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Executive summary
A concerted effort to tackle the global health problem 
posed by traumatic brain injury (TBI) is long overdue. 
TBI is a public health challenge of vast, but insufficiently 
recognised, proportions. Worldwide, more than 
50 million people have a TBI each year, and it is estimated 
that about half the world’s population will have one or 
more TBIs over their lifetime. TBI is the leading cause of 
mortality in young adults and a major cause of death and 
disability across all ages in all countries, with a 
disproportionate burden of disability and death occurring 
in low-income and middle-income countries (LMICs). It 
has been estimated that TBI costs the global economy 
approximately $US400 billion annually. Deficiencies in 
prevention, care, and research urgently need to be 
addressed to reduce the huge burden and societal costs 
of TBI. This Commission highlights priorities and 
provides expert recommendations for all stakeholders—
policy makers, funders, health-care professionals, 
researchers, and patient representatives—on clinical and 
research strategies to reduce this growing public health 
problem and improve the lives of people with TBI.

The epidemiology of TBI is changing: in high-income 
countries, the number of elderly people with TBI is 
increasing, mainly due to falls, while in LMICs, the 
burden of TBI from road traffic incidents is increasing. 
Data on the frequency of TBI and TBI-related deaths and 
on the economic impact of brain trauma are often 
incomplete and vary between countries. Improved, 
accurate epidemiological monitoring and robust health-
economic data collection are needed to inform health-
care policy and prevention programmes. Highly 
developed and coordinated systems of care are crucial for 
management of patients with TBI. However, in practice, 
implementation of such frameworks varies greatly and 
disconnects exist in the chain of care. Optimisation of 
systems of care should be high on the policy agenda and 
could yield substantial gains in terms of both patient 
outcomes and costs to society.

TBI is a complex condition, and strong evidence to 
support treatment guidelines and recommendations is 
scarce. Most multicentre clinical trials of medical and 
surgical interventions have failed to show efficacy, despite 

promising preclinical results. At the bedside, treatment 
strategies are generally based on guidelines that promote a 
one-size-fits-all approach and are insufficiently targeted to 
the needs of individual patients. Attempts to individualise 
treatment are challenging owing to the diversity of TBI, 
and are hampered by the use of simplistic methods to 
characterise its initial type and severity. Advances in 
genomics, blood biomarkers, magnetic resonance imaging 
(MRI), and patho physiological monitoring, combined with 
informatics to integrate data from multiple sources, offer 
new research avenues to improve disease characterisation 
and monitoring of disease evolution. These tools can also 
aid understanding of disease mechanisms and facilitate 
targeted treatment strategies for individual patients.

Individualised management in the postacute phase and 
evaluation of the effectiveness of treatment and care 
processes depend on accurate quantification of outcomes. 
In practice, however, the use of simplistic methods hinders 
efforts to quantify outcomes after TBI of all severities. 
Development and validation of multi dimensional 
approaches will be essential to improve measurement of 
clinical outcomes, for both research and patient care. In 
particular, we need to find better ways to characterise the 
currently under-recognised risk of long-term disabling 
sequelae in patients with relatively mild injuries.

Prognostic models are important to help clinicians to 
provide reliable information to patients and relatives, and 
to facilitate comparative audit of care between centres and 
countries. There is an urgent need for further development, 
validation, and implementation of prognostic models in 
TBI, particularly for less severe TBI.

This multitude of challenges in TBI—encompassing 
systems of care, clinical management, and research 
strategy—demands novel approaches to the generation 
of new evidence and its implementation in clinical 
practice. Comparative effectiveness research (CER) offers 
opportunities to capitalise on the diversity of TBI and 
systems of care and enables assessment of therapies in 
real-world conditions; high-quality CER studies can 
provide strong evidence to support guideline 
recommendations. The global challenges posed by TBI 
necessitate global collaborations and a change in research 
culture to endorse broad data sharing.
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This Commission covers a range of topics that need to 
be addressed to confront the global burden of TBI and 
reduce its effects on individuals and society: epidemiology 
(section 1); health economics (section 2); prevention 
(section 3); systems of care (section 4); clinical management 
(section 5); characterisation of TBI (section 6); outcome 
assessment (section 7); prognosis (section 8); and new 
directions for acquiring and implementing evidence 
(section 9). Table 1 summarises key messages from the 
Commission and provides recommendations to advance 
clinical care and research in TBI.

We must increase awareness of the scale of the 
challenge posed by TBI. If we are to tackle the individual 
and societal burden of TBI, these efforts need to go 
beyond a clinical and research audience and address the 
public, politicians, and other stakeholders. We need to 
develop and implement policies for better prevention and 
systems of care in order to improve outcomes for 
individuals with TBI. We also need a commitment to 
substantial long-term investment in TBI research across 
a range of disciplines to determine best practice and 

facilitate individualised management strategies. A 
combination of innovative research methods and global 
collaboration, and ways to effectively translate progress in 
basic and clinical research into clinical practice and public 
health policy, will be vital for progress in the field.

Introduction
Traumatic brain injury (TBI) is defined as an alteration in 
brain function, or other evidence of brain pathology, 
caused by an external force.1 It varies in severity from 
mild TBI (which includes concussion) to moderate and 
severe TBI. Severe TBI has a high mortality rate, 
estimated at 30–40% in observational studies on 
unselected populations.2 Survivors experience a 
substantial burden of physical, psychiatric, emotional, 
and cognitive disabilities, which disrupt the lives of 
individuals and their families, and pose huge costs to 
society. Such disabilities are not restricted to severe cases, 
but also occur frequently after moderate or mild TBI.

TBI is a growing public health problem of substantial 
proportions. More than 50 million TBIs occur 

Key messages Recommendations

Sections 1, 3, 
4, 9

Worldwide, TBI is a leading cause of injury-related death and disability, with a 
devastating impact on patients and their families

Concerted efforts to address this vast global health problem should focus on policies aimed at 
reducing the burden and impact of TBI, through better prevention, improved access to care, 
and promotion of clinical research to improve treatment standards

Sections 1, 4 In low-income and middle-income countries, the incidence of TBI due to traffic 
incidents is increasing, while in high-income countries, TBI increasingly affects 
elderly people, mostly due to falls; however, methodological variations 
confound comparisons of epidemiological patterns of TBI between regions, 
countries, and continents

An international consensus is needed on definitions and standardised epidemiological 
monitoring of TBI, to allow accurate measurement of incidence, prevalence, and mortality, 
and comparison of rates of access to community, hospital, and residential care

Section 1 TBI might represent an important modifiable risk factor for epilepsy, stroke, and 
late-life neurodegenerative disease

Studies are needed, in children and adults, to better understand links between TBI of all 
severities and an increased risk of later neurological diseases

Section 2 TBI results in substantial health-care and societal costs More effective strategies for TBI prevention are urgently needed, and could deliver cost 
savings that help to fund research and improved access to health care for TBI

Section 3 Second or subsequent concussions that occur before recovery from an initial 
concussion can be associated with more severe symptoms and more prolonged 
recovery than a single injury of similar severity

Any risk of an early second injury after even a mild TBI should be avoided; professional 
sporting organisations should set an example for children and amateur athletes by 
immediately removing from play anyone with a suspected concussion

Section 4 Access to health care is often inconsistent between centres, regions, and 
countries, especially for acute and postacute care

Health-care policies should aim to improve access to acute and postacute care to reduce the 
effects of TBI on patients, families, and society

Section 5 Evidence underpinning guidelines for medical, surgical, and rehabilitation 
interventions for TBI is weak

Robust evidence is needed to inform guidelines on medical, surgical, and rehabilitation 
interventions, and hence improve outcomes for patients with TBI

Section 6 Methods of diagnosis and classification of patients with TBI are insufficient to 
permit targeting of current and new therapies to the needs of individual 
patients

Research is needed to improve the precision of diagnosis, classification, and characterisation 
of TBI using multidomain approaches

Section 7 Trauma disturbs the brain in complex ways, affecting multiple outcome 
domains

Multidimensional outcome constructs that quantify the overall burden of disability from TBI 
need to be developed and validated to guide improved clinical management and support 
high-quality research

Section 8 A validated set of quality indicators is essential for the benchmarking of quality 
of care, but none exists for TBI

Efforts are needed to develop a set of quality indicators for TBI that includes structure, 
process, and outcome metrics

Section 9 Substantial between-centre variability in treatment and outcome in TBI offers 
unique opportunities for comparative effectiveness research to improve the 
strength of evidence

Comparative effectiveness research should be supported to identify best practices and to 
improve the level of evidence for systems of care and diagnostic and therapeutic 
interventions

Section 9 Coordinated research efforts on a global basis are needed to address the 
growing public health problem of TBI

A commitment of governmental and non-governmental funding bodies, as well as industrial 
partners, is needed to foster global collaborations and to establish national and international 
biorepositories and databases that could facilitate future TBI research

TBI=traumatic brain injury.

Table 1: Key messages and recommendations
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internationally each year.3 The incidence of TBI in high-
income countries (HICs) has increased in the elderly to a 
greater extent than might be expected from demographic 
ageing,4–6 whereas increased use of motorised vehicles in 
low-income and middle-income countries (LMICs) has 
led to a rise in TBI from road traffic incidents.7 Across all 
ages, TBI represents 30–40% of all injury-related deaths, 
and neurological injury is projected to remain the most 
important cause of disability from neurological disease 
until 2030 (2–3 times higher than the contribution from 
Alzheimer’s disease or cerebrovascular disorders).8 TBI 
costs the international economy approximately 
US$400 billion annually, which, given an estimated 
standardised gross world product of US$73·7 trillion,9 
represents approximately 0·5% of the entire annual 
global output.

Wide variations in the clinical manifestations of TBI are 
attributable to the complexity of the brain, and to the 
pattern and extent of damage, which depend on type, 
intensity, direction, and duration of the external forces 
that cause TBI. In traffic-related injuries, acceleration–
deceleration forces can result in immediate shearing of 
connecting nerve fibres or trigger progressive loss of 
connectivity over time. Forces generated by a fall or blow 

to the head more often cause bruises (contusions). 
Individuals can react very differently to similar injury 
forces. Conceptually, it is important to distinguish between 
the primary damage, inflicted at the time of injury, and 
secondary damage, which evolves over hours, days, weeks, 
months, or even over a lifetime in some cases. Secondary 
damage is driven substantially by host responses to the 
primary injury. As a bruised ankle might swell following 
injury, so can the brain. The difference is that the brain is 
contained within the rigid skull and any swelling results in 
increased pressure within the skull (intracranial pressure 
[ICP]). This increased pressure, in turn, can lead to life-
threatening shifts of brain structures or impair blood flow 
through the brain, resulting in ischaemia and deprivation 
of oxygen to the brain. TBI is best viewed as a collection of 
different disease processes (figure 1), with different clinical 
patterns and outcomes, each requiring different 
approaches to diagnosis and management.

TBI might also confer a long-term risk for cognitive 
impairment and dementia,11,12 stroke,13,14 parkinsonism,15–17 
and epilepsy,18 and is associated with an increased long-
term mortality rate19,20 compared with rates for the general 
population. These risks also occur in milder forms of 
TBI, especially after repetitive injuries.21–24 This 

A Sheared brain B Bruised brain C Brain under pressure D Disconnected brain

R L R L R L

Figure 1: The multiple faces of traumatic brain injury
(A) Sheared brain: the typical picture of axonal injury on computed tomography (CT; upper panel) and magnetic resonance imaging (MRI) using 
susceptibility-weighted imaging (lower panel) in an adult patient with traumatic brain injury (TBI). Note the greater sensitivity of MRI for detection of microbleeds 
(green arrows), which are commonly associated with diffuse axonal injury. (B) Bruised brain: contusional brain injury (green arrows) on CT in two elderly patients 
with TBI, typically located in the frontal and temporal regions. (C) Brain under pressure: a typical epidural haematoma (bleeding between the skull and outer coverings 
of the brain; green arrows) on CT in two adult patients with TBI. The haematoma in the upper panel is an example of an injury that compresses the brainstem (white 
arrow); the haematoma in the lower panel causes midline shift and indirect compression of the brainstem due to raised intracranial pressure. Both are life-threatening 
and constitute a neurosurgical emergency. Patients can recover completely if operated on quickly. (D) Disconnected brain: white matter tracts measured with diffusion 
tensor imaging and visualised by MR tractography in an adult patient with TBI 12 days after the injury (upper panel) and at 6-month follow-up (lower panel). Note 
the extensive progressive late white matter loss. Panel D reproduced from Sener and colleagues,10 by permission of Oxford University Press.

Susceptibility-weighted 
imaging 
A magnetic resonance imaging 
sequence that is particularly 
sensitive to compounds that 
distort the local magnetic field, 
which makes it useful for 
detecting microbleeds resulting 
from microvascular shearing, as 
seen in diffuse axonal injury

Diffuse axonal injury 
A common form of brain injury, 
particularly in high-velocity road 
traffic incidents, in which 
traumatic axonal injury—
damage to white matter tracts in 
the brain—occurs over a 
widespread area (three or more 
foci of abnormality visualised on 
imaging studies of the brain)

Diffusion tensor imaging  
A magnetic resonance imaging 
method in which the unique 
directional movement of water 
molecules is used to estimate the 
location, orientation, and 
connectivity of white matter 
tracts

MR tractography 
A three-dimensional modelling 
technique in which a visual 
representation of the location, 
orientation, and connectivity of 
neural tracts is constructed using 
data collected by diffusion 
magnetic resonance (MR) 
sequences, such as diffusion 
tensor imaging



990 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

accumulating knowledge makes it clear that TBI is not a 
single event, but can be a chronic and often progressive 
disease with long-term consequences. Even after an 
ostensibly good recovery, patients might have to live with 
a continuing process of coping and adaptation (panel 1).

Clinical progress has not kept pace with the rising 
global burden of TBI and recognition of the prolonged 
effects of injury. The most recent major breakthrough in 
clinical management was the introduction of computed 
tomography (CT) scanning into routine care—now more 
than 40 years ago. Since then, there have been no major 
improvements in outcome after TBI in HICs with 

developed trauma systems. This lack of progress can be 
attributed to many factors, in both the policy and the 
clinical domains. Public and political awareness of the 
magnitude of the problems caused by TBI—including 
the clinical impact on patients, families, and society, and 
public health burden and costs to society—is low. 
Additionally, there has been insufficient clinical 
recognition of the complex heterogeneity of TBI, in 
terms of disease type, outcome, and prognosis. Treatment 
approaches do not sufficiently recognise specific needs of 
individual patients, and disconnects exist along the chain 
of trauma care, especially between acute and postacute 
care. Clinical research has, until recently, focused mainly 
on more severe TBI, but the vast majority (70–90%) of 
patients suffer from mild TBI. Although the individual 
impact of mild TBI is less, the category as a whole makes 
the largest contribution to the global burden of disability, 
and timely intervention and structured follow-up in this 
group could deliver substantial gains in public health 
and societal costs.25

We believe that strategic global collaboration is required 
at several levels. First, policy makers and funders need to 
support an integrated effort by the entire neurotrauma 
community to identify improved approaches to TBI 
prevention and best practices for systems of care and 
management. Second, research strategies are needed to 
enable better characterisation of TBI through the disease 
course, and emerging research paradigms and tools need 
to be incorporated into clinical studies. In addition to the 
undeniable need for increased research funding, 
organisational improvements across the chain of trauma 
care will be essential to maximise the benefits of 
developing global research collaborations and to achieve 
the best possible returns on research funding. Finally, we 
need an intensive knowledge-transfer exercise to 
implement the outputs of these efforts in clinical practice. 
Such implementation requires that we inform and 
involve health policy makers, health-care professionals, 
and the general public about the magnitude of the 
problem, the extent of (and gaps in) our current 
knowledge, and emerging advances.

The overall aims of this Commission are to set out 
directions for improvements in clinical care and to establish 
research priorities. We aim to provide a foundation for 
implementation of policy measures that minimise the risk 
of TBI and maximise chances of recovery when it does 
happen. This manuscript represents the efforts of a 
consortium of leading health-care professionals with 
expertise in epidemiology, health economics, diagnosis, 
treatment, outcome assessment, biology, and ethics, all of 
whom are involved in the International Initiative for 
Traumatic Brain Injury Research (InTBIR) studies, with 
input provided by other collaborating specialists and, 
crucially, by patients. In conjunction with this Commission, 
four Series papers on clinical advances in TBI, aimed at 
health-care professionals, have been published in recent 
issues of The Lancet Neurology.26–29 

Panel 1: Living with traumatic brain injury—a patient 
testimony

In 2011, James Piercy sustained a traumatic brain injury (TBI) in 
a car accident in the UK. Like many people with TBI, he lives 
with the long-term effects of brain injury. He is now an 
ambassador for the UK Acquired Brain Injury Forum. In the 
following patient testimony (abridged and edited), Piercy 
describes the aftermath of his injury and highlights what can 
be achieved with high-quality management and support. 
However, for many patients with TBI, systems of care are still 
suboptimal, poor, or even absent in some regions. For the full 
testimony, see appendix p 1. 

The injury
Like many others, I acquired my TBI in a car accident. I was 
unconscious at the scene (Glasgow Coma Scale score of 3–5). 
By good fortune, I was attended very soon after the accident 
by a police officer with good first-aid training. He kept my 
airway open until a doctor and paramedic from the air 
ambulance could take over my care. I was sedated and 
intubated at the scene before transfer to the local trauma 
centre. A scan revealed a bleed in my frontal lobe and smaller 
haemorrhages through the brain. Prognostic indicators gave 
a poor chance of good outcome after 6 months, but I have 
done better than expected. Better prognostic models would 
be very valuable for individual patients and families. I was 
monitored closely, emerging from post-traumatic amnesia 
after 25 days and transferring to a hospital closer to home. I 
was discharged after 7 weeks and began slow rehabilitation.

The aftermath
After 5 years, I am doing well. I have made a very good 
recovery and am back to work part-time. I need to plan my 
time carefully and avoid stressful and unpredictable 
situations, which leave me very fatigued. This fatigue can be 
very debilitating, leaving me with speech problems and 
making decision making and concentration very difficult. 
Learning to live with the chronic conditions which follow TBI 
remains a huge challenge for affected individuals and the 
services which aim to support them. I consider myself very 
lucky to have done so well and put the recovery down to 
good, prompt intervention, strong support from family and 
friends, and my own determination to improve.

For more on the UK Acquired 
Brain Injury Forum see http://

ukabif.org.uk/

Post-traumatic amnesia 
A memory disturbance that 
begins immediately after a 

traumatic brain injury, in which 
the injured person is unable to 

remember events that follow the 
injury (anterograde amnesia); 

depending on injury severity, the 
disturbance can last from 

minutes to weeks or even longer, 
and some patients may never 

recover

See Online for appendix

For The Lancet Neurology Series 
on TBI see http://www.thelancet.

com/series/traumatic-brain-
injury

For more on the International 
Initiative for Traumatic Brain 

Injury Research see http://
intbir.nih.gov/

http://intbir.nih.gov/
http://intbir.nih.gov/
http://www.thelancet.com/series/traumatic-brain-injury
http://www.thelancet.com/series/traumatic-brain-injury
http://ukabif.org.uk/
http://ukabif.org.uk/
http://ukabif.org.uk/
http://www.thelancet.com/series/traumatic-brain-injury
http://www.thelancet.com/series/traumatic-brain-injury
http://intbir.nih.gov/
http://intbir.nih.gov/
http://intbir.nih.gov/
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Section 1: Epidemiology of TBI
Globally, TBI is a leading cause of injury-related death 
and disability,8,30,31 imposing a huge burden on patients, 
their families, and society. In LMICs, the rising burden 
of TBI from increases in road traffic incidents 
predominantly affects young individuals.7 The changing 
epidemiology of TBI in HICs is attributable to a high and 
increasing incidence in paediatric and elderly 
subpopulations.4–6,32–34 Increases in TBI are also reported 
in the contexts of sports35–37 and armed conflict.38

Reported incidence and mortality rates for TBI vary 
greatly between countries and regions. This partly reflects 
variations in acquisition and reporting of epidemiological 
data, and makes interpretation of official statistics difficult. 
Definitions of TBI vary considerably (panel 2),1,39,40 resulting 
in difficulties in diagnosis and case ascertain ment, and its 
current classification is fairly crude, relying only on 
assessment of level of consciousness (figure 2). Relatively 
few epi demio logical studies of TBI report age-adjusted 
data, which are required for valid comparisons between 
countries with differing population demo graphics. 
Moreover, for many countries or regions, epidemiological 
studies have not been done or available data capture only a 
proportion of all TBIs, so the scale of the problem is likely 
to be considerably greater than current figures suggest.

Addressing the vast global health problem posed by 
TBI requires substantial efforts to correct current 
deficiencies in epidemiological monitoring. Robust 
epidemiological data are essential to quantify the public 
health burden of TBI, to inform policies for prevention, 
to understand the health-care needs of patients, and to 
allow appropriate allocation of health-care resources.

In this section, we provide an overview of the 
epidemiology of TBI, highlight the increasing burden of 
TBI in LMICs, and review the evidence for changing 
patterns of epidemiology in HICs. We propose ways to 
enhance epidemiological data collection and to improve 
the usefulness of such data in informing health-care 
policy and prevention programmes.

Incidence of TBI
Reported incidence rates of TBI across the world vary 
considerably, with substantial gaps in robust data for 
many parts of the world, particularly LMICs, where TBI 
rates are likely to be high (figure 3).3,30,32,43–56 Substantially 
higher incidence rates for TBI are seen in population-
based studies with broad definitions of TBI (811–979 per 
100 000 people per year)3,32,55 than in studies based on 
hospital discharge rates (47·5–643·5 per 100 000 people 
per year).30,55 Projections from such studies suggest that 
50–60 million new TBI cases occur annually worldwide, 
over 90% of which are mild TBIs.3 For the European 
Union (EU; 28 Member States), we estimate that at least 
2·5 million new cases of TBI occur each year (table 2), and 
in the USA, the total number of patients with a new TBI 
has been reported to approach 3·5 million per year.59 
Results from a recent study using standardised Eurostat 

data from 24 European countries suggested that 
1·5 million TBI-related hospital discharges and 57 000 TBI-
related deaths occurred in 2012 in the 28 Member States 
of the EU.30 The pooled age-adjusted incidence of TBI 
(hospital discharges) was 287·2 per 100 000 people 
per year, with enormous differences between countries 
(figure 4) that are likely to reflect differences in study 
methodology rather than true variation.30

Figure 2: Classification of clinical severity of traumatic brain injury with the 
Glasgow Coma Scale
Responses are assessed in three domains (eye, motor, and verbal) and individual 
scores are added to give a Glasgow Coma Scale (GCS) sum score for mild, 
moderate, or severe traumatic brain injury (TBI).42

Assess responses in 
three domains

Eye (score range 1–4)

Motor (score range 1–6)

Verbal (score range 1–5)

Add scores from the
 three components to 

give a sum score (3–15)

GCS 13–15: mild TBI

GCS 9–12:  moderate TBI

GCS 3–8: severe TBI

Panel 2: Definitions of traumatic brain injury

World Health Organization definition39

“...an acute brain injury resulting from mechanical energy to the head from external 
physical forces”, excluding manifestations relating to “drugs, alcohol, medications, caused 
by other injuries or treatment for other injuries (eg, systemic injuries, facial injuries or
intubation), caused by other problems (eg, psychological trauma, language barrier or 
coexisting medical conditions) or caused by penetrating craniocerebral injury.”

This broad definition of traumatic brain injury (TBI) is widely used, but some ambiguity 
exists as to what constitutes “an acute brain injury”. Furthermore, the definition focuses 
on mild TBI, and therefore excludes patients with penetrating craniocerebral injury.

American Congress of Rehabilitation Medicine definition40

“A patient with mild traumatic brain injury is a person who has had a traumatically induced 
physiological disruption of brain function, as manifested by at least one of the following: 
(1) any period of loss of consciousness; (2) any loss of memory for events immediately 
before or after the accident; (3) any alteration in mental state at the time of the accident (eg, 
feeling dazed, disoriented, or confused); and (4) focal neurological deficit(s) that may or may 
not be transient; but where the severity of the injury does not exceed the following: loss of 
consciousness of approximately 30 minutes or less; after 30 minutes, an initial Glasgow 
Coma Scale score of 13–15; and posttraumatic amnesia (PTA) not greater than 24 hours.”

This definition is specific to mild TBI and excludes patients with more severe TBI, which 
conflicts with the concept that the severity of TBI lies along a continuum. Note that the 
term “concussion” is often used synonymously with “mild TBI”.41 See figure 2 for 
classification of clinical severity with the Glasgow Coma Scale.

National Institute of Neurological Disorders and Stroke definition1

“TBI is defined as an alteration in brain function, or other evidence of brain pathology, 
caused by an external force.”

This statement acknowledges potential confounders to TBI diagnosis, and suggests that 
symptomatology, imaging findings, details of the incident, and wider context should all 
be taken into account to inform diagnosis.1

For more on Eurostat see http://
ec.europa.eu/eurostat

http://ec.europa.eu/eurostat
http://ec.europa.eu/eurostat
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The US Centers for Disease Control and Prevention 
(CDC) surveillance studies of TBI have used 
standardised case definitions and methods of data 
collection for nearly three decades,52,61,62 and focus on 
emergency department visits, admissions to hospital, 
and deaths. Recent data indicate that, each year, over 
2 million Americans with TBI are treated and released 
from an emergency department, nearly 282 000 are 

admitted to hospital and discharged alive, and 56 000 die 
as a consequence of TBI.32,52

Figures for the EU and the USA are discordant (table 2). 
Relative to population size (EU 510 million, US 321 million), 
the number of deaths due to TBI is lower in the EU than in 
the USA. Much of this difference might be explained by the 
high death rate from firearms-related wounds in the 
USA—estimated at 10·5 per 100 000 people per year—
since head wounds are often involved in fatalities.63 This 
rate of firearms-related deaths is exceeded only by some 
Latin American nations and is far higher than the average 
rate in the EU of 1·1 per 100 000 people per year.64

Relative to population size, the reported number of 
hospital admissions for TBI is more than 3 times higher 
in the EU than in the USA.30,32,52,65 By contrast, the reported 
number of new cases per year in the USA, adjusted for 
population size, is double that of the best estimate of new 
cases in the EU (table 2).30–33,52,57–60 These differences are 
probably mainly due to methodological diversity in epi-
demiological studies, including differences in case 
ascertainment, although variation in hospital admission 
policies might also be a factor. Discrepancies and differ-
ences in epidemiological findings and health-economic 

0–100
100–200
200–300
300–400
400–500
>500
No robust data

Figures for New Zealand, USA, and Canada

Age-adjusted hospital discharge rates (per 100 000 people per year)

Population-based incidence rates (per 100 000 people per year)

979·1

823·7

811·0

Figure 3: Worldwide incidence of traumatic brain injury
Age-adjusted hospital discharge rates after traumatic brain injury were available for the USA (69·7–106·3 per 100 000 people per year),32,43–52 Canada (47·5–83·1),53–55 
Europe (287·2),30 and South Africa (316·4).56 Population-based incidence rates were available for the USA (823·7 per 100 000 per year),32 Canada (979·1),55 and 
New Zealand (811·0).3 The map highlights the absence of robust data for most regions and the variation in available data between countries. Reported estimates of 
hospital discharge rates also vary between individual countries, as highlighted for Europe (81·0–643·5 per 100 000 per year; expanded view).

European Union USA

Population (millions) 510 321

Total number of new cases annually (indexed per 
100 million population)

2 500 000 (490 000) 3 500 000 (1 090 000)

Total number of hospital admissions annually (indexed per 
100 million population)

1 446 000 (283 000) 282 000 (88 000)

Total number of deaths from TBI annually (indexed per 
100 million population)

57 000 (11 000) 56 000 (17 000)

Percentage of all injury-related mortality caused by or 
associated with TBI

37% 30·5%

Estimates for the EU are based on four studies.30,33,57,58 Estimates for the USA are based on five studies.31,32,52,59,60 These numbers 
are an approximation; numbers from original reports have been rounded to the nearest 1000. TBI=traumatic brain injury.

Table 2: Estimated annual traumatic brain injury volume in the European Union and the USA
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data (section 2) within the EU and between the EU and 
the USA motivate further study and highlight the need to 
standardise the global conduct and reporting of incidence 
studies. Furthermore, studies in LMICs are urgently 
needed (panel 3).

Prevalence of TBI
Accurate data for TBI prevalence are even more limited 
than those for incidence, particularly for LMICs. A meta-
analysis of 15 prevalence studies84 revealed that of a total 
sample of 25 134 adults, 12% had experienced a serious 
TBI with loss of consciousness, with men being at more 
than double the risk of women. Prevalence is higher in 
young adults—eg, one birth-cohort study showed that 
more than 30% of participants had experienced at least 
one TBI requiring medical attention before the age of 
25 years.85 In view of the increasing incidence of TBI in 
elderly populations, it is reasonable to conclude that 
about half the world’s population have had a TBI. This 
inference is supported by the results of a population-
based survey with random sampling in Colorado, USA, in 
which 42% of respondents reported at least one TBI in 
their lifetime (36% mild and 6% moderate-to-severe 
injury).86 TBI has a substantial ongoing health impact: in 
the USA, an estimated total of 3·17 million people live 
with permanent sequelae of a past TBI.87 TBI is among 
the top three specific neurological conditions accounting 
for neurodisability globally, both at present and in 
projections up to 2030.8 Concerted efforts are required to 
reduce this high burden of disability.

Mortality and years of life lost from TBI
Death rates after TBI are variably reported as mortality 
rates or case-fatality rates. Mortality rates relate the number 
of deaths over a specific timeframe to the population 
size—eg, the number of deaths per 100 000 people per year. 
Case-fatality rates refer to the proportion of reported cases 
with a specified disease or condition, which are fatal within 
a specified timeframe—eg, the death rate for patients 
admitted to hospital with TBI during the acute treatment 
phase. Case-fatality rates are therefore greatly influenced 
by case-mix, and will be higher for patients with severe TBI 
than for those with mild TBI. These parameters capture 
the number of deaths relative to different populations at 
risk. However, the public health consequences of TBI 
deaths are better captured by the concept of years of life 
lost (YLL), which gives an estimate of the number of years 
a person would have lived if he or she had not died 
prematurely—eg, from a TBI.

Reported mortality rates for TBI vary widely between 
countries. According to the US CDC, population-based 
mortality due to TBI was 17·1 per 100 000 people in 2010.32 
In China, population-based mortality for the year 2013 
was 13·0 per 100 000 people.73 Using Eurostat data from 
25 European countries, Majdan and colleagues calculated 
a pooled age-adjusted mortality rate of 11·7 per 
100 000 people (95% CI 9·9–13·6) in 2012,30 but reported a 

wide range from 3·6 per 100 000 people in Turkey to 21·8 
per 100 000 people in Switzerland. They noted that 
methods (eg, diagnostic criteria and case ascertainment) 
varied substantially between countries, and studies did 
not always differentiate deaths directly due to brain injury 
from those due to other complications. Most studies have 
focused on severe TBI, usually defined according to the 
Glasgow Coma Scale (GCS; figure 2),42 and little is known 
about the contribution of non-severe TBIs to mortality. 
Although establishing a global mortality rate is difficult, 
our best estimate is that TBI causes in the region of a 
million deaths a year. Patterns of TBI mortality depend on 
age and injury mechanisms and can change over time. 
HICs show declining rates of traffic-related TBI deaths 
and increasing death rates from fall-related TBI.88 The 
highest mortality rate is in adults over 60 years of age.88 A 
recent meta-analysis of 24 studies in patients with 
moderate and severe TBI, with a pooled sample size of 
93 115 older adults (≥60 years), revealed an in-hospital 
case-fatality rate of 57% (95% CI 43–71) and a 6-month 
case-fatality rate of 75% (62–84).89

Studies with estimates of YLL attributable to TBI are 
scarce: the YLL related to TBI has been estimated at 
118 207 years for the Netherlands (2010–2012)90 and at 
14 386 years for New Zealand (2010).91 A recent analysis of 
data from 16 European countries92 revealed a total of 
almost 375 000 YLL related to TBI in 2013, which 
translates to a pooled age-adjusted rate of 259·1 (95% CI 
205·8–312·3) YLL per 100 000 people per year and to an 
average of 24·3 (22·0–26·6) YLL with each TBI death. 
Nearly 74% of all YLL due to TBI affected individuals in 
age groups with potential to work (15–64 years).92

The high acute mortality in severe TBI is well recognised: 
TBI is a contributing factor in 37% of all injury-related 
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Figure 4: Hospital discharge rates after traumatic brain injury in Europe
Age-adjusted hospital discharge rates after traumatic brain injury in a single year (2012) are shown for 24 European 
countries, with a pooled age-adjusted estimate of overall hospital discharge rate across these 24 countries. The figure 
highlights the wide variation in reported rates between countries. Data from Majdan and colleagues.3
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deaths in the EU30 and about a third (30·5%) of all injury-
related deaths in the USA (with an average reported 
number of 169 000 injury-related deaths per year in the 
USA between 2002 and 2006).31 Long-term mortality in 
TBI is a substantial, but less well recognised, problem: for 
many years, TBI survivors experience mortality rates that 
exceed those in age-matched and sex-matched population 
controls and in similar cohorts with non-TBI trauma.93 In 
a Scottish study of patients aged 15–54 years, the death 
rate 13 years after TBI was more than 6 times higher than 
in community controls.19 The Global Burden of Disease 
studies showed a pooled standardised mortality ratio of 
2·18 (95% CI 1·88–2·52) for TBI survivors.94 This excess 
mortality is in part attributable to expected consequences 
and associations with TBI, such as epilepsy, but also due 

to an increased risk of illnesses not directly related to 
injury, such as pneumonia, septicaemia, and respiratory 
and digestive disorders.95 TBI has been shown to shorten 
life expectancy by 6 years.96

TBI as a risk factor for later neurological disease
TBI might be a major risk factor for late neurodegenerative 
disorders such as dementia and Parkinson’s disease, 
reinforcing the view that TBI can evolve into a progressive 
lifelong illness.29 A meta-analysis of 15 case-control studies 
reported a pooled odds ratio of 1·58 (95% CI 1·21–2·06) 
for development of later-life dementia after a single TBI 
with loss of consciousness.11 Autopsy studies have shown 
accelerated development of tau and amyloid pathology in 
a third of TBI survivors who died of non-TBI-related 

Panel 3: Traumatic brain injury—a big problem in big countries

China
China has a population of 1·3 billion. No reliable nationwide 
data are available on the incidence of traumatic brain injury 
(TBI). Several large-scale population-based studies, conducted 
in the 1980s,66–68 report an incidence of head trauma of 
55·4–64·1 per 100 000 people per year. This incidence is much 
lower than the estimates reported for other countries, and 
probably reflects incomplete case ascertainment. The current 
burden of care for TBI is very high in many Chinese hospitals, 
with many neurosurgical departments nearly exclusively 
treating TBI.

Road traffic incidents are the most common cause of TBI (54%), 
followed by falls (32–33%) and violence (9–11%).69,70 The high rate 
of traffic-related TBI is unsurprising, as car ownership has 
increased at a compound rate of about 12% per annum between 
1980 and 2009, resulting in a 35-times increase in car ownership 
(from 0·018 to 0·628 per capita).71

In response to a high rate of traffic-related deaths and injuries 
associated with alcohol use, the Chinese ministry of public safety 
issued the national alcohol penalty law in 2011, which stated 
that all drunk drivers should be sent to jail.72 Since then, 
alcohol-related accidents have declined rapidly—eg, a recent 
study, using data from China’s Disease Surveillance Points 
system, reported a decrease in TBI mortality from 17·06 per 
100 000 people in 2008 to 12·99 per 100 000 people in 2013.73 
Implementation of the law on drinking and driving is likely to 
have contributed to this decrease in mortality.

Falls as a cause of TBI seem to be increasing from a rate of 12% in 
200474 to 29% in 2008–2009.69 Interpersonal violence is among 
the top three leading causes of TBI in China,75 but gunshot 
wounds as a cause of TBI are rare (<1%). According to Chinese 
law, a Chinese citizen or foreigner in China is sentenced to jail if 
he or she owns, sells or buys, or transports firearms.

India
India has a population of 1·3 billion. Accurate data on TBI 
epidemiology in India are lacking, and there is no national 
trauma registry. The National Crime Records Bureau in India 

reported a total of 413 457 accidental deaths in 2015,76 and this is 
likely to be an underestimation of the actual number.77 This 
represents an increase in accident-related deaths of 49% over the 
period 2004–2015, while population growth was 16·4%. 
Approximately 50% of trauma deaths are likely to be related to 
TBI, according to the Towards Improved Trauma Care Outcomes 
(TITCO) trauma registry of Indian urban university hospitals (Roy 
N, BARC Hospital, Mumbai, India, personal communication), 
which would imply that about one TBI-related death occurs every 
3 min. Nearly a million people are disabled owing to TBI in India 
each year,78 and between 60% and 70% of TBIs result from road 
traffic incidents.79,80

Poor recognition and inadequate early management of brain 
injuries, delays between injury and reaching specialist care (only 
24% arrive within 1 h, 30% arrive within 2–3 h, and 24% take 
more than 24 h), lack of adequate prehospital care services, and 
limited trauma care services might account for poor outcomes 
in individuals who sustain a TBI in India.77,81 High-level care can 
be provided in the few specialised neurotrauma centres, but 
access to such resources is scarce.82 Many districts lack computed 
tomography (CT) scanners and crucial equipment such as 
mechanical ventilators, and a great need exists for rehabilitation 
services.76,80,82,83

Towards improved epidemiological monitoring
Reliable epidemiological data and improved awareness of TBI in 
India and China are sorely needed to understand fully the scale 
of the problem, to drive forward prevention programmes 
(section 3), and to guide provision of health-care resources for 
the management and ongoing care of patients (section 4). 
Accomplishing this will be no simple task. Experience in Europe 
has shown that despite uniform approaches to collection and 
analysis of administrative data, wide variations in reported 
incidence and mortality rates exist between countries,30 
restricting interpretation of such data. Close interaction 
between governmental authorities and health-care 
professionals is required to derive the best model for capturing 
the extent of the burden of TBI in these large countries.
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causes decades after the initial injury.97 TBI sustained after 
55 years of age is associated with a 44% increased risk of 
developing Parkinson’s disease within the subsequent 
5–7 years.16 A population-based clinical and neuropathology 
survey confirmed this association for the incidence and 
progression of parkinsonism, and for Lewy body disease, 
but not for dementia or dementia-related pathology more 
generally.17 By contrast, a recent Finnish study showed that 
in working-aged people, a history of moderate-to-severe 
TBI is associated with an increased risk of future 
dementia, but not Parkinson’s disease or amyotrophic 
lateral sclerosis.98

TBI-associated dementia might be clinically and 
pathologically distinct from Alzheimer’s disease, with 
more patients experiencing behavioural symptoms such 
as depression, agitation, and irritability.99 Preliminary 
estimates of population-attributable risk, based on TBI 
prevalence and relative risk of dementia in TBI survivors, 
indicate that as much as 5–15% of the population burden 
of dementia could be due to brain trauma.100

Repetitive mild TBI can result in a distinct pathology 
known as chronic traumatic encephalopathy (CTE).21 In 
his landmark clinical account of punch-drunk syndrome 
in boxers, Martland provided the first clinical description 
of progressive neuropsychiatric sequelae associated with 
repetitive mild TBI,101 and the neuropathological substrate 
was detailed by Corsellis and colleagues.102 Recent autopsy 
studies have found similar associations with clinical 
features in non-boxer athletes from sports with high risk of 
concussion or mild TBI, such as American football, ice 
hockey, soccer, and rugby, as well as in ex-military 
personnel. In these descriptions, the distinguishing 
clinical features comprise a triad of behavioural, mood, 
and cognitive deficits,22,24 which have been variably 
associated with pyramidal and extra-pyramidal dysfunction 
and cerebellar impairment in retired professional football 
players,23 and might represent the clinical correlate of CTE 
pathology.24,103 The risks of developing CTE for individuals 
who play these sports remain unclear.104 A recent autopsy 
series reported a rate of CTE of 99% in professional 
American football players,24 but this was a highly selected 
group of individuals, and extrapolation to more generalised 
estimates of risk is not appropriate. By contrast, a recent 
population-based longitudinal study reported that playing 
high-school football was not associated with poorer 
cognition or worse mental health outcomes in older 
adulthood compared with a control cohort.105

In addition to the late consequences of (possible) 
repetitive mild TBI, it is increasingly apparent that a 
proportion of individuals with a clinically established 
diagnosis of even a single TBI can experience ongoing 
cognitive decline in the medium term (months to years), 
rather than showing clinical improvement or remaining 
stable. Long-term disability could change with time, and 
age-related decline in cognitive reserve might unmask 
the consequences of an earlier TBI.12,106 A 13-year 
longitudinal study in Glasgow, Scotland,19 reported such 

late deterioration in up to 50% of patients with TBI, 
which can be visualised by progressive changes on 
advanced neuroimaging.107 Furthermore, a decline in 
outcomes from 1 year to 5 years after injury was recently 
reported in 36 of 50 (72%) US military service members 
with concussive blast TBI.108

Other evidence suggests that TBI is an independent 
risk factor for stroke.13 A retrospective case-control study 
from Taiwan showed that a past history of TBI doubled 
the risk of stroke (hazard ratio 1·98; 95% CI 1·86–2·11) 
and increased post-stroke mortality (odds ratio 1·57; 
95% CI 1·13–2·19).14

Post-traumatic epilepsy is a well recognised complication 
of TBI.18 Compared with the general population, there is a 
1·5-times increased risk of developing epilepsy after mild 
TBI and a 17-times increased risk after severe TBI, which 
results in a 30-year cumulative risk of post-traumatic 
epilepsy that ranges from 2·1% for mild TBI to 16·7% for 
severe TBI.109 Moreover, TBI accounts for about 5% of 
cases of epilepsy in the general population.110

The association between TBI and an increased risk of 
late neurological disease101,111 remains poorly understood, 
largely owing to the retrospective nature and limited scope 
of many past studies and small cohort sizes in recent, 
more comprehensive reports. There is a pressing need for 
research into the incidence, clinical presentations, and risk 
factors in TBI-associated neurological diseases and their 
overlap with existing, better characterised disorders, such 
as Alzheimer’s disease and Parkinson’s disease.

Changing epidemiological patterns of TBI
The epidemiology of TBI in HICs is changing. TBI due 
to traffic-related incidents has decreased, and falls are 
now the leading cause of TBI, particularly in elderly 
patients.4,33 The median age of patients with TBI in HICs 
has nearly doubled since the 1980s (appendix p  3). 
Evidence for these changes has often come from 
comparisons between studies, which are confounded by 
differences in enrolment criteria, but a few longitudinal 
studies are available. The Nordic countries were among 
the first to describe an increase in TBI in elderly 
patients.5,6 In Europe, a decrease in overall TBI incidence 
since the late 1990s, mainly due to a decrease in traffic-
related injuries, has been reported in Scotland, UK,112 
Spain,113 and Portugal.114 Most of these studies reported an 
increase in incidence of TBI in elderly patients. The 
observed decrease in hospital admissions for TBI in 
Europe has not been reported in other HICs such as 
Canada115 and the USA.59 Since the 1970s, a decrease in 
mortality due to TBI has been reported in many 
studies,88,116 mainly due to fewer traffic-related deaths.

The results of a systematic review of TBI mortality over 
the past 150 years suggested that improvements in the 
clinical management of severe TBI (according to the 
GCS, or coma at presentation in the pre-GCS era) have 
reduced case-fatality rates by more than 50%.117 However, 
case-fatality rates appeared to have stagnated over the 

Cognitive reserve 
Variations in the structural 
features or functional 
organisation of the brain 
(sometimes referred to as brain 
reserve or cognitive reserve, 
respectively) that affect 
susceptibility to age-related or 
disease-related brain changes, 
allowing some people to tolerate 
more of these changes than 
others and maintain function
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past 25 years,117 an impression confirmed by a comparative 
overview of observational studies, which showed similar 
rates of unfavourable outcome over the past decades 
(appendix p 3).2 Further improvements in care are needed 
to reduce mortality and to improve outcomes for 
survivors of TBI.

TBI in specific populations
TBI in children and adolescents
Despite the growth and dissemination of injury-
prevention programmes and education campaigns 
(section 3), TBI remains the leading cause of death in 
children and adolescents in HICs.32 In fact, the full scope 
of the public health crisis of TBI is only now emerging. 
According to US CDC data,52 in 2013 there were more 
than 640 000 TBI-related emergency department visits 
for children aged 14 years or younger. However, this 
staggering number is likely to be an underestimate: data 
from large health networks suggest that about 80% of 
children and adolescents with mild TBI present to 
primary care physicians and not to hospitals,118 indicating 
a real incidence that is 4–5 times higher. CDC data52 show 
that US emergency department visits for TBI increased 
between 2007 and 2013 for the 0–4 year and 5–14 year age 
groups, rising by 37·8% in the youngest age group 
(1591·5 cases per 100 000 people), which has the second 
highest incidence for any age group after adults over 
75 years of age.

TBI affects more boys than girls, with a 1·4-times 
higher incidence in boys less than 10 years old and a 
2·2-times higher incidence in boys aged 10 years or older 
compared with girls.119 Additional disparities in incidence 
and outcomes exist in relation to race and ethnicity. For 
instance, African-American children were at a 40% 
increased risk of TBI compared with non-Hispanic white 
children.120 African-American, Hispanic, and native 
American children were more likely to experience TBI 
from violence and have more severe TBI and higher 
mortality rates than were non-Hispanic white children in 
the USA.121–123

CDC data indicate that injury causes also vary with age. 
Falls predominate in the 0–4 year age group, falls and 
being struck by (or having the head strike) an object are 
equally common in the 5–14 year age group, and motor 
vehicle incidents predominate in the 15–24 year cohort.52 
The rates of TBI and its complications in children and 
adolescents seem to be similar in Europe and the USA, 
but are higher in other regions, such as China, India, and 
South America.124

A unique aspect of TBI in children is that it includes 
injuries inflicted by child abuse. In abusive head trauma, 
children are generally too young—or sometimes too 
injured—to be reliable historians, and investigations are 
required to eliminate further risks for the injured child and 
any other children in the environment, and discover the 
circumstances surrounding the injury. A comprehensive 
analysis of data from the past 15 years appeared to show 

declining rates of fatal abusive head trauma.125 Nevertheless, 
recent evidence suggests that abusive trauma is the most 
common cause of severe TBI in children under 2 years of 
age.126 Although some studies have shown poorer outcome 
in children with abusive head trauma compared with those 
injured by other mechanisms,127,128 this was not confirmed 
in a recent study.129

At a societal level, the effect of childhood TBI is 
enormous, with burdens on the health-care system, 
scarce resources for rehabilitation and school systems, 
and a substantial socioeconomic impact on families 
(sections 2, 4).

TBI in the elderly
The definition of elderly in the context of TBI is variable: 
cutoffs in published papers range from 55 to 75 years of 
age. However, regardless of the cutoff used, older 
individuals are clearly at a higher risk of TBI and 
experience more severe consequences than do younger 
people, even from seemingly mild TBIs.3,31,32,130 
Demographic projections suggest that future rates of TBI 
among older individuals in LMICs are likely to approach 
current levels in HICs,131 and hence the future health-
economic and public health burden of TBI is likely to 
increase dramatically.

People over 65 years of age represent 10% of TBI cases, 
but account for 50% of TBI-related 10-year mortality risk132 
and have high and increasing rates of TBI-related hospital 
admissions.51 The rise in TBI incidence in older individuals 
is not solely due to an ageing population. Many elderly 
people remain mobile and semi-independent owing to 
decreasing morbidity from cardiovascular disease and 
cancer. They are then at risk of falls, which are the main 
cause of TBI in this group.4,33,62,133 Loneliness and depression 
might also lead to alcohol abuse, which is increasingly 
being recognised in older individuals and can potentially 
increase the risk of falls and compromise chances of 
recovery owing to decreased cognitive reserve.134 Moreover, 
increased use of CT imaging might have improved case 
ascertainment for TBI in older people.

Age is among the strongest outcome predictors in TBI, 
with mortality and unfavourable outcome increasing 
continuously with age (appendix p 4).135,136 The perception 
of a universally poor outcome has sometimes led to 
therapeutic nihilism and less aggressive treatment for 
older patients with TBI, who experience delayed CT 
imaging, a lower likelihood of transfer to specialist 
neurosurgical facilities, and care by more junior medical 
staff.137 Treatment-limiting decisions might be taken 
sooner in older patients. The poor outcome resulting 
from such suboptimal treatment might fuel self-fulfilling 
prophecies of poor prognosis and reinforce current 
prejudices.26 Such nihilism is unjustified: overall, when 
older patients are treated aggressively and promptly 
following admission to the intensive care unit (ICU), 
favourable outcomes are seen in 39% of patients aged 
60–69 years.138 Epidemiological studies will be crucial in 
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Second-impact syndrome 
A condition in which a second 
concussion occurs before a first 
concussion has fully resolved 
and, in isolated cases, causes 
rapid and severe brain swelling 
with potentially catastrophic 
outcomes

helping to understand the burden of TBI and response to 
treatment in the elderly population. Moreover, improved 
epidemiological monitoring in the elderly could help to 
raise awareness of the risks of head trauma in this group 
and inform prevention programmes (section 3).

Sports-related TBI
Sports-related concussion is a frequent cause of TBI, and 
is currently the focus of public debate and controversy, 
owing to uncommon (but dramatic) clinical presentations 
such as second-impact syndrome139,140 and the association of 
concussion with later cognitive decline23,141 and CTE. In the 
USA, the CDC estimates that between 1·6 and 3·8 million 
concussions occur annually.142 However, this might be a 
considerable underestimate, as many concussions do not 
reach medical attention. In the USA, cycling is responsible 
for the majority of sports-related concussions, according to 
the American Association of Neurological Surgeons,143 
whereas in New Zealand, rugby (both league and union 
combined), cycling, and equestrian sports have been 
linked to the highest rates of sports-related concussion.144 A 
recent systematic review of 13 studies of concussion in 
12 sports reported an overall pooled incidence of 0·23 
(95% CI 0·19–0·28) per 1000 athlete exposures to sport, 
with the highest incidences in rugby, ice hockey, and 
American football.145 Variations in participation between 
sports and in definitions of concussion between countries 
result in inconsistent statistics. Concussion rates vary by 
age group, sport, and gender, and are generally reported to 
be higher in competition than in practice.146 In terms of 
head injuries per hours of sport, equestrian sports appear 
to have the highest rate of concussion.147 In Europe, there is 
a lack of research on the epidemiology of sports-related 
injury, across all sports.

Notwithstanding inconsistencies, the reported incidence 
of sports-related concussion is steadily rising. The CDC 
reported a 62% increase in sports-related TBI treated in 
emergency departments between 2001 and 2009,35 and 
annual increases of 7–15% have been suggested for 
concussion rates in collegiate and high-school sports in 
North America36,37 over the past two decades. These 
concerns are not confined to the USA. For example, the 
English Rugby Football Union148 148 has reported year-on-
year increases in concussions in professional rugby since 
2003.149 These trends are generally attributed to increased 
awareness and reporting of concussion, partly promoted 
by media attention. Concerns have also been expressed 
about players becoming progressively heavier and stronger, 
and more emphasis being placed on the physical element 
of sport. Nevertheless, the underlying true rate of 
concussion remains unclear, as the majority of these 
injuries are not reported, either deliberately or because of 
lack of awareness.150 Further efforts to understand and 
increase awareness of the consequences of sports-related 
TBI are needed, with improved detection of and response 
to concussion, to prevent or reduce the effects of such 
injuries (section 3).

TBI in military conflict situations
Current global conflicts, and the increasing burden of 
terrorism across the world, have resulted in a steady 
increase in the number of patients with military and 
military-type injuries.38 US data show that TBI is the 
signature injury of the Iraq and Afghanistan conflicts, 
accounting for approximately 20–25% of the combat 
casualties reported in the Joint Theater Trauma Registry.151 
Between January 2010 and August 2016, 352 619 TBIs 
were reported in US service members.152 Of these, 82% 
were classified as mild, 9% as moderate, and the 
remaining 9% as severe or penetrating, or not classifiable 
(including instances of death in action and inadequate or 
incomplete documentation). Therefore, as with civilian 
populations, mild TBI constitutes the largest proportion 
of TBI in military personnel, and although most 
individuals with mild TBI return to full duty with no 
lasting complications, approximately 10% have 
symptoms that do not resolve.

Overall, combat-related TBI is a substantial cause of 
morbidity and mortality, and, unlike civilian TBI, often 
includes blast-related TBI and extracranial polytrauma 
such as amputation, internal haemorrhage, and burns. 
Blast as an injury mechanism was until recently largely 
confined to conflict settings, but has become more 
relevant in civilian populations owing to an increase in 
terrorist incidents. Injury mechanisms can be more 
complex than in non-blast TBI, and experience in the 
military setting suggests that the clinical course can also 
be different.153 Several active research programmes are 
focused on the differences between blast-related TBI and 
TBI of other causes. The most comprehensive of these, 
from the US Department of Defense, includes efforts to 
understand the epidemiology and to improve the 
identification, management, and treatment of mild TBI, 
with protocols for mandatory screening and detailed 
clinical recommendations.154,155

US data from recent conflicts in Iraq and Afghanistan 
document the lowest killed-to-wounded ratio in the 
history of warfare,156 with many casualties surviving what 
would previously have been fatal injuries. Although 
advances in body armour might help to explain increased 
survival, developments in military medical care have 
probably made a substantial contribution.157 A key factor 
underpinning increased survival is development of an 
integrated and effective chain of trauma care in conflict 
settings (section 4). The effect of improvements in care 
pathways on the burden of TBI might be less impressive 
than for other types of trauma (section 4), but the lessons 
learned about the epidemiological and clinical issues can 
be applied beyond conflict settings and have relevance for 
improving TBI outcomes in the civilian population.158,159

TBI in offenders
There is evidence for an association between TBI and 
crime: TBI appears to be a risk factor for criminal 
behaviour, and a criminal lifestyle might increase the risk 
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Capture–recapture method  
In epidemiology, a means to 

estimate or adjust for the extent 
of incomplete ascertainment of a 

population with a particular 
condition by using information 

from overlapping lists of cases 
from distinct sources

of TBI.160 Importantly, there are shared risk factors for TBI 
and criminal behaviour, including socioeconomic 
adversity, risk-taking behaviour, and conditions such as 
attention deficit hyperactivity disorder (ADHD), mental 
health disorders, and alcohol or drug misuse. In support 
of these links, a Finnish birth-cohort study showed that a 
history of a TBI during childhood or adolescence was 
associated with a 4-times increased risk of having a 
mental health disorder with coexisting criminality in 
men.161 A 35-year, retrospective, total-population study in 
Sweden showed a substantially increased risk of violent 
crime in people with TBI: 8·8% of those with TBI had 
committed violent crime, compared with 3% of population 
controls (adjusted odds ratio 3·3, 95% CI 3·1–3·5); risk 
was attenuated when those with TBI were compared with 
unaffected siblings (2·0, 1·8–2·3).162 Prevalence of TBI is 
3–8 times higher in offender populations than in non-
offender groups.163 In a UK prison study, Williams and 
colleagues found that 16% of inmates had experienced a 
moderate-to-severe TBI and 48% had had a mild TBI.164 
About half of young offenders have had loss of 
consciousness, with repeated injury being common.163 
TBI in offenders is associated with earlier offending, 
higher levels of reoffending,164 violence,165 and suicidality.166 
A neuroimaging study of prisoners in Germany showed 
that offenders had a significantly higher rate of structural 
brain abnormalities,167 and that violent offenders had 
significantly higher rates compared with non-violent 
offenders and controls.

There are intricate links between TBI and ADHD: 
ADHD can be a consequence of TBI, but it is also a risk 
factor for TBI, and can be complicated by the injury.168 
Since ADHD is common in offender groups, studies of 
TBI in these populations should consider the contribution 
of this condition. In a non-TBI study, intervention with 
medication for ADHD in offenders led to a 30% reduction 
in criminality, possibly owing to improved impulse 
control.169 Screening for and management of TBI in 
offenders is possible,166 and specialist services tailored to 
offenders with TBI, and comorbid mental health and 
neurodevelopmental disorders, might support changes 
in behaviour that potentially lead to a reduction in crime.

There is a pressing need for more research to 
characterise the association between TBI and criminal 
behaviour in offender populations. In particular, 
longitudinal studies are needed to understand the 
increased risks of crime in those with TBI, the causal 
relations between TBI and criminal behaviour, and the 
factors that contribute to these risks. Furthermore, 
studies are needed to characterise imaging abnormalities 
and neuropsychological impairments associated with 
TBI in offender populations to understand how brain 
injury affects behaviour, including risk of reoffending.

Improving epidemiological studies of TBI
TBI is a huge but poorly quantified public health problem. 
The considerable differences in reported incidence and 

mortality rates between countries highlight a need for 
better standardisation of epidemiological studies of TBI, 
for both administrative purposes and research. 
Recommendations for improving epidemiological 
studies—in particular, for population-based incidence 
and outcome studies—are summarised in the appendix 
(p 4), and emphasise the need for standardised definitions, 
methods, and data presentation. Future studies also need 
to use more standardised methods of data collection, 
especially for mild TBI, to facilitate pooling of data and 
comparisons between countries and over time.

We need population-based studies on the prevalence, 
incidence, and mortality of TBI across the lifespan, 
particularly in LMICs, to improve the accuracy of 
estimates of the global impact of TBI. Capture–recapture 
methods170,171 could usefully supplement population-based 
studies, particularly when resources are limited. More 
advanced metrics, including YLLs, years of life with 
disability (YLD), or disability-adjusted life years 
(DALYs)—a measure of overall disease burden, expressed 
as the number of years lost due to ill health, disability, or 
early death—should be used to better quantify the burden 
of TBI. A simple and cost-efficient approach might be to 
include a question on TBI in routinely conducted health 
interviews, such as the European Health Interview 
Survey,172 which has a section on self-reported injury in 
the past 12 months, and could yield insights into incidence 
and prevalence of TBI in the general population.

Improvements in completeness and quality of 
epidemiological data are required for the detection of 
high-risk populations (such as the very young and very 
old) and identification of key targets for improved 
prevention and management of TBI (sections 3, 4), to 
enable development and implementation of policy 
measures.

Key messages and recommendations
Key messages
(1) Worldwide, TBI is a leading cause of injury-related 
death and disability, with a devastating impact on patients 
and their families.
(2) Current epidemiological monitoring is incomplete, 
especially for mild TBI.
(3) In LMICs, the incidence of TBI due to traffic incidents 
is increasing, while in HICs, TBI increasingly affects 
elderly people, mostly due to falls. Methodological 
variations, however, confound comparisons of 
epidemiological patterns of TBI between regions, 
countries, and continents.
(4) TBI might represent an important modifiable risk 
factor for epilepsy, stroke, and late-life neurodegenerative 
disease.

Recommendations
(1) Concerted efforts to address this vast global health 
problem should focus on policies aimed at reducing the 
burden and impact of TBI, through better prevention, 



www.thelancet.com/neurology   Vol 16   December 2017 999

The Lancet Neurology Commission

improved access to care, and promotion of clinical 
research to improve treatment standards.
(2) Rigorous epidemiological studies are needed to 
capture the changing patterns of epidemiology and to 
identify high-risk groups and key targets for improved 
prevention and management of TBI.
(3) An international consensus is needed on definitions 
and standardised epidemiological monitoring of TBI to 
allow accurate measurement of incidence, prevalence, 
and mortality, and comparison of rates of access to 
community, hospital, and residential care.
(4) Studies are needed, in children and adults, to better 
understand links between TBI of all severities and an 
increased risk of later neurological diseases.

Section 2: Health economics of TBI
TBI has a huge economic impact on affected individuals 
and families, and on society as a whole. Understanding 
the health economics of TBI is an important step in efforts 
to improve efficiency of care and prevention worldwide. 
However, accurate estimates of TBI costs are scarce for 
many regions, and there is wide variation in reported 
costs between available studies. This partly reflects 
differences in methods used to calculate costs and 
variations in definitions of direct, indirect, and lifetime 
costs used in research studies (panel 4).

Understanding of costs associated with TBI can provide 
insight into the magnitude and scope of the problem and 
generate the knowledge necessary to anticipate and 
budget for health-care services needed to prevent, detect, 
and treat TBI. Accurate cost estimates allow assessment 
of potential savings that could be made with interventions 
aimed at reducing the incidence or improving the 
treatment of TBI. Costs can also be considered to reflect 
resources used per individual and provide a proxy 
measure of health-care use. Identification of disparities 
and inequities in access to and delivery of health care, 
crucial for the provision of good treatment, allows 
researchers and decision makers to recognise areas 
where public health interventions could be beneficial.

In this section, we review available health-economic 
data on the costs related to TBI and discuss the 
implications for health-care policy. Furthermore, we 
suggest directions for future health-economic studies to 
improve understanding of costs and patterns of health-
service use after TBI, which could facilitate decisions on 
prevention strategies and health-service planning.

Direct and indirect costs of TBI
The economic consequences of TBI for individuals and 
for society are enormous. TBI-related costs in Europe for 
2010 have been estimated at €33 billion (equivalent to 
about US$49·7 billion in 2017), of which direct costs 
accounted for 41% and indirect costs accounted for 
59%.173,174 In the USA, reported aggregated direct and 
indirect cost estimates ranged from US$60·4 billion 
(about US$85·6 billion in 2017) in 2000175 to US$221 billion 

(about US$252·2 billion in 2017) in 2009.176 In the earlier 
USA study,175 15% of the costs were accounted for by 
lifetime medical costs and 85% by lifetime productivity 
losses. The data from 2009176 showed that 31% of the costs 
were due to loss in productivity and 62% resulted from 
intangible costs (lost quality of life). The higher total cost 
estimates in the later study might be explained by the 
inclusion of intangible costs. Costs attributable to TBI in 
Australia in 2008 were estimated to be AUS$8·6 billion 
(about US$7·9 billion in 2017), of which absence from 
work or productivity loss due to TBI accounted for 55%.177

Lifetime costs of TBI are high, owing to loss of 
productivity in a substantial number of younger patients, 
but these long-term costs are not considered in all 
studies. For example, in Europe, the reported health-
service-related and indirect costs for stroke have been 
estimated to be twice as high as those for TBI,173,174 but 
these comparisons limit reported cost estimates for TBI 
to the direct and indirect costs for the first year after 
injury. Such calculations grossly underestimate the 
actual societal costs of TBI.

The average lifetime cost of TBI in the USA was 
estimated to be US$396 000 per person (equivalent to 
about US$555 424 in 2017).178 In Australia, per-person 
long-term health-care costs for the first 6 years after 
injury ranged from AUS$139 427 for moderate TBI 
(about US$124 703 in 2017) to AUS$226 361 for severe 
TBI (about US$202 456 in 2017).177 Many studies, 
especially from the USA, use the charges payable by 
individuals or insurers as a proxy for unit prices (ie, the 
actual costs of provision of care);90 such cost calculations 
could underestimate total costs, as many patients with 
mild TBI do not seek immediate medical care or are 
misdiagnosed.

The omission of mild TBI from many cost studies might 
result in an overestimate of the average cost per individual, 
but an underestimate of the total cost to society. This is 
partly because accurate population-level data about 

Panel 4: Definitions of types of costs used in health-economic studies of traumatic 
brain injury

Direct costs
All resources consumed (quantified in costs) within the health-care sector as a result of 
traumatic brain injury (TBI). Direct costs could also include out-of-pocket expenses and 
resources outside the health-care sector.

Indirect costs
All resources foregone as a result of TBI. Costs included in this category vary by study but 
most include productivity loss, which arises when people who would otherwise be 
employed are not able to work or work fewer hours because of their TBI. Indirect costs 
could also include intangible costs due to TBI, such as those associated with reduced 
quality of life or time and effort spent by family members on care.

Lifetime costs
Costs incurred over a lifetime to provide services to people with TBI that would not be 
required in the absence of injury, such as ongoing medical care and community services.
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resource use and the health impact of TBI are scarce. The 
recently completed BIONIC (Brain Injury Outcomes 
New Zealand In the Community) study3 was the first to 
assess the incidence of TBI for all severities across all age 
groups, in both rural and urban populations.The BIONIC 
collaborators found that the cost of treating TBI varies 
greatly, with first-year and lifetime costs per person for 
mild TBI (calculated at US$3395 and US$4636, 
respectively) being significantly lower than those for 
moderate-to-severe TBI (US$21 379 and US$36 648, 
respectively).25 Other estimates, based on patients admitted 
to a rehabilitation facility—approximately AUS$350 000 
(equivalent to about US$309 000 in 2017) over a 10-year 
period for severe TBI,179 for example—underline the high 
costs of efforts to promote recovery in survivors, as 
rehabilitation interventions are often intensive and 
prolonged. Costs of care in individual patients can be 
10 times higher than those for the average patient, and vary 
with both injury severity and demographic features.179,180 
Despite the lower treatment costs of mild TBI for individual 
cases, the high incidence of mild TBI results in a total 
treatment cost across patients of nearly 3 times that for 
moderate-to-severe TBI.25 Accurate estimates of total global 
costs of TBI are lacking, but extrapolation from estimates 
of new mild (52–56 million) and moderate-to-severe 
(2·2–3·6 million) TBIs per year worldwide from the 
BIONIC study25 suggests that the global economic burden 
of TBI could range from US$362 billion to US$445 billion 
in 2017, which equates to 0·5% of the annual global output, 
estimated at US$75·6 trillion.9 The actual costs could be 
even higher, as intangible costs, such as those related to 
loss of quality of life or the time and effort spent by family 
members on care, are not taken into account in these 
estimates.

Although all studies attest to the high societal costs of 
TBI, in terms of both medical costs and lost productivity, 
the variation in estimates is striking. Some differences 
are probably real; however, rigorous comparison of these 
figures is impossible, since the source data are of 
relatively poor quality, calculations involve several 
assumptions and variable methods, inflation-related 
changes in exchange rates are usually ignored, and the 
precise cost items included in estimates (and the duration 
of the post-injury period to which they refer) vary 
substantially, or are simply not specified (appendix p 5).

Other indirect consequences, which have rarely (if ever) 
been taken into account in calculating TBI-related costs, 
include caregiver time and expense, caregivers’ working 
ability and health, increased psychiatric morbidity and 
injury risk among TBI survivors, and increased likelihood 
of alienation, as well as costs related to long-term 
complications of TBI, including those of dementia care.181 
Taken together, these limitations underline the need to 
interpret with caution current estimates of health-service 
use and costs of services. As with other epidemiological 
data, there is a pressing need to ensure uniformity of 
reporting of health-economic data (section 1).

Implications for health-care policy
The huge economic burden of TBI worldwide 
necessitates improved prevention and treatment 
strategies from a health-economic perspective. However, 
accurate data on costs as a proxy measure of health-care 
use are lacking. Current estimates of the range of total 
costs are incomplete for both mild and severe TBI. For 
patients with severe TBI, we need better insight into the 
long-term costs of specialised hospital and rehabilitation 
care. There is a crucial need to couple improved 
epidemiological and economic data collection to rigorous 
analysis of health-care and lifetime costs of TBI so that 
we can identify patient groups with high costs of care and 
deficiencies in access to services, and make rational 
decisions about allocation of health-care resources. 
Models for predicting lifetime costs for individual 
patients are now emerging, and might also be useful in 
assigning costs to the care needs of survivors of TBI.180

Data on total costs of TBI, and on indirect costs in 
particular, are limited. We need improved understanding 
of all types of indirect costs, especially the negative effects 
of TBI on work performance and resulting production 
losses, which dominate the economic burden of TBI. 
Future research should incorporate the productivity costs 
in cost assessments, as this provides important input for 
policy decisions and enables priority setting on the basis 
of the total direct and indirect expenses due to injuries. 
These data are also vital to calculate the cost-effectiveness 
of programmes or treatments used to improve the chances 
of returning to work in working-age survivors of TBI.

Substantial cost savings could be achieved by 
preventing TBI. At the level of individuals, cost savings 
might be more relevant at the severe end of the spectrum, 
but the large number of patients with mild TBI suggests 
that effective prevention strategies to reduce incidence 
of mild injuries could be more beneficial at a societal 
level. Realisation of such cost savings will require invest-
ment in prevention (section 3). As well as increased 
governmental investment, additional funds could be 
made available by following the example set by Italy, 
where a portion of the fees for traffic law violations must 
be spent on traffic incident prevention.182

Key messages and recommendations
Key messages
(1) TBI results in substantial health-care and societal costs.
(2) High-quality data on the health economics of TBI are 
not available for many regions and countries, especially 
for lifetime costs.
(3) Methodological variations confound comparisons of 
the health-economic impact of TBI across regions, 
countries, and continents.

Recommendations
(1) More effective strategies for TBI prevention are urgently 
needed, and could deliver cost savings that help to fund 
research and improved access to health care for TBI.
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(2) Rigorous, long-term health-economic studies of 
direct and indirect costs are needed, which are necessary 
to inform rational decisions about allocation of 
resources for clinical care and research in TBI.
(3) International standardisation of methods in health-
economic research is needed to enable consistent 
measurement and comparison of costs of TBI care.

Section 3: Prevention of TBI
TBI is, to a great extent, preventable, and the benefits for 
society of decreasing its occurrence are far-reaching: TBI 
prevention saves lives, reduces prevalence of disabilities, 
and saves costs inside and outside the health-care system. 
Although TBI prevention strategies (such as those aimed 
at road traffic safety) in some regions have been 
remarkably successful, these achievements are not 
universal. Increased use of motor vehicles in LMICs, 
coupled with an inadequate infrastructure and 
insufficient adoption of safety measures, has resulted in 
substantial increases in the burden of TBI.7 Successes 
achieved in prevention of TBI from road traffic incidents 
in HICs need to be replicated in LMICs. Furthermore, 
steps need to be taken to address increases in TBI in 
other demographic contexts, including specific measures 
to reduce the incidence of TBI caused by falls in the 
elderly, and to prevent brain damage in children and in 
amateur and professional athletes.

Prevention measures that target injury occurrence, 
whether primary or secondary measures, should be 
informed by knowledge of TBI epidemiology and causes, 
and identification of risk groups. Primary prevention is 
directed at prevention of injury occurrence, whereas 
secondary prevention aims to reduce the occurrence of 
TBI or limit its severity if an injury happens.

Primary and secondary approaches can be effective in 
isolation, but use of both prevention strategies is needed 
to maximise benefits. Prevention initiatives can be applied 
at a population level—eg, with legislation, improvements 
in infrastructure, vehicle safety design, trauma care, or 
workplace safety measures. Alternatively, prevention 
measures can focus on high-risk subgroups. Examples 
include the targeting of drivers and cyclists to prevent 
alcohol-impaired driving, speeding, and distracted driving; 
promotion of seat belt, child restraint, and helmet use; a 
focus on elderly people living alone and at risk of falls; and 
strategies aimed at children at risk of abuse. Finally, it 
might also be possible to specifically target individuals to 
address their patterns of risk-taking behaviour.183 
Irrespective of the target population, information 
campaigns should employ a range of measures to raise 
awareness of key issues in prevention and care for TBI. 
The potential of broad education and awareness 
campaigns, also using social media, is exemplified by the 
success of the ThinkFirst National Injury Prevention 
Foundation, established in the USA in 1990.184

In this section, we discuss approaches to reduce the 
occurrence and impact of TBI, focusing on prevention of 

TBI from road traffic incidents and sports, as well as TBI 
in children and adolescents and the elderly.

Prevention of TBI from road traffic incidents
Globally, TBI remains predominantly a disease of the 
young, with road traffic incidents being the major cause 
in LMICs, where vulnerable road users (pedestrians and 
cyclists) are particularly at risk.7 Even though LMICs have 
only half of the world’s vehicles, 90% of the world’s road 
fatalities occur in these regions,185 a substantial proportion 
of which are preventable.

Reduction of traffic-related injuries is the focus of the 
United Nations Decade of Action for Road Safety 
(2011–2020), which aims to halve the 1·3 million traffic-
related deaths that occur each year by 2020 through 
improved road-safety management, enhanced road and 
vehicle safety, better-informed road users, and an 
improved post-crash response.186 These improvements 
are relevant to TBI, since it is a major cause of all injury-
related deaths (section 1).30,59,187 A recent World Health 
Organization (WHO) report on road safety188 provides 
specific recommendations for improving road safety, 
based on interventions with proven efficacy. Reduced 
speed limits have played a crucial part in decreasing crash 
incidence and injury severity.189–191 A systematic review of 
studies from HICs confirmed that enforcement of traffic 
rules decreases road-user deaths.192,193 Non-legislative 
approaches are equally relevant, and include developing 
safer roadway infrastructure (separating pedestrians and 
cyclists from motorised vehicles), introducing traffic-
calming measures, and implementing vehicle and safety-
equipment standards.194 Other effective population-wide 
strategies for preventing road crashes, injuries, and 
fatalities include the installation of red-light cameras195 
and street lighting.196

Secondary prevention strategies include use of 
protective head gear and car safety measures. Mandatory 
helmet use has decreased the number and severity of 
head injuries among both motorcycle197 and bicycle 
users.198–200 In Taiwan, introduction of the motorcycle 
helmet law in 1997 reduced motorcycle-related head 
injuries by 33%, and injuries that did occur were less 
severe and associated with shorter hospital stays.201 
Despite strong evidence that helmets reduce the severity 
of injuries from motorcycle crashes and increase the 
likelihood of survival, helmet laws are not universally 
implemented, even within the USA.202

In HICs, recent attention has focused on the risks 
incurred by distracted drivers.203 The likelihood of a 
safety-critical event occurring while driving has been 
reported to be 6 times higher for drivers dialling a cell 
phone and 23 times higher for those texting. Although 
campaigns aimed at influencing drivers’ behaviour 
remain relevant, technological solutions should also be 
considered. In particular, there have been suggestions to 
develop smart solutions to recognise and block non-
hands-free cell phone use while driving.203

For more on the ThinkFirst 
National Injury Prevention 
Foundation see http://www.
thinkfirst.org

For more on the United Nations 
Decade of Action for Road 
Safety see http://www.who.int/
roadsafety/publications/global_
launch.pdf

http://www.thinkfirst.org
http://www.thinkfirst.org
http://www.who.int/roadsafety/publications/global_launch.pdf
http://www.thinkfirst.org
http://www.thinkfirst.org
http://www.thinkfirst.org
http://www.who.int/roadsafety/publications/global_launch.pdf
http://www.who.int/roadsafety/publications/global_launch.pdf
http://www.who.int/roadsafety/publications/global_launch.pdf
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Prevention of sports-related TBI
Ongoing research aims to determine the long-term 
consequences of single concussive injuries. However, 
increasing evidence indicates that multiple concussive 
and subconcussive impacts can have cumulative effects, 
including more severe symptoms and more prolonged 
recovery than after a single injury of similar severity, as 
well as increased vulnerability to brain injury and 
heightened risk of any subsequent injury.204,205 In children 
and adolescents, there are additional concerns about the 
cumulative effects of multiple concussions on brain 
development and learning, and the consequent cognitive 
and behavioural sequelae.206 Children and young adults 
are also at increased risk of second-impact syndrome.139,140

These emerging concerns underscore the importance 
of immediately removing anyone from play when there 
is any suspicion of a possible TBI. This recommendation 
is highlighted in training programmes for coaches and 
parents but, unfortunately, is not always applied in 
professional sports. During the FIFA (Fédération 
Internationale de Football Association) World Cup in 
2014, there were several incidents of apparent concussion 
in players who were allowed to continue play, which led 
to a change in the FIFA Medical Committee’s protocol, 
whereby a team doctor now has the responsibility and 
sole authority to make an assessment about suspected 
concussion and decisions about return to play.207 We 
argue that professional sports organisations should be 
obliged to remove any player with a suspected TBI from 
play immediately, thus setting an example for amateur 
athletes and, in particular, young players. Such decisions 
should not be taken by interested parties (eg, coaches), 
but rather by a neutral party such as an independent 
medic or, if not available, the referee. Various 
international efforts have been initiated to develop, 
refine, and implement rational guidance for players, 
parents, and coaches about the time that needs to be 
spent away from training and contact sport following a 
concussion.208,209 However, further refinement in 
diagnosis is needed, as is guidance on action required 
when concussion is reliably diagnosed.210,211

Prevention of TBI in children and adolescents
The topic of TBI in children and adolescents has 
substantial emotional, legal, and financial ramifications. 
Children and adolescents are at particularly high risk of 
accidental TBI, and such injuries in this group can have 
substantial effects on families and communities 
worldwide. Most prevention strategies outlined for road 
traffic incidents and for sports injuries—particularly those 
related to helmet laws for bicycles, motorcycles, and other 
motorised vehicles, and to concussion detection and 
prevention from sports injuries—apply to both children 
and adults. However, two aspects of injury prevention are 
unique to children: the use of car seats and the concept of 
multi-agency safeguarding for children at risk of abuse, 
with infants being the most vulnerable.126

Community-based interventions to promote the use of 
child car-seat restraints can reduce the risk of motor 
vehicle occupant injuries by 33–55%.212 In the USA and 
other areas of the world, local laws state that children 
should be restrained in car seats while the motor vehicle is 
in motion. For example, in Pennsylvania, USA, all 
children under 8 years of age travelling by car are required 
to be in a child-restraint system, with children under the 
age of 2 years in rear-facing seats. Furthermore, the law 
mandates the use of seat belts for children aged 8–18 years. 
These state laws213 are broadly replicated in the national 
best practice recommendations of the US Preventive 
Services Task Force.214 Similar laws or guidance exist in 
many other countries (eg, the EU, UK, Australia);215–217 
however, such regulations are not universal, and even 
when in place, are inconsistently applied.218

Child abuse or non-accidental trauma has become more 
widely recognised as an important cause of TBI in infants 
and children. Since awareness of child abuse has 
increased and family risk factors have been elucidated, 
local programmes have been developed in the USA and 
other countries to educate parents about the dangers and 
long-term effects of brain injury, and to provide caregiver 
relief and advice on coping skills for stress. In the USA, 
the concept of safe havens for children at risk of abuse 
has been advanced,219 whereby parents who fear they 
might harm their baby or child can leave the child without 
risk of prosecution. These safe havens are often paediatric 
hospitals or family refuge shelters that provide emergency 
medical care for the child and assume protective custody 
until the appropriate state authorities can find a more 
definitive or optimum placement. Whether these legal 
remedies have reduced the incidence of TBI in these 
children is not clear, and the possibilities of furthering the 
cycle of abuse in alternative placements has not been 
studied.220 More research is therefore needed to 
understand the effectiveness of this and other potential 
interventions, along with efforts to educate caregivers and 
others involved in the lives of children and adolescents, to 
prevent TBI in this vulnerable group.

Prevention of TBI in the elderly
Prevention strategies need to take account of changing 
epidemiological patterns, which show increases in fall-
related TBI in older individuals (section 1).4,33,221–223 Frail 
elderly people are more likely to fall, more likely to suffer a 
TBI when a fall occurs, and more likely to suffer long-term 
adverse effects even from a seemingly mild TBI.224 There is 
a clear need, therefore, to address causal risk factors and to 
explore preventive strategies that address the association 
between frailty and vulnerability to TBI through falls.

Assessment of frailty now involves the use of validated 
tools, and can be implemented as part of health policy.225 
Such assessment is clearly important as a primary TBI 
prevention strategy. Detection of frailty can trigger 
assessment and modification of the home environment 
(including the provision of safety rails for stairs and 

Frailty 
A common and important 

geriatric syndrome characterised 
by age-related declines in 

physiological reserve and function 
across multiple organ systems, 
with increased susceptibility to 

adverse health outcomes
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For more on the Stopping 
Elderly Accidents, Deaths, and 
Injuries initiative see https://
www.cdc.gov/steadi/

steps), and prompt critical evaluation of the risk–benefit 
ratio of drugs that increase the likelihood of an adverse 
impact of falls (eg, sedative drugs and medications 
associated with postural hypotension, and anticoagulant 
and antiplatelet drugs). Frailty assessments (and 
subsequent interventions) were originally the domain of 
geriatricians rather than primary care physicians, and 
initial trials focused on reducing falls and fall-related 
injuries in acute hospital settings.226 However, emerging 
data suggest that these interventions can be more usefully 
applied in primary care.227 An example is the Stopping 
Elderly Accidents, Deaths, and Injuries initiative of the 
CDC.228 Risk assessment for falls, followed by 
implementation of an individualised management plan, 
has been shown to reduce falls by 24%,229,230 highlighting 
the crucial importance of fall prevention in the elderly as 
a highly effective TBI-preventive approach.

Key messages and recommendations
Key messages
(1) TBI is, to a great extent, preventable, and societies can 
make considerable gains by decreasing its occurrence.
(2) In LMICs, the incidence of TBIs due to traffic 
incidents is increasing.
(3) Second or subsequent concussions that occur before 
recovery from an initial concussion can be associated 
with more severe symptoms and more prolonged 
recovery than a single injury of similar severity.
(4) Children and adolescents are at particularly high risk 
of accidental TBI.
(5) Non-accidental injury is an increasingly recognised 
cause of TBI in infants and children, and although some 
policies to reduce this risk are currently in place, their 
effect is uncertain.
(6) In HICs, epidemiological patterns of TBI are 
changing, with an increase in elderly patients with TBI 
caused by falls.

Recommendations
(1) Policies aimed at reducing the burden of TBI should 
focus on awareness campaigns and prevention of TBI in 
general, and on strategies specifically to target high-risk 
groups.
(2) The WHO recommendations on road safety188 need to 
be implemented in all countries.
(3) Any risk of an early second injury after even a mild 
TBI should be avoided; professional sporting 
organisations should set an example for children and 
amateur athletes by immediately removing from play 
anyone with a suspected concussion.
(4) Prevention programmes should target contexts in 
which TBI in children and adolescents typically occur—
eg, promotion of better car safety worldwide, promotion 
of helmet use by bicycle and motorcycle users and in 
sports such as ice hockey, and education for coaches and 
parents of children who participate in sporting activities 
are needed.

(5) Further research is needed to evaluate current 
initiatives and to explore new options for reducing TBI 
due to child abuse.
(6) Prevention programmes and health-care delivery 
need to be tailored to the changing epidemiological 
patterns of TBI, and specifically to prevention of falls in 
the elderly.

Section 4: Systems of care for TBI
In an ideal world, all patients would have access to 
optimum care for TBI, meeting standards of best practice, 
with continuity of care guaranteed from the prehospital 
phase to the postacute phase. In reality, systems of care 
for patients with TBI show substantial variation between 
and within countries,231–234 with disconnects in the trauma 
chain, particularly between acute and postacute care. 
Understanding such variation is crucial: practice 
variations influence TBI outcomes and health-care costs 
(section 2), and broad implementation of best practices 
and guidelines to improve care pathways has great 
potential for improving cost-effectiveness and overall 
outcome after TBI.

The spectrum of clinical care for TBI extends from 
immediate on-site emergency care (lasting minutes to 
hours) to long-term postacute care (extending for years or 
even a lifetime). This care pathway includes several 
decision points with competing options for care (figure 5). 
Appropriate choices can enable delivery of high-quality, 
cost-effective care, whereas poor choices incur the risk of 
disrupting continuity and reducing quality of care. 
Variations in systems of care are largely driven by 
differences in resource availability, local practice, financial 
frameworks,235 and physician preferences, in addition to a 
general lack of strong evidence to support guideline 
recommendations.

In this section, we discuss the current structure and 
practice of health care for patients with TBI, focusing on 
variations in systems of care in the prehospital, acute, and 
postacute phases, and examine the cost-effectiveness of 
interventions. We also consider specific challenges in 
LMICs, identifying the barriers to and opportunities for 
implementation of improved systems of care and best 
practice.

Prehospital care for TBI
Prehospital care marks the start of the chain of trauma 
care and comprises various components: first responders, 
dispatch systems, basic response, mobile medical teams, 
helicopter emergency medical services, and hospital 
choice.236 Together, they form the essential bridge to 
definitive care. The concept of the initial post-injury 
golden hour is especially pertinent to TBI. Suboptimal 
care in the prehospital phase could result in a progressive 
cascade of events with detrimental effects throughout the 
subsequent disease course.

Lack of adequate prehospital care is a particular problem 
in LMICs (panels 3, 5, 6, 7). The BEST-TRIP (Benchmark 

Golden hour 
In emergency medicine, the 
period immediately after 
traumatic injury (classically 
quantified as an hour) during 
which therapeutic interventions 
are most likely to affect outcome
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Evidence from South American Trials: Treatment of 
Intracranial Pressure) trial,238 conducted in Bolivia and 
Ecuador, showed that more than half of patients with 
severe TBI were brought to hospital in vehicles other than 
ambulances, and long transit times were reported. In 
HICs, large variations exist in the structure and processes 
of prehospital care.243–247 Several specific questions remain 
to be answered—eg, whether it is beneficial to spend time 
stabilising patients at the scene of injury before transfer or 
to transfer them to hospital as rapidly as possible (so-
called stay-and-play vs scoop-and-run). Whether transfer 
teams should include physicians, and when the use of 
helicopters becomes clinically beneficial and cost-effective 
also remain unclear. A survey conducted in 71 neurotrauma 
centres in Europe revealed striking differences in dispatch 
systems (23% dynamic vs 73% selective), in basic response 
(58% advanced life support vs 41% basic life support), and 
with regard to policy at the scene (35% scoop-and-run vs 
51% stay-and-play; van den Brande R, Antwerp University 
Hospital, Edegem, Belgium, personal communication). 
Uncertainty exists about best practice and whether this 
should depend on local settings (eg, rural or urban) and 
distances between the injury location and the hospital 
(general or specialist) offering care.

These uncertainties about the delivery of prehospital 
care for TBI, and the involvement of multiple emergency 
providers (paramedic, fire, and police services), highlight 
the need for clear and widely accepted practice 
recommendations for prehospital trauma care. Evidence 
and experience from settings in which risk of TBI is 
high, such as military settings, might support the 
development of recommendations more broadly.

As with civilian TBI, a key consideration in military 
settings is the need for an integrated and effective chain 
of care throughout the casualty care continuum, 
including battlefield first-responder care, tactical field 
and evacuation care, and subsequent care across the 
global military care system.248 While developments in 
military medical care in the past decade have clearly 
made a substantial contribution to improved overall 
survival rates for military personnel injured in conflict 
areas,156,157 advances in the treatment of TBI, especially on 
the battlefield and in the postacute phase, have been less 
impressive.157,249 In more severely injured patients, 
potential challenges in this context include triaging 
intracranial bleeds and the stabilisation or treatment of 
polytrauma accompanying TBI at the point of injury and 
during transportation to specialist trauma centres that 
can provide the advanced multidisciplinary expertise 
needed for optimum management of TBI.157 Strategies to 
address these issues include ambitious plans to bring 
advanced care closer to the injury location to ensure 
rapid intervention within the golden hour.159 These 
advances are important not only for military TBI (and 
trauma in general), but also for civilian TBI, since the 
technologies and systems developed and refined through 
these initiatives can inform civilian TBI care.159

Hospital care for TBI
Controversy exists about whether patients with more 
severe TBI should be transported to the nearest hospital 
or taken directly to a specialist trauma centre with 
specialist care facilities that should encompass 
neurosurgery, neurocritical care, neuroradiology, and 

Figure 5: The chain of trauma care for traumatic brain injury
The pathway of trauma care—from on-site emergency care to postacute care—includes several decision points. Continuity of care through the trauma chain enables 
delivery of high-quality, cost-effective care. Any delays or inappropriate interventions at these decision points, or miscommunication between links in the trauma 
chain, can reduce quality of care and lead to increased risk of complications, poorer recovery, or death.
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neurorehabilitation. This controversy is partly due to 
challenges in reliably diagnosing and categorising the 
severity of TBI at the scene of injury. Retrospective 
analyses250–252 of administrative and registry databases 
suggest that transfer from non-specialist hospital settings 
to specialist trauma centres, and possibly to high-volume 
centres, can reduce mortality and improve functional 
outcome and cost-effectiveness. Additionally, many 
studies suggest that care in specialist centres that practise 
intensive protocol-driven therapy—typically including 
ICP monitoring—is associated with lower mortality and 
better outcomes in patients with severe TBI.253–258 Although 
the benefits of concentration of care are generally accepted 
for patients requiring neurosurgical intervention, 
identification of such patients at the scene of injury is 
seldom possible—in one study, only 7% of patients triaged 
with TBI required neurosurgery.259 Consequently, policies 
regarding primary transfer to trauma centres vary widely.

Transfer to specialist centres might also benefit patients 
who do not require neurosurgical intervention at 
presentation. Supporting evidence comes from 
registries,250 and from the large prospective RAIN (Risk 

Adjustment In Neurocritical care) study of patients with 
TBI who required intensive care, which corrected for key 
known covariates.260 This study showed a substantially 
lower risk-adjusted odds ratio for mortality (0·52, 95% CI 
0·34–0·80) in patients treated in a specialist trauma 
centre compared with those who were managed in non-
specialist centres.260 An equally important consideration 
is the identification of patients who do not benefit from 
acute transfer to a specialist centre, since avoidance of 
such transfers could have substantial health-economic 
and social benefits. Additionally, there are clear risks of 
transfer, such as deteriorating oxygenation or low blood 
pressure, which could be detrimental even at levels above 
the commonly quoted systolic threshold of 90 mm Hg.261 
These risks need to be balanced against the advantages of 
care in a specialist centre, which include specialist 
expertise and other supportive services, the benefits that 
accrue from increased caseload, and more rapid access to 
neurosurgical intervention if the need for surgery 
emerges. Furthermore, for the most severely injured 
patients, experience and multidisciplinary approaches 
are essential to deal professionally with questions 

Panel 5: Challenges for traumatic brain injury care in Latin 
America

Although intensive care unit (ICU) management in 
Latin America often meets high standards of care despite 
resource and funding limitations, such facilities are not 
universally available,237 and prehospital and postacute care are 
underdeveloped. A total of 55% of patients with traumatic 
brain injury (TBI) arrive at hospital in vehicles other than 
ambulances,238 and ambulance services generally provide only 
transportation without major resuscitation interventions.

In the post-ICU phase, nurse-to-patient ratios are very low, 
much routine care is left to families, and rehabilitation 
services are largely unavailable. In a recent clinical trial, none 
of the 324 study participants received rehabilitation care.238 
Although the risk-adjusted ICU death rate is similar to that 
for high-income countries (HICs) at 14 days, mortality after 
ICU discharge is 3 times higher.238 Since post-ICU support 
does not match the high level of ICU care, the benefits on 
long-term outcome are compromised. These deficiencies 
could be addressed not only through increased resource 
allocation, but also by implementing change at the systems 
and policy levels to improve TBI outcomes in low-income 
and middle-income countries (LMICs). Prospective trials of 
specific interventions (eg, physiotherapy, inpatient 
rehabilitation) are impossible in HICs, where their 
availability is standard, but are feasible and ethical in LMICs. 
When appropriate decisions are taken at each step in the 
care pathway and the links in the trauma chain remain 
connected, high-quality care with positive outcomes can be 
achieved (panel 6). Access and continuity of care should, 
however, be structurally assured, and not dependent on 
chance or socioeconomic privilege.

Panel 6: When all the pieces fall into place—a patient testimony

In 1988, at the age of 12 years, Laura E Gonzalez-Lara fell down an orchestra pit and 
suffered a traumatic brain injury (TBI) as she took part in a concert in a small town in 
Mexico. In the following patient testimony (abridged and edited), Gonzalez-Lara 
describes what is possible when high-quality, joined-up acute and postacute care are 
made available, even after a delay in the identification of TBI. At present, such care is 
inconsistently available to patients in low-income and middle-income countries. 
Gonzalez-Lara benefited from the support of her parents, both physicians, and extended 
family. For the full testimony, see appendix p 6.

The injury, hospital presentation, and admission
During the fall, I fractured my skull, causing a tear in one of the blood vessels overlying the 
brain. At the time, I only complained of a headache. We went through with the concert, 
though I was feeling short of breath by then and felt the stage lights were too bright: I could 
not actually play the recorder and only pretended by moving my fingers. Later, as we were 
getting on the bus, I felt nauseous and vomited. It was on the bus where I finally lost 
consciousness. Back in my hometown of Puebla, my mother immediately took me to the 
local university hospital where she was an attending physician. By the time I arrived, my 
Glasgow Coma Scale score was estimated to be around 7. I benefited from the combined 
experience of two neurosurgeons to evacuate the haemorrhage roughly 5 h after the fall. 
Next morning, I was transferred to the best intensive care unit in the city by ambulance.

Postacute care and rehabilitation
Before the week was over, a physiatrist prescribed exercises for my parents to do with me. 
By the end of the week, I was able to walk and move my right arm. I was released from the 
hospital a week and a day after the fall to the care of my parents at home. My physiatrist 
followed up regularly during the first month and adjusted exercises as needed. I had 
absence seizures and was on anticonvulsant medications until I was around 21 years old. 
I had regular blood work, electroencephalograms (EEGs), and follow-ups with 
neurologists and neurosurgeons to make sure everything was under control. The other 
sequela that lingered was a short-term memory impairment. I continued to work on fine 
motor control for some time; after several months, I was playing the recorder and the 
flute again and even rejoined the orchestra.
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concerning diagnosis of brain death and possible organ 
donation. Despite some uncertainty, authoritative 
national and regional guidelines recommend the transfer 
of patients with more severe injuries to specialist 
centres,262 and although not consistently implemented, 
this practice seems to show outcome benefits for adults 
with severe TBI in some settings.258

Overall, the evidence for centralisation of care in 
specialist centres is stronger for paediatric TBI, 
particularly for more severely injured children and 
adolescents.263,264 At the milder end of the TBI spectrum, 
dissemination of knowledge about best care of patients 
with TBI to community professionals, who manage the 
vast majority of children and adolescents with minor or 
mild TBI, might be more advantageous. In adults and 
children, the effects of so-called mild TBI should not be 
underestimated: postconcussion symptoms have been 

reported in up to 64% of patients with mild TBI.265,266 
Written discharge instructions and standard follow-up 
care, either in the hospital outpatient setting or by 
general practitioners, are advocated but inconsistently 
implemented. A survey of 71 European neurotrauma 
centres267 found that the majority (54 of 68 centres [79%]) 
had printed discharge information available for patients 
with mild TBI who had been seen in the emergency 
department, but that only 10% of centres routinely 
scheduled follow-up visits for these patients.268

Postacute care for TBI
For the postacute phase, there are great disparities in 
systems of care and patient management between 
countries, within countries, between institutions, and 
even from patient to patient within centres of care. A 
common disconnect between acute and rehabilitation 
services further compounds these problems. Inadequate 
access to rehabilitation services can slow or complicate 
recovery, increasing the burden of care, and patients who 
experience discontinuities in care have poorer functional 
outcomes than do those for whom the chain of 
rehabilitation is continuous.269

A substantial proportion of people with severe TBI regain 
functional independence between 1 and 5 years after 
injury,270,271 but this depends on provision of specialised 
neurorehabilitation.272 In practice, many patients (up to 
55%) are discharged home or referred to a non-specialist 
facility after acute care—often without any referral to 
rehabilitation therapy.273,274 This raises questions about 
equity of access to health care, which should be high on 
the policy agenda.

Cost-effectiveness of systems-level management 
strategies
Although the clinical benefit of care for patients with 
severe TBI in specialist trauma centres has reasonably 
wide acceptance, formal assessments of the cost-
effectiveness of such strategies are scarce. The RAIN study 
suggested that transfer to specialist trauma centres was 
cost-effective, even when neurosurgical intervention was 
not indicated.260 An analysis from the UK National Institute 
for Health and Care Excellence (NICE) found that adoption 
of algorithms for the selection of patients with TBI for CT 
imaging of the head and spine, incorporated into NICE 
guidelines for TBI management, was cost-effective.262 
However, a recent systematic review showed that evidence 
of economic benefit was available for only a minority of 
interventions for TBI, and much of the existing evidence 
was of poor quality.279 Panel 8 summarizes interventions 
for which cost-effectiveness data are available.

With regard to the cost-effectiveness of rehabilitation 
interventions for TBI, a US National Institutes of Health 
(NIH) consensus statement in 1998280 noted a scarcity of 
quality publications on this topic and made 
recommendations to address evidence gaps. There has 
been little progress since then. Some organisational 

Panel 7: Evolution of traumatic brain injury care in China

Care for patients with traumatic brain injury (TBI) in China is coordinated primarily by 
neurosurgeons. Progress of Chinese neurosurgery, first founded with Russian cooperation 
in the 1950s, was completely halted during the Cultural Revolution from 1966 to 1976. 
Since then, the implementation of modern imaging and monitoring equipment has 
advanced TBI care. This process has been enhanced by periods of training for Chinese 
neurosurgical trainees in Europe and North America. Improved systems for prehospital 
management and transfer to nearby (level I or level II) trauma hospitals have gradually 
been implemented. The 120 free-call emergency telephone system has been set up in 
most areas of the country to facilitate rapid response and quick transportation.

In the past decade, the rapid economic growth in China has been accompanied by 
substantial advances in the prevention and care of patients with TBI. In addition to 
improved systems for prehospital management, specific gains have been achieved 
through legislation on alcohol and driving, increased access to computed tomography (CT) 
scanners, wider availability of neurosurgical services out of hours and at weekends, and 
increased access to neurointensive care. Teaching programmes and other implementation 
strategies have increased awareness of the importance of guideline-based management of 
TBI. Chinese TBI guidelines have been issued for management, drug treatment, intracranial 
pressure (ICP) monitoring, and use of decompressive craniectomy.239–242 Catheters for ICP 
monitoring, however, still need to be paid for by patients’ families, resulting in a low rate 
(24·5%) of ICP monitoring for severe TBI in China.69 International collaborations are 
increasingly being established, facilitating integration of Chinese research into the 
international community. Comparative analyses that emerge from such collaborations 
provide cause for optimism: mortality and unfavourable outcome after severe TBI 
(Glasgow Coma Scale scores of 3–8) in specialised centres are 22% and 50%, respectively,69 
which compare favourably with reported rates in high-income countries.117

Nevertheless, despite these advances, long transport times from the scene of accident to 
hospital are common because of large distances or major traffic jams in most Chinese cities 
(very few patients with severe TBI are transported to hospital by helicopter or medical 
airplanes). Further challenges include incomplete cost coverage, as well as shortages of 
trained neurosurgeons and limited access to specialist care, especially in the western 
regions of China and outside large cities. Moreover, the implementation of evidence-based 
management across China still has a long way to go. Despite efforts towards 
standardisation, use of treatments without proven therapeutic effects, such as 
neuroprotective agents, is common, and many neurosurgeons in China still treat patients 
with TBI according to their personal experience. Increased awareness of these challenges is 
needed to guide health policy and direct investment to close the gaps in TBI care in China.
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Decision-tree analysis 
A tool to support decision 
making in which parallel and 
sequential management choices 
and their possible consequences, 
costs, and benefits are presented 
in a tree-like model

approaches, such as the appointment of a case manager to 
facilitate rehabilitation access, have face validity and are 
highly valued in anecdotal accounts from patients and 
families, but there has been little formal evaluation of cost-
effectiveness.281 By contrast, a recent decision-tree analysis  
of rehabilitation for TBI concluded that, compared with a 
broken chain of care, adopting a more integrated approach 
yielded a clinically relevant decrease in disability, while 
saving more than US$4000 per patient.269

Good data on cost-effectiveness of systems of care 
and interventions for TBI are crucial for planning 
resource allocation and guiding care pathways. Such 
data need to be viewed in relation to local case-mix, 
resource availability, and cultural contexts. Thus, 
patients with mild and severe TBI will have different 
rehabilitation needs, and survivors who have the 
support of extended family might have different 
rehabilitation needs compared with those who do not. 
Different treatment recommendations might apply to 
different subgroups, and cost-effectiveness models 
should be developed separately for each subgroup. 
Sensitivity analyses are essential when cost-
effectiveness assessments are undertaken in potentially 
heterogeneous groups.

Specific challenges in low-income and middle-income 
countries
About 90% of trauma-related deaths occur in LMICs.185 
DALYs due to injury progressively rise with decreasing 
national income levels.282 Moreover, the relative proportion 
of TBI in injury cases is greater283 and the odds of dying as 
a result of TBI are more than doubled in low-income 
settings.284 A broader analysis of surgical care indicates 
that these poorer outcomes are caused largely by 
insufficient prehospital services, lack of postacute care, 
and inconsistent access to care (panels 5, 7).285 In particular, 
the lack of postacute care could offset any potential benefit 
obtained in the acute phase. However, notwithstanding 
the substantial burden of disease, disability, and death in 
LMICs, the development of centres of excellence in TBI 
treatment has meant that many of these countries are 
strong contributors to international TBI research—eg, in 
influential international randomised controlled trials 
(RCTs), such as the CRASH (Corticosteroid Randomisation 
After Significant Head injury)286 and CRASH-2287 studies—
and occasionally they provide the sole context for key 
studies, such as the BEST-TRIP trial238 of ICP monitoring 
in TBI. This involvement in knowledge generation has 
not yet been translated to international clinical guideline 
development—a disparity that reflects the narrative of the 
10/90 gap288 within the context of a single disease.

There is a pressing need to involve LMICs in the 
guideline development process, beginning with centres of 
excellence and taking advantage of local developments 
that might provide opportunities for change. For example, 
the recent Indian Transportation Research and Injury 
Prevention Programme report289 provided a comprehensive 

assessment of road safety in India, and triggered policy 
initiatives290 that promise to improve emergency trauma 
care along key national highways. The resulting 
operational guidelines, published by the Indian Ministry 
of Health and Family Welfare,291 aim to reduce case-fatality 
rates from road traffic incidents to 10% by developing a 
pan-Indian trauma care network, where designated basic 
(level III) trauma centres, which have facilities and 
personnel for resuscitation and onward transfer, are 
available roughly every 100 km. Emergency neurosurgical 
interventions would take place in more specialised 
(level II) trauma centres, available roughly every 250 km 
on key national highways, and could in some cases be 
done by general surgeons with some neurosurgical 
training, thus increasing access to emergency 
neurosurgery within the limitations of existing resources. 
Other countries also need to develop their own health-care 
strategies in the context of local priorities and resources.

Current challenges and future goals
Management of patients with TBI is complex and requires 
appropriate expertise, coordination, and organisation. 
Timely interventions delivered by well coordinated 
multidisciplinary teams of experts will increase the 
opportunities for optimising outcome. However, there are 
wide variations in systems of care throughout the trauma 
chain, and evidence for best practice to inform guidelines 
is lacking, especially for prehospital and postacute care. 
Therefore, there is a pressing need for new evidence to 
support practice recommendations, but in the absence of 
robust evidence, expert consensus-based recommendations 
are preferable to no recommendations (section 9). The 

Panel 8: Cost-effectiveness of interventions for traumatic brain injury

• Selective secondary transfer to specialist trauma centres for patients who present with 
a Glasgow Coma Scale score of less than 9 at the injury scene: could save £20 000 per 
quality-adjusted life-year* (QALY) gained.259

• Management of patients with traumatic brain injury (TBI) in dedicated specialist 
trauma centres: could save £14 000 per QALY gained.275

• Early transfer of patients with TBI to specialist trauma centres even in the absence of 
need for definitive neurosurgery: could save £11 000 per QALY gained.275

• Liberal use of computed tomography (CT) scanning in children and adults with 
suspected mild TBI on the basis of a high-sensitivity decision rule: could save costs and 
gain QALYs.276,277

• Selective CT scanning of adults with mild TBI on the basis of the Scandinavian 
Neurotrauma Committee guidelines, with addition of the S100 astroglial 
calcium-binding protein B (S100B) biomarker: could save up to €71 per patient if 
guidelines are strictly followed.278

• Management of patients with severe TBI according to the Brain Trauma Foundation 
guidelines: implementation across the USA could yield societal savings of more than 
US$3 billion.178

• Early initiation of continuous chain of rehabilitation care: could save more than 
US$4000 per patient.269

Cost-effectiveness analyses are not available for many TBI interventions, and for those that are available, the evidence is mainly 
of poor quality. *One QALY corresponds to a year spent in perfect health.

For more on the Brain Trauma 
Foundation see https://www.
braintrauma.org/

For more on the Indian 
Transportation Research and 
Injury Prevention Programme 
see http://tripp.iitd.ernet.in/

10/90 gap 
A term used by the Global Forum 
for Health Research to 
summarise the finding that less 
than 10% of worldwide health 
research resources focus on 
health in developing countries, 
where over 90% of all global 
preventable deaths occur

For more on the CRASH studies 
see http://www.
trialscoordinatingcentre.lshtm.
ac.uk/Risk%20calculator/index.
html

For more on surgical care see 
The Lancet Commissions Lancet 
2015; 386: 569–624 
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https://www.braintrauma.org/
https://www.braintrauma.org/
http://tripp.iitd.ernet.in/
http://tripp.iitd.ernet.in/
http://tripp.iitd.ernet.in/
http://www.trialscoordinatingcentre.lshtm.ac.uk/Risk%20calculator/index.html
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For more on the UK network of 
major trauma services see 

http://www.nhs.uk/ 
NHSEngland/ AboutNHSservices/ 

Emergencyandurgent-
careservices/Pages/

Majortraumaservices.aspx

wide variations in systems of care lend themselves to novel 
approaches such as comparative effectiveness research 
(CER; section 9) to determine best practice. High-quality 
cost-effectiveness studies of TBI interventions are also 
warranted to establish the optimum systems of care and to 
improve access to acute and postacute care in particular.

With regard to hospital care, the cumulative evidence 
strongly suggests that patients with more severe TBI 
benefit from transfer to specialist trauma facilities, 
irrespective of whether or not they need neurosurgical 
intervention.250–252,260 Implementation of such a policy is 
not simple, and requires adequate infrastructure and 
clear communication. Crucially, high-quality practice 
recommendations to support such initiatives need to 
reach and influence key clinical stakeholders. The 
creation of a network of major trauma services in the UK, 
for example, along with the clear national guidelines for 
TBI triage, has increased compliance with current best 
practice292 and improved outcomes.293 However, the 
available infrastructure (eg, number of beds in trauma 
centres) could make full compliance with guidelines 
difficult. Success of any strategy will therefore depend 
not only on effective knowledge transfer to clinical 
practitioners (section 9), but also on allocation of 
adequate resources to make changes in practice possible.

The rigorous assessment of needs and the articulation 
of effective policies are particularly relevant to LMICs. 
Some LMICs are moving towards models of care delivery 
that, although ambitious by recent standards, adopt 
pragmatic approaches to specialist care, such as the policy 
initiatives289–291 to reduce road traffic incidents and improve 
emergency trauma care in India. The challenge in these 
settings is to allocate new resources in ways that best serve 
local needs and health-care systems, rather than using 
frameworks developed for the health economies of HICs.

Key messages and recommendations
Key messages
(1) Access to health care is often inconsistent between 
centres, regions, and countries, especially for acute and 
postacute care.
(2) Substantial variation exists in systems and quality of 
care for TBI between centres, regions, and countries.
(3) For optimum care, patients should be moved along a 
continuous chain of trauma care, from prehospital 
though to postacute care, with excellent communication 
between caregivers.
(4) Centres with higher caseloads and specialised 
facilities have better outcomes for patients with severe 
TBI than do smaller centres.
(5) The epidemiology of TBI and challenges of TBI care 
in LMICs are different from those seen in HICs.

Recommendations
(1) Health-care policies should aim to improve access to 
acute and postacute care to reduce the effects of TBI on 
patients, families, and society.

(2) For systems or interventions for which best practice is 
reasonably well defined, such approaches should be used 
as a treatment standard to improve quality of care, and 
thus patient outcomes and cost-effectiveness of TBI care. 
In cases for which best practice is not defined, measures 
to identify best practice are needed.
(3) Measures to improve systems of care for patients with 
TBI and ensure continuity of care—through urgent and 
acute care, rehabilitation, and community reintegration—
should be high on the policy agenda.
(4) Incentives need to be implemented to stimulate 
transfer of adult and paediatric patients with severe TBI 
to specialist centres.
(5) Solutions for improving TBI care and outcomes in 
LMICs should be tailored to local needs and resource 
availability, rather than replicating strategies in HICs.

Section 5: Clinical management of TBI
Management of TBI is currently based on a combination 
of medical and surgical strategies, and, ideally, 
rehabilitation to promote recovery and social reintegration 
and to address the longer-term complications of TBI. 
However, many RCTs of interventions for TBI have not 
shown beneficial effects, or have produced results that 
cannot be generalised to the wider population of patients 
with TBI. Therefore, when guidelines are available, they 
are often based on weak evidence, supplemented by 
expert consensus or local protocols (section 9).

Clinical management in the ICU has evolved over the 
past two decades towards standardised approaches. The 
international guidelines that underpin these approaches 
are based on evidence from selected patient groups or on 
targets derived from population averages, which might 
not apply to all patients. Although efforts to develop 
evidence-based guidelines for routine use in the ICU are 
a step in the right direction, this one-size-fits-all approach 
ignores the complex clinical and mechanistic hetero-
geneity of TBI.26

International guidelines for the surgical treatment of 
TBI are not supported by strong evidence, and are 
implemented inconsistently across geographical regions. 
Furthermore, there is considerable uncertainty and 
debate about which subgroups of patients might benefit 
most from some types of surgery and the optimum 
timing of surgery. The decision to operate might be 
influenced by local policy or the surgeon’s experience, 
and also depends on other factors, such as alternative 
medical options, expected outcome, and patient and 
family preferences.

Evidence-based guidelines are not available for most 
rehabilitation interventions. Even when there is recognised 
best practice, this is inconsistently implemented between 
centres, and often does not fully account for the diversity of 
disability after TBI, which warrants individualised 
application of robust recommendations.

In this section, we consider the challenges in medical, 
surgical, and rehabilitation management of TBI, and 

http://www.nhs.uk/NHSEngland/AboutNHSservices/Emergencyandurgentcareservices/Pages/Majortraumaservices.aspx
http://www.nhs.uk/NHSEngland/AboutNHSservices/Emergencyandurgentcareservices/Pages/Majortraumaservices.aspx
http://www.nhs.uk/NHSEngland/AboutNHSservices/Emergencyandurgentcareservices/Pages/ Majortraumaservices.aspx
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Cerebral perfusion pressure 
(CPP) 
The difference between mean 
arterial blood pressure and 
intracranial pressure (ICP); low 
CPP can cause ischaemia and 
excessively high CPP can lead to 
raised ICP by causing vascular 
congestion or oedema

emphasise the need for more robust evidence to 
underpin guidelines. Such guidelines should support a 
flexible approach that enables targeting of treatment 
based on improved understanding of individual 
pathophysiology and clinical needs.

Intensive care management of severe TBI
Before transfer to the ICU, the priorities for initial hospital 
care are stabilisation of the patient, and rapid detection 
and emergency surgical treatment of intracranial bleeding 
(see below). In the ICU, current guidelines for the medical 
management of TBI emphasise prevention of second 
insults, such as hypoxia and hypotension, and, for patients 
with severe TBI, optimisation of cardiorespiratory 
physiology, control of ICP, and maintenance of cerebral 
perfusion pressure (CPP).294 Initial ICU management 
comprises a range of medical approaches to attain these 
targets, including sedation, hyperosmotic infusions (to 
reduce brain oedema), limited hyperventilation (to reduce 
intracranial volume through hypocapnic cerebral 
vasoconstriction without causing ischaemia), drainage of 
cerebrospinal fluid, and varying degrees of temperature 
control (ranging from meticulous control of normothermia 
to induced hypothermia). Aggressive cooling (to core 
temperatures of 32–34°C), deep sedation (to achieve deep 
metabolic suppression as evidenced by a near-isoelectric 
electroencephalogram [EEG]), more intensive hyper-
ventilation, and decom pressive craniectomy (removal of a 
portion of the skull to accommodate brain swelling) are 
often classified as third-tier therapies and reserved for 
patients with refractory ICP elevation.295 Such stratification, 
with prioritisation of more conservative medical 
approaches, is rational, since none of these treatments is 
risk-free and they can be associated with a worse out-
come.296,297 However, some clinical trials of these inter-
ventions have not replicated common clinical settings or 
timings of interventions in clinical practice.298,299

Current treatment approaches aim to maintain single 
target values (or target ranges) for ICP and CPP, derived 
from analyses in populations of patients with TBI.294 
Evidence in support of this single-goal-directed approach 
is inconsistent: one meta-analysis suggests benefit from 
treatment in a centre with ICP-driven management,300 
but two meta-analyses suggest no overall benefit from 
aggressive, ICP-guided management.301,302 The only 
available RCT on this approach to management, from 
Latin America, suggests that clinical care based on 
imaging and serial clinical examination is not inferior to 
care based on ICP-guided management—at least in that 
setting.238 The generalisability of these results, from 
LMICs, to practice in HICs is debated, since substantial 
differences in the chain of trauma care exist between the 
two settings (panel 6).

A number of neuromonitoring modalities (ICP 
measurement being the best known) can be used to detect 
incipient secondary injury. However, all these techniques, 
taken in isolation, are at best indirect, and at worst crude 

measures of a complex disease in a very complex organ. 
Therefore, proving efficacy of treatments on the basis of 
such unidimensional targets is challenging. Furthermore, 
there is a lack of certainty about the thresholds that justify 
therapies for raised ICP, all of which have intrinsic 
hazards; these hazards should be balanced against the 
harm caused by intracranial hypertension. Therefore, 
characterisation of a clinically relevant dose (level and 
duration) of intracranial hypertension remains an 
important goal303 and is only just beginning to be quantified 
in a systematic way.304 The recently updated Brain Trauma 
Foundation guidelines294 for management of severe TBI 
recommend an ICP threshold of 22 mm Hg for initiating 
intensive treatment, an increase of 2 mm Hg compared 
with previous editions. However, the practical relevance of 
such a small change—and the precision of ICP 
measurement, analysis, and clinical care targets that it 
implies—have been called into question.305,306 Rather, 
changes in ICP over time are considered to have greater 
clinical relevance than a single absolute number.

Although population-based targets for ICP and CPP 
management provide a useful initial basis for care, 
required target values or ranges differ between patients 
depending on the specific pathology307,308 and should 
preferably be directed to the needs of individual patients.26 
TBI is pathophysiologically heterogeneous, and the 
dominant pathological processes can vary between 
patients, within individual patients over time, and even 
between different parts of the brain at any given time. 
Furthermore, preinjury factors, coagulation status,27 and 
systemic responses vary between patients. Using a one-
size-fits-all management strategy is therefore unlikely to 
be optimum, and more rational decisions about therapy 
choice and intensity must account for individual and 
temporal variations in pathophysiology.

Surgical management of TBI
Different types of traumatic intracranial bleeding 
(haematomas) exist (figure 6), all of which can compress 

Figure 6: Different types of post-traumatic intracranial haematoma
(A) Epidural haematoma: a collection of blood between the skull and the outer membrane covering the brain (dura 
mater). Epidural haematomas are mostly arterial in origin and can thus expand rapidly, causing clinical 
deterioration and—if untreated—death. (B) Subdural haematoma: a collection of blood located underneath the 
dura mater, generally associated with bruising of the underlying brain tissue (contusions). (C) Haemorrhagic 
contusion and intracerebral haematoma: lesions that reflect similar underlying pathologies, ranging from local 
bruising (contusions) to bleeding into the brain tissue (haematoma). Figure courtesy of Maartje Kunen, Medical 
Visuals, Arnhem, Netherlands.
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the brain and could be life-threatening. Timely surgery 
can be life-saving, but this depends on rapid patient 
transfer to a centre with surgical facilities (section 4). 
Initial surgical treatment of TBI can be either causally 
directed (eg, to remove space-occupying intracranial 
haematomas)309 or symptomatic (eg, to decrease pressure 
on the brain to prevent or minimise damage to important 
structures and prevent life-threatening herniation 
events). Symptomatic approaches include insertion of an 
external ventricular drain for drainage of cerebrospinal 
fluid310,311 and decompressive craniectomy, which can be 
performed in the same setting as the evacuation of a 
haematoma, or later to treat diffuse brain swelling that is 
refractory to conservative medical management.

Substantial variation exists in surgical practice, owing to 
an inadequate evidence base for international guidelines 
on surgical indications.312–314 Additionally, at the level of 
individual patients, there is debate among clinicians 
regarding which patients might benefit from some 
procedures (such as surgical treatment for traumatic 
intracranial lesions and for raised ICP) and uncertainty 
regarding the optimum timing of surgery. Surgery might 
be life-saving and preserve neurological function in some 
patients,315 but others might survive with an unfavourable 
functional outcome, ranging from severe neurological and 
cognitive deficits to a vegetative state (section 7).316–318 
Conversely, surgery might not always be necessary. Indeed, 
a substantial proportion of patients who are managed 
conservatively have favourable outcomes.319–323 Therefore, 
when deciding whether to operate, medical therapies that 
might be effective in achieving the same physiological 
goals as surgery should also be considered. Surgical 
indications that are too liberal could lead to increased 
survival with complications of unnecessary surgery in 
patients with less severe injury, or severe disabilities in 
those with devastating TBI. Conversely, inappropriate 
conservative management might result in unnecessary 
death and disability. The decision to operate is based not 
only on medical but also on ethical considerations. 
Patients’ and relatives’ views of a meaningful quality of life 
might be different from our medical perception of a 
favourable outcome. These differences could depend on 
several factors, including cultural and religious 
considerations. If discussion of the expected outcome with 
relatives is possible, past views expressed by patients on an 
acceptable quality of life should be taken into account.324

Accumulating evidence provides useful support for such 
decision making. An illustrative example is the use of 
decompressive craniectomy for intracranial hypertension. 
Although the procedure can be life-saving by lowering 
ICP, it is associated with surgical complications, and 
structural distortions associated with removal of a portion 
of the skull might cause additional brain injury in some 
patients.325 Initially used over a century ago, the 
intervention came back into use over the past two decades, 
but given the need to balance risks and benefits, a clear 
definition of its role was difficult.326–328 Two important RCTs 

have provided useful guidance in this context. The DECRA 
(Decompressive Craniectomy) trial296 showed that very 
early use of decompressive craniectomy for modest rises 
in ICP in patients with diffuse injuries was associated with 
worse outcomes. More recently, the RESCUEicp 
(Randomised Evaluation of Surgery with Craniectomy for 
Uncontrollable Elevation of Intracranial Pressure) trial329 
showed that, when used for refractory severe intracranial 
hypertension, decompressive craniectomy could save 
lives, but resulted in a 9% increase in survival with severe 
dependence at 6 months. However, by 12 months there 
were 13% more survivors who were at least independent at 
home. As the intervention is not uniformly beneficial, 
individual wishes of patients and their families should be 
taken into consideration.

Other studies have addressed similar surgical 
dilemmas. A recent study suggested that in patients with 
a traumatic acute subdural haematoma, early evacuation 
was associated with better outcome than a more 
conservative approach.330 Similar trends were noted in 
the STITCH (Surgical Trial In Traumatic intraCerebral 
Haemorrhage) study,331 which reported better outcomes 
with early surgical management in patients with 
traumatic intracerebral haematoma. However, the results 
of the STITCH trial were not statistically significant 
owing to an inadequate sample size caused by premature 
discontinuation of the trial by the funding agency.331 
Although surgical trials are challenging, funding bodies 
should recognise that these and ongoing studies—eg, the 
RESCUE-ASDH (Randomised Evaluation of Surgery 
with Craniectomy for patients Undergoing Evacuation of 
Acute SubDural Haematoma) trial, ISRCTN registry 
identifier ISRCTN87370545—are crucial for creating a 
rational evidence base for surgical practice. Clinical 
decision making could be greatly improved by the 
identification of patient subgroups most likely to benefit 
from the intervention, and, importantly, patients who are 
not likely to benefit.

Rehabilitation after TBI
The sequelae of TBI include long-term physical, 
cognitive, behavioural, and emotional impairments 
(panels 1, 6), and difficulties with activities of daily living, 
community reintegration, work, social life, family 
functioning, and partner relationships (section 7).332 
Rehabilitation for patients with TBI is a complex process, 
and varies with time after injury, the nature of TBI, 
premorbid functioning, and levels of social support.272

Successful rehabilitation after TBI is determined by 
patient potential, and depends on both the timely delivery 
of therapy and the availability of good metrics to 
characterise the intensity and effects of such therapy. 
Recent summaries of the available data indicate that 
strong evidence in support of many rehabilitation 
therapies is inconsistent or lacking. This is probably 
because most reviews have focused on evidence from 
RCTs, which are difficult to design and conduct in this 
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area, thus limiting the conclusions that can be 
drawn.32,333,334 Medical or health-care insurance payors 
often justify bypassing specialised rehabilitation 
programmes by highlighting the absence of RCT evidence 
for rehabilitation strategies in TBI, and disparities exist in 
the level of postacute care provided depending on 
insurance status and race.335,336 Acquisition of stronger 
evidence in support of rehabilitation therapies is 
challenging. First, treatment would need to be withheld 
from the most severely injured patients who are most in 
need of care, which is uncommon in other specialty areas. 
Second, rehabilitation schemes should be targeted to the 
specific needs of individuals, which would complicate the 
design and implementation of clinical trials.

Different rehabilitation interventions are appropriate at 
different phases after injury (panel 9). In the subacute 
phase, the focus is typically on retraining activities of daily 
living and adjusting environmental factors that enable 
discharge home. In the longer term, rehabilitation goals 
focus on community reintegration, such as social 
participation, return to work, and other meaningful 
activities that restore quality of life. However, the optimum 
timing for rehabilitation is debated: some centres advocate 
early in-hospital initiation,269 but most rehabilitation 
centres accept patients only when they are trainable—ie, 
after return of consciousness and once they are out of post-
traumatic amnesia. Therefore, in practice, these goals are 
often addressed, if at all, by different health-care providers, 
and such services tend to develop in isolation. Rigorous 
studies are needed on best practice in the acute setting and 
optimum timing of specific rehabilitation approaches.

The diversity and complexity of the consequences of 
TBI are best addressed with a comprehensive, holistic 
approach to rehabilitation delivered by a specialised 
multidisciplinary team, in close liaison with the patient 
and family or caregivers (the patient-centred care 
approach).341 Evidence from two RCTs supports the 
effectiveness of holistic neuropsychological rehabilitation 
in both civilian and military populations.342,343 This is 
consistent with the International Classification of 
Functioning, Disability and Health  (ICF), which provides 
a framework for understanding disability that is endorsed 
by WHO.344 An important feature of the ICF is that it goes 
beyond traditional biomedical approaches to assessment 
of disability, providing a biopsychosocial, integrative, and 
comprehensive approach that incorporates factors such 
as health condition, body structure and function, activities 
and participation, and various contextual factors (personal 
factors and environmental factors) relevant to the patient. 
This is crucial, because the level of functioning for a 
patient is determined not only by what is happening at 
the level of the body, but also by how the environment 
can affect overall disability level. This approach facilitates 
identification of rehabilitation needs and targets for 
intervention (panel 10). Further research on rehabilitation 
needs, type, quality, and effects of services is needed to 
guide clinicians in the use of appropriate interventions 

and policy makers in the development of rehabilitation 
services for individuals with TBI.

Future goals for intervention studies and guideline 
development
Clinical care for patients with TBI is often broadly based 
on international or local clinical guidelines. However, 
weaknesses in available evidence confound strong 
guideline recommendations, and most guidelines fail to 
capture the complexity and heterogeneity of TBI and its 
sequelae. The shortcomings in guidelines reflect the 
limitations of clinical trials in this field. In an attempt to 
increase the likelihood of demonstrating treatment 
effects, many clinical trials of medical and surgical 
interventions for TBI have involved strict protocols and 
recruitment criteria, typically restricted by age, GCS 
score, and comorbidities. Despite these restrictions, such 
trials have largely failed to show benefit, perhaps in part 
because they have not accounted for disease heterogeneity 
and hence treatments have not been matched to 
individual patients or groups of patients.299,345–347 In studies 
that have recorded a clinical effect of an intervention,348 
selected patient groups and small sample sizes have 
often limited the generalisability of the results to the 
wider population of patients with TBI.

In view of the substantial knowledge gaps about 
optimum management and the challenges of conducting 
clinical trials of interventions for TBI, alternative 
approaches to evidence generation are needed for the 
development of robust guidelines for best practice. For 
example, conventional evidence-generation methods 
such as RCTs could be supplemented with CER 
(section 9), in combination with high-quality observational 
studies, to determine  optimum medical, surgical, and 
rehabilitation interventions and care models.

Panel 9: Categories of rehabilitation interventions for traumatic brain injury

Restitutional rehabilitation
• Strategies that focus on strengthening or re-establishing previously learned patterns 

of behaviour through repetition and rehearsal
• Example: repeated exercises and drills aimed at restoring specific cognitive domains, 

such as attention337

Compensatory rehabilitation
• Strategies that exploit intact strengths to substitute for impaired functions
• Example: use of assistive technology (eg, calendars, paging systems, electronic 

memory devices, and alarms) for mild-to-moderate memory impairment338 and 
errorless learning strategies for severe impairment339

Adaptive rehabilitation
• Strategies that accommodate residual impairment or disability through reappraisal of 

self-perception (eg, cognitive restructuring); this relates to psychosocial adjustment 
after injury

• Example: problem-focused coping and management of self-efficacy beliefs (eg, 
reduced use of avoidance, wishful thinking, and emotional restrictions) to promote 
positive psychosocial adjustment340

For more on the International 
Classification of Functioning, 
Disability and Health see 
http://www.who.int/
classifications/icf/en/

http://www.who.int/classifications/icf/en/
http://www.who.int/classifications/icf/en/
http://www.who.int/classifications/icf/en/
http://www.who.int/classifications/icf/en/
http://www.who.int/classifications/icf/en/
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Future approaches to management and guidelines for 
best practice need to account for the clinical and 
mechanistic heterogeneity of TBI and enable therapies to 
be more carefully matched to patients. Clinical studies 
should be designed to identify (sub)groups of patients of 
sufficient size in whom the target mechanism is 
dominant. Patient stratification for clinical and research 
interventions will depend on improved characterisation 
of initial severity and injury mechanisms (section 6). 
Advances in outcome assessment are needed for rigorous 
evaluation of therapeutic effects (section 7), while 
improvements in prognostic schemes could inform 
research design, facilitate comparisons between studies, 
and provide opportunities for comparative audits to 
improve quality of health-care delivery (section 8).

Besides these general considerations, progress in 
specific aspects of care could lead to improved 
management. For example, technical advances in 
invasive and non-invasive monitoring of blood flow, 
brain metabolism, and electrical activity combined with 
neuroinformatic methods could provide novel 
approaches to targeted therapy development and 
implementation in the ICU setting (section 6).26 Studies 
of surgical interventions for TBI should focus on 
identification of subgroups of patients most likely to 
benefit from surgery, rather than investigate its use 
across all possible patients. Future guidelines should 
allow a flexible approach to take into consideration non-
medical factors such as patient and family preferences 
and beliefs about the value of life and acceptable levels 
of disability. There is a clear need for studies to inform 
guidelines on rehabilitation approaches and optimum 
timing of rehabilitation in TBI. Such guidelines would 
need to take into account the growing evidence that the 
diversity of disability after TBI is best addressed through 

a holistic approach to rehabilitation delivered by a 
multidisciplinary team.

A change in focus in the clinical management of TBI is 
required, with interventions based on an understanding 
of the pathophysiology and clinical needs of individual 
patients. Implementation of such an individualised 
approach to management should occur in the context of 
robust evidence-based guidelines. Thus, new studies 
need to be rapidly integrated into the evidence base and 
translated into guidelines that reflect the latest findings—
aspirations that are being addressed through the 
development of living systematic reviews and living 
guidelines (section 9). Implementation of such 
guidelines will necessitate effective transfer of the latest 
knowledge into clinical practice.

Key messages and recommendations
Key messages
(1) Evidence underpinning guidelines for medical, 
surgical, and rehabilitation interventions for TBI is weak.
(2) Existing guidelines for clinical management, based 
on population targets, promote a one-size-fits-all 
approach and do not take into account clinical and 
mechanistic variability, either between patients or within 
patients at different stages of injury evolution.
(3) Existing guidelines are not implemented consistently 
between centres and across geographical regions.

Recommendations
(1) Robust evidence is needed to inform guidelines on 
medical, surgical, and rehabilitation interventions, and 
hence improve outcomes for patients with TBI. 
Consensus-based guidelines might be needed for aspects 
of management for which evidence is not clinically 
definitive.
(2) Clinical studies that account for the clinical and 
mechanistic variability of TBI are needed. New evidence-
based guidelines should emphasise implementation of 
best practice in the context of an understanding of 
individual pathophysiology and clinical needs, and 
permit flexibility to achieve an individualised approach to 
management.
(3) Information campaigns to improve awareness among 
clinicians about guidelines and recommendations for 
best practice are needed.

Section 6: Characterisation of TBI—the path to 
precision medicine
Detailed characterisation of initial injury severity and 
type is needed to stratify patients with TBI for optimum 
clinical management. Conventionally, the initial severity 
of TBI has been classified as mild, moderate, or severe 
on the basis of assessment of the level of consciousness, 
measured with the GCS (figure 2).42 However, this 
unidimensional classification ignores the mechanistic 
heterogeneity of TBI. Pathoanatomical insights into the 
nature of TBI have come from neuropathology studies,349 

Panel 10: Domains of rehabilitation and intervention 
targets after traumatic brain injury

Physical
Speech, movement, sensation, perception

Behavioural
Initiation, persistence, flexibility, impulse control

Cognitive
Concentration, memory, executive function, communication

Emotional
Management of anger, irritability, anxiety, frustration

Personal
Family-related functioning, socialisation, schooling, 
employment

Environmental
Access to health-care services and technologies, 
transportation and mobility, community attitudes and social 
support resources
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Biomarker 
A characteristic that can be 
objectively measured and 
evaluated as an indicator of 
normal biological processes, 
pathogenic processes, or 
biological responses to a 
therapeutic intervention; blood-
based biomarkers are indicators 
that can be measured in the 
blood

which have highlighted the importance of ischaemic350 
and inflammatory351 responses after TBI, and have led to 
the recognition of diffuse axonal injury352,353 and CTE21,103,354 
as specific entities in the acute and chronic phases of 
TBI, respectively.

In TBI, as in other diseases, specific interventions and 
management strategies need to be tailored to the 
characteristics and needs of individual patients, moving 
away from the conventional one-size-fits-all approach 
(section 5).355 Improved characterisation and better 
understanding of pathophysiology in individual patients 
will be necessary to permit appropriate targeting of 
therapy and evaluation of outcome. This approach 
reflects the concept of precision medicine, as advocated 
by the US National Academy of Science,347 which is 
defined as “an approach to disease treatment and 
prevention that seeks to maximize effectiveness by taking 
into account individual variability in genes, environment, 
and lifestyle”.356 Detailed characterisation of injury 
severity and type can also be used in research to classify 
groups of patients with similar disease mechanisms to 
develop and test novel therapies in RCTs or for 
comparative audits to identify best practices (section 9).

Opportunities for improvements in the characterisation 
of TBI come from progress in the fields of genomics, blood 
biomarkers, and advanced magnetic resonance imaging 
(MRI), as well as new approaches to pathophysiological 
monitoring, coupled with informatics to integrate data 
from multiple sources (figure 7). These technologies are at 
varying stages of maturity in terms of integration into TBI 
clinical care: some, such as genomic stratification for 
therapy and outcome prognostication, are at a very early 
stage of development, while others, such as use of the 
blood biomarker S100 astroglial calcium-binding protein B 
(S100B) to stratify patients for CT imaging during the 
acute phase, have already been integrated into some 
clinical guidelines,357 although not widely accepted.

In this section, we consider current approaches to 
characterisation of TBI, discuss the continuing relevance 
of neuropathological studies, and explore how 
incorporation of emerging technologies could improve 
disease characterisation and monitoring to advance the 
aims of precision medicine in TBI. We also consider the 
challenges and opportunities in integrating multiple 
sources of data to facilitate translation of these aims. In 
subsequent sections, we discuss the need for 
multidimensional approaches to outcome assessment in 
patients with TBI (section 7), and consider how linking 
initial severity and pathoanatomical characteristics of 
TBI to multiple outcome domains could lead to improved 
prognostic models (section 8), with substantial benefits 
for patients and their families.

Current approaches to classification and 
characterisation of TBI
There are wide variations in TBI type and severity. 
Additionally, the full, integrated picture of TBI comprises 

a range of pathological changes—eg, diffuse axonal 
injury, contusions, brain swelling, and brain(stem) 
compression by extracerebral haematomas—which 
contribute in varying degrees to the different clinical 
pictures in individual patients. It is common to separate 
penetrating TBI from closed TBI because the injury 
biomechanics are very different and the infection risk in 
penetrating TBI is higher. The management principles 
therefore differ substantially between penetrating and 
closed TBI. However, there has been little attempt to use 
the full range of pathoanatomical lesions—within both 
closed and penetrating TBI—in a systematic way as a 
basis for rational planning of management.

Classification of TBI severity is also challenging: 
presentation can range from a hit to the head with 
symptoms of disorientation or some alteration of 
consciousness that quickly resolves, to high-energy 
insults leading to loss of consciousness and coma. There 
are currently no refined criteria for classification of TBI 
severity. The GCS42 is the most commonly used approach 
to quantify the clinical severity of TBI358 (figure 2), but this 
is relatively crude and does not reflect different 
pathoanatomical subsets of TBI. Moreover, the increasing 
use of prehospital sedation and tracheal intubation often 
confounds assessment with the GCS and has reduced its 
usefulness as a metric of injury severity.359

Existing International Classification of Diseases 
codes360 also do not adequately capture severity of TBI.361 

Figure 7: Pathway to precision medicine in traumatic brain injury
Findings from biomedical research and from observational studies based on 
clinical medicine can contribute to the body of evidence on traumatic brain 
injury (TBI; the information commons). Informatics can be used to synthesise 
and interpret knowledge from multiple sources (the knowledge network) to 
improve characterisation of TBI. Improved characterisation and understanding 
of the disease process will enable the application of precision medicine, with 
more accurate diagnosis, targeted treatment, and improved clinical outcomes. 
ICU=intensive care unit.
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Alternative TBI coding taxonomies—including the 
Abbreviated Injury Scale (AIS), which categorises severity 
of intracranial and extracranial injury,362 and the Marshall 
classification system, which is based on head CT 
findings363—are anatomically oriented and summarise 
the type, location, and severity of injuries. The AIS, 
which is used globally by trauma registries, classifies 
each patient’s regional anatomical injuries, from which 
an aggregated Injury Severity Score can be derived.364 
However, scoring with this scale is generally retrospective, 
and severity ratings can be influenced by factors such as 
admission to hospital or ICU or by decisions regarding 
surgical intervention. The Marshall classification system 
is unidimensional, being restricted to CT findings, and is 
essentially based on only two discriminating features: the 
need for surgery and radiological signs of raised ICP.

There is increasing recognition that appropriate 
characterisation of the initial type and severity of TBI 
should not be restricted to one dimension (eg, GCS or 
CT classification), but should include multiple domains 
such as clinical and pathophysiological features, 
neuroimaging findings, and other factors that might 
influence clinical outcome.

Brain banks and lessons from neuropathology
Efforts to improve clinical characterisation of TBI can be 
informed by neuropathological research, which has 
provided a foundation for our current understanding of 
key pathological processes in TBI, including diffuse 
axonal injury,352,353 ischaemia,350 neuroinflammation,351 and 
amyloid deposition in association with neuro-
degeneration.21,103,365 However, despite the insights afforded 
by detailed neuropathological examination of human 
brain tissue,349 there are remarkably few research archives 
containing biospecimens suited to studies in TBI. Indeed, 
only one comprehensive archive of human brain tissue 
exists—the Glasgow TBI Archive366—which is dedicated to 
studies across the spectrum of TBI. This unique archive 
contains material from the brains of patients with a range 
of injury severities, survival times, and ages. The value of 
this resource can be traced through the literature, with 
over 150 peer-reviewed publications supported by material 
from the archive, including many of the landmark studies 
of diffuse axonal injury and neurodegenerative pathology 
associated with TBI.351,352,365 More recent high-profile 
reports of CTE22,24,103,367–369 have facilitated accrual of brain 
tissue from retired athletes, which has enabled 
development of a dedicated brain bank at the Boston 
University CTE Center. Nevertheless, this growing, albeit 
focused, archive and the Glasgow TBI Archive cannot 
reasonably sustain the international field of TBI research.

There remains a pressing need to archive brain tissue 
linked to robust and prospectively accrued clinical 
information from patients with TBI. The richness of 
knowledge provided by these resources could be 
substantially amplified by post-mortem imaging studies, 
which would allow correlation between the gold standard 

of neuropathology and the findings of so-called virtual 
autopsies370 based on advanced and tailored MRI 
techniques.371,372 Finally, these precious archive resources 
must be networked and made widely accessible to be 
suitable for international collaborative research.

Genetic analysis
Outcome after TBI is highly variable (sections 7, 8), and 
some of the differences in disease course are likely to be 
accounted for, at least in part, by genetic variability 
between patients (figure 8). In oncology, precision-
medicine approaches are based mainly on knowledge of 
the molecular genetics of the tumour, whereas in TBI, a 
key focus for precision-medicine strategies is the 
genomics of the host response, which can modulate 
injury course as well as repair. Compared with oncology, 
the genomic characterisation of TBI is in its infancy. If 
further developed, identification of relevant genetic risk 
or protective factors early after TBI could potentially be 
used to inform individualised management approaches 
and thus improve outcomes.

The most extensively studied gene in the field of TBI is 
apolipoprotein E (APOE), which encodes a protein that 
has a central role in lipid transport in the central nervous 
system, including movement of cholesterol into cells to 
aid repair of damaged neurons.377 Three APOE variants 
(alleles) have been characterised—ε2, ε3, and ε4—of 
which ε4 has been reported to have proinflammatory 
effects in mice and to increase the risk of late-onset 
Alzheimer’s disease in humans.100,378 In TBI, although the 
risk of late neurodegenerative disease scales with injury 
severity, presence of an ε4 allele might modulate this 
risk.100 Possession of an ε4 allele has been found to double 
the risk of dementia in the general population, but this 
risk might be increased by up to 10 times in people with 
TBI.378 Moreover, in a group of patients who had sustained 
a single mild TBI, only those with an ε4 allele had an 
increased risk of dementia in the long term compared 
with the general population.379

APOE genotype has also been variably shown to modulate 
TBI outcome.373 One large study380 of patients with TBI 
undergoing rehabilitation showed that ε4 carriers had 
worse outcomes 2 years after injury compared with ε2 or 
ε3 carriers. However, initial findings that the ε4 allele had a 
deleterious effect on TBI outcome381 could not be replicated 
in a larger cohort by Teasdale and colleagues,382 and a recent 
systematic review373 concluded that this effect might be 
limited to patients with severe TBI. These contrasting 
findings might reflect an effect of an interaction between 
age and genotype on outcome.382 They found that, although 
there was no effect of APOE genotype for all age groups 
combined, children (≤15 years) and young adults (≤30 years) 
who were ε4 carriers experienced significantly worse 
outcomes than ε2 or ε3 carriers, suggesting that younger 
age does not protect against the adverse effects of ε4 carriage 
on outcome after TBI. Despite extensive research, the 
precise relation between APOE genotype and TBI 

https://www.bu.edu/cte/our-research/brain-bank/
https://www.bu.edu/cte/our-research/brain-bank/
http://www.gla.ac.uk/schools/medicine/research/medicalgeneticsandpathology/tbiarchive/
http://www.gla.ac.uk/schools/medicine/research/medicalgeneticsandpathology/tbiarchive/
http://www.gla.ac.uk/schools/medicine/research/medicalgeneticsandpathology/tbiarchive/
https://www.bu.edu/cte/our-research/brain-bank/
https://www.bu.edu/cte/our-research/brain-bank/


www.thelancet.com/neurology   Vol 16   December 2017 1015

The Lancet Neurology Commission

outcome remains uncertain. Other genetic targets of 
interest include the mitochondrial DNA haplotype,376 
mediators of inflammatory responses, and genetic factors 
involved in regenerative and neurotrophic responses, such 
as brain-derived neurotrophic factor (BDNF).375

The applications of emerging genomic information to 
TBI care and research are evolving (figure 8). Potential 
roles include better characterisation of injury, 
identification of patients at increased risk of progressive 
damage, and therapeutic stratification to facilitate an 
individualised approach to management, as well as more 
accurate prognostication (section 8), and identification of 
molecular targets for future drug development. Current 
evidence is limited by insufficiently powered studies. 
Exploration of the role of genetic characterisation for 
precision medicine in TBI requires large, prospective 
studies that can be used to simultaneously analyse the 
effects of multiple genes in well defined populations. 
APOE is an obvious candidate, but genes with a greater 
predictive value for early catastrophic clinical outcomes, 
such as death, haemorrhagic events, or acute brain 
swelling, might be of greater clinical use.

Blood biomarkers
There is an unmet medical need for rapid blood-based 
biomarker tests, as an adjunct to imaging studies, to 
optimise diagnosis, track disease progression, and 
improve outcome prediction (section 8) in TBI to 
facilitate individualised management. Substantial 
scientific advances in the past decade have resulted in 
identification of a large number of blood-based protein 
biomarkers that are relevant to different phases of TBI 
(figure 9; appendix p 8).385–388 Ongoing research efforts389–394 
are yielding new classes of biomarkers, including 
metabolomic and lipid markers, microRNAs, and exosomes. 
All of these hold potential for diagnosis, prognosis, and 
therapeutic stratification, but are not yet in advanced 
clinical development.

Acute-phase biomarkers—eg, S100B, glial fibrillary 
acidic protein (GFAP), and ubiquitin C-terminal 
hydrolase-L1 (UCH-L1)—have substantial potential for use 
in the prehospital setting and emergency departments 
where large numbers of patients present with head 
trauma, the vast majority of whom will have normal brain 
CT findings.395,396 Compared with other stages of TBI 
management, protein biomarkers for the acute phase are 
probably closest to clinical implementation, and one of 
these—S100B—is already included in an algorithm in 
Scandinavian guidelines to triage patients with mild TBI 
for CT imaging after head trauma.357 In the subacute phase, 
neurofilament protein and autoantibody biomarkers could 
be used to track disease progression.383,397,398 In the chronic 
stages, markers of neurodegeneration (eg, tau and 
phosphorylated tau) are being examined for in-vivo 
detection of long-term sequelae, including neuro-
degenerative disorders linked to TBI such as CTE and 
Alzheimer’s disease.388,399–401

Despite the multitude of candidate molecules proposed, 
translation and widespread adoption into clinical 
diagnostics remain elusive. Progress has been hampered 
by studies with small numbers of patients, variability in 
sample processing and storage, differences in assay 
techniques used, lack of reference standards, and 
incomplete understanding of underlying biomarker 
biology. Transport of biomarkers from damaged tissue to 
the blood is much more complex in the brain than in the 
heart owing to additional clearance pathways, such as the 
cerebrospinal fluid and glymphatic systems. It is therefore 
less straightforward to relate brain-specific biomarker 
concentrations to the presence and extent of brain damage 
in TBI than it is to relate cardiac troponin concentrations, 
for example, to the extent of heart damage following 
myocardial infarction.402,403 Moreover, small lesions in vital 
brain areas can lead to deep coma, even though numbers 
of cells lost, and thus changes in biomarker concentrations, 
might be relatively small, whereas more extensive damage 

Figure 8: Potential effects of genetic variation on clinical course and 
outcome of traumatic brain injury
Genetic factors might influence an individual’s risk of and response to traumatic 
brain injury (TBI), contributing to functional outcomes in the short and longer 
term. Although still speculative, possible applications of such knowledge could 
include use of genetic factors that might modulate TBI outcome (eg, 
apolipoprotein E [APOE] genotype)373 in a comprehensive prognostic scheme, or 
stratification of patients for clinical trials of treatments on the basis of genotypes 
that modulate the host response (eg, proinflammatory response),374 influence 
regenerative capacity (eg, brain-derived neurotrophic factor [BDNF] 
concentrations),375 or affect mitochondrial biology.376
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Haemolysis 
The disintegration of red blood 

cells and release of haemoglobin 
in a blood sample, which can 

lead to falsely elevated levels of 
some biomarkers

in relatively silent areas might be associated with high 
biomarker concentrations in the absence of major clinical 
symptoms.404 Rapid dynamic changes in biomarker 
concentrations occur after TBI, and therefore time since 
injury must be accounted for when using biomarkers as 
diagnostic or prognostic markers.405,406

We anticipate a shift from a single-marker approach, 
which is starting to be implemented in clinical practice,357 
towards compilation of biomarker panels that can be 
used to overcome diagnostic confounders (eg, extra-
cerebral sources and haemolysis) and avoid the 
overinterpretation or misinterpretation of information 
based on a single-marker analysis.407 Development of a 
panel of multiple biomarkers that reflect many pathogenic 
mechanisms holds promise for personalised TBI care.

High-quality, large-scale studies are needed to provide 
robust evidence of analytical validity and clinical utility to 
lay the foundations for integration of TBI biomarkers 
into clinical practice.408 Crucially, regulatory authorities 
need to oversee standardisation and comparability of 
assay results across different platforms, and ensure a 
clear distinction between approval for research purposes 
and use as diagnostic standard in clinical practice.409,410

Neuroimaging
CT is the primary imaging modality for TBI, driving key 
decisions about the need for surgical intervention for 
space-occupying lesions. Scanning times are fast and 
image processing instantaneous. However, CT is 
relatively insensitive, and in patients suspected of having 
a mild TBI, less than 5% will have CT abnormalities.292,395,396 

Standard clinical MRI provides greater sensitivity than 
CT for parenchymal lesions, especially in the posterior 
fossa, brainstem, and superficial cortical areas (figure 10). 
Advanced MRI can be used to characterise patho-
physiology from ictus to outcome, and could have 
prognostic value across the range of outcomes, from 
recovery after a postconcussion state in mild TBI to 
emergence from coma in the most severely injured 
patients.411,412 Diffusion tensor imaging and susceptibility-
weighted imaging are particularly sensitive for mapping 
diffuse axonal injury and the microhaemorrhages that 
accompany it (figure 10), and functional MRI can be used 
to map functional disconnections that underlie clinical 
deficits. Although MRI protocols are speeding up,413 when 
compared with CT, MRI scanning generally takes longer 
(30–45 min), limiting its use in emergency settings.

Although the potential importance of advanced MRI 
methods for refining characterisation of TBI is 
undeniable, generalisability to everyday clinical practice 
remains an enormous challenge. Readily available and 
inexpensive MRI-compatible clinical monitoring 
equipment is needed to allow use in the most injured 
patients. More open (often low-field) MRI systems might 
ease some logistical difficulties in this context. However, 
use of low-field systems would be contrary to prevailing 
trends: 3T systems are increasingly the standard field 
strength for clinical use, and 7T systems are on the cusp 
of approval for clinical imaging.

Regardless of the field strength of MRI, regulatory 
authorities and vendors must address cross-centre (and 
inter-device) comparability of images, particularly with 
regard to quantitative assessments. Complete 
standardisation might not be possible. CT images can be 
calibrated in Hounsfield units, but such a calibration 
unit does not exist for MRI. Experience of international 
collaborations in TBI research, however, does suggest 
that harmonisation of protocols can and should be 
achieved.414,415 Such harmonisation is essential for large, 
multicentre clinical studies. Translation of research 
protocols to routine clinical imaging will be a challenging 
task that requires extensive interaction between vendors, 
MRI experts, and regulatory authorities.

Physiological monitoring
Current neuromonitoring technology offers opportunities 
to dissect pathophysiological mechanisms to define 
individualised treatment targets and personalise ICU 
management of TBI.26 Such technological approaches 
include the use of advanced signal processing of ICP 
waveforms to derive measures of autoregulation, and the 
addition of more novel sensors to monitor oxygenation, 
metabolism, and the inflammatory response, as well as 
cortical electrical activity and spreading depolarisations.416–422

The combination of these different sources of 
information provides a more complete understanding of 
brain physiology than is possible with measurement of a 
single variable, and preliminary evidence from a recent 
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Figure 9: Schematic representation of the time course of blood-based protein biomarkers linked to 
pathophysiology in traumatic brain injury
Individual plots depict current (and still evolving) understanding of the temporal signatures of peripheral blood 
biomarkers that are indicative of pathophysiological changes at different stages after traumatic brain injury.383 
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RCT shows that such improved understanding—and 
appropriate targeting of treatment—can improve 
treatment results.423 However, these approaches have the 
inherent disadvantage of requiring the insertion of 
multiple intracranial sensors, each with its own operative 
risk. Although these risks can be partly mitigated by use of 
a single access device (figure 11), a better solution would 
be the development of multiparametric sensors, which 
incorporate all the monitoring modalities into a single 
device.424 An alternative approach, which completely 
removes these risks, is the development and validation of 
non-invasive monitors.424 Unfortunately, the medical field 
is lagging behind technological developments, and such 
advances will require substantial input from industry, 
academia, and funding bodies.

Data integration: challenges and opportunities
The integration of data from multiple pathophysiological 
monitoring modalities—whether from invasive or 
non-invasive sensors or from multiple sensors or single 
multiparametric sensors—into an understandable format 
to ensure that it is clinically useful is a major challenge. 
Merging of diverse information streams requires 
substantial information technology input. In the ICU 
setting, multimodal monitoring is emerging as a clinical 
tool, and guidelines for monitoring of the partial pressure 
of brain tissue oxygen (PbtO2)416 and for microdialysis418 
have been developed. However, the accompanying 
developments in neuroinformatics that are needed to 
ensure optimum synthesis and interpretation of these 
data are in their infancy.425 The idea of identifying 
clinically important and treatable parameters, not 
immediately obvious from raw bedside data, using 
computational and informatics techniques, is compelling 
and potentially rewarding, but challenging. In recent 
years, the field of machine learning has developed new 
and sophisticated statistical and computational 
techniques to process high-dimensional data, which have 

diverse applications in science and engineering. Such 
approaches (so-called big data solutions) might also prove 
valuable for the analysis of time-dependent 
neuromonitoring data, both for real-time prediction of 
events and for characterisation of physiological states that 
respond to specific therapies, thus facilitating clinical 
decisions about critically ill patients.

Improved characterisation and classification of TBI 
will, ultimately, require integration of information not 
only from multimodal monitoring methods, but also 
from a range of sources including clinical, neuroimaging, 
genetic, and biomarker techniques (figure 7). Such 
integration of information will be a considerable 
endeavour, but has the potential to enable classification 
of patients into groups with more homogeneous 
pathophysiological mechanisms for targeted trials of 
novel neuroprotective interventions.426 This approach 
depends on access to large data sources and substantial 
input from the field of neuroinformatics and 
computational sciences, both of which require inter-
disciplinary and intercentre collaboration (section 9).

Key messages and recommendations
Key messages
(1) Methods of diagnosis and classification of patients 
with TBI are insufficient to permit targeting of current 
and new therapies to the needs of individual patients.
(2) Few tissue archives containing specimens suited to 
TBI research exist, and their future sustainability is 
insufficiently guaranteed.
(3) Advances in genetics, biomarker research, advanced 
neuroimaging, and pathophysiological monitoring 
promise improved characterisation of clinical and 
mechanistic types of TBI, as well as outcome and 
prognosis, but progress is limited owing to small study 
sizes.
(4) Progress in biomarker and neuroimaging studies is 
hampered by lack of standardisation.

A B

Figure 10: Detection of structural brain damage after traumatic brain injury with computed tomography and magnetic resonance imaging
(A) Computed tomography (CT) scan from an adult patient with traumatic brain injury (TBI) on admission to hospital (left panel), and magnetic resonance imaging (MRI) scans (fluid-attenuated 
inversion-recovery sequence [FLAIR; middle panel] and gradient-echo sequence [GRE; right panel]) within 2 days of admission. MRI shows an anterior brainstem haemorrhage and surrounding 
oedema (green arrows) that was not detected with CT, and haemorrhagic lesions in the posterior brainstem, in the region of the fourth ventricle, and in the posterior temporal lobe (white arrows), 
which are most conspicuous on the GRE sequence (sensitised to blood products). (B) MRI scans with a FLAIR sequence (left panel) and susceptibility-weighted imaging (SWI; right panel) from an adult 
patient with TBI obtained 1 day after injury. The large abnormality on the left arises from an intracranial monitor probe (green arrows) and is seen on both the FLAIR and SWI scans. However, many of 
the microhaemorrhages associated with diffuse axonal injury (white arrows) are visible only on the SWI sequence, highlighting the greater sensitivity of SWI compared with FLAIR sequences for 
detection of microbleeds after TBI.
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Partial pressure of brain tissue 
oxygen (PbtO2) 

A measure of molecular oxygen 
in extracellular brain fluid, which 
reflects the net balance between 

supply and consumption of 
oxygen in the brain; PbtO2 can be 

measured by a sensor inserted 
into brain tissue
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A minimally invasive sampling 

technique that enables the 
sampling and collection of 
unbound small-molecular-

weight substances from the 
interstitial space of virtually any 
tissue; in neurocritical care, the 

technique is used to measure 
metabolites in the extracellular 

fluid of the brain

(5) Developments in digital analysis of large datasets 
have the power to improve clinical decision making, 
especially for critically ill patients with TBI, in which the 
volume of physiological monitoring data is challenging.

Recommendations
(1) Research is needed to improve the precision of 
diagnosis, classification, and characterisation of TBI 
using multidomain approaches.
(2) Investment is needed to secure existing research 
archives and develop new archives of well characterised 
human tissue to support collaborative research in TBI.
(3) Support is needed for studies that use emerging 
technologies to allow improved targeting of treatment 
strategies to individual patients on the basis of clinical 
and pathophysiological characteristics.
(4) Regulatory agencies should mandate standardisation 
(or at least harmonisation) of biomarker technology and 
advanced neuroimaging to facilitate data sharing in large 
studies and accelerate improved management and 
outcomes for patients with TBI.
(5) Collaboration with the field of neuroinformatics and 
computational sciences, coupled with big data solutions, 
are needed to develop decision-support systems, 
especially for critically ill patients with TBI.

Section 7: Assessment of TBI outcome—towards 
multidimensional approaches
While improved characterisation of initial injury severity 
and type is a prerequisite for the development of 
precision-medicine approaches to TBI (section 6), more 
refined assessment of clinical outcome is equally 
essential to measure the effectiveness of early treatments 
and guide individualised management in the postacute 
phase. Accurate characterisation of outcome is also 
necessary to evaluate patterns of recovery and 
deterioration in the long term, to predict long-term care 
needs for patients and their families, to understand the 
impact of clinical care, to compare outcomes between 
centres, and to assess the efficacy of conventional and 
novel therapeutic interventions.

Functional outcome is as relevant, or perhaps more so, 
than mortality in TBI owing to the high rate of disability 
in survivors, and is generally assessed with the Glasgow 
Outcome Scale (GOS)427 or its extended version (GOSE; 
figure 12).428 Despite their clinical appeal, the GOS and 
GOSE are based on broad categories and therefore 
insufficiently account for the multidimensional nature of 
outcomes after TBI, which can include long-term 
changes in functional, physical, emotional, cognitive, 
and social domains.29,332

In this section, we discuss the limitations of current 
approaches to outcome assessment and classification in 
TBI, and we emphasise the need for multidimensional 
outcome scales for clinical practice and research, 
underlining challenges in the development of such 
approaches.

Current approaches to outcome assessment
At present, characterisation of outcome in patients 
admitted to hospital with TBI is based mainly on the 
GOS427 or the GOSE, particularly for research 
purposes.428,429 These are valuable but relatively simplistic 
scales for assessment of global outcome. The GOS was 
introduced by Jennett and Bond in 1975427 as a 
five-category scale to capture functional outcome: 
alterations in major roles such as work and independent 
living, as assessed by the investigator, are used to 
summarise the effects of diverse changes caused by 
injury. Although attractively simple, the limited 
sensitivity of the GOS led to the development of the 
GOSE, in which the categories of severe disability, 
moderate disability, and good recovery are subdivided 
into lower and upper subcategories (figure 12). A 
structured assessment was proposed to facilitate 
standardised administration.428 However, despite more 
detailed outcome characterisation, the eight-category 
GOSE scale still lacks sensitivity to changes within 
specific domains of function (eg, cognition, emotional 
well-being, and life satisfaction). Even patients with 
mild TBI—who would be considered to have good 
recovery on the GOSE—often have anxiety, depression, 
post-traumatic stress disorder, and clinically relevant 

Figure 11: Multimodal monitoring of brain physiology after traumatic brain 
injury
Several physiological variables in the brain can be measured simultaneously with 
the use of a single intracranial access device with three lumens for separate 
sensors. Typically, an intracranial pressure (ICP) sensor and a probe for measuring 
the partial pressure of brain tissue oxygen (PbtO2) and brain temperature are 
inserted through two of the lumens. The third probe can be used for a 
microdialysis catheter, cerebral blood flow sensor, or depth electrode for 
electroencephalography (EEG) monitoring or other monitoring probe. In this 
example, a contusion is shown in the temporobasal region. Whether the sensor 
should best be positioned in the proximity of a lesion or in a relatively undamaged 
part of the brain, and thus be more representative of the global situation, is 
debated. Figure courtesy of Maartje Kunen, Medical Visuals, Arnhem, Netherlands.
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ICP sensor
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postconcussion symptoms, including, but not confined 
to, headache, dizziness or vertigo, fatigue, irritability, 
disordered sleep, and memory and concentration 
problems.111,332,430–433 Postconcussion symptoms pose 
particular challenges for outcome assessment because 
their occurrence depends on complex interactions 
between physiological, psychological, and social factors. 
Furthermore, they are not entirely specific to TBI as 
they can occur in patients with orthopaedic injuries or 
in healthy individuals.434,435

The GOS and GOSE are not universally used for formal 
categorisation of outcome in everyday clinical practice, as 
summary outcome measures do not allow clinicians to 
target management of specific problems in individual 
patients. They are also unlikely to facilitate future 
precision-medicine approaches by enabling identification 
of subgroups of patients in whom mechanistically 
specific therapies can be used. Furthermore, the GOS 
and GOSE do not provide sufficient discrimination to 
reliably detect small, but clinically relevant recovery or 
deterioration of function and effects of treatment over 
time.436 These considerations suggest the need for 
detailed assessments that are sensitive to smaller 
transitions in outcome and that take account of a range 
of aspects of outcome.437–440 Nevertheless, summary or 
integrated measures of outcome could still provide a 
useful basis for allocating patients to broad care 
pathways, and such applications are worth developing.

Insensitivity of outcome metrics also decreases the 
chances of detecting treatment effects in clinical trials, 
and this problem is exacerbated by the common practice 
in TBI of dichotomising the GOS or GOSE into two 
categories: unfavourable (dead, vegetative, severe 
disability) versus favourable (moderate disability, good 
recovery). This approach is statistically inefficient and 
should be discouraged.441,442 Currently recommended 
approaches for analysing GOS and GOSE data from 
clinical trials involve the use of a proportional odds 
analysis (evaluation of a shift across the categories of 
outcome) or a sliding dichotomy approach (in which the 
GOS or GOSE is still dichotomised, but the point of 
dichotomy varies according to individual baseline 
prognostic risk).443 However, as above, even this more 
refined application of the GOS and GOSE would still be 
unsatisfactory for assessment of patients with mild TBI, 
who might achieve the best possible outcome (GOSE 
score 8) but still have long-term health problems across a 
number of domains.111,332,430–433

In addition to the GOS and GOSE, a multitude of 
instruments for assessing outcome is available: recent 
overviews have identified nearly 1000 (mostly non-
overlapping) outcome assessment instruments for TBI 
(appendix p  9).444–447 Diversity in outcome assessment is 
an asset in clinical practice, and has been embraced for 
many years, particularly in the management of TBI after 
the acute stage. However, this diversity is a major obstacle 
to research progress in TBI owing to difficulties in 

selecting single endpoints for use in clinical trials and in 
pooling of data and conduct of meta-analyses. Moreover, 
although different assessments might be needed for 
different purposes, their relevance is debated and there is 
no consensus on a key set of assessments.

Multidimensional assessment of outcome
Heterogeneity in the consequences of TBI and the wide 
variety of short-term and long-term recovery patterns place 
high demands on outcome assessment. It is increasingly 
evident that a single outcome parameter is insufficient to 
demonstrate treatment effects in the clinical setting or to 
serve as an endpoint in clinical trials, and that 
multidimensional outcome scales that cover a broad range 
of domains (figure 13)448,449 are essential to describe the 
consequences of TBI. Crucially, these scales should include 
outcome domains such as cognitive deficits, psychological 
health, and quality of life (including the effects of common 
symptoms such as sleep disturbance and pain).437–439 
Development of multidimensional outcome assessments 
is a challenging aspiration and various approaches need to 
be considered: (1) identification and standardisation of a 
core set of outcome instruments; (2) recognition that 
patients who have different grades of outcome will need 
different assessment tools, both generally and to address 
specific problems that are more relevant to a specific 
outcome category or severity of impairment; and (3) 
development of more refined global assessments or 
composite endpoints.

Importantly, acceptance of the need for multidimensional 
outcome measures by regulatory authorities is essential. 
Although it is commonly perceived that regulators require 
the use of the GOS or GOSE as an efficacy parameter for 
clinical trials, experience suggests that they are open to 

Extended Glasgow Outcome  
Scale (GOSE)

1.  Dead

2.  Vegetative state

3.  Lower severe disability

4. Upper severe disability

5.  Lower moderate disability  

6.  Upper moderate disability

7.  Lower good recovery

8.  Upper good recovery

Dead

Unconsious/unaware

Dependent—need frequent help

Dependent—need some help

Unable to participate in one or more life roles

Limited in one or more life roles

Returned to normal life with some symptoms

Fully returned to normal life

Alive

Conscious

Do not need frequent help

Independent

Able to participate

Returned to normal life

Figure 12: Classification of outcome of traumatic brain injury with the Extended Glasgow Outcome Scale
Decisions involved in assigning an outcome using the Extended Glasgow Outcome Scale (GOSE). The eight-point 
GOSE was formed by subdividing three of the categories on the five-point GOS into upper and lower bands.427–429
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considering other early or late outcome measures450 if 
there is evidence to support their use and clinical validity. 
In the USA, the Food and Drug Administration (FDA) has 
recently implemented a formal qualification process for 
clinical outcome assessments that should facilitate 
adoption of a range of instruments in TBI clinical trials. 
Collaboration between the FDA and clinical investigators 
has been established in the context of the TBI Endpoints 
Development project.

Identification of a subset of assessments that cover key 
dimensions of outcome beyond those assessed with the 
GOSE, and that could be used across studies and over 
time, would be a major step forward. Assessment 
methods have different strengths and weaknesses, and 
few can be applied across the complete TBI severity 
spectrum. Approaches considered include health-related 
quality-of-life measures, neuropsychological assessments, 
and composite endpoints. Health-related quality-of-life 
assessment can effectively combine different domains, 
but a quality-of-life measure in isolation would still only 
rarely be considered adequate as an endpoint in TBI 
clinical trials, and people with severe injuries might be 
too cognitively impaired to complete these assessments. 
The reliability of exclusively self-reported measures can 
be hampered by limited self-awareness of deficits, 
necessitating access to caregivers’ views, which might be 
different and possibly more accurate than those of 
patients.451 Neuropsychological tests cover a range of 
domains, and provide a sensitive index of impairments, 
but can be challenging to complete for TBI survivors: in a 
trial of hypothermia, only just over half of patients with 

severe TBI completed a cognitive assessment at 
6 months.452 Moreover, interactions might exist between 
cognitive performance and the presence of psychological 
disorders such as post-traumatic stress disorder or 
depressive symptoms, which might affect the reliability of 
neuropsychological assessment results.453

The use of different approaches and combinations of 
instruments would depend on the level of disability—
eg, patients who have persistent postconcussion 
symptoms after mild TBI would have assessment needs 
different from those with disorders of consciousness 
after severe TBI. This need to accommodate different 
outcomes or levels of severity of impairment is 
concordant with the concept of the sliding dichotomy 
for outcome analysis of GOS or GOSE scores, in which 
the point of dichotomy of this measure is differentiated 
by initial baseline risk.443 Different outcome instruments 
might map to different levels of disability (figure 13), 
and accurate characterisation of specific problems (eg, 
paroxysmal sympathetic hyperactivity, which is common 
after more severe injuries)28 can provide a robust base 
for targeted treatment of these problems.

Composite endpoints have been pioneered in a few 
clinical trials,449,454,455 including the recent BEST-TRIP trial.238 
However, use of composite scores comprising two or more 
outcome measures can be problematic with regard to 
traditional methodological and statistical approaches, 
whereby a single measure is typically used to calculate the 
required sample size to reliably detect a treatment effect. 
In the context of composite scores in clinical trials, 
selection of a parameter that is likely to change over time 
might lead to sample sizes with insufficient power to 
detect effects of other outcomes, whereas use of the 
measure that is least likely to change could necessitate 
impractical sample sizes.449 Other issues with the use of 
global tests or composite measures include the need to 
weight individual test components and how best to achieve 
this, as well as interpretation of the overall results.

There have been major initiatives to develop a core set 
of standardised multidimensional assessment methods 
with global measures or composite endpoints that can be 
used across different diseases. The Cambridge Neuro-
psychological Test Automated Battery (CANTAB)456 and 
the NIH Toolbox457 are sets of computerised measures 
designed to assess cognition, emotion, and motor and 
sensory functions. The Patient Reported Outcomes 
Measurement Information System (PROMIS) project458,459 
has developed a set of instruments that can be used 
across a wide range of chronic conditions. These tools 
could be useful in both research and clinical settings. 
Practical problems might, however, hamper imple-
mentation of any comprehensive scheme in an 
international setting (panel 11), and completion of all 
assessments could be challenging for TBI survivors. 
Further work is therefore needed to establish multi-
dimensional and composite outcome assessments as 
endpoints for clinical studies of TBI.

Figure 13: Multidimensional outcome assessment of traumatic brain injury
Domains of outcome assessment included in both adult and paediatric Common Data Elements for traumatic 
brain injury (TBI; specific instruments are included in brackets).447 Outcome is defined by selecting multiple 
domains and choosing measures that reflect each domain. CRS-R=Coma Recovery Scale–Revised. GOS=Glasgow 
Outcome Scale. GOSE=Extended GOS. QOLIBRI=Quality of Life after Brain Injury Scale. QOLIBRI-OS=QOLIBRI 
Overall Scale. RPQ=Rivermead Post-concussion Symptom Questionnaire. SF-36=Short-Form 36. Modified from 
Kean and Malec,448 by permission of Elsevier.

Assessment domain Example measures

Bedside assessment of responsiveness (CRS-R)

Observation of motor functioning and 
activities of daily living

Formal tests of memory, attention, and 
executive function

Assessment of overall impact on life roles 
(eg, GOS, GOSE, SF-36)

Satisfaction in areas typically affected by TBI 
(eg, QOLIBRI, QOLIBRI-OS)

Assessment of postconcussion symptoms (RPQ)

Reported anxiety, depression, and 
post-traumatic stress

Recovery of consciousness

Physical functioning

Neuropsychological impairment

Global outcome

Health-related quality of life

TBI symptoms

Psychological status

Multidimensional 
outcome

For more on Common Data 
Elements for TBI see https://
www.commondataelements.

ninds.nih.gov/TBI.
aspx#tab=Data_Standards
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Limited availability of many instruments in languages 
other than English is a major barrier to their use in 
international settings. Additionally, ensuring cultural 
applicability of assessment methods is an important 
challenge when collecting and analysing data across 
countries. The CANTAB and the NIH Toolbox have the 
advantage of being language-independent, and the 
PROMIS instruments are available in many languages; 
in the context of the Collaborative European 
NeuroTrauma Effectiveness Research in Traumatic 
Brain Injury (CENTER-TBI) project (section 9), 
translations of common outcome assessments have 
been linguistically validated and will be made available 
without restrictions to the neurotrauma community. 
However, such validation is not simple, since it is very 
time-consuming and resource-intensive, and high 
priority should be given to the funding of cross-cultural 
validation of more assessments.460 Charges and 
restrictions on proprietary measures are a substantial 
hurdle in the internationalisation of many instruments. 
We strongly believe that outcome assessments 
advocated by the Common Data Elements for TBI447 
should be freely available to the clinical and research 
communities without charge, and that public funding 
should support ready access to high-quality 
instruments. Developing multidimensional outcome 
tools and novel ways to integrate the various outcome 
domains will require collaborative efforts in large-scale 
studies with novel approaches to data sharing 
(section 9).

Key messages and recommendations
Key messages
(1) Trauma disturbs the brain in complex ways, affecting 
multiple outcome domains.
(2) A substantial number of patients with even mild TBI 
experience long-term pain, sleep disorders, and mental 
health conditions, including post-traumatic stress 
disorder and major depression.
(3) Patients with TBI can have late deterioration or 
recovery of function even 1 year or more after injury.

Recommendations
(1) Multidimensional outcome constructs that quantify 
the overall burden of disability from TBI need to be 
developed and validated to guide improved clinical 
management and support high-quality research.
(2) Understanding of the long-term effects of TBI and 
implementation of best practice for ongoing care—in 
particular, for appropriately targeted health management 
and continuing support in the chronic phase of TBI—
should be prioritised by politicians and health-care 
professionals.
(3) Long-term longitudinal studies using multi-
dimensional outcome measures are needed to better 
capture the recovery process and occurrence of late 
deterioration after TBI.

Section 8: Prognosis in TBI—linking patient and 
injury characteristics to outcome
Outcome after TBI depends not only on the quality of 
care provided, but also on patient and injury 
characteristics such as premorbid state (eg, age or 
comorbidities), mechanism of trauma, injury severity, 
presence and severity of extracranial injuries, patient 
response, and social environment. Linking patient and 
injury characteristics at presentation to outcome is the 
science of prognosis and prognostic modelling.461 
Prognostic models combine a range of characteristics in 
a mathematical formula and have diverse applications 
(panel 12) in clinical practice and research in TBI. These 
applications include provision of personalised 
information on expected outcomes to patients and their 
relatives, adjustment for differences in case-mix between 
clinical research studies, and calculation of standardised 
outcome rates for bench marking of quality of care.

Robust prognostic models have been developed for 
moderate and severe TBI. However, they are not used in 
mainstream clinical practice, and their precision could 
be improved, primarily with better characterisation of 
injury severity and patient factors at presentation 
(section 6), and by including outcome measures beyond 
the GOS and the GOSE. Prognostic schemes for mild 
TBI are far less well established than are those for 
moderate-to-severe TBI and will require more refined 
description of outcome (section 7).

In this section, we explore how prognostic models can 
be used to link patient and injury characteristics to 
outcomes. We consider the applications of prognostic 
models in clinical practice and research, and also discuss 

Panel 11: Barriers to widespread adoption of 
recommended outcome assessments for traumatic brain 
injury in an international setting

Language
• Lack of availability of linguistically validated versions in 

languages other than English
• Cultural applicability

Lack of cross-cultural validation of assessments
• Cost
• Initial costs of some instruments or stipulation of 

payment per use

Copyright
• Copyright issues and related difficulties in reproducing 

materials

Access
• Restriction of some assessments to particular professional 

groups

Scoring
• Charges and restrictions imposed by proprietary scoring 

systems

For more on the CENTER-TBI 
project see https://www.center-
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https://www.center-tbi.eu/ 
https://www.center-tbi.eu/ 
https://www.center-tbi.eu/ 


1022 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

For more on the IMPACT project 
see http://www.tbi-impact.org/

the developments and refinements needed to improve 
prognostic models and enhance their use.

Applications for prognostic modelling in TBI
Outcome predictions form an integral part of clinical 
medicine and serve various purposes—eg, to provide 
information about expected outcomes to patients and 
their relatives and to assist with treatment and triage 
decisions (panel 1). Clinicians’ expectations of patients’ 
outcomes have an inherent degree of uncertainty, and 
prognostic models could help to refine these expectations 
by providing a probability of a specific outcome.

Prognostic models can further be used to inform our 
understanding of cause and effect, and provide insight 
into potentially modifiable causes of poor outcomes. 
However, since an association might not be causal, clinical 
benefit of correction of a modifiable factor would need to 
be proven with thorough evaluation of an intervention, 
preferably in an RCT. Use of prognostic models could also 
facilitate more efficient design of clinical trials and 
analysis of trial data,442,461 and enable adjustment for 
differences in case-mix when comparing patient series. As 
outcome depends not only on treatment, but also to a 
large extent on patient characteristics and injury severity, 
making comparisons between different patient 
populations is inappropriate, unless these comparisons 
are risk-adjusted for differences in case-mix. Prognostic 
models could be used to provide estimates of expected 
outcomes for case series adjusted for patient and injury 
characteristics; any differences between observed and 
expected outcomes could then be attributed with more 
certainty to differences in treatment. Adjustment for 
injury and patient characteristics is particularly relevant to 
TBI owing to its complex heterogeneity, including 
differences in injury type and severity between patients.

Similarly, prognostic models could be used for risk 
adjustment when comparing outcomes between 
hospitals. Such benchmarking is a specific approach to 
enable implementation of the best available evidence 
into practice and to optimise quality of care. It allows 
continuous comparisons between hospitals and 
identification of areas for improvement. Ideally, a set of 
quality indicators for benchmarking would include 

outcome indicators (eg, mortality rate), process indicators 
(eg, guideline adherence), and structure indicators 
(presence of facilities to provide good care). However, the 
development of quality indicators for TBI is challenging 
since mortality is a poor outcome metric for 
benchmarking in TBI: survival with extremely severe 
disability is generally considered to be an undesirable 
outcome, and, for many, survival in a vegetative state 
might be an outcome worse than death. There are 
currently no broad quality indicators for TBI, and the 
development of an internationally accepted set of 
indicators should be considered a high priority to ensure 
implementation of evidence-based care and to optimise 
quality of care for patients with TBI.

Prognostic models for outcome prediction
Moderate and severe TBI
Many prognostic models have been developed since the 
1970s, with varying methodological quality.462,463 One aim 
in developing some of these models was to refine efficacy 
analyses in clinical trials. These models have specifically 
focused on baseline risk assessment using characteristics 
available at hospital admission, and on mortality and GOS 
scores at 6 months after injury as outcomes of interest. 
For moderate and severe TBI, two sets of prognostic 
models have been developed on large data sets using state-
of-the-art methods: the IMPACT (International Mission 
for Prognosis and Analysis of Clinical Trials in TBI) 
models, based on eight large datasets,464 and the CRASH 
models, based on the database of a large clinical trial.465 
However, the development populations for both models 
were weighted towards severe TBI, and patients with 
moderate TBI were under-represented;466 thus, an 
additional focus on moderate TBI is required.

The IMPACT and CRASH models share some key 
predictors of outcome: age, GCS scores (the full score in 
CRASH, the motor component in IMPACT), pupillary 
reactivity, presence of second insults (hypoxia and 
hypotension), CT characteristics, and laboratory 
parameters. Most predictive information is contained in 
the core predictors—age, GCS motor score, and pupillary 
reactivity—which together explain approximately 35% of 
the variance in outcome (appendix p  10).461 Both the 
CRASH and IMPACT models have been extensively 
validated in cohorts outside the populations of the 
original studies, an essential step to test the 
generalisability of a prognostic model beyond the 
development setting.467 In the absence of external 
validation, prognostic effects are likely to be 
overestimated. External validation should therefore be a 
key requirement for all new models and for the addition 
of new predictors to existing models.

Mild TBI
The sequelae of mild TBI can include physical 
symptoms, behavioural disturbances, and cognitive 
dysfunction, any of which could interfere with return to 

Panel 12: Applications for prognostic modelling in 
traumatic brain injury

• To provide realistic information to patients and relatives 
about expected outcomes

• To inform triage decisions
• To provide insight into possible causes of poor outcomes
• To enable identification of potentially modifiable causes 

of poor outcomes
• To enable risk adjustment for comparisons of patient series
• To improve design of clinical trials and analyses of trial data
• To enable benchmarking of quality of care
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work or resumption of social activities.332,461 Prognostic 
analyses can enable identification of patients at 
increased risk of such symptoms, who could then be 
followed more closely and receive early interventions to 
alleviate the burden of injury. Mortality is not an 
appropriate endpoint for prognostic analyses in these 
patients, and the usefulness of the GOS is doubtful, 
because although a substantial number of patients with 
so-called mild TBI might have disabling complaints, 
most will have outcome scores in the upper segment of 
the GOS categories.468 Ceiling effects of the GOS might 
partly explain why methods for predicting outcome in 
patients with milder forms of TBI are scarce. More 
sensitive outcome measures (section 7) as endpoints for 
prognostic analyses are required, but these have so far 
been insufficiently or inconsistently investigated. 
Although prognostic models are now beginning to 
emerge for mild TBI, they have not been fully validated, 
their generalisability has not been determined, and they 
are less well established than those for moderate-to-
severe TBI.332,469–473 Therefore, there is an urgent need for 
robust validation and further improvement of models in 
this patient group.

Advancing the science of prognosis in TBI
The availability of robust and well validated prognostic 
models for moderate-to-severe TBI is a major step forward. 
They allow us to deal appropriately with the inherent 
heterogeneity of TBI populations. However, as these 
models each explain, at most, only 35% of the variance in 
outcome,461,474 other key patient and injury characteristics 
are likely to contribute to outcome. Identifying these 
characteristics could improve prognostication and, if 
modifiable, could provide therapeutic targets. Genetic 
variance, advanced neuroimaging, and other precision-
medicine features (section 6) might explain part of the 
residual variance. Inclusion of these features could provide 
some refinement of prognostic models, but treatment 
differences and centre effects are also likely to contribute 
to the variance in TBI outcome.

Various directions for prognostic research in TBI 
have been identified (panel 13). Prognostic models 
could be improved by including new predictors, by 
better characterising existing predictors, by adding new 
information as it becomes available with disease 
evolution (dynamic predictors), and by predicting other 
relevant outcomes. Various studies have explored the 
prognostic value of new predictive methods, including 
biomarkers and advanced MRI (section 6), often 
reporting promising results. However, most have been 
limited to relatively low numbers of patients and have 
compared predictions based on admission 
characteristics (eg, with the IMPACT and CRASH 
models) with performance of the new predictive 
method at a later stage (eg, advanced MRI at 
1–3 weeks).475,476 A more rigorous approach would be to 
assess the predictive value of new information (eg, MRI 

findings) obtained at the same time as clinical 
admission characteristics. Importantly, studies need to 
have adequate sample sizes, as underpowered studies 
might produce misleading conclusions, either inflating 
prognostic effects or missing effects entirely.477 

Prognostic models could also incorporate information 
that becomes available over time, such as repeated CT 
imaging, additional MRI scans, or temporal profiles of 
monitored parameters.478 Such dynamic predictions are 
complex and require specific statistical techniques to 
capture repeated measures from the same patient.479 
Recently developed machine-learning techniques might 
hold promise for use with complex data structures, but 
they have performed inconsistently in predicting 
outcome after TBI.480,481

We need to focus on the incremental value of new or 
extended predictive markers—ie, their prognostic value 
beyond readily available characteristics. Such evaluation 
should be phased, starting with technical validation of 
marker measurements, followed by evaluation in small 
patient series, and, ultimately, with rigorous validation in 
independent cohorts. Repeated validation over time with 
updating of models should be done to account for the 
changing epidemiology of TBI (section 1) and changes in 
care processes and treatments. Several statistical 
measures have recently been proposed to quantify the 
effect of a marker on classification.482 Decision analyses483 
and cost-effectiveness analyses should also be done to 
assess the clinical usefulness of any new marker.484

A related challenge is to make predictions optimally 
targeted to the specific clinical setting. The CRASH 
model was developed with variants for HICs and 
LMICs.465 Further site-specific customisation could be 
attempted using advanced statistical approaches such as 
random effects models, which take into account the 
clustering of patients within sites and incorporate this 
clustering into prognostic estimates. Such model 
adaptations aim to improve the calibration of predictions 
for individual patients in specific settings,485 recognising 
that trauma organisation and treatment policies might 
differ between sites or change over time.467

Random effects model 
Also known as a variance 
components model, a statistical 
model that assumes that a 
sample is drawn from a larger 
population, with variation both 
within and between samples, 
thus enabling inferences to be 
made about the wider 
population

Panel 13: Directions for advancing prognostic modelling in 
traumatic brain injury

• Refinement of models for moderate and severe traumatic 
brain injury (TBI) to adapt to changing epidemiology and 
outcomes

• Exploration of new markers, tests, and imaging (eg, 
magnetic resonance imaging [MRI] and genotype)

• Development of dynamic predictions beyond baseline 
assessment (eg, serial clinical or imaging assessment)

• Development and validation of models for mild TBI using 
sensitive endpoints

• Development and validation of models to predict quality 
of life and other outcomes
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International collaborative studies that collect high-
quality data on large numbers of patients across the full 
injury severity spectrum, including mild TBI, are 
required to advance the science of prognosis in TBI 
(section 9). The absence of good prognostic models for 
mild TBI highlights an important gap in our knowledge 
that requires attention. Outcome measures are required, 
beyond the currently established GOS and GOSE 
assessments, that incorporate cognitive, psychosocial, 
health-related quality-of-life, and other patient-reported 
outcomes. Prognostic models that include such 
multidimensional measures and that extend over a long 
timeframe to predict chronic outcomes need to be 
developed (section 7).

Key messages and recommendations
Key messages
(1) Prognostic models can help clinicians to provide 
realistic information to patients and families and can 
facilitate treatment and triage decisions, but existing 
models for moderate-to-severe TBI require refinement 
and there are no well established models for mild TBI.
(2) TBI affects multiple outcome domains (section 7), but 
current prognostic models, which focus mainly on 
mortality and GOS scores, cannot predict this range of 
outcomes.
(3) A validated set of quality indicators is essential for the 
benchmarking of quality of care, but none exists for TBI.

Recommendations
(1) There is an urgent need for further development, 
validation, and implementation of prognostic models in 
TBI, especially for mild TBI.
(2) Support is needed for the development of new 
prognostic models that can be used to predict outcomes 
beyond mortality and GOS scores, and that reflect multiple 
domains including cognitive, psychosocial, and health-
related quality-of-life outcomes.
(3) Efforts are needed to develop a set of quality indicators 
for TBI that includes structure, process, and outcome 
metrics.

Section 9: New directions for acquiring and 
implementing evidence
The heterogeneity of the population at risk of TBI, 
variations in injury patterns, and wide disparities in 
systems of care pose particular challenges for the 
generation and implementation of clinical evidence in the 
field of TBI. Evidence underpinning guidelines for trauma 
care pathways and clinical interventions is often weak, 
and recom mendations are inconsistently implemented 
(sections 4, 5). Conventional approaches to reduce 
heterogeneity in RCTs of medical or surgical interventions 
have mostly involved use of strict enrolment criteria and 
tight protocols, typically focusing on age, GCS scores, and 
preinjury morbidity, while neglecting differences in injury 
mechanisms (section 5). This approach has reduced the 

generalisability of results, while increasing duration and 
therefore costs of studies. Moreover, most multicentre 
RCTs in TBI have failed to demonstrate efficacy of 
interventions in the populations studied.345,348 A recent 
systematic overview of RCTs in acute moderate-to-severe 
TBI identified 191 completed RCTs, of which 26 were 
considered to be robust (high quality, with sufficient 
numbers). Of these, only six showed a statistically 
significant effect—three positive and three negative. The 
authors concluded that considerable investment of 
resources had resulted in very little translatable evidence.348

There is a growing appreciation that the current 
emphasis on the pre-eminence of RCTs for clinical 
evidence generation might be mistaken.486 We must 
rethink approaches to the generation, analysis, and 
implementation of evidence.347,486 An alternative approach 
could be to exploit the heterogeneity of TBI in terms of 
disease type, management, and outcome using CER, 
rather than attempting to reduce the heterogeneity, as is 
common in RCTs. Such research would enable 
assessment of therapies in real-world conditions. CER 
requires large studies, international collaboration, and 
advanced statistical expertise. It also demands a change in 
research culture to recognise CER outputs as high-quality 
evidence, and to embrace broad data sharing. Large-scale 
collaborative studies and data sharing are also needed to 
generate high-quality research on the characterisation of 
TBI, outcome assessment, and prognosis (sections 6, 7, 8). 
Such research would help to advance precision-medicine 
approaches, to target treatments to individual patients on 
the basis of clinical and pathophysiological characteristics. 
Such paradigm changes are endorsed by the InTBIR, a 
collaboration of funding agencies. Global collaborations 
modelled on the InTBIR need to be promoted.

In this section, we evaluate the application of CER 
approaches, and explore the advantages and challenges of 
collaborative efforts and data sharing in TBI research. We 
also discuss a novel approach in which systematic reviews 
are continually updated to optimise existing evidence, 
and we review the potential for knowledge transfer to 
facilitate implementation of evidence into practice.

Comparative effectiveness research
Approaches to CER
CER is the generation and synthesis of evidence to 
compare the benefits and harms of different approaches to 
delivery of care, or of methods to prevent, diagnose, 
monitor, or treat a clinical condition. The purpose of CER 
is to assist consumers, clinicians, purchasers, and policy 
makers to make informed decisions that will improve 
health care at both the individual and the population 
levels.487 The applicability of research results to daily 
clinical practice is central to CER. Approaches to CER can 
include both experimental and non-experimental designs. 
Experimental designs include pragmatic RCTs, which, in 
contrast to traditional RCTs, use broad inclusion criteria to 
increase the generalisability of results while maintaining 
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the benefits of randomisation.488 Non-experimental designs 
are generally based on observational studies that exploit 
existing variability in care and outcome to compare 
systems of care or interventions. Non-experimental 
designs are methodologically challenging and there is a 
high risk of so-called confounding by indication—ie, 
finding an association between an intervention and an 
outcome in the absence of a causal connection since the 
selection of patients who receive the intervention is not 
random, but rather is influenced by patient characteristics, 
physician preferences, or other uncontrolled factors. 
Expert methodological input is required to deal with the 
potential problems of confounding by indication. Large-
scale studies, based on collaborative efforts, that capture 
sufficient detail and are underpinned by careful design 
and analysis plans, are essential for robust CER outputs.

Application of CER to TBI
CER has particular potential in the field of TBI for several 
reasons.346 First, there are large between-centre and 
between-country differences in both management and 
outcome. Second, robust risk-adjustment models are 
available for TBI, allowing adjustment for patient and 
injury characteristics that might affect outcome. Third, 
advanced statistical models, including random effects 
models, are available to analyse differences between 
centres. Existing variability could relate to structural 
parameters (eg, level I vs level II trauma centres, or high-
patient-volume vs low-patient-volume centres) or process 
parameters (eg, choice of surgical procedures, use of ICP 
monitoring, choice of acute management protocols, or 
choice of rehabilitation interventions).

In the IMPACT studies, data were analysed from 
9578 patients with moderate or severe TBI from 
265 centres, and a 3·3-times difference in the odds of 
unfavourable outcome was found at 6 months between 
centres at the two extremes of the outcome range (2·5th 
vs 97·5th percentiles). This difference persisted after 
adjustment for chance effects and differences in case-
mix.489 Similarly, an analysis of 9987 patients across the 
TBI severity spectrum from 237 centres in 48 countries 
from the CRASH trial showed a 6·6-times difference in 
14-day mortality between centres with the lowest 
(2·5th percentile) and highest (97·5th percentile) 
mortality rates after adjustment for chance and case-mix 
(appendix p 10).490 Both studies, however, had insufficiently 
detailed data to relate these outcome differences to 
differences in structure or process of care.

Many interventions that are part of current clinical 
practice are not readily assessed using RCTs. In many 
instances, this is because the uncertainties about the 
interventions involve complex protocols of management 
(such as the order in which aggressive therapies should be 
used for intracranial hypertension) rather than efficacy of 
individual treatments. In other instances, RCTs might be 
challenging owing to lack of clinical equipoise within 
individual centres where a given approach is strongly 

established, despite substantial heterogeneity in practice 
between centres (as is the case with surgery for contusions). 
CER approaches could provide a more cost-effective means 
of evaluating these interventions (and, potentially, novel 
therapies) in real-world settings. Early evidence in support 
of non-experimental designs as a promising approach for 
research on severe TBI comes from studies that relate 
outcomes to structural parameters250,251,260 (section 4) or that 
compare surgical or medical interventions (ie, process 
parameters)312 (section 5) using CER.

In guideline development, however, evidence from 
non-randomised clinical studies is regarded as inferior to 
that generated by RCTs. The recent update of the 
guidelines on management of severe TBI294—which 
resulted in high-quality (level 1) recommendations for 
just one topic—illustrates the methodological rigour 
with which evidence is currently being evaluated. We 
suggest that evidence from high-quality non-randomised 
and observational studies could be as valuable as that 
from RCTs, since the increased generalisability of such 
studies provides specific practical benefits.

Collaborative approaches to accelerate TBI research
Since the 1970s, there has been a rich tradition of academic 
collaboration for advancement of TBI management. In 
the 1980s, the US National Traumatic Coma Data Bank491 
provided important data on acute physiology and outcome, 
which underpins much of current clinical practice. This 
tradition continues in the USA, perhaps best exemplified 
by the TBI Model Systems Program, which provides 
valuable data based on everyday practice, particularly for 
postacute services, in collaborating US centres. More 
recently, US and Indian neurosurgeons formed a new 
coalition, The Indian Traumatic Brain Injury Consortium, 
and have implemented a pilot project in Andhra Pradesh, 
southern India, to improve outcomes after TBI by 
optimising systems of care and care pathways.77 Important 
outputs have resulted from international consortia (such 
as the CHIRAG [Collaborative Head Injury and 
Guidelines] study group82 and the European Brain Injury 
Consortium),492 clinical trials consortia (such as the 
Australian and New Zealand Intensive Care Society 
Clinical Trials Group),296,493,494 and national audit 
programmes (the UK Intensive Care National Audit and 
Research Centre).260 More recent initiatives include the 
TBI Endpoints Development project and the Chronic 
Effects of Neurotrauma Consortium, which addresses the 
late effects of TBI.495 However, the past few years have seen 
a more strategic approach to the encouragement of such 
collaboration, which represents synergistic efforts not 
only of researchers, but also of national and international 
funding agencies.

International Initiative for TBI Research
The need for a reappraisal of research design and 
implementation of broad-based, sustainable multi-
disciplinary and international approaches was recognised 

For more on the European Brain 
Injury Consortium see http://
www.ebic.nl/

For more on the Australian and 
New Zealand Intensive Care 
Society Clinical Trials Group see 
http://www.anzics.com.au/
Pages/CTG/CTG-home.aspx

For more on the Intensive Care 
National Audit and Research 
Centre see https://www.icnarc.
org/

For more on the Chronic Effects 
of Neurotrauma Consortium 
see https://cenc.rti.org/

For more on the TBI Model 
Systems Program see http://
www.msktc.org/tbi/model-
system-centers
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in 2010 by major funding agencies. This led to the 
establishment of the InTBIR, which represents a 
concerted effort to tackle the vast global health problem 
posed by TBI. The InTBIR initially arose as a collaboration 
between the European Commission, the US NIH–
National Institute of Neurological Disorders and Stroke, 
and the Canadian Institute of Health Research,496 and 
was more recently joined by One Mind (a non-
governmental organisation) and by the US Department 
of Defense. Table 3 summarises the initial studies 
supported within the InTBIR collaboration, which cover 
the entire spectrum of TBI. Each has a different focus 
but a common goal: to better understand TBI, and to 
improve its prevention, treatment, and outcomes.

The InTBIR studies will include over 40 000 patients 
with TBI of all severities, many of whom will provide 
novel genomics, biomarker, and advanced imaging 
data. The outputs are expected to provide a rational 
basis for optimisation of health-care delivery for 
populations and clinical management for individual 
patients (figure 14). Additionally, these studies will 
establish well curated biorepositories and databases, 
which will provide a legacy for future research on blood 
samples from well characterised populations of patients 
with TBI as new methods are developed or longer 
follow-up becomes possible. All projects comply with 
standards based on the Common Data Elements,447 
which allow clinical investigators systematically to 
collect, analyse, and share data across the research 
community. European and Canadian studies will 
address the internationalisation of these Common Data 
Elements, allowing a US-based process to be applied 
globally, and promote global data standards for TBI 
research. This harmonised data collection will permit 
meta-analyses of data from large numbers of patients—
essential for CER and improvement of TBI 
characterisation—and deliver outputs that would be 
impossible with any individual study.

This collaboration of international funding agencies is 
unique. The total overall funding for the InTBIR studies 
listed in table 3 will be approximately US$90 million 
between 2012 and 2020, which represents an enormous 
increase from past levels of funding for TBI research, 
but this is still disproportionally low when compared 
with that for other neurological diseases. An estimate 
based on figures from the International Alzheimer’s 
Disease Research Portfolio500 suggests that global 
funding for research into dementia, a disease with a 
comparable impact to TBI, was US$3·4 billion between 
2008 and 2014.501 Furthermore, between 1998 and 2008, 
an estimated US$432 million was spent globally on 
research into frontotemporal dementia,502 a condition 
with a global incidence of 2·7–4·1 per 100 000 people per 
year.503 Given the vastly greater number of patients with 
TBI and the huge cost burden worldwide, substantial 
increases are warranted in funding to support 
neurotrauma research.

Towards global collaborations
The concept of large-scale observational studies 
combined with CER, as implemented in the InTBIR 
initiative, has attracted global interest and resulted in a 
number of linked collaborative projects. In China, a 
large-scale observational study was initiated in August 
2015 and recruitment was completed in June 2017. In 
total, 13 583 patients with TBI were included from 61 sites 
(Gao G, unpublished). In India, an observational study 
named CINTER-TBI (Comparative Indian Neurotrauma 
Effectiveness Research-TBI) was initiated in June 2016 
and recruitment was recently expanded to six centres 
(Gupta D, unpublished). The involvement of China and 
India, with their large populations and dramatically 
increasing TBI burden, provides a platform for high-
quality research in these countries. Both studies are 
autonomous and conducted nationally, and were 
investigator-driven with minimal or absent local funding. 
Data collection in both studies is harmonised with 
CENTER-TBI to enable meta-analyses across studies. 
Therefore, for the first time, data collection in the field of 
TBI is globally harmonised and coordinated.

In view of the trend for clinical trials initiated by 
pharmaceutical companies to be moved from Europe 
and the USA to east Asia, the international collaborations 
described above could deliver key insights into the 
generalisability of results. These initiatives reflect 
increasing recognition of the potential benefits of broad 
collaborations504 and represent a new approach to 
research, to which funding agencies must adapt to enable 
truly global collaborations. Major challenges include a 
lack of funding mechanisms for global research and 
restrictions to crossborder data transfer owing to privacy 
legislation. Despite the collaborative ethos of the InTBIR 
initiative, the studies conducted under its aegis are 
funded independently by respective funding agencies, 
and funding is not currently planned for meta-analyses 
across InTBIR studies, or with linked projects such as 
the initiatives in China and India. The greatest synergies 
will emerge from integrated analyses of the combined 
data in all relevant studies. The initiative established by 
the InTBIR needs to be expanded globally, and 
consolidated by facilitating meta-analysis across studies, 
thus ensuring future research continuity.

Data sharing
CER and precision-medicine research in TBI require 
large sample sizes and data sharing. Funding bodies, 
journal editors, and research regulators promote such 
sharing.505–513 Although the principle of data sharing 
receives almost universal support, implementation is not 
easy. Any solution must comply with privacy and ethical 
regulations, ensure high-quality data standards, promote 
sensible data use, maintain incentives for researchers 
who collect data, and appropriately account for the true 
costs of data sharing. Balancing these competing 
demands is challenging.514

For more on One Mind see 
http://onemind.org/

http://onemind.org/
http://onemind.org/
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Consent issues
In TBI, particular challenges arise from loss of capacity to 
consent and from the need to initiate data collection as 
early as possible after injury. In the USA, the Health 
Insurance Portability and Accountability Act regulations515 
recognise proxy consent in principle, and permit the use of 
a waiver of consent, particularly if underpinned by 
community consultation. The regulatory situation in EU 
jurisdictions is in a state of flux: the General Data Protection 
Regulation (regulation 2016/679) will apply from 
May 2018,516 and although it makes provisions for research, 

it remains ambiguous with regard to incapacitated patients 
in emergency situations. There is a strong case for explicitly 
defining the acceptable use of data for legitimate clinical 
research in this context, and doing so in a way that meets 
the research needs of TBI and other acute diseases that 
could be characterised by lack of capacity to consent.

Intellectual capital and costs of data sharing
The emergence of open data sharing has created clear 
tensions with the way in which research success is 
currently measured. Given that the conventional currency 

Project title (trial 
identifier)

Project acronym 
or short title

Target enrolment Current 
enrolment*

Study design 
or approach

Focus of study Study 
duration

Funding 
agency

Funding

Europe

Collaborative European 
NeuroTrauma 
Effectiveness Research 
in TBI497 
(NCT02210221)

CENTER-TBI 5400 paediatric and 
adult patients with TBI 
of all severities

Core data 
4641 patients; 
registry 
21 476 patients

CER Improved characterisation and 
identification of best practices 
(biomarkers, classification, 
prognosis; systems of care, 
management, interventions)

2013–2020 European 
Commission

€29 998 310

Collaborative Research 
on Acute Traumatic 
brain Injury in 
intensiVe care 
medicine in Europe 
(NCT02004080)

CREACTIVE 7000 paediatric and 
adult patients with TBI 
in intensive care

5635 patients with 
TBI: 5163 adults, 
472 children

CER Improved characterisation and 
identification of best practices 
(biomarkers, imaging, 
prognosis; systems of care, 
management, interventions)

2013–2018 European 
Commission

€5 443 350

USA

Transforming Research 
and Clinical Knowledge 
in Traumatic Brain 
Injury (NCT02119182)

TRACK-TBI 2400 adult patients with 
TBI of all severities; 
600 controls with 
orthopaedic injuries

2191 patients with 
TBI; 175 controls

CER Improved characterisation and 
precision medicine 
(biomarkers, classification, 
prognosis; systems of care, 
management, interventions)

2013–2018 NIH–NINDS US$18 800 000

Approaches and 
Decisions in Acute 
Pediatric TBI Trial

ADAPT 1000 paediatric patients 
with TBI in intensive 
care

Completed: 
1000 patients

CER Identification of best practices 
for treatment of severe TBI in 
the paediatric population 
(acute interventions)

2013–2018 NIH–NINDS US$16 147 544

Managing Severe TBI 
Without ICP 
Monitoring—
Guidelines 
Development and 
Testing 
(NCT02059941)

·· 913 adult patients with 
TBI in intensive care

Phase 1 
(completed) 
413 patients; 
phase 2 
270/500 patients

CER Creation and assessment of 
guidelines for treatment of 
severe TBI in the absence of ICP 
monitoring

2012–2017 NIH–NINDS US$2 586 216

Canada

Predicting and 
Preventing 
Postconcussive 
Problems in Pediatrics 
Study469,498 
(NCT01873287)

5P Paediatric and 
adolescent patients with 
mild TBI: derivation 
cohort 2000 patients; 
validation cohort 
800 patients

Completed: 
3063 patients

Prospective 
cohort study

Development of prognostic 
tools (clinical prediction rule 
derivation and validation)

2013–2018 CIHR CAN$1 273 705

Improving the 
Diagnosis and 
Treatment of mTBI in 
Children and Youth 
using Common Data 
Elements

PedCDE 500 patients with mild 
TBI aged 6–17 years; 
50 controls 
300 patients with mild 
TBI aged 0–5 years; 
50 controls

Completed: 
434 patients aged 
6–17 years; 
50 controls 
55 patients aged 
0–5 years

Prospective 
cohort study

Tool standardisation (CDEs), 
prognosis

2013–2018 CIHR CAN$1 400 000

Safe to Play: A 5-year 
longitudinal cohort 
study of mTBI in youth 
ice hockey players

Safe to Play 1040 paediatric and 
adolescent ice hockey 
players without TBI at 
baseline

3000 paediatric and 
adolescent ice 
hockey players 
(with yearly 
replacements for 
any loss to 
follow-up)

Prospective 
cohort study

Prevention (epidemiology, risk 
factors), diagnosis, prognosis, 
management

2013–2018 CIHR CAN$1 500 000 
($300 000 per 
year for 5 years)

(Table 3 continues on next page)

For more on the EU General 
Data Protection Regulation see 
http://www.eugdpr.org/ 

http://www.eugdpr.org/
http://www.eugdpr.org/
https://www.creactive.marionegri.it
https://tracktbi.ucsf.edu/
https://www.adapttrial.org
https://www.5Pconcussion.com
http://www.thechildren.com/canada-pediatric-mild-traumatic-brain-injury-common-data-elements-study-mtbi-cde
http://www.ucalgary.ca/siprc/
http://www.eugdpr.org/
http://www.eugdpr.org/
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of such success is based on publications and grant awards, 
the data that underpin these are viewed as academic 
capital by many researchers. The perceived loss of such 
capital in the context of unrestricted data sharing is 
therefore seen as an obstacle to its implementation by 
many individual researchers and institutions, and 
although this challenge is recognised, it remains 
unresolved.513,517 These tensions are a particular issue for 
TBI, since the demands of data collection at the acute 
stage can be substantial in patients who are critically ill 
and often have multiple injuries. Many of these patients 
will not have the capacity to provide consent, and obtaining 
proxy consent from distraught family members requires 
sensitive and experienced research staff who need to be 
available around the clock. Provision of staff and support 
for patient recruitment is demanding on resources and is 
rarely fully recompensed in publicly funded studies. 
Additional costs accrue from the process of data sharing 
itself.518 A recent commentary519 identified four major 
categories of costs for data sharing, including infra-
structure and administration, data standard isation, 
human resources, and opportunity costs. It is essential 
that funders recognise these additional data-related costs, 
estimated to represent up to 15% of study costs.519

Approaches to data sharing
The desire to obtain a justifiable return on intellectual 
capital and local resource subsidies has led many 

researchers to make data available primarily in the 
context of a collaboration, with an anticipated reward of 
at least one joint publication, which benefits all 
collaborating parties. This recapitulates arrangements in 
the open-source community, where source code licences 
(such as the GNU General Public License)520 encourage 
the return of any improvements or new developments in 
the software product to the owner, thus ensuring a 
collaborative approach to product development. Many of 
the major InTBIR studies have elected to formalise such 
collaborative ventures through data-use agreements, 
which provide a clear understanding of data use between 
the collaborating parties.521,522

The NIH have mandated that all data from US publicly 
funded TBI studies must be deposited in the Federal 
Interagency Traumatic Brain Injury Research informatics 
system, but transfer of data from European InTBIR 
studies to this repository might contravene the new EU 
data privacy legislation. However, data collected in a 
standard manner do not necessarily have to be stored 
together to be integrated for combined analyses. The 
pros and cons of central versus individual repositories 
for specific studies were explored in a recent Wellcome 
Trust Report514 and an abstracted summary is provided in 
the appendix (p 10).

Irrespective of how data are stored, enabling open 
access while ensuring personal privacy remains a work 
in progress. An additional privacy concern is that new 
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(Continued from previous page)

Post-Concussion 
Syndrome Affecting 
Youth: GABAergic 
Effects of Melatonin499 
(NCT01874847)

PLAYGAME 99 children and 
adolescents with 
postconcussion 
syndrome; 38 patients 
who have recovered 
from mild TBI as 
biomarker controls; 
30 healthy controls

Completed: target 
numbers met

RCT (three 
parallel group 
design)

Treatment (3 mg melatonin vs 
10 mg melatonin vs placebo); 
biomarker development

2013–2018 CIHR CAN$855 000

NeuroCare: A Clinical 
Decision-Making Tool 
in Youth mTBI

NeuroCare 1400 paediatric and 
adolescent athletes; 
140 paediatric and 
adolescent patients with 
mild TBI; 140 controls

945 athletes; 
62 patients with 
mild TBI; 52 
controls

Longitudinal 
case-control 
study

Tool development 
(neurophysiological detection 
of readiness for return to 
activity after mild TBI)

2013–2019 CIHR CAN$1 065 728

TBI-Prognosis 
Multicentre 
Prospective Study 
(NCT02452541)

TBI-Prognosis 315 critically ill adults 
with severe TBI

Completed: 
320 patients

Multicentre 
prospective 
cohort study

Development of prognostic 
models (biomarkers, imaging, 
electrophysiology, 
classification)

2013–2018 CIHR CAN$1 053 131

Cofunding partners of the Canadian Institutes of Health Research (CIHR) for the International Initiative for Traumatic Brain Injury Research (InTBIR) team grants are the Fonds de recherche du Québec Santé, the 
Hotchkiss Brain Institute, the Ontario Brain Institute, and the Ontario Neurotrauma Foundation. Cofunding of CENTER-TBI is provided by One Mind and the Hannelore Kohl Stiftung (Germany). To facilitate 
information exchange and collaboration, one new and two ongoing studies, as well as a new collaborative research network, have been incorporated under the umbrella of the InTBIR since it was set up. The 
HEMOTION trial (NCT03260478, funded by the CIHR) is a new multicentre pragmatic open blinded-endpoint (PROBE) randomised controlled trial (RCT) in 712 critically ill patients with moderate or severe 
traumatic brain injury (TBI) to evaluate the effect of red blood cell transfusion strategies on functional outcome. Studies that were already underway or approaching the analysis phase include TEAM-TBI 
(Targeted Evaluation, Action, and Monitoring of Traumatic Brain Injury) and the 15 Year Longitudinal Study, both funded by the US Department of Defense. TEAM-TBI (2014–2017) uses comparative 
effectiveness research (CER) to assess targeted therapies in 360 patients with TBI, and the 15 Year Longitudinal Study (2010–2025) on service members and veterans (600 patients with TBI and 300 controls) 
aims to examine the natural course of TBI sustained in military settings, including the relation between injury and the ageing process, and to provide information on the care needs of service members and 
veterans with TBI, as well as on the quality of life and impact of TBI on caregivers. The Canadian Traumatic Brain Injury Research Consortium is a new collaborative research network, funded by the CIHR, which 
aims to improve the scope of TBI research through collaborative multicentre research, harmonisation of data collection, international collaborations, and knowledge transfer of best practices. CDEs=Common 
Data Elements. ICP=intracranial pressure. mTBI=mild TBI. NIH=National Institutes of Health. NINDS=National Institute of Neurological Disorders and Stroke. *Numbers correct up to Sept 1, 2017.

Table 3: Initial studies supported by the International Initiative for Traumatic Brain Injury Research
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data-mining tools could allow identification of individuals 
in supposedly anonymised datasets.523 One possible 
solution could be provided by so-called gatekeeper 
software, which balances the seemingly irreconcilable 
demands of access versus privacy through differential 
privacy algorithms.524,525 However, technology can provide 
solutions only in the context of rational regulation, and 
any digital solutions will need to be underpinned by new 
paradigms of consent526 and social contracts between 
researchers and patients.527 Emerging trends provide 
cause for optimism in this context.528,529

Optimising existing evidence: living systematic reviews
Health-care decisions should be informed by knowledge 
about what works and what does not. Such understanding 
is best achieved with systematic reviews that assess and 
critically appraise integrated results from multiple 
studies using transparent and reproducible methods.530 

However, conventional systematic review processes are 
labour-intensive and time-consuming, often undertaken 
by small teams working in isolation, and seldom updated 
as new research is published. In an analysis of 
792 studies incorporated into 73 systematic reviews 
across 28 neurotrauma topics, the median time from 
primary study publication to its inclusion in a published 
systematic review ranged from 2·5 to 6·5 years.531,532 
Therefore, systematic reviews are often outdated by the 
time they are published.533

An innovative knowledge-management approach 
known as living systematic reviews (LSRs)532,534,535 is 
currently being pioneered within the CENTER-TBI 
project. LSRs are timely and high-quality online 
summaries of health research that are updated as new 
studies become available.532,535 LSRs transform the 
production of systematic reviews from a process of 
undertaking sporadic large projects every few years to an 
activity characterised by ongoing surveillance and more 
frequent smaller packages of work as new research 
findings emerge. Whereas the main questions driving 
conventional reviews relate to the totality of evidence and 
what it tells us about the effectiveness of an intervention 
or the accuracy of a diagnostic test, for example, the real-
time nature of LSRs shifts the emphasis to the question 
of how the new evidence changes what we already know.

By pairing clinical TBI experts with experts in 
systematic review methods, the teams leading the 
InTBIR studies are laying the foundations for an ongoing 
dynamic TBI knowledge base and community. To date, 
two LSRs have been published,4,247 and topics planned for 
future LSRs cover diagnosis, prognosis, and 
interventions. Completed reviews are published in an 
open-access format. Searches are being automatically 
run every 3 months, and machine-learning technology is 
being piloted to reduce the workload.536–538 LSRs are a new 
challenge for academic publishers, but the Journal of 
Neurotrauma has agreed to include updates in the online 
versions of reviews at approximately 3–6 month intervals. 

The LSR author groups will also seek to publish updates 
as new manuscripts—subject to peer review—when new 
evidence leads to a change in conclusions.

Interest in LSRs is growing rapidly, with multinational 
research collaborations being formed to maintain and 
curate the evidence base in a range of clinical areas.539,540 
Notably, Cochrane, the global producer of systematic 
reviews, is also piloting LSRs. In the field of TBI, these 
pioneering efforts of CENTER-TBI are now being 
integrated within the InTBIR initiative. However, funding 
is limited to the duration of current InTBIR studies. We 
need mechanisms to ensure future continuity, in terms of 
both knowledge management and funding.

One of the most attractive aspects of a living evidence 
synthesis model is the potential to produce living clinical 
practice guidelines or recommendations,541 and this is 
currently being considered by the Brain Trauma 
Foundation, the main producer of guidelines in TBI.542 
While we strongly support a move towards living 
guidelines, an alternative approach could be to consider 
LSRs as the evidence base upon which more practical 
treatment recommendations can be tailored to national 
and local settings. A major criticism of current guidelines 
is that the emphasis on methodological rigour has 
decreased their practical value. Presenting the evidence 
base and practice recommendations separately might be 

Figure 14: Aims of the International Initiative for Traumatic Brain Injury Research
The International Initiative for Traumatic Brain Injury Research (InTBIR) studies will involve collection of a range of 
clinical data, biosamples, and longitudinal outcome data in observational studies and pragmatic trials, creating a 
highly detailed information commons (the body of evidence on traumatic brain injury [TBI]). The aims of these 
studies are to improve understanding of the causes and mechanisms of TBI to inform prevention strategies 
(prevention) and of disease characterisation to facilitate diagnosis and targeted treatment (precision medicine). 
Data from comparative effectiveness research (CER) will be analysed with the aims of identifying the most effective 
and targeted therapies (best practice) and translating them into practice recommendations. The increased data on 
patient and injury characteristics should improve prognostic accuracy, which in turn could enable improved 
benchmarking of care (quality of care).
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a way to combine methodological rigour with practical 
applicability. There is also a growing recognition of the 
value of practice recommendations based on expert 
consensus to facilitate care delivery for areas of clinical 
practice for which rigorous guidance is lacking or 
unclear.543 While ongoing efforts continue to strengthen 
the evidence base, ensuring the practical relevance of 
guidelines is essential to stimulate their implementation 
into clinical practice.

Implementing evidence into practice: knowledge 
translation
Translating evidence into practice and policy has become 
a distinct science, which complements that of 
discovering, developing, and synthesising research 
results. The emerging field of knowledge translation is 
defined as “the science of developing strategies to 
integrate evidence-based knowledge into health policy 
and practice, based upon understanding of behavioural 
drivers of practice within specific settings”.530 The science 
of knowledge translation has developed in response to 
recognition of gaps between research evidence and 
clinical practice. The evidence-based practice movement 
of the early 1990s544 reshaped clinical practice by 
promoting consideration of best evidence, clinical 
expertise, and patient preferences in making treatment 
decisions.545 Nevertheless, a series of landmark studies 
published in the early 2000s revealed that only 55–67% 
of patients received recommended care, and 20–25% 
received care that was unnecessary or potentially 
harmful.546–549 In the field of TBI, a recent systematic 
review247 concluded that although guideline adherence 
was associated with improved outcomes, general 
adherence to guidelines was highly variable, and in 
many instances, poor. For example, the mean figure for 
adherence to the Brain Trauma Foundation guidelines 
for ICP management was 31% (range 18–83%).247

There is much to be gained from harnessing knowledge 
translation to address the evidence–practice gap in TBI. 

Economic modelling has shown that more widespread 
adoption of Brain Trauma Foundation guidelines across 
the USA could save more than 3500 lives, and, by raising 
the proportion of favourable outcomes from 35% to 66%, 
could yield an estimated annual cost saving of 
US$4 billion.178

Use of a knowledge-translation approach involves three 
core tasks: defining the target behaviour, measuring 
current behaviour, and understanding current behaviour. 
Defining the target behaviour establishes the desired 
health-care standard by which the success of a knowledge-
translation intervention can be measured. For example, 
the Brain Trauma Foundation guidelines on nutrition 
after TBI recommend “feeding patients to attain basal 
caloric replacement at least by the fifth day and, at most, 
by the seventh day post-injury” to decrease mortality.294 
Next, knowledge of current practice is required to 
determine the scope and nature of the evidence–practice 
gap.547,550,551 Härtl and colleagues552 examined adherence to 
the guideline on nutrition and found that patients not 
fed within 5 and 7 days after TBI had a 2-times and 
4-times increased risk of death, respectively, and that 
every 10-kcal/kg decrease in caloric intake was associated 
with a 30–40% increase in mortality rate.552 These data 
underscore the importance of ensuring that practice 
reflects evidence.

Finally, understanding behaviour is necessary for 
successful implementation of new practices. Quantifying 
the evidence–practice gap defines the problem but does 
not give information on why practice is the way it is. 
Gaining this understanding of behaviour before 
attempting a quality-improvement (knowledge-translation) 
strategy is essential; without such understanding, precious 
resources can be wasted. For example, a common 
assumption is that people do not follow guidelines because 
they are not aware of them. This frequently drives 
educationally focused strategies such as lecture 
presentations and passive guideline dissemination. 
However, there are numerous barriers to best practice 
other than lack of knowledge, including peer-group 
influence, attitudes and beliefs of health professionals, 
organisational barriers such as lack of equipment, and 
structural barriers such as financial disincentives 
(panel 14).530 By addressing only the assumed barrier of 
lack of awareness, an educational quality-improvement 
strategy risks being ineffective and wasting resources.

We invite the reader to engage in frank introspection, 
considering the range of barriers to evidence-based, 
guideline-driven care, and challenge decision makers 
and clinicians to develop a plan of attack to guide 
implementation of evidence into practice. Every hospital 
that seeks to implement TBI guidelines will need to run 
its own thought experiment, because the barriers are 
likely to vary by location. Planning holds the promise of 
avoiding traditional pitfalls if sufficient resources can be 
brought to bear on the question of not just what to 
implement, but also how to implement evidence into 

Panel 14: A thought experiment about the importance of knowledge transfer in 
traumatic brain injury

Suppose that strategies that maximise outcomes for patients with traumatic brain injury 
(TBI) have been identified through comprehensive studies and their efficacy determined 
beyond any doubt. Suppose that they apply to all severities of injury, all mechanisms of 
trauma, and all patient groups, regardless of age, gender, and ethnic origin. Moreover, 
suppose that the evidence has been compiled into guidelines that are considered to be 
influential within the field. Given these assumptions, what barriers, if any, would exist to 
a future with optimum patient outcomes?

Health care is delivered within systems that have multiple levels, each constraining or 
facilitating conscious or unconscious choices about whether and how to use evidence-based 
practices.553,554 Even in a future with perfect guidelines, obstacles to guideline 
implementation would remain at all levels, from individual health-care professionals and 
factors related to individual patients, to teams of clinicians working in hospital systems. 
Strategies to address the full range of barriers will be crucial to realise successful outcomes.
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practice. It is important that all stakeholders recognise 
the need for funding and resources to support knowledge 
transfer in TBI—a vital step in bridging the gap between 
evidence and practice. For more on this thought 
experiment, see appendix p 11.

Advances in both the science and the uptake of 
knowledge translation are required to close the evidence–
practice gap. A key challenge for knowledge-translation 
scientists is the existence of multiple terms (eg, 
“dissemination and implementation research”, “quality 
improvement”, “implementation science”, and “research 
translation”) and frameworks to understand, describe, 
and influence the behaviour of health-care practitioners. 
Knowledge-translation scientists are working to address 
this challenge through the development of conceptually 
simpler and shorter frameworks that can be used to 
standardise knowledge-translation interventions in a 
similar way to the standardisation achieved in the clinical 
trials arena with the Consolidated Standards of Reporting 
Trials (CONSORT) statement.555 One such example is the 
AIMD framework, which seeks to characterise 
knowledge-translation interventions in terms of four 
domains identified as integral to all such interventions: 
Aims (purpose and target of behaviour change), 
Ingredients (what makes up the intervention), 
Mechanism (how the intervention is proposed to work on 
the basis of behavioural theory), and Delivery (mode of 
delivery—eg, online or printed material).556 Uptake of 
knowledge-translation science needs to be increased in 
clinical and other communities that are less familiar with 
applying behavioural theory to close the evidence–
practice gap. It is hoped that clinician engagement in 
universal and simple frameworks can contribute to this.

Health-care quality improvement is complex and there 
is never likely to be a one-size-fits-all approach. What is 
beyond dispute, however, are the words of the former 
Director General of WHO, Lee Jong-wook: “Health work 
teaches us with great rigour that action without 
knowledge is wasted effort, and knowledge without 
action is a wasted resource.”557

Key messages and recommendations
Key messages
(1) Substantial between-centre variability in treatment 
and outcome in TBI offers unique opportunities for CER 
to improve the strength of clinical evidence.
(2) Funding mechanisms for global research efforts in 
TBI are inadequate and poorly integrated, limiting efforts 
to tackle the growing public health problem posed by TBI.
(3) Standardisation of clinical data collection, based on 
the TBI Common Data Elements, provides a common 
language for global research.
(4) CER studies and research on disease characterisation, 
outcome, and prognosis will require many patients, large 
datasets, and broad data sharing.
(5) Collaborations formalised in data-use agreements 
offer the best guarantee for driving research and care 

forward, but existing frameworks for recognising the 
success of research projects, individual researchers, or 
institutions are a major obstacle to data sharing.
(6) TBI is often characterised by incapacity of patients to 
provide informed consent for participation in research.
(7) Overly restrictive interpretation of privacy legislation 
can inhibit or even prevent research and data sharing in 
TBI and other conditions that result in loss of capacity to 
consent.
(8) There are substantial delays in integrating research 
results into recommendations for best clinical practice.
(9) In TBI, as in many areas of medicine, substantial 
gaps exist between best current evidence and clinical 
practice. Barriers to transfer of knowledge from research 
to the clinic include lack of dissemination or awareness, 
inflexible attitudes, erroneous beliefs, and organisational 
and structural barriers. Such barriers can result in poorer 
patient outcomes.

Recommendations
(1) CER should be supported to identify best practices 
and to improve the level of evidence for systems of care 
and diagnostic and therapeutic interventions.
(2) A commitment of governmental and non-
governmental funding bodies, as well as industrial 
partners, is needed to foster global collaborations and to 
establish national and international biorepositories and 
databases that could facilitate future TBI research.
(3) The Common Data Elements need to be made 
internationally applicable to ensure global standardisation 
of clinical data collection.
(4) Investment is needed in systems for efficient 
collection and sharing of data across borders, including 
funding of costs for rigorous data curation, annotation, 
and long-term database maintenance to maximise the 
returns on research investment from public funding.
(5) The current way in which research is valued needs to 
be critically assessed and revised, and funders should 
provide incentives for data collection and sharing.
(6) Regulatory frameworks for research should take 
account of acute loss of capacity to give consent in 
conditions such as TBI, and include appropriate 
provisions, such as recognition of waived, deferred, or 
proxy consent, to allow vital research to continue.
(7) Regulation should avoid unnecessarily restrictive 
interpretation of privacy clauses and complex bureaucratic 
procedures to enable greatly needed research and 
productive data sharing.
(8) Funders and publishers should support rapid transfer 
of new research results into the evidence base, facilitated 
by new digital tools for their subsequent collation and 
integration into LSRs. LSRs should form the basis for 
practical treatment recommendations, with potential for 
a transition towards living clinical guidelines.
(9) Information campaigns, resources, and strategies to 
change clinicians’ behaviour are essential to overcome 
barriers to knowledge translation, and to ensure 
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implementation of guidelines and best practice to optimise 
the benefits of future research advances in clinical practice, 
improve outcomes, and make cost savings in health care.

Conclusions
TBI is likely to remain the largest global contributor to 
neurological disability until the end of the next decade, 
with a predicted burden of disability that far exceeds that 
of conditions such as cerebrovascular disease and 
dementia.8 Crucially, TBI-associated disability often affects 
young people at their productive peak, and results in huge 
burdens to individuals, families, and society (section 1). 
Extrapolation from available estimates suggests a global 
annual cost of TBI as high as US$400 billion—a figure 
that represents approximately 0·5% of gross world 
product (section 2). The precise magnitude of the problem, 
however, remains largely uncharted. Current estimates of 
50–60 million new TBIs per year globally3 are an 
approximation because wide variations in methodology 
exist between countries, including differences in data 
capture and reporting. We urgently need consensus on 
descriptors of TBI and its severity, as well as standardisation 
of methods for epidemiological monitoring across 
countries. Worldwide, patterns of TBI are changing, with 
increases in road traffic injuries in LMICs and a growing 
problem with falls among elderly individuals in HICs. 
Other key drivers that contribute to the burden of TBI 
include sports-related concussion and international 
conflict. Regardless of the cause, TBI results in an 
enduring burden of late morbidity and increased mortality, 
and might represent a risk factor for dementia in later 
life;29 the attributable risk from TBI to overall dementia 
incidence could be as high as 5–15%.100 Improved 
knowledge of epidemiology will be key to more effective 
targeting of TBI prevention strategies in different 
populations (section 3).

When TBI does occur, we need better ways to organise 
systems of care that provide cost-effective approaches to 
minimise preventable mortality and morbidity, ensuring 
that patients receive appropriate health care as soon as 
possible (section 4). Substantial variations in outcome 
exist between centres, and tackling these differences has 
the potential to far outweigh any benefit that might be 
realistically expected from a new treatment. There is 
growing evidence of a relation between management in 
high-volume centres and improved outcomes,250–252 which 
suggests that care for the most critically ill patients should 
be centralised. Substantial gains could be made from 
provision of adequate prehospital care, appropriate 
referral, and continuity along the chain of care, with early 
access to effective rehabilitation. The solutions that relate 
to care systems for TBI must take account of local 
economic and social factors and, in particular, work is 
needed to develop cost-effective systems of care in LMICs.

Clinical management of TBI should be based on robust 
guidelines. However, evidence in support of guideline 
recommendations is often weak and not applicable to all 

patients, as most studies that contribute to guideline 
development are population based and do not take into 
account the heterogeneity of TBI type and severity, or 
differences in individual patient characteristics. As a 
result, current management strategies are based on 
guidelines that favour a one-size-fits-all approach, and 
the care of patients with TBI is therefore poorly 
individualised (section 5). Moreover, despite investment 
of many billions of dollars by pharmaceutical companies, 
no effective drugs exist for treatment in the acute 
setting—a failing due, in part, to insufficient targeting of 
therapies to patients in whom the relevant mechanism is 
active. We need better methods to characterise TBI to 
allow identification of patient subgroups with a common 
dominant disease mechanism, who are more likely to 
respond to specific treatments—a concept now being 
popularised as precision medicine (section 6). We also 
need to enable better characterisation of outcome after 
TBI: mortality is an inappropriate metric for a disease 
that can result in considerable disability in survivors, and 
current outcome assessment tools are limited by their 
unidimensional approaches. We need improved 
multidimensional outcome assessment schemes that 
take better account of the substantial physical, cognitive, 
behavioural, and mental health sequelae of TBI 
(section 7). Improved disease and outcome 
characterisation will also provide a robust foundation for 
better prognostication of outcome. This could support 
better counselling of patients and relatives, help in 
management planning for individual patients, improve 
comparative audit of care between centres and countries, 
and facilitate research (section 8). Huge opportunities 
exist for improvements in characterisation of initial 
severity, outcome, and prognosis, and for more accurate 
tracking of disease processes, by building on the current 
scientific advances in modern neuroimaging, genomics, 
disease biomarker development, and pathophysiological 
monitoring. Developments in these technologies could 
facilitate the goals of precision medicine in TBI.

CER is a novel approach in which disease 
heterogeneity—in terms of clinical and pathophysiological 
type and outcome—and variations in clinical management 
and systems of care can be exploited to identify best 
practices (section 9).The data gathered from such research 
in real-world situations could enrich the limited evidence 
base on clinical care for TBI. Critical gaps in our 
knowledge of how best to treat TBI necessitate common 
methods and descriptors for collaborative research efforts. 
The development of the Common Data Elements for TBI 
research447—allowing systematic collection and analysis of 
data across the research community—is an important 
step, but these tools need to be internationalised, 
particularly for use in LMICs. Clinical research in TBI is 
also hampered by vendor-specific differences in platforms 
used for neuroimaging and laboratory investigation. It is 
crucial that national and international regulators mandate 
common standards for imaging and laboratory results, so 
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that outputs from different studies can be usefully 
integrated. In the past, industry has been a valuable 
partner in promoting networking and supporting research 
endeavours, thus contributing to improved TBI care. We 
need to continue to facilitate such support through 
regulatory design and collaborative funding arrangements.

Large cohorts of patients are needed for research to 
deliver meaningful advances in precision medicine, for 
robust CER, and to improve prognostic schemes. Such 
studies can be realised only through global collaboration 
(section 9). Current international initiatives, such as the 
InTBIR initiative, and a growing ethos of data sharing 
represent an unprecedented opportunity to achieve these 
aims. However, such collaborative approaches to research 
depend on regulatory frameworks that enable consent 
for research and data sharing—a growing concern in the 
context of ever more rigorous privacy legislation, 
particularly in the context of TBI, in which patients often 
lose the capacity to consent at the onset of injury. 
Regulatory frameworks need to provide ways to legitimise 
research in the context of TBI and other conditions in 
which explicit patient consent cannot be obtained, and to 
implement solutions that resolve the conflict between 
personal privacy and wide access to research data. 
Research funders also need to recognise the substantial 
costs of data sharing.

The knowledge that is gained from clinical research 
must be rapidly translated to improvements in care. 
However, the gap between study publication and 
integration of results into a systematic review can be as 
much as 6·5 years,531,532 with a further delay before such 
integrated information is translated into clinical guidelines. 
Novel digital tools for literature searching and integration 
could speed up this process with the development of LSRs 
and living guidelines, which are continually updated as 
new information becomes available.

The problems and potential solutions described in this 
Commission have been inspired by patients and brought 
together by a wide international group of active clinical 
researchers who seek to improve outcomes for people 
with TBI. Clinicians and researchers, in consultation 
with patients and their families, need to play their part in 
taking these recommendations forward. Collaboration 
between funding agencies will be required to coordinate 
the strategy and conduct of research, and commitment 
from policy makers will be essential to facilitate research 
and ensure timely implementation of research outputs. 
Implementation of prevention strategies and provision 
of optimum clinical care in different settings should be a 
priority for clinicians and policy makers alike. Integration 
of all these efforts should deliver rich dividends in terms 
of better and more cost-effective care, with huge benefits 
for patients, their families, and society as a whole.
Contributors
AIRM and DKM led the Lancet Neurology Commission on traumatic brain 
injury, oversaw the collation of sections, and performed the final general 
editing of the manuscript. They contributed equally. The main authors 

provided draft text and contributed to (parts of) the various sections, as 
follows. AIRM and DKM wrote the introduction. Patient testimonies were 
provided by LEG-L and JP. Authors for section 1 included VLF, MMaj, 
WS, EWS, and AT, with input for subsections from PDA, MJB, ABe, ABr, 
ATC, RD-A, A-CD, GG, DG, J-yJ, TER, BTA, and WHW. Authors for 
section 2 included SP and BTA. Authors for section 3 included MJB, PDA, 
FL, MMaj, NS, and DT. Authors for section 4 included NA, MCo, GG, JG, 
J-yJ, FL, SP, and RR. Authors for section 5 included NA, GC, RMC, TAvE, 
JG, GM, WP, NS, OT, WV, and KY. Authors for section 6 included AE, SH, 
GM, CMcF, SM, VN, PMP, WS, and KKWW, with input for subsections 
from ABü, MCz, DJC, EC, JPD, JAH, NK, SL, MMae, LM, AP, LP, PS, 
SJS, DT, and KY. Authors for section 7 included NA, JG, HL, MBS, NvS, 
OT, and LW. Authors for section 8 included HFL and EWS. Authors for 
section 9 included PB, TAvE, RLG, SH, EJOK, LL, HFL, GM, JM, JS, and 
AS. The group authors—more than 250 contributors designated as the 
International Initiative for Traumatic Brain Injury Research (InTBIR) 
Participants and Investigators, listed at the end of the paper—contributed 
by means of online simultaneous editing of the manuscript, with all 
changes tracked and visible to all contributors. All authors had an 
opportunity to comment on and edit the first (January 2016) and second 
(March 2017) submissions. The final version of the manuscript was 
reviewed and approved by all main authors.

Author affiliations
Department of Neurosurgery, Antwerp University Hospital and University 
of Antwerp, Edegem, Belgium (Prof A I R Maas MD); Division of 
Anaesthesia, University of Cambridge, Addenbrooke’s Hospital, 
Cambridge, UK (Prof D K Menon MD, A Ercole MD, C McFadyen 
BMBCh, V Newcombe MD); Barrow Neurological Institute at Phoenix 
Children’s Hospital, Phoenix, AZ, USA (Prof P D Adelson MD); Division 
of Clinical Neuroscience, Department of Physical Medicine and 
Rehabilitation, Oslo University Hospital and University of Oslo, Oslo, 
Norway (N Andelic MD); Critical Care Medicine, Neurological Surgery and 
Pediatrics, University of Pittsburgh School of Medicine, Pittsburgh, PA, 
USA (Prof M J Bell MD); NIHR Surgical Reconstruction and Microbiology 
Research Centre, Birmingham, UK (Prof A Belli MD); BehaviourWorks 
Australia, Monash Sustainable Development Institute, Monash University, 
Melbourne, VIC, Australia (P Bragge PhD); Department of Public Health, 
Faculty of Health Sciences and Social Work, Trnava University,Trnava, 
Slovakia (A Brazinova MD, M Majdan PhD); Institute of Epidemiology, 
Faculty of Medicine, Comenius University, Bratislava, Slovakia 
(A Brazinova MD); Department of Neurosurgery, MTA-PTE Clinical 
Neuroscience MR Research Group, Janos Szentagothai Research Centre, 
University of Pécs, Hungarian Brain Research Program, Pécs, Hungary 
(Prof A Büki MD, E Czeiter MD); Department of Neurological Surgery and 
Department of Orthopaedics and Sports Medicine, University of 
Washington, Harborview Medical Center, Seattle, WA, USA 
(Prof R M Chesnut MD); School of Medicine and Surgery, Università 
Milano Bicocca, Milano, Italy (Prof G Citerio MD); NeuroIntensive Care, 
San Gerardo Hospital, Azienda Socio Sanitaria Territoriale (ASST) Monza, 
Monza, Italy (Prof G Citerio); Department of Anaesthesiology, Medical 
Faculty, Rheinisch-Westfälische Technische Hochschule Aachen 
University, Aachen, Germany (Prof M Coburn MD, Prof R Rossaint MD); 
School of Public Health and Preventive Medicine, Monash University and 
The Alfred Hospital, Melbourne, VIC, Australia (Prof D J Cooper MD); 
US Combat Casualty Care Research Program, Fort Detrick, MD, USA 
(A T Crowder PhD, Prof T E Rasmussen MD); Brain Physics Lab, Division 
of Neurosurgery, Department of Clinical Neurosciences, University of 
Cambridge, Addenbrooke’s Hospital, Cambridge, UK (Prof M Czosnyka 
PhD, P Smielewski PhD); Department of Neurology and Center for Brain 
Injury and Repair, University of Pennsylvania Perelman School of 
Medicine, Philadelphia, PA, USA (Prof R Diaz-Arrastia MD); Centrum für 
Schlaganfallforschung, Charité – Universitätsmedizin Berlin, Berlin, 
Germany (Prof J P Dreier MD); Department of Neurosurgery, Harvard 
Medical School, Boston, MA, USA (A-C Duhaime MD); Department of 
Neurosurgery, Leiden University Medical Center, Leiden, Netherlands 
(T A van Essen MD, Prof W Peul MD); Department of Neurosurgery, 
Medical Center Haaglanden, The Hague, Netherlands (T A van Essen); 
National Institute for Stroke and Applied Neurosciences, Faculty of Health 
and Environmental Studies, Auckland University of Technology, Auckland, 
New Zealand (Prof V L Feigin MD, B Te Ao PhD, A Theadom PhD); 



1034 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

Department of Neurosurgery, Shanghai Renji Hospital, Shanghai Jiaotong 
University School of Medicine, Shanghai, China (G Gao MD, 
Prof J-y Jiang MD); Department of Physical Medicine and Rehabilitation, 
Harvard Medical School and Spaulding Rehabilitation Hospital, 
Charlestown, MA, USA (J Giacino PhD); The Brain and Mind Institute, 
Western University, London, ON, Canada (L E Gonzalez-Lara PhD); 
Lee Kong Chian School of Medicine, Nanyang Technological University, 
Singapore (Prof R L Gruen MD); National Trauma Research Institute, 
Monash University and The Alfred Hospital, Melbourne, VIC, Australia 
(Prof R L Gruen); Department of Neurosurgery, Neurosciences Centre and 
JPN Apex Trauma Centre, All India Institute of Medical Sciences, 
New Delhi, India (Prof D Gupta MD); Department of Neurosurgery, 
University of Cincinnati, Cincinnati, OH, USA (J A Hartings PhD); 
Blue Brain Project, École polytechnique fédérale de Lausanne, Geneva, 
Switzerland (S Hill PhD); Intensive Care and Department of Pediatric 
Surgery, Erasmus Medical Center – Sophia Children’s Hospital, 
Rotterdam, Netherlands (N Ketharanathan MD, Prof D Tibboel MD); 
Department of Intensive Care, Erasmus MC University Medical Center 
Rotterdam, Rotterdam, Netherlands (E J O Kompanje PhD); Karolinska 
Institutet, International Neuroinformatics Coordinating Facility, 
Stockholm, Sweden (L Lanyon PhD, J Söderberg PhD); Cyclotron Research 
Center, University of Liège, Liège, Belgium (Prof S Laureys MD); Centre 
for Urgent and Emergency Care Research (CURE), Health Services 
Research Section, School of Health and Related Research, University of 
Sheffield, Sheffield, UK (Prof F Lecky MD); Department of Physical 
Medicine and Rehabilitation and Department of Neurosurgery, Baylor 
College of Medicine, Houston, TX, USA (Prof H Levin PhD); Department 
of Public Health, Erasmus MC University Medical Center Rotterdam, 
Rotterdam, Netherlands (H F Lingsma PhD, S Polinder PhD, 
Prof E W Steyerberg PhD); Cologne-Merheim Medical Center, Department 
of Trauma and Orthopedic Surgery, Witten/Herdecke University, Cologne, 
Germany (Prof M Maegele MD); Department of Neurological Surgery, 
University of California, San Francisco, CA, USA (Prof G Manley MD); 
Johns Hopkins Bloomberg School of Public Health, Baltimore, MD, USA 
(J Marsteller PhD);  Department of Medical and Surgical Science and  
Biotechnologies, Sapienza University of Rome, Rome, Italy (L Mascia MD); 
Department of Biomedical and Dental Sciences and Morphofunctional 
Imaging, University of Messina, Messina, Italy (S Mondello MD); Analytic 
and Translational Genetics Unit, Department of Medicine, and Psychiatric 
& Neurodevelopmental Genetics Unit, Department of Psychiatry, and 
Department of Neurology, Massachusetts General Hospital, Boston, MA, 
USA (Prof A Palotie MD); Program in Medical and Population Genetics, 
and Stanley Center for Psychiatric Research, Broad Institute of MIT and 
Harvard, Cambridge, MA, USA (Prof A Palotie); Institute for Molecular 
Medicine Finland, University of Helsinki, Helsinki, Finland (Prof A 
Palotie); Department of Radiology, Antwerp University Hospital and 
University of Antwerp, Edegem, Belgium (Prof P M Parizel MD); United 
Kingdom Acquired Brain Injury Forum, London, UK (J Piercy MSc); 
European Brain Council, Brussels, Belgium (J Piercy); Department of 
Anesthesiology and Critical Care, Pitié-Salpêtrière Teaching Hospital, 
Assistance Publique, Hôpitaux de Paris and University Pierre et Marie 
Curie, Paris, France (Prof L Puybasset MD); Uniformed Services 
University and Walter Reed Department of Surgery, Bethesda, MD, USA 
(Prof T E Rasmussen); Transfusion Medicine, NHS Blood and Transplant, 
and Department of Haematology, Oxford University Hospitals NHS Trust, 
and Radcliffe Department of Medicine, University of Oxford, and Oxford 
Biomedical Research Centre (Haematology Theme), Oxford, UK 
(S J Stanworth MD); Department of Psychiatry and Department of Family 
Medicine and Public Health, UCSD School of Medicine, La Jolla, CA, USA 
(Prof M B Stein MD); Institute of Medical Psychology and Medical 
Sociology, Universitätsmedizin Göttingen, Göttingen, Germany 
(Prof N von Steinbüchel PhD); Department of Neuropathology, Queen 
Elizabeth University Hospital and University of Glasgow, Glasgow, UK 
(W Stewart MBChB); Department of Medical Statistics and Bioinformatics, 
Leiden University Medical Center, Leiden, Netherlands 
(Prof E W Steyerberg); Department of Pathophysiology and 
Transplantation, Milan University, and Neuroscience ICU, Fondazione 
IRCCS Cà Granda Ospedale Maggiore Policlinico, Milan, Italy 
(Prof N Stocchetti MD); Australian and New Zealand Intensive Care 
Research Centre (ANZIC-RC), School of Public Health and Preventive 
Medicine, Monash University, Melbourne, VIC, Australia 

(A Synnot MPH); Centre for Health Communication and Participation, 
School of Psychology and Public Health, La Trobe University, Melbourne, 
VIC, Australia (A Synnot); Department of Rehabilitation and Brain 
Trauma, Turku University Hospital, and Department of Neurology, 
University of Turku, Turku, Finland (O Tenovuo MD); Hospital Nacional 
Professor Alejandro Posadas, Illia y Marconi El Palomar, Buenos Aires, 
Argentina (W Videtta MD); Department of Psychiatry, University of 
Florida, Gainesville, FL, USA (K K W Wang PhD); Centre for Clinical 
Neuropsychology Research, Department of Psychology, University of 
Exeter, Exeter, UK (W H Williams PhD); Division of Psychology, University 
of Stirling, Stirling, UK (Prof L Wilson PhD); Divisions of Psychiatry, 
Neurology, and Epidemiology, UCSF School of Medicine, San Francisco, 
CA, USA (Prof K Yaffe MD)

International Initiative for Traumatic Brain Injury Research (InTBIR) 
Participants and Investigators
Hadie Adams, Judith Allanson, Jonathan Coles, Peter J Hutchinson, 
Angelos G Kolias, Barbara J Sahakian, Emmanuel Stamatakis, 
Guy Williams (Addenbrooke’s Hospital and University of Cambridge, 
Cambridge, UK); Vanni Agnoletti, Costanza Martino, Alessandro Masala, 
Guido Teodorani, Fabrizio Zumbo (M. Bufalini Hospital, Cesena, Italy); 
Krisztina Amrein, Erzsébet Ezer, Bálint Kolumbán, Noémi Kovács, 
Béla Melegh, József Nyirádi, Abayomi Sorinola, Zoltán Vámos (University 
of Pécs, Pécs, Hungary); Norberto Andaluz (University of Cincinnati, 
Cincinnati, OH, USA); Audny Anke, Shirin K Frisvold (University 
Hospital of North Norway, Tromsø, Norway); Anna Antoni (Medical 
University of Vienna, Vienna, Austria); Arjan Bastiaan van As, 
Anthony Figaji (University of Cape Town, Cape Town, South Africa); 
Gérard Audibert (Nancy University Hospital, Nancy, France); 
Antun Azaševac, Đula Đilvesi, Jagoš Golubović, Bojan Jelača, 
Mladen Karan, Ksenija Kolundžija, Ancuta Negru, Peter Vulekovic 
(University of Novi Sad, Novi Sad, Serbia); Philippe Azouvi (Hôpitaux de 
Paris, Paris, France); Maria Luisa Azzolini, Luigi Beretta (San Raffaele 
University Hospital, Milan, Italy); Camelia Baciu, Valzerda Beqiri, 
Giorgio Chevallard, Arturo Chieregato, Marco Sacchi (Niguarda Hospital, 
Milan, Italy); Rafael Badenes, Francisco Javier Belda, Federico Bilotta, 
Angels Lozano (Hospital Clínico Universitario de Valencia, Valencia, 
Spain); Karen M Barlow, Kathryn J Schneider (Alberta Children’s Hospital 
and University of Calgary, Calgary, AB, Canada); Ronald Bartels, 
Hugo den Boogert, Cornelia Hoedemaekers, Özcan Sir (Radboud 
University Medical Center, Nijmegen, Netherlands); Ursula Bauerfeind, 
Rolf Lefering, Nadine Schäfer (Witten/Herdecke University, Cologne, 
Germany); Miriam Beauchamp, Jocelyn Gravel (University of Montreal, 
Montreal, QC, Canada); Darcy Beer (Winnipeg Children’s Hospital, 
Winnipeg, MB, Canada); Ronny Beer, Raimund Helbok, Stefan Höfer 
(Medical University of Innsbruck, Innsbruck, Austria); 
Bo-Michael Bellander, David Nelson (Karolinska Institutet, Stockholm, 
Sweden); Rémy Bellier, Thierry Benard, Elsa Carise, 
Claire Dahyot-Fizelier, Benoît Giraud (Centre Hospitalier Universitaire de 
Poitiers, Poitiers, France); Habib Benali (Laboratoire d’Imagerie 
Biomédicale INSERM U1146, Paris, France); Francis Bernard (Hôpital du 
Sacré-Cœur de Montréal and University of Montreal, Montreal, QC, 
Canada); Guido Bertolini, Serge Masson (IRCCS – Istituto di Ricerche 
Farmacologiche Mario Negri, Bergamo, Italy); Morten Blaabjerg, 
Christina Rosenlund, Rico Frederik Schou (Odense University Hospital, 
Odense, Denmark); Kathy Boutis (Hospital for Sick Children, Toronto, 
ON, Canada); Pierre Bouzat, Gilles Francony, Pauline Manhes, 
Jean-François Payen (Grenoble University Hospital, Grenoble, France); 
Brian Brooks, Deborah Dewey, Carolyn A Emery, Stephen Freedman, 
Andreas Kramer (University of Calgary, Calgary, AB, Canada); 
Camilla Brorsson, Lars-Owe Koskinen, Nina Sundström (Umeå 
University Hospital, Umeå, Sweden); Monika Bullinger 
(Universitätsklinikum Hamburg-Eppendorf, Hamburg, Germany); 
Emma Burns (IWK Health Centre, Halifax, NS, Canada); 
Emiliana Calappi, Fabrizio Ortolano (Fondazione IRCCS Cà Granda 
Ospedale Maggiore Policlinico, Milan, Italy); Peter Cameron (Monash 
University, Melbourne, VIC, Australia); Ana M Castaño-León, 
Pedro A Gómez López, Alfonso Lagares (Hospital Universitario 12 de 
Octubre, Madrid, Spain); Francesco Causin, Ulderico Freo, Paolo Persona, 
Sandra Rossi (Azienda Ospedaliera Università di Padova, Padova, Italy); 
Brian Christie (University of Victoria, Victoria, BC, Canada); 
Maryse Cnossen, Diederik Dippel, Kelly Foks, Juanita A Haagsma, 



www.thelancet.com/neurology   Vol 16   December 2017 1035

The Lancet Neurology Commission

Iain Haitsma, Jilske Antonia Huijben, Mathieu van der Jagt, 
Daan Nieboer, Victor Volovici, Daphne C Voormolen (Erasmus Medical 
Center-University Medical Center, Rotterdam, Netherlands); 
Johnny Collett, Helen Dawes, Patrick Esser, Caroline van Heugten 
(Oxford Brookes University, Oxford, UK); Francesco Della Corte, 
Francesca Grossi (Maggiore Della Carità Hospital, Novara, Italy); 
William Craig (Stollery Children’s Hospital, Edmonton, AB, Canada); 
Gabor Csato (Semmelweis Egyetem, Budapest, Hungary); Akos Csomos 
(Medical Center, Hungarian Defence Force, Budapest, Hungary); 
Nicola Curry (Oxford University Hospitals NHS Trust, Oxford, UK); 
Carol DeMatteo, Maureen Meade (McMaster University, Hamilton, ON, 
Canada); Bart Depreitere (University Hospitals Leuven, Leuven, Belgium); 
Jeroen van Dijck, Godard C W de Ruiter, Carmen Vleggeert-Lankamp 
(Leiden University Medical Center, Leiden and The Hague, and Medical 
Center Haaglanden, The Hague, Netherlands); Kemal Dizdarevic (Medical 
Faculty and Clinical Center University of Sarajevo, Sarajevo, 
Bosnia-Herzegovina); Emma Donoghue, Dashiell Gantner, 
Lynnette Murray, Tony Trapani, Shirley Vallance (Australian and New 
Zealand Intensive Care Research Centre, Monash University, Melbourne, 
VIC, Australia); Or Duek, Isaac Lazar (Ben-Gurion University of the 
Negev, Beersheba, Israel); Guy-Loup Dulière, Hugues Maréchal (Centre 
Hospitalier Régional de la Citadelle, Liège, Belgium); Adelaida Dzeko 
(Regional Medical Center “Dr Safet Mujić”, Mostar, Bosnia-Herzegovina); 
George Eapen, Stefan Jankowski (Sheffield Teaching Hospitals NHS 
Foundation Trust, Sheffield, UK); Shane English, Dean Fergusson, 
Martin Osmond (University of Ottawa, Ottawa, ON, Canada); 
Martin Fabricius, Daniel Kondziella (Region Hovedstaden Rigshospitalet, 
Copenhagen, Denmark); Junfeng Feng, Jiyuan Hui (Shanghai Jiaotong 
University School of Medicine, Shanghai, China); Joanne Fleming, 
Roberto Latini (IRCCS – Mario Negri Institute for Pharmacological 
Research, Milan, Italy); Isabelle Gagnon, Alain Ptito (McGill University 
Health Centre, Montreal, QC, Canada); Damien Galanaud (Assistance 
Publique - Hôpitaux de Paris, Paris, France); Ben Glocker, 
Konstantinos Kamnitsas, Christian Ledig, Daniel Rueckert (Imperial 
College London, London, UK); Wayne A Gordon (Mount Sinai 
Rehabilitation Center, New York, NY, USA); Primoz Gradisek 
(Univerzitetni Klinični Center Ljubljana, Ljubljana, Slovenia); 
Donald Griesdale (Vancouver General Hospital and University of British 
Columbia, Vancouver, BC, Canada); Asta Kristine Håberg (St. Olavs 
Hospital, Trondheim, Norway); Wim Van Hecke, Dirk Smeets, 
Jan Verheyden, Thijs Vande Vyvere (icoMetrix NV, Leuven, Belgium); 
Eirik Helseth, Cecilie Røe, Olav Røise (Oslo University Hospital, Oslo, 
Norway); Lindsay Horton (University of Stirling, Stirling, UK); 
Bram Jacobs, Joukje van der Naalt (University Medical Center Groningen, 
Groningen, Netherlands); Koen Janssens, Véronique De Keyser, 
Tomas Menovsky, Dominique Van Praag (Antwerp University Hospital 
and University of Antwerp, Edegem, Belgium); Kelly M Jones (Auckland 
University of Technology, Auckland, New Zealand); Rafael Kapš (Splošna 
Bolnišnica Novo Mesto, Novo Mesto, Slovenia); Ari Katila, Jussi Posti, 
Riikka Takala (Turku University Central Hospital and University of Turku, 
Turku, Finland); Kirsi-Maija Kaukonen, Riku Kivisaari, 
Anna Piippo-Karjalainen, Rahul Raj, Päivi Tanskanen (Helsinki University 
Central Hospital, Helsinki, Finland); Demitri Kutsogiannis (Royal 
Alexandra Hospital and University of Alberta, Edmonton, AB, Canada); 
Theodoros Kyprianou (Nicosia General Hospital, Strovolos, Cyprus); 
François Lamontagne (Université de Sherbrooke, Sherbrooke, QC, 
Canada); François Lauzier, Lynne Moore, Alexis Turgeon (Centre 
Hospitalier Universitaire de Québec-Université Laval, Québec, QC, 
Canada); Valerie Legrand (ICON, Paris, France); Leon Levi, 
Menashe Zaaroor (Rambam Medical Center, Haifa, Israel); 
Roger Lightfoot (University Hospital Southampton NHS Foundation 
Trust, Southampton, UK); Stephen MacDonald (Cambridge University 
Hospitals NHS Foundation Trust, Cambridge, UK); Sebastian Major, 
Peter Vajkoczy, Lars Wessels, Maren K L Winkler, Stefan Wolf 
(Charité–Universitätsmedizin Berlin, Berlin, Germany); Alex Manara, 
Matt Thomas (Southmead Hospital, Bristol, UK); Julia Mattern, 
Oliver Sakowitz, Lidia Vogt, Alexander Younsi (University Hospital 
Heidelberg, Heidelberg, Germany); Bradford McFadyen (Université Laval, 
Québec, QC, Canada); Catherine McMahon (The Walton Centre NHS 
Foundation Trust, Liverpool, UK); Marta Morgado Correia 
(MRC Cognition and Brain Sciences Unit, Cambridge, UK); 

Maria Cristina Morganti-Kossmann, Jeffrey V Rosenfeld (Monash 
University and The Alfred Hospital, Melbourne, VIC, Australia); 
Holger Muehlan, Silke Schmidt (University of Greifswald, Greifswald, 
Germany); Pratik Mukherjee (UCSF School of Medicine, San Francisco, 
CA, USA); Quentin Noirhomme (University of Liège, Liège, Belgium); 
Mauro Oddo (Centre Hospitalier Universitaire Vaudois, Lausanne, 
Switzerland); David O Okonkwo (University of Pittsburgh Medical Center, 
Pittsburgh, PA, USA); Annemarie W Oldenbeuving, Gerwin Roks, 
Guus G Schoonman (Elisabeth-Tweesteden Ziekenhuis, Tilburg, 
Netherlands); Vincent Perlbarg (Institut de Neurosciences 
Translationnelles de Paris – IHU-A-ICM, Paris, France); Nicolas Pichon 
(Centre Hospitalier Universitaire Dupuytren, Limoges, France); 
Sébastien Pili-Floury (Centre Hospitalier Régional Universitaire de 
Besançon, Besançon, France); Matti Pirinen (University of Helsinki, 
Helsinki, Finland); Horia Pleș (Emergency County Hospital Timisoara, 
Timisoara, Romania); Maria Antonia Poca, Andreea Rădoi, 
Juan Sahuquillo (Vall d’Hebron University Hospital, Barcelona, Spain); 
Arminas Ragauskas, Saulius Ročka (Kaunas University of Technology, 
Kaunas, and Vilnius University, Vilnius, Lithuania); Ruben G L Real, 
Ralph Telgmann (Universitätsmedizin Göttingen, Göttingen, Germany); 
Nick Reed (Holland Bloorview Kids Rehabilitation Hospital, Toronto, ON, 
Canada); Jonathan Rhodes (University of Edinburgh, Edinburgh, UK); 
Claudia Robertson (Baylor College of Medicine, Houston, TX, USA); 
Jonathan Rosand (Massachusetts General Hospital, Boston, MA, USA); 
Guy Rosenthal (Hadassah-Hebrew University Medical Center, Jerusalem, 
Israel); Gerardo Salvato (Cognitive Neuropsychology Centre, Milan, Italy); 
Renán Sánchez-Porras (Klinikum Ludwigsburg, Ludwigsburg, Germany); 
János Sándor (University of Debrecen, Debrecen, Hungary); 
Grinder Sangha (Western University, London, ON, Canada); 
David Schnyer (University of Texas, Austin, TX, USA); Herbert Schöhl 
(AUVA Trauma Hospital, Salzburg, Austria); Toril Skandsen (Norwegian 
University of Science and Technology, Trondheim, Norway); 
Ana Stevanovic, Julia Van Waesberghe (University Hospital RWTH 
Aachen, Aachen, Germany); Robert D Stevens (Johns Hopkins University 
School of Medicine, Baltimore, MD, USA); Fabio Silvio Taccone (Hôpital 
Erasme, Université Libre de Bruxelles, Brussels, Belgium, and Hospital 
Clínico Universitario de Valencia, Valencia, Spain); Mark Steven Taylor, 
Veronika Zelinkova (Trnava University, Trnava, Slovakia); Nancy Temkin 
(University of Washington, Seattle, WA, USA); Christos M Tolias (Kings 
College London, London, UK); Alex B Valadka (Virginia Commonwealth 
University, Richmond, VA, USA); Egils Valeinis (Pauls Stradiņš Clinical 
University Hospital, Riga, Latvia); Alessia Vargiolu (Azienda Ospedaliera 
San Gerardo di Monza, Monza, Italy); Emmanuel Vega (Lille University 
Hospital, Lille, France); Anne Vik (St. Olavs Hospital and Norwegian 
University of Science and Technology, Trondheim, Norway); 
Rimantas Vilcinis (Kaunas University of Health Sciences, Kaunas, 
Lithuania); Eno Wildschut (Erasmus Medical Center-University Medical 
Center and Sophia Children’s Hospital, Rotterdam, Netherlands); 
Gordon Wood (Victoria General Hospital, University of British Columbia, 
Victoria, BC, Canada); Nektaria Xirouchaki (Panepistimiako Geniko 
Nosokomeio Irakleiou, Heraklion, Greece); Roger Zemek (Children’s 
Hospital of Eastern Ontario, Ottawa, ON, Canada)

Declaration of interests
No funding was provided specifically for this Commission paper; however, 
most authors (with the exception of LEG-L, NK, JM, JP, and WHW) are 
involved in the International Initiative for Traumatic Brain Injury 
Research (InTBIR), as a scientific participant or an investigator, or as an 
employee of the funding organisation (ATC and TER). This Commission 
would not have been possible without the indirect facilitation provided by 
the InTBIR network. DKM reports grants from GlaxoSmithKline and 
consulting fees from Ornim Medical, Shire, PresSura Neuro, Pfizer, 
NeuroTrauma Sciences, and Glide Pharmaceutical Technologies. MCz 
reports personal fees (licensing fees for ICM+ software) from Cambridge 
Enterprise and is an honorary (unpaid) director for Medicam Ltd. AP is a 
member of the scientific advisory panel for DeKalb-Pfizer Genetics. PS 
reports personal fees (licensing fees for ICM+ software) from Cambridge 
Enterprise. MBS holds equity in Oxeia Biopharmaceuticals and Resilience 
Therapeutics, and reports consulting fees from Resilience Therapeutics. 
KKWW holds equity in Banyan Biomarkers, Inc. AIRM, PDA, NA, MJB, 
ABe, PB, ABr, ABü, RMC, GC, MCo, DJC, ATC, EC, RD-A, JPD, A-CD, 



1036 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

AE, TAvE, VLF, GG, JG, LEG-L, RLG, DG, JAH, SH, J-yJ, NK, EJOK, LL, 
SL, FL, HL, HFL, MMae, MMaj, GM, JM, LM, CMcF, SM, VN, PMP, WP, 
JP, SP, LP, TER, RR, JS, SJS, NvS, WS, EWS, NS, AS, BTA, OT, AT, DT, 
WV, WHW, LW, and KY declare no competing interests. The declaration 
of interests for the InTBIR Participants and Investigators is available in 
the appendix (p 12).

Acknowledgments
We are enormously grateful to our patients with traumatic brain injury 
(TBI)—the Commission’s most important stakeholders—who have 
shared their experiences with us and taught us so much. In adopting a 
pioneering approach to the editing of this paper, including contributions 
from more than 250 International Initiative for Traumatic Brain Injury 
Research (InTBIR) Participants and Investigators, an important aim has 
been to recognise the efforts of investigators who collect data in large-scale 
observational studies and clinical trials, such as the InTBIR studies. 
Without their time and effort, no data or evidence base would exist to 
support progress in the field. We acknowledge the support provided by the 
funding agencies joined in the InTBIR initiative: the Canadian Institutes 
of Health Research, the European Commission, the US National 
Institutes of Health-National Institute of Neurological Disorders and 
Stroke, One Mind, and the US Department of Defense. Additional 
support for Canadian studies within InTBIR was provided by Fonds de 
recherche du Québec Santé, the Hotchkiss Brain Institute, the Ontario 
Brain Institute, and the Ontario Neurotrauma Foundation. The 
Collaborative European NeuroTrauma Effectiveness Research in 
Traumatic Brain Injury (CENTER-TBI) project received additional support 
from the Hannelore Kohl Stiftung, Germany. Synergistic funding for the 
Transforming Research and Clinical Knowledge in Traumatic Brain Injury 
(TRACK-TBI) study was obtained through a successful application for a 
TBI Endpoints Development award from the US Department of Defense. 
In addition, DKM was supported through a Senior Investigator Award and 
funding for the Cambridge Biomedical Research Centre from the UK 
National Institute for Health Research. We thank Maartje Kunen for 
providing the images for figures 6 and 11. The preparation of this 
manuscript would not have been possible without the administrative and 
graphical support of Fanny Hermans, Veronique de Keyser, and Ouarda 
Tarrahi; we are very grateful for their help.

References
1 Menon DK, Schwab K, Wright DW, Maas AIR, and the 

Demographics and Clinical Assessment Working Group of the 
International and Interagency Initiative toward Common Data 
Elements for Research on Traumatic Brain Injury and Psychological 
Health. Position statement: definition of traumatic brain injury. 
Arch Phys Med Rehabil 2010; 91: 1637–40.

2 Rosenfeld JV, Maas AI, Bragge P, Morganti-Kossmann MC, 
Manley GT, Gruen RL. Early management of severe traumatic brain 
injury. Lancet 2012; 380: 1088–98.

3 Feigin VLV, Theadom A, Barker-Collo S, et al, for the BIONIC Study 
Group. Incidence of traumatic brain injury in New Zealand: 
a population-based study. Lancet Neurol 2013; 12: 53–64.

4 Brazinova A, Rehorcikova V, Taylor MS, et al. Epidemiology of 
traumatic brain injury in Europe: a living systematic review. 
J Neurotrauma 2016; published online Aug 25. DOI:10.1089/
neu.2015.4126.

5 Kleiven S, Peloso PM, von Holst H. The epidemiology of head 
injuries in Sweden from 1987 to 2000. Inj Control Saf Promot 2003; 
10: 173–80.

6 Koskinen S, Alaranta H. Traumatic brain injury in Finland 
1991–2005: a nationwide register study of hospitalized and fatal TBI. 
Brain Inj 2008; 22: 205–14.

7 Maas AIR, Stocchetti N, Bullock R. Moderate and severe traumatic 
brain injury in adults. Lancet Neurol 2008; 7: 728–41.

8 WHO. Neurological disorders: public health challenges. 2006. 
http://www.who.int/mental_health/neurology/neurological_
disorders_report_web.pdf (accessed Sept 20, 2017).

9 The World Bank. World Development Indicators database. 2017. 
http://databank.worldbank.org/data/download/GDP.pdf (accessed 
Sept 20, 2017).

10 Sener S, Van Hecke W, Feyen BF, et al. Diffusion tensor imaging: 
a possible biomarker in severe traumatic brain injury and aneurysmal 
subarachnoid hemorrhage? Neurosurgery 2016; 79: 786–93.

11 Fleminger S, Oliver DL, Lovestone S, Rabe-Hesketh S, Giora A. 
Head injury as a risk factor for Alzheimer’s disease: the evidence 
10 years on; a partial replication. J Neurol Neurosurg Psychiatry 2003; 
74: 857–62.

12 Li W, Risacher S, McAllister T, Saykin A. Traumatic brain injury and 
age at onset of cognitive impairment in older adults. J Neurol 2016; 
263: 1280–85.

13 Burke JF, Stulc JL, Skolarus LE, Sears ED, Zahuranec DB, 
Morgenstern LB. Traumatic brain injury may be an independent 
risk factor for stroke. Neurology 2013; 81: 33–39.

14 Liao C-C, Chou Y-C, Yeh C-C, Hu C-J, Chiu W-T, Chen T-L. Stroke 
risk and outcomes in patients with traumatic brain injury: 
2 nationwide studies. Mayo Clin Proc 2014; 89: 163–72.

15 Jafari S, Etminan M, Aminzadeh F, Samii A. Head injury and risk 
of Parkinson disease: a systematic review and meta-analysis. 
Mov Disord 2013; 28: 1222–29.

16 Gardner RC, Burke JF, Nettiksimmons J, Goldman S, Tanner CM, 
Yaffe K. Traumatic brain injury in later life increases risk for 
Parkinson disease. Ann Neurol 2015; 77: 987–95.

17 Crane PK, Gibbons LE, Dams-O’Connor K, et al. Association of 
traumatic brain injury with late-life neurodegenerative conditions 
and neuropathologic findings. JAMA Neurol 2016; 73: 1062–69.

18 Walsh S, Donnan J, Fortin Y, et al. A systematic review of the risk 
factors associated with the onset and natural progression of 
epilepsy. Neurotoxicology 2017; 61: 64–77.

19 McMillan TM, Teasdale GM, Weir CJ, Stewart E. Death after head 
injury: the 13 year outcome of a case control study. 
J Neurol Neurosurg Psychiatry 2011; 82: 931–35.

20 Stocchetti N, Zanier ER. Chronic impact of traumatic brain injury 
on outcome and quality of life: a narrative review. Crit Care 2016; 
20: 148.

21 Hay J, Johnson VE, Smith DH, Stewart W. Chronic traumatic 
encephalopathy: the neuropathological legacy of traumatic brain 
injury. Annu Rev Pathol 2016; 11: 21–45.

22 Stern RA, Daneshvar DH, Baugh CM, et al. Clinical presentation of 
chronic traumatic encephalopathy. Neurology 2013; 81: 1122–29.

23 Guskiewicz KM, Marshall SW, Bailes J, et al. Association between 
recurrent concussion and late-life cognitive impairment in retired 
professional football players. Neurosurgery 2005; 57: 719–26, 
discussion 719–26.

24 Mez J, Daneshvar DH, Kiernan PT, et al. Clinicopathological 
evaluation of chronic traumatic encephalopathy in players of 
American football. JAMA 2017; 318: 360–70.

25 Te Ao B, Brown P, Tobias M, et al, and the BIONIC Study Group. 
Cost of traumatic brain injury in New Zealand: evidence from a 
population-based study. Neurology 2014; 83: 1645–52.

26 Stocchetti N, Carbonara M, Citerio G, et al. Severe traumatic brain 
injury: targeted management in the intensive care unit. 
Lancet Neurol 2017; 16: 452–64.

27 Maegele M, Schöchl H, Menovsky T, et al. Coagulopathy and 
haemorrhagic progression in traumatic brain injury: advances in 
mechanisms, diagnosis, and management. Lancet Neurol 2017; 
16: 630–47.

28 Meyfroidt G, Baguley IJ, Menon DK. Paroxysmal Sympathetic 
Hyperactivity: the storm after acute brain injury. Lancet Neurol 2017; 
16: 721–29.

29 Wilson LW, Stewart W, Dams-O’Connor K, et al. The chronic and 
evolving neurological consequences of traumatic brain injury. 
Lancet Neurol 2017; 16: 813–25.

30 Majdan M, Plancikova D, Brazinova A, et al. Epidemiology of 
traumatic brain injuries in Europe: a cross-sectional analysis based 
on hospital discharge statistics and death certificates in 2012. 
Lancet Public Health 2016; 1: e76–83.

31 Faul M, Xu L, Wald MM, Coronado VG. Traumatic brain injury in 
the United States: emergency department visits, hospitalizations 
and deaths 2002–2006. Atlanta, GA: Centers for Disease Control 
and Prevention, National Center for Injury Prevention and Control, 
2010. https://www.cdc.gov/traumaticbraininjury/pdf/blue_book.pdf 
(accessed Sept 20, 2017).

32 Centers for Disease Control and Prevention. Report to Congress on 
traumatic brain injury in the United States: epidemiology and 
rehabilitation. 2015. https://www.cdc.gov/traumaticbraininjury/pdf/
tbi_report_to_congress_epi_and_rehab-a.pdf (accessed 
Sept 20, 2017).



www.thelancet.com/neurology   Vol 16   December 2017 1037

The Lancet Neurology Commission

33 Peeters W, van den Brande R, Polinder S, et al. Epidemiology of 
traumatic brain injury in Europe. Acta Neurochir (Wien) 2015; 
157: 1683–96.

34 Centers for Disease Control and Prevention. Rates of TBI-related 
emergency department visits by age group—United States, 
2001–2010. 2010. https://www.cdc.gov/traumaticbraininjury/data/
rates_ed_byage.html (accessed Sept 20, 2017).

35 Centers for Disease Control and Prevention. Nonfatal traumatic 
brain injuries related to sports and recreation activities among 
persons aged ≤19 years. United States, 2001–2009. 2011. https://
www.cdc.gov/mmwr/preview/mmwrhtml/mm6039a1.htm 
(accessed Sept 20, 2017).

36 Hootman JM, Dick R, Agel J. Epidemiology of collegiate injuries for 
15 sports: summary and recommendations for injury prevention 
initiatives. J Athl Train 2007; 42: 311–19.

37 Lincoln AE, Caswell SV, Almquist JL, Dunn RE, Norris JB, 
Hinton RY. Trends in concussion incidence in high school sports: a 
prospective 11-year study. Am J Sports Med 2011; 39: 958–63.

38 Risdall JE, Menon DK. Traumatic brain injury. 
Philos Trans R Soc Lond B Biol Sci 2011; 366: 241–50.

39 Carroll LJ, Cassidy JD, Holm L, Kraus J, Coronado VG, and the 
WHO Collaborating Centre Task Force on Mild Traumatic Brain 
Injury. Methodological issues and research recommendations for 
mild traumatic brain injury. J Rehabil Med 2004; (43 suppl): 113–25.

40 American Congress of Rehabilitation Medicine. Mild Traumatic 
Brain Injury Committee of the Head Injury Interdisciplinary 
Special Interest Group. Definition of mild traumatic brain injury. 
J Head Trauma Rehabil 1993; 8: 86–87.

41 Ruff RM, Iverson GL, Barth JT, Bush SS, Broshek DK, and the NAN 
Policy and Planning Committee. Recommendations for diagnosing a 
mild traumatic brain injury: a National Academy of Neuropsychology 
education paper. Arch Clin Neuropsychol 2009; 24: 3–10.

42 Teasdale G, Jennett B. Assessment of coma and impaired 
consciousness. A practical scale. Lancet 1974; 2: 81–84.

43 Gabella B, Hoffman RE, Marine WW, Stallones L. Urban and rural 
traumatic brain injuries in Colorado. Ann Epidemiol 1997; 7: 207–12.

44 Langlois JA, Kegler SR, Butler JA, et al. Traumatic brain 
injury-related hospital discharges. Results from a 14-state 
surveillance system, 1997. MMWR Surveill Summ 2003; 52: 1–20.

45 Rutland-Brown W, Wallace LJ, Faul MD, Langlois JA. Traumatic 
brain injury hospitalizations among American Indians/Alaska 
Natives. J Head Trauma Rehabil 2005; 20: 205–14.

46 Centers for Disease Control and Prevention. Rates of hospitalization 
related to traumatic brain injury—nine states, 2003. 
MMWR Surveill Summ 2007; 56: 167–70.

47 Tieves KS, Yang H, Layde PM. The epidemiology of traumatic brain 
injury in Wisconsin, 2001. WMJ 2005; 104: 22–25, 54.

48 Centers for Disease Control and Prevention. Traumatic brain 
injury—Colorado, Missouri, Oklahoma, and Utah, 1990–1993. 
MMWR Surveill Summ 1997; 46: 8–11.

49 Thurman DJ, Jeppson L, Burnett CL, Beaudoin DE, 
Rheinberger MM, Sniezek JE. Surveillance of traumatic brain 
injuries in Utah. West J Med 1996; 165: 192–96.

50 Centers for Disease Control and Prevention. Traumatic brain injury 
among American Indians/Alaska Natives—United States, 
1992–1996. MMWR Morb Mortal Wkly Rep 2002; 51: 303–05.

51 Centers for Disease Control and Prevention. Incidence rates of 
hospitalization related to traumatic brain injury—12 states, 2002. 
MMWR Morb Mortal Wkly Rep 2006; 55: 201–04.

52 Taylor CA, Bell JM, Breiding MJ, Xu L. Traumatic brain injury-related 
emergency department visits, hospitalizations, and deaths—
United States, 2007 and 2013. MMWR Surveill Summ 2017; 66: 1–16.

53 Colantonio A, Croxford R, Farooq S, Laporte A, Coyte PC. Trends in 
hospitalization associated with traumatic brain injury in a publicly 
insured population, 1992–2002. J Trauma 2009; 66: 179–83.

54 Colantonio A, Saverino C, Zagorski B, et al. Hospitalizations and 
emergency department visits for TBI in Ontario. Can J Neurol Sci 
2010; 37: 783–90.

55 Fu TS, Jing R, Fu WW, Cusimano MD. Epidemiological trends of 
traumatic brain injury identified in the emergency department in a 
publicly-insured population, 2002–2010. PLoS One 2016; 11: e0145469.

56 Nell V, Brown DS. Epidemiology of traumatic brain injury in 
Johannesburg—II. Morbidity, mortality and etiology. Soc Sci Med 
1991; 33: 289–96.

57 Tagliaferri F, Compagnone C, Korsic M, Servadei F, Kraus J. 
A systematic review of brain injury epidemiology in Europe. 
Acta Neurochir (Wien) 2006; 148: 255–68, discussion 268.

58 Eurostat. Population on 1 January. 2017. http://ec.europa.eu/
eurostat/tgm/table.do?tab=table&init=1&language=en&pcode=tps0
0001&plugin=1 (accessed Sept 20, 2017).

59 Coronado VG, McGuire LC, Sarmiento K, et al. Trends in traumatic 
brain injury in the U.S. and the public health response: 1995–2009. 
J Safety Res 2012; 43: 299–307.

60 United States Census Bureau. US and world population clock. 2017. 
http://www.census.gov/popclock/ (accessed Sept 20, 2017).

61 Adekoya N, Thurman DJ, White DD, Webb KW. Surveillance for 
traumatic brain injury deaths—United States, 1989–1998. 
MMWR Surveill Summ 2002; 51: 1–14.

62 Faul M, Xu L, Wald MM, Coronado V, Dellinger AM. Traumatic 
brain injury in the United States: national estimates of prevalence 
and incidence, 2002–2006. Inj Prev 2010; 16 (suppl 1): A268.

63 Wikipedia. List of countries by firearm-related death rate. https://
en.wikipedia.org/wiki/List_of_countries_by_firearm-related_death_
rate (accessed Sept 20, 2017).

64 Duquet N, Van Alstein M. Firearms and violent deaths in Europe: 
an exploratory analysis of the linkages between gun ownership, 
firearms legislation and violent death. Brussels: Tomas Baum, 2015.

65 Coronado V, McGuire L, Faul M, Sugerman D, Pearson W. 
Traumatic brain injury epidemiology and public health issues. 
In: Zasler ND, Katz DI, Zafonte RD, eds. Brain injury medicine, 
2nd edn: Principles and practice. New York: Demos Medical, 2013: 
84–100.

66 Wang CC, Schoenberg BS, Li SC, Yang YC, Cheng XM, Bolis CL. 
Brain injury due to head trauma. Epidemiology in urban areas of 
the People’s Republic of China. Arch Neurol 1986; 43: 570–72.

67 Yang YC, Li SC, Cheng XM, Wang WZ, Wu SP. The epidemiology 
of craniocerebral injury in 6 cities of China. Chin J Neurosurg 1987; 
3: 23–24.

68 Zhu GL, Song JR, Zhang DX, Wang WZ. The epidemiology of head 
injury in rural and minority areas of China. Chin J Neurosurg 
1989; S44.

69 Jiang J-Y, and the Chinese Head Trauma Study Collaborators. Head 
trauma in China. Injury 2013; 44: 1453–57.

70 Gong R, Liang YM, Gao GY, Bao YH. Chinese head trauma data 
bank: factors of short-term prognosis. Chin J Neurosurg 2014; 
30: 56–58.

71 Huang X. Car ownership modeling and forecast for China. 2011. 
https://pdfs.semanticscholar.org/39fd/4e7e44e2bd27a3de1a1a7bdbb
e16b8576fc7.pdf (accessed Sept 20, 2017).

72 No driving after drinking. Auto & Safety 2016; 5: 84–86 (Chinese).
73 Cheng P, Yin P, Ning P, et al. Trends in traumatic brain injury 

mortality in China, 2006–2013: A population-based longitudinal 
study. PLoS Med 2017; 14: e1002332.

74 Hu J, Yao H, Liu Y, et al. A prospective epidemiological 
investigation of the hospitalized patients with traumatic brain 
injury in eastern China. Chinese J Neurosurg 2008; 24: 88–91.

75 Jiang J-Y, Feng H, Fu Z, et al. Violent head trauma in China: report 
of 2254 cases. Surg Neurol 2007; 68 (suppl 2): S2–5, discussion S5.

76 Ministry of Home Affairs, Government of India. National Crime 
Records Bureau Ministry of Home Affairs. Accidental deaths and 
suicides in India 2015. 2016. http://ncrb.nic.in/StatPublications/
ADSI/ADSI2015/adsi-2015-full-report.pdf (accessed Sept 20, 2017).

77 Burton A. A key traumatic brain injury initiative in India. 
Lancet Neurol 2016; 15: 1011–12.

78 Das A, Botticello AL, Wylie GR, Radhakrishnan K. Neurologic 
disability: a hidden epidemic for India. Neurology 2012; 79: 2146–47.

79 Gururaj G. Epidemiology of traumatic brain injuries: Indian 
scenario. Neurol Res 2002; 24: 24–28.

80 Gururaj G. Road traffic deaths, injuries and disabilities in India: 
current scenario. Natl Med J India 2008; 21: 14–20.

81 Roy N, Gerdin M, Ghosh S, et al. 30-day in-hospital trauma 
mortality in four urban university hospitals using an Indian trauma 
registry. World J Surg 2016; 40: 1299–307.

82 Gupta D, Sharma D, Kannan N, et al. Guideline adherence and 
outcomes in severe adult traumatic brain injury for the CHIRAG 
(Collaborative Head Injury and Guidelines) study. World Neurosurg 
2016; 89: 169–79.



1038 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

83 Ruikar M. National statistics of road traffic accidents in India. 
J Orthop Traumatol Rehabil 2013; 6: 1–6.

84 Frost RB, Farrer TJ, Primosch M, Hedges DW. Prevalence of 
traumatic brain injury in the general adult population: 
a meta-analysis. Neuroepidemiology 2013; 40: 154–59.

85 McKinlay A, Grace RC, Horwood LJ, Fergusson DM, Ridder EM, 
MacFarlane MR. Prevalence of traumatic brain injury among 
children, adolescents and young adults: prospective evidence from a 
birth cohort. Brain Inj 2008; 22: 175–81.

86 Whiteneck GG, Cuthbert JP, Corrigan JD, Bogner JA. Prevalence of 
self-reported lifetime history of traumatic brain injury and 
associated disability. J Head Trauma Rehabil 2016; 31: E55–62.

87 Zaloshnja E, Miller T, Langlois JA, Selassie AW. Prevalence of long-
term disability from traumatic brain injury in the civilian 
population of the United States, 2005. J Head Trauma Rehabil 2008; 
23: 394–400.

88 Steudel WI, Cortbus F, Schwerdtfeger K. Epidemiology and 
prevention of fatal head injuries in Germany—trends and the 
impact of the reunification. Acta Neurochir (Wien) 2005; 
147: 231–42, discussion 242.

89 McIntyre A, Mehta S, Aubut J, Dijkers M, Teasell RW. Mortality 
among older adults after a traumatic brain injury: a meta-analysis. 
Brain Inj 2013; 27: 31–40.

90 Scholten AC, Haagsma JA, Panneman MJ, van Beeck EF, 
Polinder S. Traumatic brain injury in the Netherlands: incidence, 
costs and disability-adjusted life years. PLoS One 2014; 9: e110905.

91 Te Ao B, Tobias M, Ameratunga S, et al, and the BIONIC Study 
Group. Burden of traumatic brain injury in New Zealand: 
incidence, prevalence and disability-adjusted life years. 
Neuroepidemiology 2015; 44: 255–61.

92 Majdan M, Plancikova D, Maas A, et al. Years of life lost due to 
traumatic brain injury in Europe: A cross-sectional analysis of 
16 countries. PLoS Med 2017; 14: e1002331.

93 McMillan TM, Weir CJ, Wainman-Lefley J. Mortality and morbidity 
15 years after hospital admission with mild head injury: 
a prospective case-controlled population study. 
J Neurol Neurosurg Psychiatry 2014; 85: 1214–20.

94 Haagsma JA, Graetz N, Bolliger I, et al. The global burden of injury: 
incidence, mortality, disability-adjusted life years and time trends 
from the Global Burden of Disease study 2013. Inj Prev 2016; 
22: 3–18.

95 Masel BE, DeWitt DS. Traumatic brain injury: a disease process, not 
an event. J Neurotrauma 2010; 27: 1529–40.

96 Ventura T, Harrison-Felix C, Carlson N, et al. Mortality after 
discharge from acute care hospitalization with traumatic brain 
injury: a population-based study. Arch Phys Med Rehabil 2010; 
91: 20–29.

97 Johnson VE, Stewart W, Smith DH. Widespread τ and amyloid-β 
pathology many years after a single traumatic brain injury in 
humans. Brain Pathol 2012; 222: 142–49.

98 Raj R, Kaprio J, Korja M, Mikkonen ED, Jousilahti P, Siironen J. 
Risk of hospitalization with neurodegenerative disease after 
moderate-to-severe traumatic brain injury in the working-age 
population: a retrospective cohort study using the Finnish national 
health registries. PLoS Med 2017; 14: e1002316.

99 Sayed N, Culver C, Dams-O’Connor K, Hammond F, 
Diaz-Arrastia R. Clinical phenotype of dementia after traumatic 
brain injury. J Neurotrauma 2013; 30: 1117–22.

100 Shively S, Scher AI, Perl DP, Diaz-Arrastia R. Dementia resulting 
from traumatic brain injury: what is the pathology? Arch Neurol 
2012; 69: 1245–51.

101 Martland HS. Punch drunk. JAMA 1928; 91: 1103–07.
102 Corsellis JAN, Bruton CJ, Freeman-Browne D. The aftermath of 

boxing. Psychol Med 1973; 3: 270–303.
103 McKee AC, Cairns NJ, Dickson DW, et al, and the TBI/CTE group. 

The first NINDS/NIBIB consensus meeting to define 
neuropathological criteria for the diagnosis of chronic traumatic 
encephalopathy. Acta Neuropathol 2016; 131: 75–86.

104 Kaup AR, Yaffe K. Reassuring news about football and cognitive 
decline? Not so fast. JAMA Neurol 2017; 74: 898–99.

105 Deshpande SK, Hasegawa RB, Rabinowitz AR, et al. Association of 
playing high school football with cognition and mental health in 
later life. JAMA Neurol 2017; 74: 909–18.

106 Wood RL. Accelerated cognitive aging following severe traumatic 
brain injury: a review. Brain Inj 2017; published online July 7. 
DOI:10.1080/02699052.2017.1332387.

107 Newcombe VFJ, Correia MM, Ledig C, et al. Dynamic changes in 
white matter abnormalities correlate with late improvement and 
deterioration following TBI: a diffusion tensor imaging study. 
Neurorehabil Neural Repair 2016; 30: 49–62.

108 Mac Donald CL, Barber J, Jordan M, et al. Early clinical predictors 
of 5-year outcome after concussive blast traumatic brain injury. 
JAMA Neurol 2017; 74: 821–29.

109 Christensen J. Traumatic brain injury: risks of epilepsy and 
implications for medicolegal assessment. Epilepsia 2012; 
53 (suppl 4): 43–47.

110 Diaz-Arrastia R, Agostini MA, Madden CJ, Van Ness PC. 
Posttraumatic epilepsy: the endophenotypes of a human model of 
epileptogenesis. Epilepsia 2009; 50 (suppl 2): 14–20.

111 Perry DC, Sturm VE, Peterson MJ, et al. Association of traumatic 
brain injury with subsequent neurological and psychiatric disease: 
a meta-analysis. J Neurosurg 2016; 124: 511–26.

112 Shivaji T, Lee A, Dougall N, McMillan T, Stark C. The epidemiology 
of hospital treated traumatic brain injury in Scotland. BMC Neurol 
2014; 14: 2.

113 Pérez K, Novoa AM, Santamariña-Rubio E, et al, and the Working 
Group for Study of Injuries of Spanish Society of Epidemiology. 
Incidence trends of traumatic spinal cord injury and traumatic 
brain injury in Spain, 2000–2009. Accid Anal Prev 2012; 46: 37–44.

114 Dias C, Rocha J, Pereira E, Cerejo A. Traumatic brain injury in 
Portugal: trends in hospital admissions from 2000 to 2010. 
Acta Med Port 2014; 27: 349–56.

115 Fu TS, Jing R, McFaull SR, Cusimano MD. Recent trends in 
hospitalization and in-hospital mortality associated with traumatic 
brain injury in Canada: a nationwide, population-based study. 
J Trauma Acute Care Surg 2015; 79: 449–54.

116 Mauritz W, Brazinova A, Majdan M, Rehorcikova V, Leitgeb J. 
Deaths due to traumatic brain injury in Austria between 1980 and 
2012. Brain Inj 2014; 28: 1096–101.

117 Stein SC, Georgoff P, Meghan S, Mizra K, Sonnad SS. 150 years of 
treating severe traumatic brain injury: a systematic review of 
progress in mortality. J Neurotrauma 2010; 27: 1343–53.

118 Arbogast KB, Curry AE, Pfeiffer MR, et al. Point of health care entry 
for youth with concussion within a large pediatric care network. 
JAMA Pediatr 2016; 170: e160294.

119 Thurman DJ. The Epidemiology of traumatic brain injury in 
children and youths: a review of research since 1990. J Child Neurol 
2016; 31: 20–27.

120 Howard I, Joseph JG, Natale JE. Pediatric traumatic brain injury: 
do racial/ethnic disparities exist in brain injury severity, mortality, 
or medical disposition? Ethn Dis 2005; 15: S5-51–56.

121 Coronado VG, Xu L, Basavaraju SV, et al, and the Centers for 
Disease Control and Prevention. Surveillance for traumatic brain 
injury-related deaths—United States, 1997–2007. 
MMWR Surveill Summ 2011; 60: 1–32.

122 Falcone RAJ Jr, Martin C, Brown RL, Garcia VF. Despite overall low 
pediatric head injury mortality, disparities exist between races. 
J Pediatr Surg 2008; 43: 1858–64.

123 Linton KF, Kim BJ. Traumatic brain injury as a result of violence in 
Native American and Black communities spanning from childhood 
to older adulthood. Brain Inj 2014; 28: 1076–81.

124 WHO. World report on child injury prevention. 2008. http://apps.
who.int/iris/bitstream/10665/43851/1/9789241563574_eng.pdf 
(accessed Sept 20, 2017).

125 Spies EL, Klevens J. Fatal abusive head trauma among children 
aged <5 years—United States, 1999–2014. 
MMWR Morb Mortal Wkly Rep 2016; 65: 505–09.

126 Davies FC, Coats TJ, Fisher R, Lawrence T, Lecky FE. A profile of 
suspected child abuse as a subgroup of major trauma patients. 
Emerg Med J 2015; 32: 921–25.

127 Mehta A, Kochanek PM, Tyler-Kabara E, et al. Relationship of 
intracranial pressure and cerebral perfusion pressure with outcome 
in young children after severe traumatic brain injury. Dev Neurosci 
2010; 32: 413–19.

128 Keenan HT, Runyan DK, Marshall SW, Nocera MA, Merten DF, 
Sinal SH. A population-based study of inflicted traumatic brain 
injury in young children. JAMA 2003; 290: 621–26.



www.thelancet.com/neurology   Vol 16   December 2017 1039

The Lancet Neurology Commission

129 Miller Ferguson N, Sarnaik A, Miles D, et al, and the Investigators 
of the Approaches and Decisions in Acute Pediatric Traumatic Brain 
Injury (ADAPT) Trial. Abusive head trauma and mortality—an 
analysis from an international comparative effectiveness study of 
children with severe traumatic brain injury. Crit Care Med 2017; 
45: 1398–407.

130 EuroSafe. Injuries in the European Union: Summary of injury 
statistics for the years 2008–2010, 4th edn. Amsterdam: European 
Association for Injury Prevention and Safety Promotion (EuroSafe). 
2013. https://www.econbiz.de/Record/injuries-in-the-european-
union-summary-of-injury-statistics-for-the-
years-2008-2010/10010224671 (accessed Sept 20, 2017).

131 United Nations Population Fund (UNFPA) and HelpAge 
International. Ageing in the twenty-first century: a celebration and a 
challenge. 2012. http://www.unfpa.org/sites/default/files/pub-pdf/
Ageing%20report.pdf (accessed Sept 20, 2017).

132 Flaada JT, Leibson CL, Mandrekar JN, et al. Relative risk of mortality 
after traumatic brain injury: a population-based study of the role of 
age and injury severity. J Neurotrauma 2007; 24: 435–45.

133 Coronado VG, Thomas KE, Sattin RW, Johnson RL. The CDC 
traumatic brain injury surveillance system: characteristics of 
persons aged 65 years and older hospitalized with a TBI. 
J Head Trauma Rehabil 2005; 20: 215–28.

134 Woods AJ, Porges EC, Bryant VE, et al. Current heavy alcohol 
consumption is associated with greater cognitive impairment in 
older adults. Alcohol Clin Exp Res 2016; 40: 2435–44.

135 Hukkelhoven CW, Steyerberg EW, Rampen AJJA, et al. Patient age 
and outcome following severe traumatic brain injury: an analysis of 
5600 patients. J Neurosurg 2003; 99: 666–73.

136 Mushkudiani NA, Engel DC, Steyerberg EW, et al. Prognostic value 
of demographic characteristics in traumatic brain injury: results 
from the IMPACT study. J Neurotrauma 2007; 24: 259–69.

137 Kirkman MA, Jenks T, Bouamra O, Edwards A, Yates D, 
Wilson MH. Increased mortality associated with cerebral 
contusions following trauma in the elderly: bad patients or bad 
management? J Neurotrauma 2013; 30: 1385–90.

138 Stocchetti N, Paternò R, Citerio G, Beretta L, Colombo A. Traumatic 
brain injury in an aging population. J Neurotrauma 2012; 
29: 1119–25.

139 Cantu RC. Second-impact syndrome. Clin Sports Med 1998; 17: 37–44.
140 Bey T, Ostick B. Second impact syndrome. West J Emerg Med 2009; 

10: 6–10.
141 Lehman EJ, Hein MJ, Baron SL, Gersic CM. Neurodegenerative 

causes of death among retired National Football League players. 
Neurology 2012; 79: 1970–74.

142 Centers for Disease Control and Prevention. Nonfatal traumatic 
brain injuries from sports and recreation activities–United States, 
2001–2005. MMWR Morb Mortal Wkly Rep 2007; 56: 733–37.

143 American Association of Neurological Surgeons. Sports-related head 
injury. 2014. http://www.aans.org/patient information/conditions and 
treatments/sports-related head injury.aspx (accessed Sept 20, 2017).

144 Theadom A, Starkey NJ, Dowell T, et al, and the BIONIC Research 
Group. Sports-related brain injury in the general population: 
an epidemiological study. J Sci Med Sport 2014; 17: 591–96.

145 Pfister T, Pfister K, Hagel B, Ghali WA, Ronksley PE. The incidence 
of concussion in youth sports: a systematic review and 
meta-analysis. Br J Sports Med 2016; 50: 292–97.

146 Marar M, McIlvain NM, Fields SK, Comstock RD. Epidemiology of 
concussions among United States high school athletes in 20 sports. 
Am J Sports Med 2012; 40: 747–55.

147 McCrory P, Meeuwisse W, Aubry M, et al. Consensus statement on 
concussion in sport: the 4th International Conference on 
Concussion in Sport held in Zurich, November 2012. Br J Sport Med 
2013; 47: 250–58.

148 England Professional Rugby Injury Surveillance Project Steering 
Group. England Professional Rugby Injury Surveillance Project: 
2014–2015 season report. 2016. http://www.englandrugby.com/
mm/Document/General/General/01/31/72/86/
InjurySurveillanceReport_2014-15_SINGLE_22Mar16_English.pdf 
(accessed Sept 20, 2017).

149 England Professional Rugby Injury Surveillance Project Steering 
Group. England Professional Rugby Injury Surveillance Project: 
2015–2016 season report. 2017. http://www.englandrugby.com/
news/results-injury-study-revealed/ (accessed Sept 20, 2017).

150 McCrea M, Hammeke T, Olsen G, Leo P, Guskiewicz K. 
Unreported concussion in high school football players: implications 
for prevention. Clin J Sport Med 2004; 14: 13–17.

151 Owens BD, Kragh JF Jr, Wenke JC, Macaitis J, Wade CE, 
Holcomb JB. Combat wounds in operation Iraqi Freedom and 
operation Enduring Freedom. J Trauma 2008; 64: 295–99.

152 Defense and Veterans Brain Injury Center. DoD worldwide 
numbers for TBI. 2016. http://dvbic.dcoe.mil/dod-worldwide-
numbers-tbi (accessed Sept 20, 2017).

153 Ling G, Bandak F, Armonda R, Grant G, Ecklund J. Explosive blast 
neurotrauma. J Neurotrauma 2009; 26: 815–25.

154 Defense Health Board. Management of traumatic brain injury in 
tactical combat casualty care 2012–04. 2012. https://www.naemt.org/
docs/default-source/education-documents/tccc/10-9-15-updates/
dhb-memo-120726-traumatic-brain-injury.pdf?sfvrsn=2 (accessed 
Sept 20, 2017).

155 Department of Defense, Department of Veterans Affairs, 
Department of Health and Human Services. Interagency Task Force 
on Military and Veterans Mental Health: National Research Action 
Plan: 2016 progress report. 2016. https://www.mentalhealth.va.gov/
docs/ITF_2016_Annual_Report_November_2016.pdf (accessed 
Sept 20, 2017).

156 Kotwal RS, Howard JT, Orman JA, et al. The effect of a golden hour 
policy on the morbidity and mortality of combat casualties. 
JAMA Surg 2016; 151: 15–24.

157 Rasmussen C, Baer D, Doll B, Caravalho J. In the ‘golden hour’. 
Army AL&T Mag 2015; 80–85.

158 The National Academies of Sciences E and M. A national trauma care 
system: integrating military and civilian trauma systems to achieve 
zero preventable deaths after injury. 2016. https://www.nap.edu/
catalog/23511/a-national-trauma-care-system-integrating-military-and-
civilian-trauma (accessed Sept 20, 2017).

159 Rasmussen TE, Reilly PA, Baer DG. Why military medical research? 
Mil Med 2014; 179 (suppl): 1–2.

160 Williams WH, Chitsabesan P. Young people with traumatic brain 
injury in custody: an evaluation of a linkworker service for Barrow 
Cadbury Trust and The Disabilities Trust. 2016. https://www.
barrowcadbury.org.uk/wp-content/uploads/2016/07/Disability_
Trust_linkworker_2016Lores.pdf (accessed Sept 20, 2017).

161 Timonen M, Miettunen J, Hakko H, et al. The association of 
preceding traumatic brain injury with mental disorders, alcoholism 
and criminality: the northern Finland 1966 birth cohort study. 
Psychiatry Res 2002; 113: 217–26.

162 Fazel S, Lichtenstein P, Grann M, Långström N. Risk of violent 
crime in individuals with epilepsy and traumatic brain injury: 
a 35-year Swedish population study. PLoS Med 2011; 8: e1001150.

163 Hughes N, Williams WH, Chitsabesan P, Walesby RC, Mounce LT, 
Clasby B. The prevalence of traumatic brain injury among young 
offenders in custody: a systematic review. J Head Trauma Rehabil 
2015; 30: 94–105.

164 Williams WH, Mewse AJ, Tonks J, Mills S, Burgess CN, Cordan G. 
Traumatic brain injury in a prison population: prevalence and risk 
for re-offending. Brain Inj 2010; 24: 1184–88.

165 Williams WH, Cordan G, Mewse AJ, Tonks J, Burgess CN. 
Self-reported traumatic brain injury in male young offenders: a risk 
factor for re-offending, poor mental health and violence? 
Neuropsychol Rehabil 2010; 20: 801–12.

166 Chitsabesan P, Lennox C, Williams H, Tariq O, Shaw J. Traumatic 
brain injury in juvenile offenders: findings from the comprehensive 
health assessment tool study and the development of a specialist 
linkworker service. J Head Trauma Rehabil 2015; 30: 106–15.

167 Schiltz K, Witzel JG, Bausch-Hölterhoff J, Bogerts B. High 
prevalence of brain pathology in violent prisoners: a qualitative CT 
and MRI scan study. Eur Arch Psychiatry Clin Neurosci 2013; 
263: 607–16.

168 Ornstein TJ, Sagar S, Schachar RJ, et al. Neuropsychological 
performance of youth with secondary attention-deficit/hyperactivity 
disorder 6- and 12-months after traumatic brain injury. 
J Int Neuropsychol Soc 2014; 20: 971–81.

169 Lichtenstein P, Halldner L, Zetterqvist J, et al. Medication for 
attention deficit-hyperactivity disorder and criminality. N Engl J Med 
2012; 367: 2006–14.

170 Fraser GE. The estimation of disease frequency using a population 
sample. Int J Epidemiol 1978; 7: 277–84.



1040 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

171 Tilling K, Sterne JA, Wolfe CD. Estimation of the incidence of 
stroke using a capture–recapture model including covariates. 
Int J Epidemiol 2001; 30: 1351–59, discussion 1359–60.

172 Eurostat. European Health Interview Survey. http://ec.europa.eu/
eurostat/web/microdata/european-health-interview-survey 
(accessed Sept 20, 2017).

173 Gustavsson A, Svensson M, Jacobi F, et al, and the CDBE2010 Study 
Group. Cost of disorders of the brain in Europe 2010. 
Eur Neuropsychopharmacol 2011; 21: 718–79.

174 Olesen J, Gustavsson A, Svensson M, Wittchen HU, Jönsson B, and 
the CDBE2010 Study Group and the European Brain Council. 
The economic cost of brain disorders in Europe. Eur J Neurol 2012; 
19: 155–62.

175 Finkelstein E, Corso P, Miller T. Incidence and economic burden of 
injuries in the United States. Oxford: Oxford University Press, 2006.

176 Orman J, Kraus J, Zaloshnja E. Epidemiology. In: Silver JM, 
McAllister TW, Yudofsky SC, eds. Textbook of traumatic brain 
injury, 2nd edn. Washington, DC: American Psychiatric Association 
Publishing, 2011: 3–22.

177 The Victorian Neurotrauma Initiative. The economic cost of spinal 
cord injury and traumatic brain injury in Australia. 2009. https://
www.tac.vic.gov.au/about-the-tac/our-organisation 
/research/tac-neurotrauma-research/vni/
the20economic20cost20of20spinal20cord20injury20and20 
traumatic20brain20injury20in20australia.pdf (accessed 
Sept 20, 2017).

178 Faul M, Wald MM, Rutland-Brown W, Sullivent EE, Sattin RW. 
Using a cost-benefit analysis to estimate outcomes of a clinical 
treatment guideline: testing the Brain Trauma Foundation 
guidelines for the treatment of severe traumatic brain injury. 
J Trauma 2007; 63: 1271–78.

179 Ponsford JL, Spitz G, Cromarty F, Gifford D, Attwood D. Costs of 
care after traumatic brain injury. J Neurotrauma 2013; 
30: 1498–505.

180 Spitz G, McKenzie D, Attwood D, Ponsford JL. Cost prediction 
following traumatic brain injury: model development and 
validation. J Neurol Neurosurg Psychiatry 2016; 87: 173–80.

181 Tenovuo O, Bullock M, Zafonte R. International systems of care and 
research agendas. In: Zasler ND, Katz DI, Zafonte RD, eds. 
Brain injury medicine, 2nd edn: Principles and practice. New York: 
Demos Medical, 2013: 40–52.

182 “Nuovo codice della strada, articolo 208, titolo VI”, Italian 
Parliament decision issued on April 30, 1992, number 285 and 
subsequent modifications.

183 Nakahara S, Ichikawa M, Kimura A. Population strategies and high-
risk-individual strategies for road safety in Japan. Health Policy 2011; 
100: 247–55.

184 Youngers EH, Zundel K, Gerhardstein D, et al. Comprehensive 
review of the ThinkFirst injury prevention programs: a 30-year 
success story for organized neurosurgery. Neurosurgery 2017; 
81: 416–21.

185 Rubiano AM, Carney N, Chesnut R, Puyana JC. Global 
neurotrauma research challenges and opportunities. Nature 2015; 
527: S193–97.

186 WHO. Decade of action for road safety 2011–2020. Global launch. 
2011. http://www.who.int/roadsafety/publications/global_launch.
pdf (accessed Sept 20, 2017).

187 Majdan M, Rusnak M, Rehorcikova V, Brazinova A, Leitgeb J, 
Mauritz W. Epidemiology and patterns of transport-related fatalities 
in Austria 1980–2012. Traffic Inj Prev 2015; 16: 450–55.

188 WHO. Global status report on road safety 2015. 2015. http://www.
who.int/violence_injury_prevention/road_safety_status/2015/en/ 
(accessed Sept 20, 2017).

189 Wilson C, Willis C, Hendrikz JK, Bellamy N. Speed enforcement 
detection devices for preventing road traffic injuries. 
Cochrane Database Syst Rev 2006; 2: CD004607.

190 Wilson C, Willis C, Hendrikz JK, Le Brocque R, Bellamy N. Speed 
cameras for the prevention of road traffic injuries and deaths. 
Cochrane Database Syst Rev 2010; 11: CD004607.

191 Richter ED, Berman T, Friedman L, Ben-David G. Speed, road 
injury, and public health. Annu Rev Public Health 2006; 27: 125–52.

192 Bunn F, Collier T, Frost C, Ker K, Roberts I, Wentz R. Traffic 
calming for the prevention of road traffic injuries: systematic review 
and meta-analysis. Inj Prev 2003; 9: 200–04.

193 Bunn F, Collier T, Frost C, Ker K, Roberts I, Wentz R. Area-wide 
traffic calming for preventing traffic related injuries. 
Cochrane Database Syst Rev 2003; 1: CD003110.

194 Norton R, Kobusingye O. Injuries. N Engl J Med 2013; 368: 1723–30.
195 Aeron-Thomas AS, Hess S. Red-light cameras for the prevention 

of road traffic crashes. Cochrane Database Syst Rev 2005; 
2: CD003862.

196 Beyer FR, Ker K. Street lighting for preventing road traffic injuries. 
Cochrane Database Syst Rev 2009; 1: CD004728.

197 Liu BC, Ivers R, Norton R, Boufous S, Blows S, Lo SK. Helmets for 
preventing injury in motorcycle riders. Cochrane Database Syst Rev 
2008; 1: CD004333.

198 Macpherson A, Spinks A. Bicycle helmet legislation for the uptake 
of helmet use and prevention of head injuries. 
Cochrane Database Syst Rev 2008; 3: CD005401.

199 Debinski B, Clegg Smith K, Gielen A. Public opinion on motor 
vehicle-related injury prevention policies: a systematic review of a 
decade of research. Traffic Inj Prev 2014; 15: 243–51.

200 Sethi M, Heidenberg J, Wall SP, et al. Bicycle helmets are highly 
protective against traumatic brain injury within a dense urban 
setting. Injury 2015; 46: 2483–90.

201 Chiu WT, Kuo CY, Hung CC, Chen M. The effect of the Taiwan 
motorcycle helmet use law on head injuries. Am J Public Health 
2000; 90: 793–96.

202 Busko A, Hubbard Z, Zakrison T. Motorcycle-helmet laws and 
public health. N Engl J Med 2017; 376: 1208–09.

203 Coben JH, Zhu M. Keeping an eye on distracted driving. JAMA 
2013; 309: 877–78.

204 Sahler CS, Greenwald BD. Traumatic brain injury in sports: 
a review. Rehabil Res Pract 2012; 2012: 659652.

205 Nordström A, Nordström P, Ekstrand J. Sports-related concussion 
increases the risk of subsequent injury by about 50% in elite male 
football players. Br J Sports Med 2014; 48: 1447–50.

206 Vagnozzi R, Tavazzi B, Signoretti S, et al. Temporal window of 
metabolic brain vulnerability to concussions: mitochondrial-related 
impairment—part I. Neurosurgery 2007; 61: 379–88, discussion 
388–89.

207 Fédération Internationale de Football Association. FIFA’s Medical 
Committee proposes new protocol for the management of 
concussion. 2014. http://www.fifa.com/development/news/
y=2014/m=9/news=fifa-s-medical-committee-proposes-new-
protocol-for-the-management-of-c-2443024.html (accessed 
Sept 20, 2017).

208 McCrory P, Meeuwisse W, Dvořák J, et al. Consensus statement on 
concussion in sport—the 5th international conference on 
concussion in sport held in Berlin, October 2016. Br J Sports Med 
2017; 51: 838–47.

209 Davis GA, Ellenbogen RG, Bailes J, et al. The Berlin International 
Consensus Meeting on Concussion in Sport. Neurosurgery 2017; 
published online June 30. DOI:10.1093/neuros/nyx344.

210 Harmon KG, Drezner JA, Gammons M, et al. American Medical 
Society for Sports Medicine position statement: concussion in 
sport. Br J Sports Med 2013; 47: 15–26.

211 Giza CC, Kutcher JS, Ashwal S, et al. Summary of evidence-based 
guideline update: evaluation and management of concussion in 
sports: report of the Guideline Development Subcommittee of the 
American Academy of Neurology. Neurology 2013; 80: 2250–57.

212 Turner C, McClure R, Nixon J, Spinks A. Community-based 
programs to promote car seat restraints in children 0–16 years—a 
systematic review. Accid Anal Prev 2005; 37: 77–83.

213 Safe Kids Worldwide. Child safety state law tracker. 2017. https://
www.safekids.org/statelaws?gclid=CjwKEAiA3NTFBRDKheuO6IG4
3VQSJAA74F77xQ-fsuNl84zH_kLy_Nd5_-
x6e6JORg5A6cO8aq2jVxoCd2Xw_wcB#PA (accessed Sept 20, 2017).

214 US Preventive Services Task Force. Counseling about proper use of 
motor vehicle occupant restraints and avoidance of alcohol use 
while driving: recommendation statement. Am Fam Physician 2008; 
78: 373–76.

215 European Commission. Safety in the automotive sector. 2014. 
https://ec.europa.eu/growth/sectors/automotive/safety_en 
(accessed Sept 20, 2017).

216 Gov.uk. The Highway Code, road safety and vehicle rules. https://
www.gov.uk/seat-belts-law (accessed Sept 20, 2017).



www.thelancet.com/neurology   Vol 16   December 2017 1041

The Lancet Neurology Commission

217 Child Accident Prevention Foundation of Australia. Child restraint 
guidelines: national guidelines for the safe restraint of children 
travelling in motor vehicles. 2013. http://www.kidsafe.com.au/
crguidelines (accessed Sept 20, 2017).

218 Lei H, Yang J, Liu X, Chen X, Li L. Has child restraint system use 
increased among parents of children in Shantou, China? 
Int J Environ Res Public Health 2016; 13: E964.

219 Harding A. Safe haven laws. J Emerg Nurs 2009; 35: 352–53.
220 Gruss SM. Is safe haven legislation an efficacious policy response to 

infant abandonment: a biopsychosocial profile of the target 
population. PhD thesis, Virginia Commonwealth University, 2006.

221 Hartholt KA, Van Lieshout EM, Polinder S, Panneman MJ, 
Van der Cammen TJ, Patka P. Rapid increase in hospitalizations 
resulting from fall-related traumatic head injury in older adults in 
The Netherlands 1986–2008. J Neurotrauma 2011; 28: 739–44.

222 Harvey LA, Close JC. Traumatic brain injury in older adults: 
characteristics, causes and consequences. Injury 2012; 43: 1821–26.

223 Murphy TE, Baker DI, Leo-Summers LS, Tinetti ME. Trends in 
fall-related traumatic brain injury among older persons in 
Connecticut from 2000–2007. J Gerontol Geriatr Res 2014; 3: 1000168.

224 Dams-O’Connor K, Gibbons LE, Landau A, Larson EB, Crane PK. 
Health problems precede traumatic brain injury in older adults. 
J Am Geriatr Soc 2016; 64: 844–48.

225 Lyndon H, Stevens G. Toolkit for general practice in supporting 
older people with frailty and achieving the requirements of the 
Unplanned Admissions Enhanced Service (2014). 2014. http://www.
bgs.org.uk/pdfs/2015_gen_prac_frailty_toolkit.pdf (accessed 
Sept 20, 2017).

226 Dykes PC, Carroll DL, Hurley A, et al. Fall prevention in acute care 
hospitals: a randomized trial. JAMA 2010; 304: 1912–18.

227 Murphy TE, Baker DI, Leo-Summers LS, Allore HG, Tinetti ME. 
Association between treatment or usual care region and 
hospitalization for fall-related traumatic brain injury in the 
Connecticut Collaboration for Fall Prevention. J Am Geriatr Soc 2013; 
61: 1763–67.

228 Baldwin G, Breiding M, Sleet D. Using the public health model to 
address unintentional injuries and TBI: a perspective from the 
Centers for Disease Control and Prevention (CDC). 
NeuroRehabilitation 2016; 39: 345–49.

229 Gillespie LD, Robertson MC, Gillespie WJ, et al. Interventions for 
preventing falls in older people living in the community. 
Cochrane Database Syst Rev 2012; 9: CD007146.

230 Phelan EA, Mahoney JE, Voit JC, Stevens JA. Assessment and 
management of fall risk in primary care settings. 
Med Clin North Am 2015; 99: 281–93.

231 Engel DC, Mikocka-Walus A, Cameron PA, Maegele M. Pre-hospital 
and in-hospital parameters and outcomes in patients with traumatic 
brain injury: a comparison between German and Australian trauma 
registries. Injury 2010; 41: 901–06.

232 Lenartova L, Janciak I, Wilbacher I, Rusnak M, Mauritz W, and the 
Austrian Severe TBI Study Investigators. Severe traumatic brain 
injury in Austria III: prehospital status and treatment. 
Wien Klin Wochenschr 2007; 119: 35–45.

233 Gabbe BJ, Biostat GD, Lecky FE, et al. The effect of an organized 
trauma system on mortality in major trauma involving serious head 
injury: a comparison of the United Kingdom and Victoria, Australia. 
Ann Surg 2011; 253: 138–43.

234 Tiesman H, Young T, Torner JC, McMahon M, Peek-Asa C, 
Fiedler J. Effects of a rural trauma system on traumatic brain 
injuries. J Neurotrauma 2007; 24: 1189–97.

235 Sharma S, Gomez D, de Mestral C, Hsiao M, Rutka J, Nathens AB. 
Emergency access to neurosurgical care for patients with traumatic 
brain injury. J Am Coll Surg 2014; 218: 51–57.

236 Sasser S, Varghese M, Kellermann A, Lormand J. Prehospital trauma 
care systems. 2005. http://www.who.int/violence_injury_prevention/
publications/services/39162_oms_new.pdf (accessed Sept 20, 2017).

237 Estenssoro E, Alegría L, Murias G, et al, and the Latin-American 
Intensive Care Network (LIVEN). Organizational issues, structure, 
and processes of care in 257 ICUs in Latin America: a study from 
the Latin America Intensive Care Network. Crit Care Med 2017; 
45: 1325–36.

238 Chesnut RM, Temkin N, Carney N, et al, for the Global Neurotrauma 
Research Group. A trial of intracranial-pressure monitoring in 
traumatic brain injury. N Engl J Med 2012; 367: 2471–81.

239 Chinese Congress of Neurological Surgeons CNEC. Chinese 
surgical guidelines for management of traumatic brain injury. 
Chin J Neurosurg 2009; 25: 100–01.

240 Chinese Congress of Neurological Surgeons CNEC. The Chinese 
guidelines for drug management of traumatic brain injury. 
Chin J Neurosurg 2008; 24: 723–75.

241 Chinese Congress of Neurological Surgeons CNEC. Chinese expert 
consensus on intracranial pressure monitoring for traumatic brain 
injury. Chin J Neurosurg 2011; 27: 1073–75.

242 Chinese Congress of Neurological Surgeons CNEC. Chinese expert 
consensus on decompressive craniectomy for traumatic brain 
injury. Chin J Neurosurg 2013; 29: 967–69.

243 Williams T, Finn J, Fatovich D, Jacobs I. Outcomes of different 
health care contexts for direct transport to a trauma center versus 
initial secondary center care: a systematic review and meta-analysis. 
Prehosp Emerg Care 2013; 17: 442–57.

244 Roudsari BS, Nathens AB, Arreola-Risa C, et al. Emergency medical 
service (EMS) systems in developed and developing countries. 
Injury 2007; 38: 1001–13.

245 Timm A, Maegele M, Lefering R, Wendt K, Wyen H, and the 
TraumaRegister DGU. Pre-hospital rescue times and actions in 
severe trauma. A comparison between two trauma systems: 
Germany and the Netherlands. Injury 2014; 45 (suppl 3): S43–52.

246 Tan XX, Clement ND, Frink M, Hildebrand F, Krettek C, Probst C. 
Pre-hospital trauma care: a comparison of two healthcare systems. 
Indian J Crit Care Med 2012; 16: 22–27.

247 Cnossen MC, Scholten AC, Lingsma HF, et al. Adherence to 
guidelines in adult patients with traumatic brain injury: a living 
systematic review. J Neurotrauma 2016; 33: 1–14.

248 Fang R, Markandaya M, DuBose JJ, Cancio LC, Shackelford S, 
Blackbourne LH. Early in-theater management of combat-related 
traumatic brain injury: A prospective, observational study to identify 
opportunities for performance improvement. 
J Trauma Acute Care Surg 2015; 79 (suppl 2): S181–87.

249 MacDonald CL, Johnson AM, Wierzechowski L, et al. Outcome 
trends after US military concussive traumatic brain injury. 
J Neurotrauma 2017; 34: 2206–19.

250 Patel HC, Bouamra O, Woodford M, King AT, Yates DW, Lecky FE, 
and the Trauma Audit and Research Network. Trends in head 
injury outcome from 1989 to 2003 and the effect of neurosurgical 
care: an observational study. Lancet 2005; 366: 1538–44.

251 Tepas JJ 3rd, Pracht EE, Orban BL, Flint LM. High-volume trauma 
centers have better outcomes treating traumatic brain injury. 
J Trauma Acute Care Surg 2013; 74: 143–47, discussion 147–48.

252 Brown JB, Stassen NA, Cheng JD, Sangosanya AT, Bankey PE, 
Gestring ML. Trauma center designation correlates with functional 
independence after severe but not moderate traumatic brain injury. 
J Trauma 2010; 69: 263–69.

253 Alali AS, Fowler RA, Mainprize TG, et al. Intracranial pressure 
monitoring in severe traumatic brain injury: results from the 
American College of Surgeons Trauma Quality Improvement 
Program. J Neurotrauma 2013; 30: 1737–46.

254 Patel HC, Menon DK, Tebbs S, Hawker R, Hutchinson PJ, 
Kirkpatrick PJ. Specialist neurocritical care and outcome from head 
injury. Intensive Care Med 2002; 28: 547–53.

255 Bulger EM, Nathens AB, Rivara FP, Moore M, MacKenzie EJ, 
Jurkovich GJ, and the Brain Trauma Foundation. Management of 
severe head injury: institutional variations in care and effect on 
outcome. Crit Care Med 2002; 30: 1870–76.

256 Fakhry SM, Trask AL, Waller MA, Watts DD, and the IRTC 
Neurotrauma Task Force. Management of brain-injured patients by 
an evidence-based medicine protocol improves outcomes and 
decreases hospital charges. J Trauma 2004; 56: 492–99, discussion 
499–500.

257 Elf K, Nilsson P, Enblad P. Outcome after traumatic brain injury 
improved by an organized secondary insult program and 
standardized neurointensive care. Crit Care Med 2002; 
30: 2129–34.

258 Fuller G, Bouamra O, Woodford M, et al. The effect of specialist 
neurosciences care on outcome in adult severe head injury: a cohort 
study. J Neurosurg Anesthesiol 2011; 23: 198–205.

259 Lecky F, Russell W, Fuller G, et al. The Head Injury Transportation 
Straight to Neurosurgery (HITS-NS) randomised trial: a feasibility 
study. Health Technol Assess 2016; 20: 1–198.



1042 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

260 Harrison DA, Prabhu G, Grieve R, et al. Risk Adjustment In 
Neurocritical care (RAIN)—prospective validation of risk prediction 
models for adult patients with acute traumatic brain injury to use to 
evaluate the optimum location and comparative costs of 
neurocritical care: a cohort study. Health Technol Assess 2013; 
17: vii–viii, 1–350.

261 Spaite DW, Hu C, Bobrow BJ, et al. Mortality and prehospital blood 
pressure in patients with major traumatic brain injury: implications 
for hypotension threshold. JAMA Surg 2016; 152: 360–68.

262 National Clinical Guideline Centre. Head injury: triage, assessment, 
investigation and early management of head injury in children, 
young people and adults. 2014. https://www.ncbi.nlm.nih.gov/
pubmedhealth/PMH0068963/pdf/PubMedHealth_PMH0068963.
pdf (accessed Sept 20, 2017).

263 Johnson DL, Krishnamurthy S. Send severely head-injured children 
to a pediatric trauma center. Pediatr Neurosurg 1996; 25: 309–14.

264 Potoka DA, Schall LC, Gardner MJ, Stafford PW, Peitzman AB, 
Ford HR. Impact of pediatric trauma centers on mortality in a 
statewide system. J Trauma 2000; 49: 237–45.

265 Boake C, McCauley SR, Levin HS, et al. Diagnostic criteria for 
postconcussional syndrome after mild to moderate traumatic brain 
injury. J Neuropsychiatry Clin Neurosci 2005; 17: 350–56.

266 Reuben A, Sampson P, Harris AR, Williams H, Yates P. 
Postconcussion syndrome (PCS) in the emergency department: 
predicting and pre-empting persistent symptoms following a mild 
traumatic brain injury. Emerg Med J 2014; 31: 72–77.

267 Cnossen MC, Polinder S, Lingsma HF, Maas AI, Menon D, 
Steyerberg EW, and the CENTER-TBI Investigators and 
Participants. Variation in structure and process of care in traumatic 
brain injury: provider profiles of European neurotrauma centers 
participating in the CENTER-TBI study. PLoS One 2016; 
11: e0161367.

268 Foks K, Cnossen M, Dippel D, et al. Management of mild traumatic 
brain injury at the emergency department and hospital admission 
in Europe: a survey of 71 neurotrauma centers participating in the 
CENTER-TBI study. J Neurotrauma 2017; 34: 2529–35.

269 Andelic N, Ye J, Tornas S, et al. Cost-effectiveness analysis of an 
early-initiated, continuous chain of rehabilitation after severe 
traumatic brain injury. J Neurotrauma 2014; 31: 1313–20.

270 Katz DI, Polyak M, Coughlan D, Nichols M, Roche A. Natural 
history of recovery from brain injury after prolonged disorders of 
consciousness: outcome of patients admitted to inpatient 
rehabilitation with 1–4 year follow-up. Prog Brain Res 2009; 
177: 73–88.

271 Nakase-Richardson R, Whyte J, Giacino JT, et al. Longitudinal 
outcome of patients with disordered consciousness in the NIDRR 
TBI Model Systems Programs. J Neurotrauma 2012; 29: 59–65.

272 Turner-Stokes L, Disler PB, Nair A, Wade DT. Multi-disciplinary 
rehabilitation for acquired brain injury in adults of working age. 
Cochrane Database Syst Rev 2005; 3: CD004170.

273 Jourdan C, Bayen E, Bosserelle V, et al, and the Members of the 
Steering Committee of the PariS-TBI Study. Referral to 
rehabilitation after severe traumatic brain injury: results from the 
PariS-TBI Study. Neurorehabil Neural Repair 2013; 27: 35–44.

274 Cuthbert JP, Corrigan JD, Harrison-Felix C, et al. Factors that 
predict acute hospitalization discharge disposition for adults with 
moderate to severe traumatic brain injury. Arch Phys Med Rehabil 
2011; 92: 721–30.e3.

275 Grieve R, Sadique Z, Gomes M, et al, and the Risk Adjustment In 
Neurocritical care (RAIN) Study Investigators. An evaluation of the 
clinical and cost-effectiveness of alternative care locations for 
critically ill adult patients with acute traumatic brain injury. 
Br J Neurosurg 2016; 30: 388–96.

276 Holmes MW, Goodacre S, Stevenson MD, Pandor A, Pickering A. 
The cost-effectiveness of diagnostic management strategies for 
children with minor head injury. Arch Dis Child 2013; 98: 939–44.

277 Holmes MW, Goodacre S, Stevenson MD, Pandor A, Pickering A. 
The cost-effectiveness of diagnostic management strategies for 
adults with minor head injury. Injury 2012; 43: 1423–31.

278 Calcagnile O, Anell A, Undén J. The addition of S100B to guidelines 
for management of mild head injury is potentially cost saving. 
BMC Neurol 2016; 16: 200.

279 Alali AS, Burton K, Fowler RA, et al. Economic evaluations in the 
diagnosis and management of traumatic brain injury: a systematic 
review and analysis of quality. Value Health 2015; 18: 721–34.

280 National Institutes of Health. Rehabilitation of persons with 
traumatic brain injury. NIH Consensus Statement 1998; 16: 1–41. 
https://consensus.nih.gov/1998/1998traumaticbraininjury109html.
htm (accessed Sept 20, 2017).

281 Lannin NA, Laver K, Henry K, et al. Effects of case management 
after brain injury: a systematic review. NeuroRehabilitation 2014; 
35: 635–41.

282 Mock C, Kobusingye O, Joshipura M, Nguyen S, Arreola-Risa C. 
Strengthening trauma and critical care globally. Curr Opin Crit Care 
2005; 11: 568–75.

283 Hyder AA, Wunderlich CA, Puvanachandra P, Gururaj G, 
Kobusingye OC. The impact of traumatic brain injuries: a global 
perspective. NeuroRehabilitation 2007; 22: 341–53.

284 Jayaraman S, Ozgediz D, Miyamoto J, et al. Disparities in injury 
mortality between Uganda and the United States: comparative 
analysis of a neglected disease. World J Surg 2011; 35: 505–11.

285 Meara JG, Leather AJM, Hagander L, et al. Global Surgery 2030: 
evidence and solutions for achieving health, welfare, and economic 
development. Lancet 2015; 386: 569–624.

286 Roberts I, Yates D, Sandercock P, et al, and the CRASH trial 
collaborators. Effect of intravenous corticosteroids on death within 
14 days in 10 008 adults with clinically significant head injury (MRC 
CRASH trial): randomised placebo-controlled trial. Lancet 2004; 
364: 1321–28.

287 CRASH-2 trial collaborators. Effects of tranexamic acid on death, 
vascular occlusive events, and blood transfusion in trauma patients 
with significant haemorrhage (CRASH-2): a randomised, 
placebo-controlled trial. Lancet 2010; 376: 23–32.

288 Ramsay S. No closure in sight for the 10/90 health-research gap. 
Lancet 2001; 358: 1348.

289 Mohan D, Tiwari G, Bhalla K. Road safety in India: status report. 
2015. http://tripp.iitd.ernet.in/assets/publication/road_safety_in_
India_StatusReport1.pdf (accessed Sept 20, 2017).

290 Government of India. Ministry of Health and Family Welfare. 
Opening of trauma centres on the highways. 2015. http://www.pib.
nic.in/newsite/mbErel.aspx?relid=124772 (accessed Sept 20, 2017).

291 Government of India. Ministry of Health and Family Welfare. 
Capacity building for developing trauma care facilities on national 
highways. Operational guidelines. 2015. http://dghs.gov.in/
WriteReadData/userfiles/file/Operational_Guidelines_Trauma.pdf 
(accessed Sept 20, 2017).

292 Mooney JS, Yates A, Sellar L, et al. Emergency head injury imaging: 
implementing NICE 2007 in a tertiary neurosciences centre and a 
busy district general hospital. Emerg Med J 2011; 28: 778–82.

293 Fuller G, Bouamra O, Woodford M, et al. Temporal trends in head 
injury outcomes from 2003 to 2009 in England and Wales. 
Br J Neurosurg 2011; 25: 414–21.

294 Carney N, Totten AM, O’Reilly C, et al. Guidelines for the 
management of severe traumatic brain injury, fourth edn. 
Neurosurgery 2017; 80: 6–15.

295 Stocchetti N, Maas AI. Traumatic intracranial hypertension. 
N Engl J Med 2014; 371: 972.

296 Cooper DJ, Rosenfeld JV, Murray L, et al, for the DECRA Trial 
Investigators, and the Australian and New Zealand Intensive Care 
Society Clinical Trials Group. Decompressive craniectomy in diffuse 
traumatic brain injury. N Engl J Med 2011; 364: 1493–502.

297 Andrews PJ, Sinclair HL, Rodriguez A, et al, for the Eurotherm3235 
Trial Collaborators. Hypothermia for intracranial hypertension after 
traumatic brain injury. N Engl J Med 2015; 373: 2403–12.

298 O’Leary R, Hutchinson PJ, Menon D. Hypothermia for intracranial 
hypertension after traumatic brain injury. N Engl J Med 2016; 
374: 1383–84.

299 Kramer AH, Deis N, Ruddell S, et al. Decompressive craniectomy 
in patients with traumatic brain injury: are the usual indications 
congruent with those evaluated in clinical trials? Neurocrit Care 
2016; 25: 10–19.

300 Shen L, Wang Z, Su Z, et al. Effects of intracranial pressure 
monitoring on mortality in patients with severe traumatic brain 
injury: a meta-analysis. PLoS One 2016; 11: e0168901.

301 Yuan Q, Wu X, Sun Y, et al. Impact of intracranial pressure 
monitoring on mortality in patients with traumatic brain injury: a 
systematic review and meta-analysis. J Neurosurg 2015; 122: 574–87.

302 Su S-H, Wang F, Hai J, et al. The effects of intracranial pressure 
monitoring in patients with traumatic brain injury. PLoS One 2014; 
9: e87432.



www.thelancet.com/neurology   Vol 16   December 2017 1043

The Lancet Neurology Commission

303 Chesnut RM, Bleck TP, Citerio G, et al. A Consensus-based 
interpretation of the Benchmark Evidence from South American 
Trials: Treatment of Intracranial Pressure trial. J Neurotrauma 2015; 
32: 1722–24.

304 Güiza F, Depreitere B, Piper I, et al. Visualizing the pressure and 
time burden of intracranial hypertension in adult and paediatric 
traumatic brain injury. Intensive Care Med 2015; 41: 1067–76.

305 Picetti E, Iaccarino C, Servadei F. Letter: Guidelines for the 
management of severe traumatic brain injury, fourth edn. Neurosurg 
2017; 81: E2.

306 Meyfroidt G, Citerio G. Letter: Guidelines for the management of 
severe traumatic brain injury, fourth edn. Neurosurg 2017; 81: E1.

307 Sauvigny T, Göttsche J, Czorlich P, Vettorazzi E, Westphal M, 
Regelsberger J. Intracranial pressure in patients undergoing 
decompressive craniectomy: new perspective on thresholds. 
J Neurosurg 2017; published online April 14. DOI:10.3171/2016.11.
JNS162263.

308 Güiza F, Meyfroidt G, Piper I, et al. Cerebral perfusion pressure 
insults and associations with outcome in adult traumatic brain 
injury. J Neurotrauma 2017; 34: 2425–31.

309 Bullock M, Chesnut R, Ghajar J. Guidelines for the surgical 
management of traumatic brain injury. Neurosurgery 2006; 
58: S2–vi.

310 Timofeev I, Dahyot-Fizelier C, Keong N, et al. Ventriculostomy for 
control of raised ICP in acute traumatic brain injury. 
Acta Neurochir Suppl (Wien) 2008; 102: 99–104.

311 Liu H, Wang W, Cheng F, et al. External ventricular drains versus 
intraparenchymal intracranial pressure monitors in traumatic brain 
injury: a prospective observational study. World Neurosurg 2015; 
83: 794–800.

312 Van Essen TA, de Ruiter GC, Kho KH, Peul WC. Neurosurgical 
treatment variation of traumatic brain injury: evaluation of acute 
subdural hematoma management in Belgium and The 
Netherlands. J Neurotrauma 2017; 34: 881–89.

313 Compagnone C, Murray GD, Teasdale GM, et al, and the European 
Brain Injury Consortium. The management of patients with 
intradural post-traumatic mass lesions: a multicenter survey of 
current approaches to surgical management in 729 patients 
coordinated by the European Brain Injury Consortium. 
Neurosurgery 2005; 57: 1183–92, discussion 1183–92.

314 Ghajar J, Hariri RJ, Narayan RK, Iacono LA, Firlik K, 
Patterson RH. Survey of critical care management of comatose, 
head-injured patients in the United States. Crit Care Med 1995; 
23: 560–67.

315 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: 1511–18.

316 Tallon JM, Ackroyd-Stolarz S, Karim SA, Clarke DB. The 
epidemiology of surgically treated acute subdural and epidural 
hematomas in patients with head injuries: a population-based 
study. Can J Surg 2008; 51: 339–45.

317 Li LM, Kolias AG, Guilfoyle MR, et al. Outcome following 
evacuation of acute subdural haematomas: a comparison of 
craniotomy with decompressive craniectomy. Acta Neurochir (Wien) 
2012; 154: 1555–61.

318 Nijboer JMM, van der Naalt J, ten Duis HJ. Patients beyond 
salvation? Various categories of trauma patients with a minimal 
Glasgow Coma Score. Injury 2010; 41: 52–57.

319 Dent DL, Croce MA, Menke PG, et al. Prognostic factors after acute 
subdural hematoma. J Trauma 1995; 39: 36–42, discussion 42–43.

320 Mathew P, Oluoch-Olunya DL, Condon BR, Bullock R. Acute 
subdural haematoma in the conscious patient: outcome with initial 
non-operative management. Acta Neurochir (Wien) 1993; 
121: 100–08.

321 Servadei F, Nasi MT, Cremonini AM, Giuliani G, Cenni P, Nanni A. 
Importance of a reliable admission Glasgow Coma Scale score for 
determining the need for evacuation of posttraumatic subdural 
hematomas: a prospective study of 65 patients. J Trauma 1998; 
44: 868–73.

322 Wang R, Li M, Gao WW, Guo Y, Chen J, Tian HL. Outcomes of early 
decompressive craniectomy versus conventional medical 
management after severe traumatic brain injury: a systematic 
review and meta-analysis. Medicine (Baltimore) 2015; 94: e1733.

323 Chang EF, Meeker M, Holland MC. Acute traumatic 
intraparenchymal hemorrhage: risk factors for progression in the 
early post-injury period. Neurosurgery 2006; 58: 647–56, discussion 
647–56.

324 Cai X, Robinson J, Muehlschlegel S, et al. Patient preferences and 
surrogate decision making in neuroscience intensive care units. 
Neurocrit Care 2015; 23: 131–41.

325 Yang XF, Wen L, Shen F, et al. Surgical complications secondary to 
decompressive craniectomy in patients with a head injury: a series 
of 108 consecutive cases. Acta Neurochir (Wien) 2008; 150: 1241–47, 
discussion 1248.

326 Servadei F, Compagnone C, Sahuquillo J. The role of surgery in 
traumatic brain injury. Curr Opin Crit Care 2007; 13: 163–68.

327 Honeybul S, Janzen C, Kruger K, Ho KM. Decompressive 
craniectomy for severe traumatic brain injury: is life worth living? 
J Neurosurg 2013; 119: 1566–75.

328 Guerra WK, Gaab MR, Dietz H, Mueller JU, Piek J, Fritsch MJ. 
Surgical decompression for traumatic brain swelling: indications 
and results. J Neurosurg 1999; 90: 187–96.

329 Hutchinson PJ, Kolias AG, Timofeev IS, et al, for the RESCUEicp 
Trial Collaborators. Trial of decompressive craniectomy for 
traumatic intracranial hypertension. N Engl J Med 2016; 
375: 1119–30.

330 Van Essen TA, Dijkman MD, Cnossen MC, et al. Comparative 
effectiveness of surgery for acute subdural hematoma. 12th 
Symposium of the International Neurotrauma Society; Cape Town, 
South Africa; Feb 1–4, 2016. J Neurotrauma 2016; 33: A-20. 

331 Gregson BA, Rowan EN, Francis R, et al, for the 
STITCH(TRAUMA) Investigators. Surgical Trial In Traumatic 
intraCerebral Haemorrhage (STITCH): a randomised controlled 
trial of early surgery compared with initial conservative treatment. 
Health Technol Assess 2015; 19: 1–138.

332 van der Naalt J, Timmerman ME, de Koning ME, et al. Early 
predictors of outcome after mild traumatic brain injury 
(UPFRONT): an observational cohort study. Lancet Neurol 2017; 
16: 532–40.

333 Brasure M, Lamberty GJ, Sayer NA, et al, for the Minnesota 
Evidence-based Practice Center. Multidisciplinary rehabilitation 
programs for moderate to severe traumatic brain injury in adults: 
future research needs. Future Research Needs Paper no 36. 
Report no 13–EHC047-EF. Rockville, MD: Agency for Healthcare 
Research and Quality, 2013. https://www.effectivehealthcare.ahrq.
gov/search-for-guides-reviews-and-reports/?pageaction=displayprod
uct&productid=1388 (accessed Sept 20, 2017).

334 Brasure M, Lamberty GJ, Sayer NA, et al, for the Minnesota 
Evidence-based Practice Center. Multidisciplinary postacute 
rehabilitation for moderate to severe traumatic brain injury in 
adults. Comparative Effectiveness Reviews no 72. Report no 12–
EHC101-EF. Rockville, MD: Agency for Healthcare Research and 
Quality, 2012. https://www.effectivehealthcare.ahrq.gov/search-for-
guides-reviews-and-reports/?pageaction=displayproduct&product
id=1141 (accessed Sept 20, 2017).

335 Whyte J, Nakase-Richardson R. Disorders of consciousness: 
outcomes, comorbidities, and care needs. Arch Phys Med Rehabil 
2013; 94: 1851–54.

336 McQuistion K, Zens T, Jung HS, et al. Insurance status and race 
affect treatment and outcome of traumatic brain injury. J Surg Res 
2016; 205: 261–71.

337 Sohlberg MM, Avery J, Kennedy M, et al. Practice guidelines for 
direct attention training. J Med Speech Lang Pathol 2003; 
11: xix–xxxix.

338 Wilson BA, Emslie HC, Quirk K, Evans JJ. Reducing everyday 
memory and planning problems by means of a paging system. 
A randomised control crossover study. J Neurol Neurosurg Psychiatry 
2001; 70: 477–82.

339 Bourgeois MS, Lenius K, Turkstra L, Camp C. The effects of 
cognitive teletherapy on reported everyday memory behaviors of 
persons with chronic traumatic brain injury. Brain Inj 2007; 
21: 1245–57.

340 Cicerone K, Azulay J. Perceived self-efficacy and life satisfaction after 
traumatic brain injury. J Head Trauma Rehabil 2007; 22: 257–66.

341 Togher L, Wiseman-Hakes C, Douglas J, et al, for the INCOG 
Expert Panel. INCOG recommendations for management of 
cognition following traumatic brain injury, part IV: cognitive 
communication. J Head Trauma Rehabil 2014; 29: 353–68.



1044 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

342 Cicerone KD, Mott T, Azulay J, et al. A randomized controlled trial 
of holistic neuropsychologic rehabilitation after traumatic brain 
injury. Arch Phys Med Rehabil 2008; 89: 2239–49.

343 Vanderploeg RD, Schwab K, Walker WC, et al. Rehabilitation of 
traumatic brain injury in active duty military personnel and 
veterans: Defense and Veterans Brain Injury Center randomized 
controlled trial of two rehabilitation approaches. 
Arch Phys Med Rehabil 2008; 89: 2227–38.

344 WHO. The International Classification of Functioning, Disability 
and Health (ICF). 2001. http://apps.who.int/iris/
bitstream/10665/42407/7/9241545429_tha%2Beng.pdf (accessed 
Sept 20, 2017).

345 Maas AIR, Roozenbeek B, Manley GT. Clinical trials in traumatic 
brain injury: past experience and current developments. 
Neurotherapeutics 2010; 7: 115–26.

346 Maas AIR, Menon DK, Lingsma HF, Pineda JA, Sandel ME, 
Manley GT. Re-orientation of clinical research in traumatic brain 
injury: report of an international workshop on comparative 
effectiveness research. J Neurotrauma 2012; 29: 32–46.

347 National Research Council (US) Committee on A Framework for 
Developing a New Taxonomy of Disease. Toward precision 
medicine: building a knowledge network for biomedical research 
and a new taxonomy of disease. Washington, DC: National 
Academies Press, 2011.

348 Bragge P, Synnot A, Maas AIR, et al. A state-of-the-science overview 
of randomized controlled trials evaluating acute management of 
moderate-to-severe traumatic brain injury. J Neurotrauma 2016; 
33: 1461–78.

349 Smith C, Margulies S, Duhaime A. Trauma. In: Love S, Perry A, 
Ironside J, Budka H, eds. Greenfield’s neuropathology, 9th edn. 
Boca Raton, FL: CRC Press/Taylor & Francis, 2015: 637–82.

350 Graham DI, Ford I, Adams JH, et al. Ischaemic brain damage is 
still common in fatal non-missile head injury. 
J Neurol Neurosurg Psychiatry 1989; 52: 346–50.

351 Johnson VEV, Stewart JEJ, Begbie FDF, Trojanowski JQ, 
Smith DH, Stewart W. Inflammation and white matter 
degeneration persist for years after a single traumatic brain injury. 
Brain 2013; 136: 28–42.

352 Adams JH, Doyle D, Ford I, Gennarelli TA, Graham DI, 
McLellan DR. Diffuse axonal injury in head injury: definition, 
diagnosis and grading. Histopathology 1989; 15: 49–59.

353 Johnson VE, Stewart W, Smith DH. Axonal pathology in traumatic 
brain injury. Exp Neurol 2013; 246: 35–43.

354 Omalu B, Bailes J, Hamilton RL, et al. Emerging histomorphologic 
phenotypes of chronic traumatic encephalopathy in American 
athletes. Neurosurgery 2011; 69: 173–83, discussion 183.

355 Collins FS, Varmus H. A new initiative on precision medicine. 
N Engl J Med 2015; 372: 793–95.

356 National Institutes of Health. Precision Medicine Initiative Cohort 
Program—Building a research foundation for 21st century 
medicine. 2015. https://www.nih.gov/sites/default/files/research-
training/initiatives/pmi/pmi-working-group-report-20150917-2.pdf 
(accessed Sept 20, 2017).

357 Undén L, Calcagnile O, Undén J, Reinstrup P, Bazarian J. 
Validation of the Scandinavian guidelines for initial management of 
minimal, mild and moderate traumatic brain injury in adults. 
BMC Med 2015; 13: 292.

358 Teasdale G, Maas A, Lecky F, Manley G, Stocchetti N, Murray G. 
The Glasgow Coma Scale at 40 years: standing the test of time. 
Lancet Neurol 2014; 13: 844–54.

359 Balestreri M, Czosnyka M, Chatfield DA, et al. Predictive value of 
Glasgow Coma Scale after brain trauma: change in trend over the 
past ten years. J Neurol Neurosurg Psychiatry 2004; 75: 161–62.

360 WHO. International statistical classification of diseases and related 
health problems, 10th revision. Geneva: World Health Organization, 
1992.

361 Gagné M, Moore L, Sirois MJ, Simard M, Beaudoin C, Kuimi BL. 
Performance of International Classification of Diseases-based 
injury severity measures used to predict in-hospital mortality and 
intensive care admission among traumatic brain-injured patients. 
J Trauma Acute Care Surg 2017; 82: 374–82.

362 Abbreviated Injury Scale 2005—Update 2008. Barrington, IL: 
Association for the Advancement of Automotive Medicine, 2008. 
https://www.aaam.org/abbreviated-injury-scale-ais/ (accessed Sept 20, 
2017).

363 Marshall LF, Marshall SB, Klauber MR, et al. A new classification of 
head injury based on computerized tomography. J Neurosurg 1991; 
75: S14–20.

364 Ringdal KG, Coats TJ, Lefering R, et al, and the Utstein TCD expert 
panel. The Utstein template for uniform reporting of data following 
major trauma: a joint revision by SCANTEM, TARN, DGU-TR and 
RITG. Scand J Trauma Resusc Emerg Med 2008; 16: 7.

365 Roberts GW, Gentleman SMS, Lynch A, Graham DI. βA4 amyloid 
protein deposition in brain after head trauma. Lancet 1991; 
338: 1422–23.

366 University of Glasgow. The Glasgow Traumatic Brain Injury (TBI) 
Archive. http://www.gla.ac.uk/schools/medicine/research/
medicalgeneticsandpathology/tbiarchive/ (accessed Sept 20, 2017).

367 McKee AC, Cantu RC, Nowinski CJ, et al. Chronic traumatic 
encephalopathy in athletes: progressive tauopathy after repetitive 
head injury. J Neuropathol Exp Neurol 2009; 68: 709–35.

368 Bieniek KF, Ross OA, Cormier KA, et al. Chronic traumatic 
encephalopathy pathology in a neurodegenerative disorders brain 
bank. Acta Neuropathol 2015; 130: 877–89.

369 McKee AC, Stein TD, Kiernan PT, Alvarez VE. The neuropathology 
of chronic traumatic encephalopathy. Brain Pathol 2015; 25: 350–64.

370 Edlow BL, Haynes RL, Takahashi E, et al. Disconnection of the 
ascending arousal system in traumatic coma. 
J Neuropathol Exp Neurol 2013; 72: 505–23.

371 Shatil AS, Matsuda KM, Figley CR. A method for whole brain ex 
vivo magnetic resonance imaging with minimal susceptibility 
artifacts. Front Neurol 2016; 7: 208.

372 Droby A, Yuen KS, Schänzer A, et al. An improved anatomical MRI 
technique with suppression of fixative fluid artifacts for the 
investigation of human postmortem brain phantoms. 
Magn Reson Med 2017; 77: 1115–23.

373 Lawrence DW, Comper P, Hutchison MG, Sharma B. The role of 
apolipoprotein E episilon (ε)-4 allele on outcome following 
traumatic brain injury: a systematic review. Brain Inj 2015; 
29: 1018–31.

374 Diamond ML, Ritter AC, Failla MD, et al. IL-1β associations with 
posttraumatic epilepsy development: a genetics and biomarker 
cohort study. Epilepsia 2014; 55: 1109–19.

375 Failla MD, Conley YP, Wagner AK. Brain-derived neurotrophic 
factor (BDNF) in traumatic brain injury-related mortality: 
interrelationships between genetics and acute systemic and central 
nervous system BDNF profiles. Neurorehabil Neural Repair 2016; 
30: 83–93.

376 Bulstrode H, Nicoll JA, Hudson G, Chinnery PF, Di Pietro V, Belli A. 
Mitochondrial DNA and traumatic brain injury. Ann Neurol 2014; 
75: 186–95.

377 Mahley RW. Central nervous system lipoproteins: ApoE and 
regulation of cholesterol metabolism. Arterioscler Thromb Vasc Biol 
2016; 36: 1305–15.

378 Mayeux R, Ottman R, Maestre G, et al. Synergistic effects of 
traumatic head injury and apolipoprotein-epsilon 4 in patients with 
Alzheimer’s disease. Neurology 1995; 45: 555–57.

379 Sundström A, Nilsson LG, Cruts M, Adolfsson R, 
Van Broeckhoven C, Nyberg L. Increased risk of dementia following 
mild head injury for carriers but not for non-carriers of the APOE 
epsilon4 allele. Int Psychogeriatr 2007; 19: 159–65.

380 Ponsford J, McLaren A, Schönberger M, et al. The association 
between apolipoprotein E and traumatic brain injury severity and 
functional outcome in a rehabilitation sample. J Neurotrauma 2011; 
28: 1683–92.

381 Teasdale GM, Nicoll JA, Murray G, Fiddes M. Association of 
apolipoprotein E polymorphism with outcome after head injury. 
Lancet 1997; 350: 1069–71.

382 Teasdale GM, Murray GD, Nicoll JA. The association between 
APOE epsilon4, age and outcome after head injury: a prospective 
cohort study. Brain 2005; 128: 2556–61.

383 Wang KKW, Moghieb A, Yang Z, Zhang Z. Systems biomarkers as 
acute diagnostics and chronic monitoring tools for traumatic brain 
injury. Proc SPIE 8723, Sensing Technologies for Global Health, 
Military Medicine, and Environmental Monitoring III, 87230O, 
2013; published online May 29. DOI:10.1117/12.2020030.

384 Zhang Z, Mondello S, Kobeissy FH, et al. Protein biomarkers for 
traumatic and ischemic brain injury: from bench to bedside. 
Transl Stroke Res 2011; 2: 455–62.



www.thelancet.com/neurology   Vol 16   December 2017 1045

The Lancet Neurology Commission

385 Dash PK, Zhao J, Hergenroeder G, Moore AN. Biomarkers for the 
diagnosis, prognosis, and evaluation of treatment efficacy for 
traumatic brain injury. Neurotherapeutics 2010; 7: 100–14.

386 Kulbe JR, Geddes JW. Current status of fluid biomarkers in mild 
traumatic brain injury. Exp Neurol 2016; 275: 334–52.

387 Carpenter KL, Czosnyka M, Jalloh I, et al. Systemic, local, and 
imaging biomarkers of brain injury: more needed, and better use of 
those already established? Front Neurol 2015; 6: 26.

388 Rubenstein R, Chang B, Yue JK, et al, and the TRACK-TBI 
Investigators. Comparing plasma phospho tau, total tau, and 
phospho tau–total tau ratio as acute and chronic traumatic brain 
injury biomarkers. JAMA Neurol 2017; 74: 1063–72.

389 Bhalala OG. The emerging impact of microRNAs in neurotrauma 
pathophysiology and therapy. In: Kobeissy FH, ed. 
Brain neurotrauma: Molecular, neuropsychological, and 
rehabilitation aspects. Boca Raton, FL: CRC Press/Taylor & Francis, 
2015: ch 26.

390 Wolahan SM, Hirt D, Glenn TC. Translational metabolomics of 
head injury: exploring dysfunctional cerebral metabolism with ex 
vivo NMR spectroscopy-based metabolite quantification. In: 
Kobeissy FH, ed. Brain neurotrauma: Molecular, neuropsychological, 
and rehabilitation aspects. Boca Raton, FL: CRC Press/Taylor & 
Francis, 2015: ch 25.

391 Yu C, Kobeissy F. Systems biology applications to decipher 
mechanisms and novel biomarkers in CNS trauma. In: 
Kobeissy FH, ed. Brain neurotrauma: Molecular, neuropsychological, 
and rehabilitation aspects. Boca Raton, FL: CRC Press/Taylor & 
Francis, 2015: ch 30.

392 Mitra B, Rau TF, Surendran N, et al. Plasma micro-RNA 
biomarkers for diagnosis and prognosis after traumatic brain 
injury: a pilot study. J Clin Neurosci 2017; 38: 37–42.

393 Di Pietro V, Ragusa M, Davies D, et al. MicroRNAs as novel 
biomarkers for the diagnosis and prognosis of mild and severe 
traumatic brain injury. J Neurotrauma 2017; 34: 1948–56.

394 Posti JP, Dickens AM, Orešič M, Hyötyläinen T, Tenovuo O. 
Metabolomics profiling as a diagnostic tool in severe traumatic 
brain injury. Front Neurol 2017; 8: 398.

395 Hodgkinson S, Pollit V, Sharpin C, Lecky F, and the National 
Institute for Health and Care Excellence (NICE) Guideline 
Development Group. Early management of head injury: summary 
of updated NICE guidance. BMJ 2014; 348: g104.

396 Fuller G, McClelland G, Lawrence T, Russell W, Lecky F. 
The diagnostic accuracy of the HITSNS prehospital triage rule for 
identifying patients with significant traumatic brain injury: a cohort 
study. Eur J Emerg Med 2016; 23: 61–64.

397 Martínez-Morillo E, Childs C, García BP, et al. Neurofilament 
medium polypeptide (NFM) protein concentration is increased in 
CSF and serum samples from patients with brain injury. 
Clin Chem Lab Med 2015; 53: 1575–84.

398 Zhang Z, Zoltewicz JS, Mondello S, et al. Human traumatic brain 
injury induces autoantibody response against glial fibrillary acidic 
protein and its breakdown products. PLoS One 2014; 9: e92698.

399 Rubenstein R, Chang B, Davies P, Wagner AKA, Robertson CS, 
Wang KKW. A novel, ultrasensitive assay for tau: potential for 
assessing traumatic brain injury in tissues and biofluids. 
J Neurotrauma 2015; 32: 342–52.

400 Shahim P, Tegner Y, Wilson DHD, et al. Blood biomarkers for brain 
injury in concussed professional ice hockey players. JAMA Neurol 
2014; 71: 684–92.

401 Olivera A, Lejbman N, Jeromin A, et al. Peripheral total tau in 
military personnel who sustain traumatic brain injuries during 
deployment. JAMA Neurol 2015; 72: 1109–16.

402 Daubert MA, Jeremias A. The utility of troponin measurement to 
detect myocardial infarction: review of the current findings. 
Vasc Health Risk Manag 2010; 6: 691–99.

403 Apple FS, Sandoval Y, Jaffe AS, Ordonez-Llanos J, and the IFCC 
Task Force on Clinical Applications of Cardiac Bio-Markers. 
Cardiac troponin assays: guide to understanding analytical 
characteristics and their impact on clinical care. Clin Chem 2017; 
63: 73–81.

404 Brazis PW, Masdeu JC, Biller J. The localization of lesions affecting 
the cerebral hemispheres. In: Localization in clinical neurology, 7th 
edn. Philadelphia, PA: Wolters Kluwer Health/Lippincott Williams 
& Wilkins, 2016: 543–610.

405 Thelin P, Zeiler FA, Ercole A, et al. Serial sampling of serum 
protein biomarkers for monitoring human traumatic brain injury 
dynamics: a systematic review. Front Neurol 2017; published online 
July 3. DOI:10.3389/fneur.2017.00300.

406 Welch RD, Ellis M, Lewis LM, et al. Modeling the kinetics of serum 
glial fibrillary acidic protein, ubiquitin carboxyl-terminal 
hydrolase-L1, and S100B concentrations in patients with traumatic 
brain injury. J Neurotrauma 2017; 34: 1957–71.

407 Di Battista AP, Buonora JE, Rhind SG, et al. Blood biomarkers in 
moderate-to-severe traumatic brain injury: potential utility of a multi-
marker approach in characterizing outcome. Front Neurol 2015; 6: 110.

408 Mondello S, Schmid K, Berger RP, et al. The challenge of mild 
traumatic brain injury: role of biochemical markers in diagnosis of 
brain damage. Med Res Rev 2014; 34: 503–31.

409 Pearl Pathways. Types of in vitro diagnostics: clearing up the confusion. 
2014. http://www.pearlirb.com/wp-content/uploads/ 2014/ 12/
Whitepaper_IVDs_Oct2014_Final.pdf (accessed Sept 20, 2017).

410 Papa L, Wang KKW. Raising the bar for traumatic brain injury 
biomarker research: methods make a difference. J Neurotrauma 
2017; 34: 2187–89.

411 Amyot F, Arciniegas DB, Brazaitis MP, et al. A review of the 
effectiveness of neuroimaging modalities for the detection of 
traumatic brain injury. J Neurotrauma 2015; 32: 1693–721.

412 Galanaud D, Perlbarg V, Gupta R, et al, and the Neuro Imaging for 
Coma Emergence and Recovery Consortium. Assessment of white 
matter injury and outcome in severe brain trauma: a prospective 
multicenter cohort. Anesthesiology 2012; 117: 1300–10.

413 Prakkamakul S, Witzel T, Huang S, et al. Ultrafast brain MRI: 
clinical deployment and comparison to conventional brain MRI 
at 3T. J Neuroimaging 2016; 26: 503–10.

414 Pullens P, Verheyden J, Van Hecke W, Maas A, Parizel P. 
Development of a common MRI protocol for the Collaborative 
European Neuro Trauma Effectiveness Research in TBI study. 
European Congress of Radiology; Vienna, Austria; March 4–8, 2015. 
B-0294.

415 Palacios EM, Martin AJ, Boss MA, et al, and the TRACK-TBI 
Investigators. Towards precision and reproducibility of diffusion 
tensor imaging: a multicenter diffusion phantom and traveling 
volunteer study. AJNR Am J Neuroradiol 2017; 38: 537–45.

416 Oddo M, Bösel J, and the Participants in the International 
Multidisciplinary Consensus Conference on Multimodality 
Monitoring. Monitoring of brain and systemic oxygenation in 
neurocritical care patients. Neurocrit Care 2014; 21 (suppl 2): S103–20.

417 Needham E, McFadyen C, Newcombe V, Synnot AJ, Czosnyka M, 
Menon D. Cerebral perfusion pressure targets individualized to 
pressure-reactivity index in moderate to severe traumatic brain 
injury: a systematic review. J Neurotrauma 2017; 34: 963–70.

418 Hutchinson PJ, Jalloh I, Helmy A, et al. Consensus statement from 
the 2014 International Microdialysis Forum. Intensive Care Med 
2015; 41: 1517–28.

419 Czosnyka M, Miller C, and the Participants in the International 
Multidisciplinary Consensus Conference on Multimodality 
Monitoring. Monitoring of cerebral autoregulation. Neurocrit Care 
2014; 21 (suppl 2): S95–102.

420 Dreier JP, Fabricius M, Ayata C, et al. Recording, analysis, and 
interpretation of spreading depolarizations in neurointensive care: 
review and recommendations of the COSBID research group. 
J Cereb Blood Flow Metab 2016; 37: 1595–625.

421 Lubillo ST, Parrilla DM, Blanco J, et al. Prognostic value of changes 
in brain tissue oxygen pressure before and after decompressive 
craniectomy following severe traumatic brain injury. J Neurosurg 
2017; published online June 30. DOI:10.3171/2017.1.JNS161840.

422 Thelin EP, Tajsic T, Zeiler FA, et al. Monitoring the 
neuroinflammatory response following acute brain injury. 
Front Neurol 2017; 8: 351.

423 Okonkwo D, Shutter LA, Moore C, et al. Brain tissue oxygen 
monitoring and management in severe traumatic brain injury 
(BOOST-II): a phase II randomized trial. Crit Care Med (in press). 

424 Vespa P, Menon D, Le Roux P, and the Participants in the 
International Multi-disciplinary Consensus Conference on 
Multimodality Monitoring. The International Multi-disciplinary 
Consensus Conference on Multimodality Monitoring: future 
directions and emerging technologies. Neurocrit Care 2014; 
21 (suppl 2): S270–81.



1046 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

425 Schmidt JM, De Georgia M, and the Participants in the 
International Multidisciplinary Consensus Conference on 
Multimodality Monitoring. Multimodality monitoring: 
informatics, integration data display and analysis. Neurocrit Care 
2014; 21 (suppl 2): S229–38.

426 Nielson JL, Cooper SR, Yue JK, et al, and the TRACK-TBI 
Investigators. Uncovering precision phenotype-biomarker 
associations in traumatic brain injury using topological data 
analysis. PLoS One 2017; 12: e0169490.

427 Jennett B, Bond M. Assessment of outcome after severe brain 
damage. Lancet 1975; 1: 480–84.

428 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: 573–85.

429 McMillan T, Wilson L, Ponsford J, Levin H, Teasdale G, Bond M. 
The Glasgow Outcome Scale — 40 years of application and 
refinement. Nat Rev Neurol 2016; 12: 477–85.

430 Stein MB, Kessler RC, Heeringa SG, et al, and the Army STARRS 
collaborators. Prospective longitudinal evaluation of the effect of 
deployment-acquired traumatic brain injury on posttraumatic stress 
and related disorders: results from the Army Study to Assess Risk 
and Resilience in Servicemembers (Army STARRS). Am J Psychiatry 
2015; 172: 1101–11.

431 Haarbauer-Krupa J, Taylor CA, Yue JK, et al. Screening for 
post-traumatic stress disorder in a civilian emergency department 
population with traumatic brain injury. J Neurotrauma 2017; 34: 50–58.

432 Scheenen ME, Spikman JM, de Koning ME, et al. Patients “at risk” 
of suffering from persistent complaints after mild traumatic brain 
injury: the role of coping, mood disorders, and post-traumatic 
stress. J Neurotrauma 2017; 34: 31–37.

433 de Koning ME, Scheenen ME, van der Horn HJ, et al. 
Non-hospitalized patients with mild traumatic brain injury: the 
forgotten minority. J Neurotrauma 2017; 34: 257–61.

434 Ettenhofer M, Barry D. A Comparison of long-term postconcussive 
symptoms between university students with and without a history 
of mild traumatic brain injury or orthopedic injury. 
J Int Neuropsychol Soc 2012; 18: 451–60.

435 Wang Y, Chan RCK, Deng Y. Examination of postconcussion-like 
symptoms in healthy university students: relationships to subjective 
and objective neuropsychological function performance. 
Arch Clin Neuropsychol 2006; 21: 339–47.

436 Pretz CR, Dams-O’Connor K. Longitudinal description of the 
Glasgow Outcome Scale-Extended for individuals in the 
Traumatic Brain Injury Model Systems National Database: 
a National Institute on Disability and Rehabilitation Research 
Traumatic Brain Injury Model Systems study. 
Arch Phys Med Rehabil 2013; 94: 2486–93.

437 Ouellet MC, Beaulieu-Bonneau S, Morin CM. Sleep-wake disturbances 
after traumatic brain injury. Lancet Neurol 2015; 14: 746–57.

438 Lavigne G, Khoury S, Chauny JM, Desautels A. Pain and sleep in 
post-concussion/mild traumatic brain injury. Pain 2015; 
156 (suppl 1): S75–85.

439 Bosco MA, Murphy JL, Clark ME. Chronic pain and traumatic brain 
injury in OEF/OIF service members and veterans. Headache 
2013; 53: 1518–22.

440 Nelson LD, Ranson J, Ferguson AR, et al. Validating 
multidimensional outcome assessment using the TBI Common 
Data Elements: an analysis of the TRACK-TBI pilot sample. 
J Neurotrauma 2017; published online June 8. DOI:10.1089/
neu.2017.5139.

441 Roozenbeek B, Lingsma HF, Perel P, et al, for the IMPACT 
(International Mission on Prognosis and Clinical Trial Design in 
Traumatic Brain Injury) Study Group, and the CRASH 
(Corticosteroid Randomisation After Significant Head Injury) Trial 
Collaborators. The added value of ordinal analysis in clinical trials: 
an example in traumatic brain injury. Crit Care 2011; 15: R127.

442 Maas AIR, Murray GD, Roozenbeek B, et al, for the International 
Mission on Prognosis Analysis of Clinical Trials in Traumatic Brain 
Injury (IMPACT) Study Group. Advancing care for traumatic brain 
injury: findings from the IMPACT studies and perspectives on 
future research. Lancet Neurol 2013; 12: 1200–10.

443 Murray GD, Barer D, Choi S, et al. Design and analysis of phase III 
trials with ordered outcome scales: the concept of the sliding 
dichotomy. J Neurotrauma 2005; 22: 511–17.

444 Moving Ahead Centre of Research Excellence (CRE) in Brain Recovery. 
Measuring outcomes from TBI. 2014. http://movingahead.psy.unsw.
edu.au/adult_outcome_measures_from_tbi.html.

445 Laxe S, Zasler N, Selb M, Tate R, Tormos JM, Bernabeu M. 
Development of the International Classification of Functioning, 
Disability and Health core sets for traumatic brain injury: 
an international consensus process. Brain Inj 2013; 27: 379–87.

446 Tate RL, Godbee K, Sigmundsdottir L. A systematic review of 
assessment tools for adults used in traumatic brain injury research 
and their relationship to the ICF. NeuroRehabilitation 2013; 32: 729–50.

447 National Institutes of Health. NINDS Common Data Elements. 
Traumatic brain injury: data standards. https://www.commondata-
elements .ninds.nih.gov/tbi.aspx#tab=Data_Standards (accessed 
Sept 20, 2017).

448 Kean J, Malec JF. Towards a better measure of brain injury outcome: 
new measures or a new metric? Arch Phys Med Rehabil 2014; 
95: 1225–28.

449 Bagiella E, Novack TA, Ansel B, et al. Measuring outcome in 
traumatic brain injury treatment trials: recommendations from the 
traumatic brain injury clinical trials network. J Head Trauma Rehabil 
2010; 25: 375–82.

450 Patrick DL, Burke LB, Powers JH, et al. Patient-reported outcomes 
to support medical product labeling claims: FDA perspective. 
Value Health 2007; 10 (suppl 2): S125–37.

451 Prigatano GP. Disturbances of self-awareness and rehabilitation of 
patients with traumatic brain injury: a 20-year perspective. 
J Head Trauma Rehabil 2005; 20: 19–29.

452 Scheibel RS, Levin HS, Clifton GL. Completion rates and feasibility 
of outcome measures: experience in a multicenter clinical trial of 
systemic hypothermia for severe head injury. J Neurotrauma 1998; 
15: 685–92.

453 Merz ZC, Roskos PT, Gfeller JD, Bucholz RD. Impact of psychiatric 
symptomatology on neuropsychological assessment performance in 
persons with TBI: a comparison of OEF/OIF veteran and civilian 
samples. Brain Inj 2017; published online July 14. DOI:10.1080/0269
9052.2017.1339124.

454 Temkin NR, Anderson GD, Winn HR, et al. Magnesium sulfate for 
neuroprotection after traumatic brain injury: a randomised 
controlled trial. Lancet Neurol 2007; 6: 29–38.

455 Zafonte RD, Bagiella E, Ansel BM, et al. Effect of citicoline on 
functional and cognitive status among patients with traumatic brain 
injury: Citicoline Brain Injury Treatment Trial (COBRIT). JAMA 
2012; 308: 1993–2000.

456 Cambridge Cognition. CANTAB. 2017. http://www.
cambridgecognition.com/cantab/ (accessed Sept 20, 2017).

457 Northwestern University. NIH Toolbox. HealthMeasures. 2017. 
http://www.nihtoolbox.org (accessed Sept 20, 2017).

458 Northwestern University. PROMIS. HealthMeasures. 2017. 
http://www.nihpromis.org (accessed Sept 20, 2017).

459 Baumhauer JF. Patient-reported outcomes—are they living up to 
their potential? N Engl J Med 2017; 377: 6–9.

460 Yue JK, Vassar MJ, Lingsma HF, et al, for the TRACK-TBI 
Investigators. Transforming research and clinical knowledge in 
traumatic brain injury pilot: multicenter implementation of the 
common data elements for traumatic brain injury. J Neurotrauma 
2013; 30: 1831–44.

461 Lingsma HF, Roozenbeek B, Steyerberg EW, Murray GD, Maas AI. 
Early prognosis in traumatic brain injury: from prophecies to 
predictions. Lancet Neurol 2010; 9: 543–54.

462 Mushkudiani NA, Hukkelhoven CW, Hernández AV, et al. 
A systematic review finds methodological improvements necessary 
for prognostic models in determining traumatic brain injury 
outcomes. J Clin Epidemiol 2008; 61: 331–43.

463 Perel P, Edwards P, Wentz R, Roberts I. Systematic review of 
prognostic models in traumatic brain injury. 
BMC Med Inform Decis Mak 2006; 6: 38.

464 Steyerberg EW, Mushkudiani N, Perel P, et al. Predicting outcome 
after traumatic brain injury: development and international 
validation of prognostic scores based on admission characteristics. 
PLoS Med 2008; 5: e165.

465 Perel P, Arango M, Clayton T, et al, for the MRC CRASH Trial 
Collaborators. Predicting outcome after traumatic brain injury: 
practical prognostic models based on large cohort of international 
patients. BMJ 2008; 336: 425–29.



www.thelancet.com/neurology   Vol 16   December 2017 1047

The Lancet Neurology Commission

466 Lund SB, Gjeilo KH, Moen KG, Schirmer-Mikalsen K, Skandsen T, 
Vik A. Moderate traumatic brain injury, acute phase course and 
deviations in physiological variables: an observational study. 
Scand J Trauma Resusc Emerg Med 2016; 24: 77.

467 Roozenbeek B, Lingsma HF, Lecky FE, et al, for the International 
Mission on Prognosis Analysis of Clinical Trials in Traumatic Brain 
Injury (IMPACT) Study Group, the Corticosteroid Randomisation 
After Significant Head Injury (CRASH) Trial Collaborators, and the 
Trauma Audit and Research Network (TARN). Prediction of 
outcome after moderate and severe traumatic brain injury: external 
validation of the International Mission on Prognosis and Analysis 
of Clinical Trials (IMPACT) and Corticoid Randomisation After 
Significant Head injury (CRASH) prognostic models. Crit Care Med 
2012; 40: 1609–17.

468 Dikmen S, Machamer J, Temkin N. Mild traumatic brain injury: 
Longitudinal study of cognition, functional status, and 
post-traumatic symptoms. J Neurotrauma 2017; 34: 1524–30.

469 Zemek R, Barrowman N, Freedman SB, et al, and the Pediatric 
Emergency Research Canada (PERC) Concussion Team. Clinical 
risk score for persistent postconcussion symptoms among children 
with acute concussion in the ED. JAMA 2016; 315: 1014–25.

470 Silverberg ND, Gardner AJ, Brubacher JR, Panenka WJ, Li JJ, 
Iverson GL. Systematic review of multivariable prognostic models 
for mild traumatic brain injury. J Neurotrauma 2015; 32: 517–26.

471 Kristman VL, Borg J, Godbolt AK, et al. Methodological issues and 
research recommendations for prognosis after mild traumatic brain 
injury: results of the International Collaboration on Mild Traumatic 
Brain Injury Prognosis. Arch Phys Med Rehabil 2014; 95 (suppl): S265–77.

472 Cassidy JD, Cancelliere C, Carroll LJ, et al. Systematic review of 
self-reported prognosis in adults after mild traumatic brain injury: 
results of the International Collaboration on Mild Traumatic Brain 
Injury Prognosis. Arch Phys Med Rehabil 2014; 95 (suppl): S132–51.

473 Lingsma HF, Yue JK, Maas AI, Steyerberg EW, Manley GT, and the 
TRACK-TBI Investigators. Outcome prediction after mild and 
complicated mild traumatic brain injury: external validation of 
existing models and identification of new predictors using the 
TRACK-TBI pilot study. J Neurotrauma 2015; 32: 83–94.

474 van Leeuwen N, Lingsma HF, Perel P, et al, for the International 
Mission on Prognosis and Clinical Trial Design in TBI Study 
Group, the Corticosteroid Randomization After Significant Head 
Injury Trial Collaborators, and the Trauma Audit and Research 
Network. Prognostic value of major extracranial injury in traumatic 
brain injury: an individual patient data meta-analysis in 
39,274 patients. Neurosurgery 2012; 70: 811–18, discussion 818.

475 Moen KG, Brezova V, Skandsen T, Håberg AK, Folvik M, Vik A. 
Traumatic axonal injury: the prognostic value of lesion load in 
corpus callosum, brain stem, and thalamus in different magnetic 
resonance imaging sequences. J Neurotrauma 2014; 31: 1486–96.

476 Yuh EL, Mukherjee P, Lingsma HFH, et al, and the TRACK-TBI 
Investigators. Magnetic resonance imaging improves 3-month 
outcome prediction in mild traumatic brain injury. Ann Neurol 
2013; 73: 224–35.

477 Cabella B, Donnelly J, Cardim D, et al. An association between ICP-
derived data and outcome in TBI patients: The role of sample size. 
Neurocrit Care 2017; 27: 103–07.

478 Adams H, Donnelly J, Czosnyka M, et al. Temporal profile of 
intracranial pressure and cerebrovascular reactivity in severe 
traumatic brain injury and association with fatal outcome: 
An observational study. PLoS Med 2017; 14: e1002353.

479 van Houwelingen H, Putter H. Dynamic prediction in clinical 
survival analysis. Boca Raton, FL: CRC Press/Taylor & Francis, 2011.

480 van der Ploeg T, Nieboer D, Steyerberg EW. Modern modeling 
techniques had limited external validity in predicting mortality from 
traumatic brain injury. J Clin Epidemiol 2016; 78: 83–89.

481 Pirracchio R, Yue JK, Manley GT, et al. Collaborative targeted 
maximum likelihood estimation for variable importance measure: 
Illustration for functional outcome prediction in mild traumatic 
brain injuries. Stat Methods Med Res 2016; 0962280215627335.

482 Leening MJG, Vedder MM, Witteman JCM, Pencina MJ, 
Steyerberg EW. Net reclassification improvement: computation, 
interpretation, and controversies: a literature review and clinician’s 
guide. Ann Intern Med 2014; 160: 122–31.

483 Steyerberg EW, Vickers AJ, Cook NR, et al. Assessing the 
performance of prediction models: a framework for traditional and 
novel measures. Epidemiology 2010; 21: 128–38.

484 Hlatky MA, Greenland P, Arnett DK, et al, and the American Heart 
Association Expert Panel on Subclinical Atherosclerotic Diseases and 
Emerging Risk Factors and the Stroke Council. Criteria for evaluation 
of novel markers of cardiovascular risk: a scientific statement from 
the American Heart Association. Circulation 2009; 119: 2408–16.

485 Steyerberg EW, Borsboom GJJM, van Houwelingen HC, 
Eijkemans MJC, Habbema JDF. Validation and updating of 
predictive logistic regression models: a study on sample size and 
shrinkage. Stat Med 2004; 23: 2567–86.

486 Frieden TR. Evidence for health decision making—beyond 
randomized, controlled trials. N Engl J Med 2017; 377: 465–75.

487 Institute of Medicine. Initial national priorities for comparative 
effectiveness research. Washington, DC: National Academies Press, 
2009.

488 Chalkidou K, Tunis S, Whicher D, Fowler R, Zwarenstein M. The 
role for pragmatic randomized controlled trials (pRCTs) in 
comparative effectiveness research. Clin Trials 2012; 9: 436–46.

489 Lingsma HF, Roozenbeek B, Li B, et al. Large between-center 
differences in outcome after moderate and severe traumatic brain 
injury in the international mission on prognosis and clinical trial 
design in traumatic brain injury (IMPACT) study. Neurosurgery 
2011; 68: 6010–8.

490 Lingsma HF, Roozenbeek B, Perel P, Roberts I, Maas AIR, 
Steyerberg EW. Between-centre differences and treatment effects in 
randomized controlled trials: a case study in traumatic brain injury. 
Trials 2011; 12: 201.

491 Marshall LF, Becker DP, Bowers SA, et al. The National Traumatic 
Coma Data Bank. Part 1: Design, purpose, goals, and results. 
J Neurosurg 1983; 59: 276–84.

492 Teasdale GM, Braakman R, Cohadon F, et al. The European Brain 
Injury Consortium. Nemo solus satis sapit: nobody knows enough 
alone. Acta Neurochir (Wien) 1997; 139: 797–803.

493 Nichol A, French C, Little L, et al, and the EPO-TBI Investigators 
and the ANZICS Clinical Trials Group. Erythropoietin in traumatic 
brain injury (EPO-TBI): a double-blind randomised controlled trial. 
Lancet 2015; 386: 2499–506.

494 Myburgh J, Cooper DJ, Finfer S, et al, and the SAFE Study 
Investigators, the Australian and New Zealand Intensive Care 
Society Clinical Trials Group, the Australian Red Cross Blood 
Service, and the George Institute for International Health. Saline or 
albumin for fluid resuscitation in patients with traumatic brain 
injury. N Engl J Med 2007; 357: 874–84.

495 Cifu DX, Dixon KJ. Chronic Effects of Neurotrauma Consortium. 
Brain Inj 2016; 30: 1397–98.

496 Tosetti P, Hicks RR, Theriault E, Phillips A, Koroshetz W, 
Draghia-Akli R, and the Workshop Participants. Toward an 
international initiative for traumatic brain injury research. 
J Neurotrauma 2013; 30: 1211–22.

497 Maas AIR, Menon DK, Steyerberg EW, et al, and the CENTER-TBI 
Participants and Investigators. Collaborative European 
NeuroTrauma Effectiveness Research in Traumatic Brain Injury 
(CENTER-TBI): a prospective longitudinal observational study. 
Neurosurgery 2015; 76: 67–80.

498 Zemek R, Osmond MH, Barrowman N, et al. Predicting and 
Preventing Postconcussive Problems in Paediatrics (5P) study. 
BMJ Open 2013; 3: 1–10.

499 Barlow KM, Brooks BL, MacMaster FP, et al. A double-blind, 
placebo-controlled intervention trial of 3 and 10 mg sublingual 
melatonin for post-concussion syndrome in youths (PLAYGAME): 
study protocol for a randomized controlled trial. Trials 2014; 15: 271.

500 National Institutes of Health. International Alzheimer’s disease 
research portfolio. https://iadrp.nia.nih.gov/ (accessed Sept 20, 2017).

501 Carrillo MC. Alzheimer’s Association: global funder of research. 2016. 
https://www.alz.co.uk/sites/default/files/conf2016/pl13-maria-carrillo-
alzheimers-association-global-funder.pdf (accessed Sept 20, 2017).

502 Walentas CD, Shineman DW, Horton AR, Boeve BF, Fillit HM. 
An analysis of global research funding for the frontotemporal 
dementias: 1998–2008. Alzheimers Dement 2011; 7: 142–50.

503 Onyike CU, Diehl-Schmid J. The epidemiology of frontotemporal 
dementia. Int Rev Psychiatry 2013; 25: 130–37.

504 Richardson RM. Global brain initiatives. Neurosurgery 2017; 
80: N21–22.

505 National Institutes of Health. NIH data sharing policy. 2007. https://
grants.nih.gov/grants/policy/data_sharing/ (accessed Sept 20, 2017).



1048 www.thelancet.com/neurology   Vol 16   December 2017

The Lancet Neurology Commission

506 Medical Research Council. MRC policy and guidance on sharing of 
research data from population and patient studies. 2011. http://
www.mrc.ac.uk/publications/browse/mrc-policy-and-guidance-on-
sharing-of-research-data-from-population-and-patient-studies/ 
(accessed Sept 20, 2017).

507 Wellcome Trust. Policy on data management and sharing. https://
wellcome.ac.uk/funding/managing-grant/policy-data-management-
and-sharing (accessed Sept 20, 2017).

508 European Medicines Agency. European Medicines Agency policy on 
publication of clinical data for medicinal products for human use. 
2014. http://www.ema.europa.eu/docs/en_GB/document_library/
Other/2014/10/WC500174796.pdf (accessed Sept 20, 2017).

509 Hudson KL, Collins FS. Sharing and reporting the results of clinical 
trials. JAMA 2015; 313: 355–56.

510 Institute of Medicine. Discussion framework for clinical trial data 
sharing: guiding principles, elements and activities. 
Washington, DC: National Academies Press, 2014.

511 Institute of Medicine. Sharing clinical research data: workshop 
summary. Washington, DC: National Academies Press, 2013.

512 Vickers AJ. Sharing raw data from clinical trials: what progress since 
we first asked “Whose data set is it anyway?”. Trials 2016; 17: 227.

513 Taichman DB, Sahni P, Pinborg A, et al. Data sharing statements 
for clinical trials. BMJ 2017; 357: j2372.

514 Varnai P, Rentel M, Simmonds P, Sharp T-A, Mostert B, de Jongh T. 
Assessing the research potential of access to clinical trial data. Final 
report to the Wellcome Trust. 2015. https://wellcome.ac.uk/sites/
default/files/assessing-research-potential-of-access-to-clinical-trials-
data-wellcome-mar15.pdf (accessed Sept 20, 2017).

515 Office for Civil Rights, US Department for Health and Human 
Services. HIPAA Privacy Rule: Research. 2003. https://www.hhs.
gov/hipaa/for-professionals/special-topics/research/index.html 
(accessed Sept 20, 2017).

516 Official Journal of the European Union. Directive (EU) 2016/679 of 
the European Parliament and of the Council of 27 April 2016. 2016. 
http://eur-lex.europa.eu/legal-content/en/
TXT/?uri=CELEX%3A32016R0679 (accessed Sept 20, 2017).

517 Bierer BE, Crosas M, Pierce HH. Data authorship as an incentive to 
data sharing. N Engl J Med 2017; 376: 1684–87.

518 Tudur Smith C, Nevitt S, Appelbe D, et al. Resource implications of 
preparing individual participant data from a clinical trial to share 
with external researchers. Trials 2017; 18: 319.

519 Wilhelm EE, Oster E, Shoulson I. Approaches and costs for sharing 
clinical research data. JAMA 2014; 311: 1201–02.

520 GNU Operating System. GNU manifesto. 2015. http://www.gnu.
org/gnu/manifesto.html (accessed Sept 20, 2017).

521 TRACK-TBI. TRACK-TBI research collaboration policy. 2015. 
https://tracktbi.ucsf.edu/sites/tracktbi.ucsf.edu/files/TRACK-TBI 
Research Collaboration Policy_9-24-2015_Final.pdf (accessed 
Sept 20, 2015).

522 CENTER-TBI. Data sharing policy. 2017. https://www.center-tbi.eu/
publications/datasharing (accessed Sept 20, 2017).

523 The end of privacy. Science 2015; 347: 453–580.
524 Dwork C, Pottenger R. Toward practicing privacy. 

J Am Med Inform Assoc 2013; 20: 102–08.
525 Dwork C, Roth A. The algorithmic foundations of differential 

privacy. Found Trends Theor Comput Sci 2014; 9: 211–407.
526 Sorani MD, Yue JK, Sharma S, Manley GT, Ferguson AR, and the 

TRACK TBI Investigators. Genetic data sharing and privacy. 
Neuroinformatics 2015; 13: 1–6.

527 Erlich Y, Williams JB, Glazer D, et al. Redefining genomic privacy: 
trust and empowerment. PLoS Biol 2014; 12: e1001983.

528 Hudson KL, Collins FS. The 21st Century Cures Act — A view from 
the NIH. N Engl J Med 2017; 376: 111–13.

529 Chassang G. The impact of the EU general data protection regulation 
on scientific research. Ecancermedicalscience 2017; 11: 709.

530 Grimshaw JM, Eccles MP, Lavis JN, Hill SJ, Squires JE. Knowledge 
translation of research findings. Implement Sci 2012; 7: 50.

531 Bragge P, Clavisi O, Turner T, Tavender E, Collie A, Gruen RL. The 
Global Evidence Mapping Initiative: scoping research in broad topic 
areas. BMC Med Res Methodol 2011; 11: 92.

532 Elliott JH, Turner T, Clavisi O, et al. Living systematic reviews: 
an emerging opportunity to narrow the evidence–practice gap. 
PLoS Med 2014; 11: e1001603.

533 Shojania KG, Sampson M, Ansari MT, Ji J, Doucette S, Moher D. 
How quickly do systematic reviews go out of date? A survival 
analysis. Ann Intern Med 2007; 147: 224–33.

534 Synnot A, Gruen RL, Menon D, et al. A new approach to evidence 
synthesis in traumatic brain injury: a living systematic review. 
J Neurotrauma 2016; published online Aug 25. DOI:10.1089/
neu.2015.4124.

535 Elliott JH, Synnot A, Turner T, et al. Living systematic review: 1. 
Introduction—the why, what, when, and how. J Clin Epidemiol 2017; 
published online Sept 11. DOI:10.1016/j.jclinepi.2017.08.010.

536 Wallace BC, Kuiper J, Sharma A, Zhu MB, Marshall IJ. Extracting 
PICO sentences from clinical trial reports using supervised distant 
supervision. J Mach Learn Res 2016; 17: 132.

537 Wallace BC, Small K, Brodley CE, et al. Toward modernizing the 
systematic review pipeline in genetics: efficient updating via data 
mining. Genet Med 2012; 14: 663–69.

538 Wallace BC, Trikalinos TA, Lau J, Brodley C, Schmid CH. 
Semi-automated screening of biomedical citations for systematic 
reviews. BMC Bioinformatics 2010; 11: 55.

539 Créquit P, Trinquart L, Ravaud P. Live cumulative network 
meta-analysis: protocol for second-line treatments in advanced 
non-small-cell lung cancer with wild-type or unknown status for 
epidermal growth factor receptor. BMJ Open 2016; 6: e011841.

540 Charidimou A, Soo Y, Heo JH, Srikanth V, and the 
META-MICROBLEEDS Consortium. A call for researchers to join 
the META-MICROBLEEDS Consortium. Lancet Neurol 2016; 15: 900.

541 Akla EA, Meerpohl JJ, Elliott J, et al. Living systematic reviews: 4. 
Living guideline recommendations. J Clin Epidemiol 2017; published 
online Sept 11. DOI:10.1016/j.jclinepi.2017.08.009.

542 Brain Trauma Foundation. Living guidelines update. 2016. https://
braintrauma.org/news/article/guidelines-update (accessed 
Sept 20, 2017).

543 American College of Surgeons. ACS TQIP best practice guidelines. 
2017. https://www.facs.org/quality-programs/trauma/tqip/best-
practice (accessed Sept 20, 2017).

544 Evidence-Based Medicine Working Group. Evidence-based 
medicine. A new approach to teaching the practice of medicine. 
JAMA 1992; 268: 2420–25.

545 Sackett DL, Rosenberg WM, Gray JA, Haynes RB, Richardson WS. 
Evidence based medicine: what it is and what it isn’t. BMJ 1996; 
312: 71–72.

546 Grol R. Personal paper. Beliefs and evidence in changing clinical 
practice. BMJ 1997; 315: 418–21.

547 McGlynn EA, Asch SM, Adams J, et al. The quality of health care 
delivered to adults in the United States. N Engl J Med 2003; 
348: 2635–45.

548 Schuster MA, McGlynn EA, Brook RH. How good is the quality of 
health care in the United States? Milbank Q 2005; 83: 843–95.

549 Grol R, Grimshaw J. From best evidence to best practice: effective 
implementation of change in patients’ care. Lancet 2003; 362: 1225–30.

550 Hesdorffer DC, Ghajar J, Iacono L. Predictors of compliance with the 
evidence-based guidelines for traumatic brain injury care: a survey of 
United States trauma centers. J Trauma 2002; 52: 1202–09.

551 Hesdorffer DC, Ghajar J. Marked improvement in adherence to 
traumatic brain injury guidelines in United States trauma centers. 
J Trauma 2007; 63: 841–47, discussion 847–48.

552 Härtl R, Gerber LM, Ni Q, Ghajar J. Effect of early nutrition on deaths 
due to severe traumatic brain injury. J Neurosurg 2008; 109: 50–56.

553 Vincent C, Taylor-Adams S, Stanhope N. Framework for analysing 
risk and safety in clinical medicine. BMJ 1998; 316: 1154–57.

554 Vincent C. Understanding and responding to adverse events. 
N Engl J Med 2003; 348: 1051–56.

555 Colquhoun H, Leeman J, Michie S, et al. Towards a common 
terminology: a simplified framework of interventions to promote 
and integrate evidence into health practices, systems, and policies. 
Implement Sci 2014; 9: 51.

556 Bragge P, Grimshaw JM, Lokker C, Colquhoun H, and the AIMD 
working/writing group. AIMD—a validated, simplified framework 
of interventions to promote and integrate evidence into health 
practices, systems, and policies. BMC Med Res Methodol 2017; 17: 38.

557 WHO. Bridging the ‘Know–Do’ Gap. Meeting on knowledge 
translation in global health. 2006. https://www.measureevaluation.
org/resources/training/capacity-building-resources/high-impact-
research-training-curricula/bridging-the-know-do-gap.pdf.


	Traumatic brain injury: integrated approaches to improve prevention, clinical care, and research
	Executive summary
	Introduction
	Section 1: Epidemiology of TBI
	Incidence of TBI
	Prevalence of TBI
	Mortality and years of life lost from TBI
	TBI as a risk factor for later neurological disease
	Changing epidemiological patterns of TBI
	TBI in specific populations
	Improving epidemiological studies of TBI
	Key messages and recommendations

	Section 2: Health economics of TBI
	Direct and indirect costs of TBI
	Implications for health-care policy
	Key messages and recommendations

	Section 3: Prevention of TBI
	Prevention of TBI from road traffic incidents
	Prevention of sports-related TBI
	Prevention of TBI in children and adolescents
	Prevention of TBI in the elderly
	Key messages and recommendations

	Section 4: Systems of care for TBI
	Prehospital care for TBI
	Hospital care for TBI
	Postacute care for TBI
	Cost-effectiveness of systems-level management strategies
	Specific challenges in low-income and middle-income countries
	Current challenges and future goals
	Key messages and recommendations

	Section 5: Clinical management of TBI
	Intensive care management of severe TBI
	Surgical management of TBI
	Rehabilitation after TBI
	Future goals for intervention studies and guideline development
	Key messages and recommendations

	Section 6: Characterisation of TBI—the path to precision medicine
	Current approaches to classification and characterisation of TBI
	Brain banks and lessons from neuropathology
	Genetic analysis
	Blood biomarkers
	Neuroimaging
	Physiological monitoring
	Data integration: challenges and opportunities
	Key messages and recommendations

	Section 7: Assessment of TBI outcome—towards multidimensional approaches
	Current approaches to outcome assessment
	Multidimensional assessment of outcome
	Key messages and recommendations

	Section 8: Prognosis in TBI—linking patient and injury characteristics to outcome
	Applications for prognostic modelling in TBI
	Prognostic models for outcome prediction
	Advancing the science of prognosis in TBI
	Key messages and recommendations

	Section 9: New directions for acquiring and implementing evidence
	Comparative effectiveness research
	Collaborative approaches to accelerate TBI research
	Data sharing
	Optimising existing evidence: living systematic reviews
	Implementing evidence into practice: knowledge translation
	Key messages and recommendations

	Conclusions
	Acknowledgments
	References


