–4 h: GCS = 8, Rotterdam Score = 4; 4–24 h: GCS = 9,
Rotterdam Score = 3); the same trend was not observed
for craniotomy (median; 0–2 h: GCS = 6, Rotterdam
Score = 3; 2–4 h: GCS = 14, Rotterdam Score = 2;
4–24 h: GCS = 9, Rotterdam Score = 3) (Table 4).
Intracranial pressure monitoring rates were comparable
across subgroups within 0–24 h. Extracranial Injury
Severity Score was higher in subjects who underwent
decompressive craniectomy at 2–24 h vs. 0–2 h (median
[IQR]: 5.0 [1.0–10.8] vs. 1.0 [1.0–9.0], p = 0.049)
(Table 4). In-hospital mortality (0–2 h: 27% (22/82) vs.
2–24 h: 17% (11/64) and six-month unfavourable
outcome (0–2 h: 63% (44/82) vs. 2–24 h: 53% (27/51))
were highest for subjects undergoing decompressive
craniectomy within 0–2 h compared to later time in-
tervals, and were approximately twice as high in
decompressive craniectomy compared to craniotomy.
Rates of mortality and unfavourable outcome were
comparable between 2–4 and 4–24 h, and similarly
higher in decompressive craniectomy vs. craniotomy.
Hospital length of stay was generally at least twice as
long for subjects with decompressive craniectomy vs.
craniotomy (Table 4).
Discussion
Our study describes the clinical profile and outcomes of
an 18-centre cohort of patients hospitalised with acute
www.thelancet.com Vol 39 November, 2024
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Variable Timing of index cranial surgery since injury

0–2 Hours 2–4 Hours 4–24 Hours >24 Hours

DC (N = 82) Craniotomy
(N = 36)

DC (N = 33) Craniotomy
(N = 12)

DC (N = 31) Craniotomy
(N = 11)

DC (N = 21) Craniotomy
(N = 2)

Age (Years)

Mean (SD) 42.4 (16.5) 40.7 (16.1) 40.7 (17.9) 42.3 (15.9) 42.6 (16.4) 38.6 (16.6) 34.7 (14.0) 83.0 (7.8)

≥65 Years 8 (10%) 5 (14%) 4 (12%) 1 2 (6%) 0 0 (0%) 2

ED arrival GCS

Median (IQR) 4 (3–8) 6 (3–9) 8 (3–14) 14 (12.5–15) 9 (3.25–13) 9 (6.5–13) 3 (3–6.5) 9 (6–12)

Unknown 5 4 4 1 1 0 1 0

Rotterdam CT score

Median (IQR) 5 (4–6) 3 (2.25–4) 4 (2–4.5) 2 (2–3.5) 3 (3–5) 3 (2.25–3) 3 (3–4) 3 (2.75–4.25)

Unknown 7 6 2 1 2 1 0 0

Extracranial ISS

Median (IQR) 1 (1–9) 1 (1–11) 5 (1–9.25) 1.5 (1–5) 5 (1–12.25) 1 (1–5.5) 5 (1–10) 5 (3–7)

Elixhauser comorbidity index

Median (IQR) 1 (0–2) 0 (0–2) 1 (0–1) 0.5 (0–3.25) 1 (0–2) 0 (0–1) 1 (0–1) 2 (2–2)

ICP Monitor 59 (72%) 18 (50%) 20 (61%) 3 23 (74%) 6 20 (95%) 1

Additional DC/Craniotomy 6 (7%) 5 (14%) 4 (12%) 1 2 (6%) 1 2 (10%) 0

Hospital LOS

Median (IQR) 17.8 (9.6–29.7) 9.3 (5.5–17.3) 13.9 (6.8–22.3) 5.4 (3.3–6.6) 27.3 (13.5–55.2) 14.5 (4.9–21.3) 34.3 (19.2–46.5) 23.9

In-Hospital mortality 22 (28%) 5 (14%) 6 (18%) 1 5 (17%) 0 4 (19%) 1

GOS-E at six months

Median (IQR) 3 (1–5) 5 (3–6) 3 (1.5–6) 6 (5–6) 3 (2–5) 6.5 (5–7.75) 3 (1–3) 2 (1.5–2.5)

Unfavourable (GOS-E 1–3) 44 (63%) 8 (32%) 14 (52%) 2 13 (54%) 2 14 (78%) 2

Favourable (GOS-E 4–8) 26 (37%) 17 (68%) 13 (48%) 8 11 (46%) 8 4 (22%) 0

Unknown 12 11 6 2 7 1 3 0

Age, clinical factors, neurologic and extracranial injury severity, LOS, in-hospital mortality, and six-month outcome variables are shown descriptively for subjects with TBI who underwent cranial surgery for
intracranial mass effect or mass lesion (DC/craniotomy) across time-to-surgery subgroups (0–2, 2–4, 4–24, and >24 h since injury). Two subjects had unknown timing and were not included in this table.
Percentages were not calculated for variable categories with denominator <20. DC, decompressive craniectomy; ED, emergency department; GCS, Glasgow Coma Scale; GOS-E, Glasgow Outcome Scale-
Extended; ICP, intracranial pressure; IQR, interquartile range; ISS, Injury Severity Score; LOS, length of stay; SD, standard deviation; TBI, traumatic brain injury.

Table 4: Clinical, hospital, and outcome characteristics of subjects with craniectomy/craniotomy, by surgery timing.
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TBI who underwent cranial surgery from the TRACK-
TBI Study, which utilised the strengths of prospective
enrolment and rigorous data standardisation conform-
ing to the NINDS TBI Common Data Elements.16 The
rate of 13% with cranial surgery and 11% with decom-
pressive craniectomy or craniotomy in our cohort of
2032 patients is comparable to historical reports.26 Not
unexpectedly, patients who required cranial surgery
were more likely to present with 1) greater clinical injury
by GCS classification, 2) all types of traumatic intracra-
nial lesions on CT, and 3) increased radiologic burden of
intracranial injury and mass effect. Most patients who
underwent surgery underwent decompressive craniec-
tomy (65%), and 72% underwent surgery within 4 h.
Higher clinical and radiologic TBI severity was associ-
ated with earlier time-to-surgery in patients who un-
derwent decompressive craniectomy. Compared to
craniotomy, decompressive craniectomy was associated
with increased ICU and hospital length of stay and six-
month unfavourable outcome, likely reflective of intra-
cranial injury severity. These findings provide an over-
view of the contemporary surgical practice for TBI
www.thelancet.com Vol 39 November, 2024
across US Level I trauma centres and contribute to the
evidence base for future hypothesis-driven in-
vestigations in risk stratification, prognostication, and
comparative effectiveness research.

Clinical and radiologic characteristics
Within the TRACK-TBI cohort, there were no signifi-
cant differences between the surgical vs. non-surgical
cohorts for age, Elixhauser Comorbidity Index, psychi-
atric history, and incidence of prior TBI. Not surpris-
ingly, patients who underwent cranial surgery were
more likely to be male, have severe TBI on clinical and
radiologic assessments, and require ICU admission.
Male sex has been associated with risky behaviour and
increased risk of trauma.27 Forty-five percent of subjects
with unilateral unreactive pupil and 57% with bilateral
unreactive pupils upon arrival to the emergency
department underwent cranial surgery. The TRACK-TBI
Study did not have data on changes in pupillary reac-
tivity after treatment (e.g. hyperosmolar therapy, sur-
gery) which is a limitation. Nevertheless, our finding
supports in-depth characterisation of pupillary reactivity
13
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and its changes to better understand responsiveness to
therapy, surgical decision-making, and outcomes,
especially in patients with bilateral unreactive pupils (a
poor prognostic sign).6,7 A lower proportion of patients
who underwent cranial surgery were Black (9% vs.
16%). Reasons for this are not well understood and may
relate to US TBI casemix and medical decision-making
in the emergency setting, which require investigation.

The neurosurgical practice across the 18 TRACK-TBI
centres generally conformed to the Brain Trauma
Foundation Guidelines for surgical treatment of brain
compression and herniation.5 Patients who underwent
surgery were more likely to present with traumatic
subarachnoid haemorrhage, subdural haematoma, and
parenchymal contusions, corroborating literature on the
co-occurrence of these lesion types and their deleterious
associations with outcome.28 Surgical patients had
higher frequencies of axonal injury and intraventricular
haemorrhage, which are caused by rotational and/or
greater traumatic forces to the brain and predict poorer
outcomes.29 Markers of brain compression e.g. midline
shift >5 mm and cisternal effacement were elevated in
our surgical cohort.

Epidural haematomas were more frequent in the
surgical cohort and notably presented predominantly
with multifocal TBI. As shown in Fig. 2, only 14% (10/
74) of epidural haematomas were isolated, i.e. did not
co-occur with subdural haematoma, subarachnoid hae-
morrhage, or contusion. Our cohort had a slightly
higher proportion of epidural haematomas compared to
prior reports citing an 8% prevalence in TBI.30,31 Our
results showed benefits of surgical evacuation for pri-
marily isolated epidural haematomas compared to prior
reports.32 Changes in the current TBI casemix compared
with prior cohorts from 15 to 40 years ago, in
conjunction with improved sensitivity of modern CT
scanners and earlier injury detection due to efficacy of
prehospital transport to US Level I trauma centres, may
have contributed to the increased prevalence of epidural
haematomas in TRACK-TBI and of non-isolated
epidural haematomas in the surgical cohort.
Conversely, a greater proportion of epidural haemato-
mas in our study were treated with craniotomies than
decompressive craniectomies (Table 3, 64% vs. 25%),
consistent with current standard of care practices for
bone flap replacement after uncomplicated haematoma
evacuations whereas craniectomies are more common
in multifocal injuries with parenchymal swelling, which
often include subdural haematomas and contusions
(Fig. 2). Our understanding of the landscape of epidural
haematomas is changing. In a 2024 CENTER-TBI study
of 461 patients with TBI with epidural haematomas
across 65 European hospitals, 71% had concurrent
subdural haematomas and/or contusions, showing that
epidural haematomas can no longer be presumed as
mostly isolated.33 Taken together with the RESCUE-
ASDH data on craniectomy vs. craniotomy in cases of
clinical equipoise,34 emerging evidence from recent
large multicentre studies emphasises the importance of
re-examining historical and new factors that may
improve guidance for surgical decision-making.

Surgery type, timing, and outcomes
Our study focused on the two primary surgery types for
patients with TBI and intracranial mass effect: decom-
pressive craniectomy and craniotomy. Patients who
underwent decompressive craniectomy had higher
intracranial injury severity, indicating more urgent need
for decompression. Accordingly, 73% (116/158) of
subjects with decompressive craniectomy and 58% (31/
53) with craniotomy had ≥3 major lesion types in our
cohort, showing that current surgical indications
inherently comprise many patients with multifocal TBI
rather than isolated lesions. As shown in Table 3, the
decompressive craniectomy group had considerably
higher proportions with discrete injury types (subdural
haematoma, subarachnoid haemorrhage, contusions;
76–92% vs. 58–74%), mass effect/herniation (complete
cisternal effacement: 29% vs. 9%; cerebral oedema: 70%
vs. 43%), overall intracranial injury severity (Rotterdam
score: median 4 vs. 3), and intracranial pressure moni-
toring (73% vs. 46%), compared to the craniotomy
group. These data clearly support the conventional
wisdom that decompressive craniectomies are reserved
for cases with herniation and refractory intracranial
mass effect, while craniotomies are utilised when
intracranial mass effect originates from an evacuable
lesion. Our US study corroborates recent high-quality
European studies on surgical indication and compara-
tive effectiveness of decompressive craniectomy and
craniotomy in subdural haematoma,4,11 and provides the
rationale to extend these investigations to other trau-
matic lesions.

Our study provides several important findings
regarding time-to-surgery. Overall median time-to-
surgery was <2 h, the majority (71%) underwent sur-
gery within 4 h, and nearly all (90%) within 24 h, sup-
porting the notion that US Level I trauma centres with
neurosurgery possess the resources and expertise to
expeditiously take patients with neurological decom-
pensation to surgery. Within the first 4 h, those with
faster time-to-surgery (0–2 h) were more neurologically
injured, i.e. had considerably lower GCS (median;
decompressive craniectomy: 4 vs. 8; craniotomy: 6 vs.
14), higher Rotterdam Scores (decompressive craniec-
tomy: 5 vs. 4; craniotomy: 3 vs. 2), and higher rates of
intracranial pressure monitoring (decompressive cra-
niectomy: 72% vs. 61%, craniotomy: 50% vs. 25%).
Findings from our US cohort suggest that patients un-
dergo prioritisation for early surgical decompression
and intracranial pressure monitoring based on neuro-
logical injury severity, even at hyper-acute timeframes of
0–4 h. Interestingly, the relationship between injury
severity and time-to-surgery is less clear for 4–24 h:
www.thelancet.com Vol 39 November, 2024
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patients with decompressive craniectomy in this sub-
group had higher GCS and lower Rotterdam Scores
than the 0–2 h and 2–4 h subgroups but also the highest
(74%) intracranial pressure monitoring rates, while pa-
tients who underwent craniotomy between 4 and 24 h
are about as injured as those who underwent crani-
otomy between 0 and 2 h. Notably, some patients with
surgery did not undergo intracranial pressure moni-
toring, which may occur in cases where the post-
operative neurological exam can be followed
conservatively, or adequate evacuation of a mass lesion
with little concern for elevated intracranial pressure af-
ter surgery. Potential explanations for delays in cranial
surgery include the need for clinical stabilisation prior
to neurosurgical intervention, intracranial pressure
elevation not immediately refractory to medical man-
agement, and delayed clinical or radiographic neuro-
worsening,35 which warrant further study. Median
extracranial Injury Severity Scores were marginally
higher in subjects with decompressive craniectomy vs.
craniotomy at 2–24 h (5 vs. 1), and those with decom-
pressive craniectomy at 2–24 h vs. 0–2 h (5 vs. 1). It is
plausible that patients with intracranial injury requiring
decompressive craniectomy and concomitant greater
than minimal extracranial injury severity underwent
urgent evaluation and stabilisation for multisystem
trauma prior to decompressive craniectomy. Efficacies
of expedient and well-resourced emergency trauma care
are regularly benchmarked across Level I trauma
centres.36

In considering outcomes for cranial surgery within
24 h, in-hospital mortality and six-month unfavourable
outcome are highest for 0–2 h, and twice as high in
decompressive craniectomy vs. craniotomy. Rates of
mortality and unfavourable outcome were comparable
between 2–4 and 4–24 h, and higher for decompressive
craniectomy compared to craniotomy. Hospital length
of stay was generally two-fold greater for decompressive
craniectomy compared to craniotomy. As stated previ-
ously, the distribution of these outcomes underscores
the relationships between intracranial injury severity,
surgical timing, and need for decompressive craniec-
tomy. The 21 patients who underwent decompressive
craniectomy after 24 h had the lowest presenting GCS
(median = 3) of all subgroups despite having compara-
ble presenting injury severity with other subgroups
(median Rotterdam Score = 3, median extracranial
Injury Severity Score = 5). Mortality for the >24 h sub-
group was comparable to 4–24 h, while the median
hospital length of stay (34 days) and rate of unfavourable
outcomes were the highest amongst time-to-surgery
subgroups (78%). These results indicate that patients
in this subgroup require closer evaluation, as they may
have confounding reasons for delayed surgery (e.g. need
for systemic stabilisation, interval neuroworsening)37

that confer poorer outcomes without significant differ-
ences in mortality.
www.thelancet.com Vol 39 November, 2024
Recent data have provided actionable updates to
historical neurosurgical practices.4,13,14,34,38–40 The 2023
RESCUE-ASDH trial suggested that in cases without
extensive intraoperative brain swelling, bone flap
replacement can be considered during the index sur-
gery for acute subdural haematoma, with comparable
6- and 12-month functional outcomes in decom-
pressive craniectomy and craniotomy groups.34 How-
ever, additional cranial surgery was performed in 15%
vs. 7%, while wound complications occurred in 4% vs.
12%, of index craniotomy vs. craniectomy cases,
respectively.4 Our smaller surgical cohort showed an
overall 9% reoperation rate, which did not statistically
significantly differ by index surgery type or laterality.
Decision-making for primary and secondary cranial
surgeries are contingent on the specific presentation
and evolution of each patient case and challenging to
ascertain from research data. Future research in sur-
gical neurotrauma would benefit from inclusion of
standardised data fields for intraoperative observations
regarding clinical equipoise (e.g. whether brain
swelling beyond the limits of the bone flap defect was
or was not observed) and the specific causal events of
return to operating room (e.g. bone flap removal due to
residual mass effect).

Prioritising next steps in TBI clinical research
Our study sets the stage for future investigations into
the clinical and imaging factors influencing surgical
management and outcomes. Characterisation of de-
mographic factors, such as younger vs. older age,39–42

lesion type, location and severity in decompressive cra-
niectomy and craniotomy may provide insight into
optimising surgical decision-making pathways for acute
TBI, such as surgery type and timing and their rela-
tionship to outcomes.43 In cranial surgery for multifocal
TBI, coding the primary surgical indication will aid the
ability to subgroup patients by the primary lesion
type(s), and clarify surgical decision-making – these
codes were not systematically captured in TRACK-TBI,
and represents an important area for refinement
within the TBI Common Data Elements16 and other
ongoing data standardisation efforts in neurotrauma
research and clinical care.44 Factors that may differen-
tially affect time-to-surgery in craniectomy vs. crani-
otomy, e.g. initial resuscitation, intracranial pressure
monitor placement, extracranial surgery types/timing
(e.g. complex polytrauma), evolution of secondary
injury, and frailty, will be important to delineate
whether a patient is indicated for surgical intervention.
Efforts towards refining TBI prognostication models
with contemporary data and updated clinical measures
are needed to advance surgical management of TBI in
emergency department and hospital settings. Decision-
making appears to be more complex for patients in
the 4–24 h and >24 h subgroups in our study, and these
are precisely the cohorts requiring deeper examination
15
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in hypothesis-driven studies to determine the predictors
that may encourage clinicians to elect surgical or med-
ical management. Importantly, evaluating associations
between diagnostic clinical and laboratory factors, e.g.
blood-based brain injury biomarkers with robust asso-
ciations with radiographic intracranial injury severity
and prognosis,4,11,13,28 may aid in the refinement of
prognostic models and influence treatment recom-
mendations in patients with TBI who require cranial
surgery.

Limitations
We recognise several limitations of our study. The
TRACK-TBI Study enrolled subjects with TBI through
convenience sampling, which inherently limits gen-
eralisability. Our data collected from a large cohort of
patients with acute TBI presenting to US Level I
trauma centres may not be representative of other
medical centres or populations, such as those in rural
communities or non-US countries. The Global Neu-
rotrauma Outcomes Study, conducted across 159
hospitals in 57 countries between 2018 and 2020, re-
ported considerable variability in characteristics and
management in TBI patients requiring cranial sur-
gery.45 Similarly, our data adds to the evidence
regarding the complexity of surgical characteristics and
outcomes for patients with TBI in the Americas. In our
study, surgical decision-making was determined at the
discretion of the managing surgeon, which is inher-
ently subject to selection bias. While certain patients
present with clear surgical indications and should not
be influenced by selection biases (e.g. GCS 3–8 with
multifocal TBI, cerebral oedema and herniation
requiring hemicraniectomy), other cases require
nuanced decision-making and have several treatment
options (e.g. GCS 14 with 8 mm subdural haematoma
who could undergo evacuation by burr hole, crani-
otomy, craniectomy, or bedside craniostomy at the
surgeon’s discretion and/or institutional resource
availability). Similarly, while current TBI management
guidelines are based on the best available evidence
(e.g. Brain Trauma Foundation Guidelines, Seattle
International Severe Traumatic Brain Injury
Consensus Conference),5,35 and expert consensus,
there remains locoregional practice variations which
may influence clinical decision-making and data
collection.46 We acknowledge that our results,
including indications for surgery, surgery type/timing,
and intracranial pressure monitoring, were inherently
biased and limited by best practices and/or institu-
tional standards for TBI care. Our primary aim was to
provide a descriptive overview of a representative
modern US surgical TBI sample, and to establish the
evidentiary groundwork for hypothesis-driven research
of targeted questions in specific TBI cohorts. There-
fore, multivariable regression models and estimates of
risk were not pursued, and relationships between
reported factors and potential underlying confounders
were not accounted for. We recognise that several
variables with importance in TBI prognostication, such
as lesion location and volume, cranial and extracranial
injury progression, CT-occult MRI features, brain
injury-specific blood-based biomarker levels, and
additional responses to treatment were not assessed in
our descriptive study.1,47 In particular, discrete intra-
cranial injury types may confer differing severities and
consequences depending on location and injury
pattern—a critical area for near-term investigations
with quantitative neuroimaging data. Extracranial sur-
gery types/timing and need for massive transfusion in
critical trauma48 were not evaluated and warrant ex-
amination. We also recognise there were varying levels
of missingness in some of our descriptive variables,
which raises the risk of selection bias inherent in our
study sample. TBI casemix, clinical, and socioeco-
nomic resources may vary significantly by country or
locale and impact institutional care quality.45 Outcomes
may change after cranioplasty,49 which has variable
timing due to institutional and provider practices, was
not routinely queried during TRACK-TBI follow-up,
and should be considered in future trial methodologies
analysing decompressive craniectomy. It will be
important to establish adequately powered sample
sizes a priori to answer specific hypothesis-driven
questions in future research.

Conclusions
In a prospective, 18-centre cohort of patients who
presented to US trauma centres and were hospitalised
for TBI, the incidence of overall cranial surgery and
surgical decompression/evacuation were 13% and
11%, respectively, comparable to prior reports. Surgical
decision-making, including timing (0–2, 2–4, 4–24,
>24 h) and type of decompression/evacuation, gener-
ally aligned with intracranial injury severity. Multifocal
TBIs were predominant. Most patients (71%) under-
went surgery for mass effect within 4-h of injury and
underwent intracranial pressure monitoring (66%).
These findings summarise the contemporary TBI sur-
gical practice across US trauma centres and provide the
foundation for hypothesis-driven analyses in targeted
subpopulations.

Contributors
Conceptualisation: JKY, JHK, MCH, TAVE, NRT, GTM; Data Curation:
JKY, JHK, JKB, TAVE, NRT, GTM; Formal Analysis: JKY, JHK, JKB,
MCH, TAVE, MME, NRT, GTM; Funding Acquisition: JKY, GTM;
Investigation: JKY, JHK, JKB, MCH, TAVE, MME, NRT, GTM; Meth-
odology: JKY, JKB, NRT, GTM; Project Administration: JKY, JKB, NRT,
GTM; Resources: JKY, JKB, NRT, GTM; Software: JKY, JKB, NRT,
GTM; Supervision: JKY, JHK, JKB, MCH, TAVE, DOO, NRT, GTM;
Validation: JKY, JHK, JKB, MCH, TAVE, MME, BF, PJB, DP, XS, AMP,
SJ, DOO, NRT, GTM; Visualisation: JKY, JKB; Writing–Original Draft:
JKY, JHK, JKB, MCH, TAVE, MME, BF, FKK, PJB, DP, YML, RSK,
MJV, XS, GGS, JCW, ARF, JRH, KKWW, HD, VYW, YGB, SRT, DYM,
MAM, LBN, AMD, PET, MBS, AMP, JTG, RDA, HFL, PM, ELY, CSR,
DKM, AIRM, AJM, SJ, DOO, NRT, GTM; Writing–Review and Editing:
www.thelancet.com Vol 39 November, 2024

http://www.thelancet.com


Articles
JKY, JHK, JKB, MCH, TAVE, MME, BF, FKK, PJB, DP, YML, RSK,
MJV, XS, GGS, JCW, ARF, JRH, KKWW, HD, VYW, YGB, SRT, DYM,
MAM, LBN, AMD, PET, MBS, AMP, JTG, RDA, HFL, PM, ELY, CSR,
DKM, AIRM, AJM, SJ, DOO, NRT, GTM, TRACK-TBI Investigators
Author Block.

Authors who have directly accessed and verified the underlying data
reported in the manuscript: JKY, JHK, JKB, NRT, GTM. All authors
(JKY, JHK, JKB, MCH, TAVE, MME, BF, FKK, PJB, DP, YML, RSK,
MJV, XS, GGS, JCW, ARF, JRH, KKWW, HD, VYW, YGB, SRT, DYM,
MAM, LBN, AMD, PET, MBS, AMP, JTG, RDA, HFL, PM, ELY, CSR,
DKM, AIRM, AJM, SJ, DOO, NRT, GTM, TRACK-TBI Investigators
Author Block) confirm that they had full access to all the data in the
study. All authors accept responsibility for submission of the manu-
script for publication.

TRACK-TBI investigators author block
(Study Group, to be indexed as “Collaborators”): Jason E. Chung, MD,
PhD (Department of Neurological Surgery, University of California, San
Francisco, San Francisco, California, United States); Bukre Coskun, BA
(Department of Neurological Surgery, University of California, San
Francisco, San Francisco, California, United States); Shawn R. Eagle,
PhD (Department of Neurological Surgery, University of Pittsburgh
Medical Center, Pittsburgh, Pennsylvania, United States); Leila L. Ete-
mad, BA (Department of Neurological Surgery, University of California,
San Francisco, San Francisco, California, United States); Brian Fabian,
MPA (Department of Neurological Surgery, University of California,
San Francisco, San Francisco, California, United States); V. Ramana
Feeser, MD (Department of Emergency Medicine, Virginia Common-
wealth University, Richmond, Virginia, United States); Shankar Gopi-
nath, MD (Department of Neurological Surgery, Baylor College of
Medicine, Houston, Texas, United States); Christine J. Gotthardt, MS
(Department of Neurological Surgery, University of California, San
Francisco, San Francisco, California, United States); Ramesh Grandhi,
MD, MS (Department of Neurological Surgery, University of Utah
Medical Center; Salt Lake City, Utah, United States); Sabah Hamidi, BA
(Department of Neurological Surgery, University of California, San
Francisco, San Francisco, California, United States); Ruchira M. Jha,
MD, MSc (Department of Neurology, Barrow Neurological Institute,
Phoenix, Arizona, United States); Christopher Madden, MD (Depart-
ment of Neurological Surgery, University of Texas Southwestern Med-
ical Center, Dallas, Texas, United States); Randall Merchant, PhD
(Department of Anatomy, Virginia Commonwealth University, Rich-
mond, Virginia, United States); Lindsay D. Nelson, PhD (Department of
Neurological Surgery, Medical College of Wisconsin, Milwaukee, Wis-
consin, United States); Richard B. Rodgers, MD (Goodman Campbell
Brain and Spine, Carmel, Indiana, United States); Andrea L. C.
Schneider, MD, PhD (Department of Neurology, University of Penn-
sylvania, Philadelphia, Pennsylvania, United States); David M. Schnyer,
PhD (Department of Psychology, University of Texas at Austin, Austin,
Texas, United States); Abel Torres-Espin, PhD (Department of Neuro-
logical Surgery, University of California, San Francisco, San Francisco,
California, United States); Joye X. Tracey, BS (Department of Neuro-
logical Surgery, University of California, San Francisco, San Francisco,
California, United States); Alex B. Valadka, MD (Department of
Neurological Surgery, University of Texas Southwestern Medical Center,
Dallas, Texas, United States); Ross D. Zafonte, DO (Department of
Rehabilitation Medicine, Harvard Medical School, Boston, Massachu-
setts, United States).

Data sharing statement
Data from the TRACK-TBI Study are available through the Federal
Interagency Traumatic Brain Injury Research (FITBIR) Informatics
System at https://doi.org/10.23718/FITBIR/1518881. Qualified re-
searchers can request access to data stored in FITBIR, which requires
obtaining data access privileges as outlined by FITBIR. TRACK-TBI
study protocols and data collection forms are available at https://
tracktbi.ucsf.edu/researchers. Investigators interested in the investiga-
tion of specific data elements may submit a Data Collaboration Request
to the TRACK-TBI Executive Committee through the process outlined at
www.thelancet.com Vol 39 November, 2024
https://tracktbi.ucsf.edu/collaboration-opportunities. Statistical analyses
were supervised by Dr. Nancy R. Temkin, PhD, Professor of Neuro-
logical Surgery and Professor of Biostatistics at University of Wash-
ington (Seattle, Washington, United States). Analytic code used to
conduct the analyses presented in this study are not available in a public
repository and may be made available upon request by emailing the
corresponding author. TRACK-TBI study protocols, informed consent
forms, data collection forms, and data dictionaries are available for
public access at: https://tracktbi.ucsf.edu/researchers.

Declaration of interests
AMD declares: grant funding from the Mercatus Center at George
Mason University (not related to the current work). DKM declares: grant
funding from United Kingdom National Institute for Health Research
(not related to the current work). KKWW declares: is a shareholder of
Gryphon Bio, Inc. (not related to the current work). All other authors
declare no conflict of interest.

Acknowledgements
The authors thank the following contributors to the development of the
TRACK-TBI database and repositories by organisation and in alpha-
betical order by last name: One Mind: General Peter Chiarelli, United
States Army (Ret.), Joan Demetriades, MBA, Ramona Hicks, PhD,
Garen Staglin, MBA; QuesGen Systems, Inc.: Vibeke Brinck, MS,
Michael Jarrett, MBA; Thomson Reuters: Sirimon O’Charoen, PhD.
The authors thank Kenneth X. Probst, MA, in the Department of
Neurological Surgery, University of California, San Francisco, for his
support and contributions to medical illustrations in the TRACK-TBI
Network.

Funding statement: The submitted work was supported by the
following grants: National Institute of Neurological Disorders and
Stroke #RC2NS069409, #U01NS086090, #U01NS1365885 (to GTM);
United States Department of Defense #W81XWH-13-1-0441,
#W81XWH-14-2-0176, #W81XWH-18-2-0042 (to GTM); Neurosurgery
Research and Education Foundation (University of California, San
Francisco Award #A139203, to JKY). In addition, the TRACK-TBI
Study received funding from One Mind, NeuroTrauma Sciences,
and Jackson Family Foundation; Abbott Laboratories provided
research support to the TRACK-TBI Network under a collaborative
research agreement. Role of the Funder/Sponsor: The funders of the
study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. Authors were not precluded
from accessing data in the study and they accept responsibility for
publication.
References
1 Maas AIR, Menon DK, Manley GT, et al. Traumatic brain injury:

progress and challenges in prevention, clinical care, and research.
Lancet Neurol. 2022;21:1004–1060. https://doi.org/10.1016/S1474-
4422(22)00309-X.

2 Bullock MR, Chesnut R, Ghajar J, et al. Guidelines for the surgical
management of traumatic brain injury. Neurosurgery. 2006;58:S2.1–
S2.62. https://doi.org/10.1097/00006123-200603001-00006.

3 Cooper DJ, Rosenfeld JV, Murray L, et al. Decompressive craniec-
tomy in diffuse traumatic brain injury. N Engl J Med.
2011;364:1493–1502. https://doi.org/10.1056/NEJMoa1102077.

4 Hutchinson PJ, Kolias AG, Timofeev IS, et al. Trial of decom-
pressive craniectomy for traumatic intracranial hypertension.
N Engl J Med. 2016;375:1119–1130. https://doi.org/10.1056/
NEJMoa1605215.

5 Hawryluk GWJ, Rubiano AM, Totten AM, et al. Guidelines for the
management of severe traumatic brain injury: 2020 update of the
decompressive craniectomy recommendations. Neurosurgery.
2020;87:427–434. https://doi.org/10.1093/neuros/nyaa278.

6 Steyerberg EW, Mushkudiani N, Perel P, et al. Predicting outcome
after traumatic brain injury: development and international vali-
dation of prognostic scores based on admission characteristics.
PLoS Med. 2008;5:e165. https://doi.org/10.1371/journal.pmed.
0050165.

7 MRC CRASH Trial Collaborators. Predicting outcome after trau-
matic brain injury: practical prognostic models based on large
17

https://doi.org/10.23718/FITBIR/1518881
https://tracktbi.ucsf.edu/researchers
https://tracktbi.ucsf.edu/researchers
https://tracktbi.ucsf.edu/collaboration-opportunities
https://tracktbi.ucsf.edu/researchers
https://doi.org/10.1016/S1474-4422(22)00309-X
https://doi.org/10.1016/S1474-4422(22)00309-X
https://doi.org/10.1097/00006123-200603001-00006
https://doi.org/10.1056/NEJMoa1102077
https://doi.org/10.1056/NEJMoa1605215
https://doi.org/10.1056/NEJMoa1605215
https://doi.org/10.1093/neuros/nyaa278
https://doi.org/10.1371/journal.pmed.0050165
https://doi.org/10.1371/journal.pmed.0050165
http://www.thelancet.com


Articles

18
cohort of international patients. BMJ. 2008;336:425–429. https://
doi.org/10.1136/bmj.39461.643438.25.

8 Yue JK, Lee YM, Sun X, et al. Performance of the IMPACT and
CRASH prognostic models for traumatic brain injury in a
contemporary multicenter cohort: a TRACK-TBI study. J Neurosurg.
2024;141:417–429. https://doi.org/10.3171/2023.11.JNS231425.

9 McCrea MA, Giacino JT, Barber J, et al. Functional outcomes over
the first year after moderate to severe traumatic brain injury in the
prospective, longitudinal TRACK-TBI study. JAMA Neurol.
2021;78:982–992. https://doi.org/10.1001/jamaneurol.2021.2043.

10 Nelson LD, Temkin NR, Barber J, et al. Functional recovery,
symptoms, and quality of life 1 to 5 years after traumatic brain
injury. JAMA Netw Open. 2023;6:e233660. https://doi.org/10.1001/
jamanetworkopen.2023.3660.

11 van Essen TA, van Erp IAM, Lingsma HF, et al. Comparative
effectiveness of decompressive craniectomy versus craniotomy for
traumatic acute subdural hematoma (CENTER-TBI): an observa-
tional cohort study. eClinicalMedicine. 2023;63:102161. https://doi.
org/10.1016/j.eclinm.2023.102161.

12 van Essen TA, Res L, Schoones J, et al. Mortality reduction of acute
surgery in traumatic acute subdural hematoma since the 19th
century: systematic review and meta-analysis with dramatic effect:
is surgery the obvious parachute? J Neurotrauma. 2023;40:22–32.
https://doi.org/10.1089/neu.2022.0137.

13 Kolias AG, Adams H, Timofeev IS, et al. Evaluation of outcomes
among patients with traumatic intracranial hypertension treated
with decompressive craniectomy vs standard medical care at 24
Months: a secondary analysis of the RESCUEicp randomized clin-
ical trial. JAMA Neurol. 2022;79:664–671. https://doi.org/10.1001/
jamaneurol.2022.1070.

14 van Erp IAM, van Essen TA, Lingsma H, et al. Early surgery versus
conservative treatment in patients with traumatic intracerebral
hematoma: a CENTER-TBI study. Acta Neurochir. 2023;165:3217–
3227. https://doi.org/10.1007/s00701-023-05797-y.

15 Definition of mild traumatic brain injury. J Head Trauma Rehabil.
1993;8:86–87.

16 Hicks R, Giacino J, Harrison-Felix C, Manley G, Valadka A,
Wilde EA. Progress in developing common data elements for
traumatic brain injury research: version two–the end of the
beginning. J Neurotrauma. 2013;30:1852–1861. https://doi.org/10.
1089/neu.2013.2938.

17 Maas AI, Harrison-Felix CL, Menon D, et al. Common data ele-
ments for traumatic brain injury: recommendations from the
interagency working group on demographics and clinical assess-
ment. Arch Phys Med Rehabil. 2010;91:1641–1649. https://doi.org/
10.1016/j.apmr.2010.07.232.

18 For researchers. https://tracktbi.ucsf.edu/researchers. Accessed
June 16, 2023.

19 Seelig JM, Becker DP, Miller JD, Greenberg RP, Ward JD, Choi SC.
Traumatic acute subdural hematoma: major mortality reduction in
comatose patients treated within four hours. N Engl J Med.
1981;304:1511–1518. https://doi.org/10.1056/NEJM1981061830
42503.

20 Duhaime A-C, Gean AD, Haacke EM, et al. Common data elements
in radiologic imaging of traumatic brain injury. Arch Phys Med
Rehabil. 2010;91:1661–1666. https://doi.org/10.1016/j.apmr.2010.
07.238.

21 Maas AIR, Hukkelhoven CWPM, Marshall LF, Steyerberg EW.
Prediction of outcome in traumatic brain injury with computed
tomographic characteristics: a comparison between the computed
tomographic classification and combinations of computed tomo-
graphic predictors. Neurosurgery. 2005;57:1173–1182. https://doi.
org/10.1227/01.neu.0000186013.63046.6b.

22 Wilson JT, Pettigrew LE, Teasdale GM. Structured interviews for
the Glasgow outcome scale and the extended Glasgow outcome
scale: guidelines for their use. J Neurotrauma. 1998;15:573–585.
https://doi.org/10.1089/neu.1998.15.573.

23 Yue JK, Rick JW, Deng H, Feldman MJ, Winkler EA. Efficacy of
decompressive craniectomy in the management of intracranial
pressure in severe traumatic brain injury. J Neurosurg Sci.
2019;63:425–440. https://doi.org/10.23736/S0390-5616.17.04133-9.

24 Vahedi K, Hofmeijer J, Juettler E, et al. Early decompressive sur-
gery in malignant infarction of the middle cerebral artery: a pooled
analysis of three randomised controlled trials. Lancet Neurol.
2007;6:215–222. https://doi.org/10.1016/S1474-4422(07)70036-4.

25 Wilkins TE, Beers SR, Borrasso AJ, et al. Favorable functional re-
covery in severe traumatic brain injury survivors beyond six
months. J Neurotrauma. 2019;36:3158–3163. https://doi.org/10.
1089/neu.2018.6153.

26 Gantner D, Wiegers E, Bragge P, et al. Decompressive craniectomy
practice following traumatic brain injury in comparison with ran-
domized trials: harmonized, multi-center cohort studies in Europe,
the United Kingdom, and Australia. J Neurotrauma. 2022;39:860–
869. https://doi.org/10.1089/neu.2021.0312.

27 Tamás V, Kocsor F, Gyuris P, Kovács N, Czeiter E, Büki A. The
young male syndrome-an analysis of sex, age, risk taking and
mortality in patients with severe traumatic brain injuries. Front
Neurol. 2019;10:366. https://doi.org/10.3389/fneur.2019.00366.

28 Yuh EL, Jain S, Sun X, et al. Pathological computed tomography
features associated with adverse outcomes after mild traumatic
brain injury: a TRACK-TBI study with external validation in CEN-
TER-TBI. JAMA Neurol. 2021;78:1137–1148. https://doi.org/10.
1001/jamaneurol.2021.2120.

29 Frank D, Melamed I, Gruenbaum BF, et al. Induction of diffuse
axonal brain injury in rats based on rotational acceleration. J Vis
Exp. 2020;159. https://doi.org/10.3791/61198.

30 Cheung PSY, Lam JMY, Yeung JHH, Graham CA, Rainer TH.
Outcome of traumatic extradural haematoma in Hong Kong. Injury.
2007;38:76–80. https://doi.org/10.1016/j.injury.2006.08.059.

31 Rahimi A, Corley JA, Ammar A, et al. The unmet global burden of
cranial epidural hematomas: a systematic review and meta-analysis.
Clin Neurol Neurosurg. 2022;219:107313. https://doi.org/10.1016/j.
clineuro.2022.107313.

32 Bullock MR, Chesnut R, Ghajar J, et al. Surgical management of
acute epidural hematomas. Neurosurgery. 2006;58:S7–S15.

33 Pisică D, Volovici V, Yue JK, et al. Clinical and imaging character-
istics, care pathways, and outcomes of traumatic epidural hema-
tomas: a collaborative European NeuroTrauma effectiveness research
in traumatic brain injury study. Neurosurgery. 2024;95(5):986–999.
https://doi.org/10.1227/neu.0000000000002982.

34 Hutchinson PJ, Adams H, Mohan M, et al. Decompressive cra-
niectomy versus craniotomy for acute subdural hematoma. N Engl J
Med. 2023;388:2219–2229. https://doi.org/10.1056/NEJMoa221
4172.

35 Chesnut R, Aguilera S, Buki A, et al. A management algorithm
for adult patients with both brain oxygen and intracranial pres-
sure monitoring: the Seattle International Severe Traumatic
Brain Injury Consensus Conference (SIBICC). Intensive Care
Med. 2020;46:919–929. https://doi.org/10.1007/s00134-019-
05900-x.

36 MacKenzie EJ, Rivara FP, Jurkovich GJ, et al. A national eval-
uation of the effect of trauma-center care on mortality. N Engl J
Med. 2006;354:366–378. https://doi.org/10.1056/NEJMsa05
2049.

37 Yue JK, Krishnan N, Kanter JH, et al. Neuroworsening in the
emergency department is a predictor of traumatic brain injury
intervention and outcome: a TRACK-TBI pilot study. J Clin Med.
2023;12:2024. https://doi.org/10.3390/jcm12052024.

38 Beucler N. Decompressive craniectomy versus craniotomy for
traumatic acute subdural hematoma. Neurochirurgie. 2023;69:
101490. https://doi.org/10.1016/j.neuchi.2023.101490.

39 Phan K, Moore JM, Griessenauer C, et al. Craniotomy versus
decompressive craniectomy for acute subdural hematoma: sys-
tematic review and meta-analysis. World Neurosurg. 2017;101:677–
685.e2. https://doi.org/10.1016/j.wneu.2017.03.024.

40 Yang J, Shen M. Comparison of craniotomy versus decompressive
craniectomy for acute subdural hematoma: a systematic review and
meta-analysis. World Neurosurg. 2024;188:e194–e206. https://doi.
org/10.1016/j.wneu.2024.05.081.

41 Nadeem A, Siddiqui T, Rais T, et al. Comparing surgical out-
comes: craniotomy versus decompressive craniectomy in acute
subdural hematoma - a systematic review and meta-analysis.
World Neurosurg X. 2024;23:100368. https://doi.org/10.1016/j.
wnsx.2024.100368.

42 Shoaib A, Hussain F, Khan M, et al. Comparative efficacy of
craniotomy versus craniectomy in surgical management of acute
subdural hematoma: a systematic review and meta-analysis. J Clin
Neurosci. 2024;124:154–168. https://doi.org/10.1016/j.jocn.2024.
04.010.

43 van Essen TA, Lingsma HF, Pisică D, et al. Surgery versus con-
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