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Primäre Hirnschädigung

• Direkte Schädigung des Hirns 
durch Gewalteinwirkung

• sofortiges Auftreten

• beeinflussbar nur durch 
(Unfall-)Vermeidung oder 
Rehabilitation

SHT Allgemein



Sekundäre Hirnschädigung

• Verzögertes Auftreten 
(Minuten – Stunden – Tage – Wochen)

• Epi-/subdurales Hämatom
• Kontusionsblutung
• Perifokale Ödeme/Ischämien

• Hirndruckanstieg
• Lokale Hypoxie/Hypoperfusion

• (Langzeit-)Komplikationen
• Hydrocephalus
• Hormonstörungen, u.a.
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trials (RCTs), nonrandomized controlled
trials (NRCTs), and published systematic
reviews. Medical Subject Heading (MeSH)
thesaurus keywords were applied as a
standardized use of language to unify
differences in terminology (Table 1). Ap-
propriate MeSH headings and subhead-
ings for each question were selected and
modified on the basis of search results.
Searches were limited to human studies,
but not to sex or age. Original publica-
tions were evaluated for abstracts that
were deemed relevant. If an acceptable
systematic review or metaanalysis was
identified, searches to update the data
were typically limited to the time period
following the search cutoff date reported
in the review. Pharmacological agents
were selected for analysis based on the
operational strategy of positive yields on
the literature searches (MEDLINE/
PubMed) using the restriction of human
pharmacological trials in head injury
(RCTs and NRCTs) and systematic meta-
analyses (Cochrane and MEDLINE/
PubMed) published in the last 20 years,

from September 1, 1988 to July 1, 2008.
This defined search led to the following
pharmacological agents of interest,
which are described in the present
paper, steroids and steroid derivatives,
N-methyl-D-aspartate (NMDA) receptor
antagonists, endocannabinoids, mono-
aminergic substances, cyclosporine,
calcium-channel blockers, and modula-
tors of the kinin/kallikrein system
(Table 1). The last online search was up-
dated on July 1, 2008.

STEROIDS

Corticosteroids: A “CRASH” Landing in
TBI

The problem of extrapolating knowl-
edge derived from experimental studies
from bench to bedside with regard to
pharmacological strategies in TBI is most
explicitly exemplified by the role of
steroids. Corticosteroids were introduced
in the early 1960s as a treatment for brain
edema. The administration of glucocorti-
coids in patients with brain tumors re-

sulted in marked clinical improvement,
and glucocorticoids were found to be
beneficial when administered in the peri-
operative phase of intracranial tumor sur-
gery. Steroids became commonplace in
the treatment of TBI in the 1970s owing
to assumed beneficial effects when used
in high doses (9,10). However, multiple
clinical studies from the 1980s and 1990s
were not able to provide definitive proof
of a beneficial effect of steroids in TBI pa-
tients. This lack of adequate scientific
knowledge led to the design of the
largest clinical trial on head injury, aimed
at prospectively recruiting 20,000 pa-
tients. This large-scale Corticosteroid
Randomization after Significant Head In-
jury (CRASH) trial, a prospective, ran-
domized, placebo-controlled multicenter
trial, was designed to determine with
high scientific accuracy whether there is a
potential benefit of administering high-
dose methylprednisolone in TBI patients
(11). The CRASH trial had to be aborted,
however, after enrollment of just 50% of
the patients (n = 10,008), because of the
finding of an unexpected increased mor-
tality in head-injured patients treated
with corticosteroids (11). The authors re-
ported that the “verum” cohort of high-
dose methylprednisolone (n = 5007) had
a significantly increased mortality com-
pared with the placebo control group 
(n = 5001) during the first 14 d after
trauma (21.1% versus 17.9%, P < 0.001)
(11). These shocking results indicated
that the “pan”-inhibition of the immune
response by the use of high-dose steroids
is too broad and nonspecific for control-
ling posttraumatic inflammation. The
negative results from the CRASH trial
led to a highly provocative editorial in
The Lancet, suggesting that the uncritical,
anecdotal administration of cortico-
steroids to head-injured patients may
have caused more than 10,000 deaths
during the 1980s and earlier (12). The 1:1
extrapolation of these negative data from
the CRASH trial must be judged cau-
tiously, however, owing to some weak-
nesses in the study design. Nevertheless,
current TBI treatment recommendations
do not include the use of steroids, which
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Figure 1. Pathophysiological mechanisms of secondary brain injury and selected points of
action of pharmacological compounds discussed in this review. See text for details and
explanations.

Beauchamp/Mutlak et	al.	,	Mol	Med 14:	731-740,	2008
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Einteilung des Schädel-Hirn-Traumas

• Leicht   (GCS 13-15)

• Mittel    (GCS 9-12)

• Schwer (GCS ≤8)

offen – geschlossen

(Integrität der Dura mater)

Fokal

epi-/subdurales Hämatom
Kontusionsblutung

Diffus

Diffus axonales Trauma
Hypoxie

Hirnödem
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Die Prognose von Patienten mit schwerem Schädel-Hirn-Trauma hat sich in den letzten 
20 Jahren erheblich verbessert. ... Dies wird auf die zunehmende Qualität der 
Versorgung direkt nach dem Unfall zurückgeführt sowie auf Fortschritte der 
bildgebenden Verfahren wie CT und MRT, des Neuromonitorings und der 
Intensivmedizin. 
...
Eine frühzeitige und intensive Rehabilitation verbessert die Chancen auf eine 
weitgehende Wiederherstellung der geistigen und körperlichen Fähigkeiten. Patienten 
und Angehörigen müssen jedoch sehr viel Zeit und Geduld mitbringen, da die 
Rehabilitation oft Monate oder Jahre dauern kann. 
Auch wenn nicht wenige Schädel-Hirn-Verletzte nach einer umfassenden Therapie und 
entsprechenden Reha-Maßnahmen wieder am Berufsleben teilnehmen können, bleiben 
doch für die Mehrzahl der Hirngeschädigten lebenslange körperliche oder geistige 
Behinderungen zu bewältigen. Bei schweren Hirnverletzungen sind bleibende Schäden 
sehr wahrscheinlich. Diese können von leichten Störungen der Persönlichkeit und 
Merkfähigkeit bis zu schweren Ausfällen wie einem Wachkoma (Apallisches Syndrom) 
reichen.

• www.neurologen-und-psychiater-im-netz.org
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ICU

• Normoxie

• Sicherung der Atemwege

• Intubation bei GCS≤8, 

• Normoventilation (paCO2<44)

• Normotonie

• Syst. >100, MAP >80

• Normothermie

• Normoglykämie

• keine Glucocorticoide!
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Neuromonitoring

• ICP-Messung

• ptO2-Messung

• Neurophysiologie

• Mikrodialyse/Biomarker

REVIEW ARTICLE

Monitoring of Brain and Systemic Oxygenation in Neurocritical
Care Patients

Mauro Oddo • Julian Bösel • and the Participants in the International
Multidisciplinary Consensus Conference on Multimodality Monitoring

Published online: 11 September 2014
! Springer Science+Business Media New York 2014

Abstract Maintenance of adequate oxygenation is a
mainstay of intensive care, however, recommendations on

the safety, accuracy, and the potential clinical utility of

invasive and non-invasive tools to monitor brain and sys-
temic oxygenation in neurocritical care are lacking. A

literature search was conducted for English language arti-

cles describing bedside brain and systemic oxygen
monitoring in neurocritical care patients from 1980 to

August 2013. Imaging techniques e.g., PET are not con-

sidered. A total of 281 studies were included, the majority
described patients with traumatic brain injury (TBI). All

tools for oxygen monitoring are safe. Parenchymal brain

oxygen (PbtO2) monitoring is accurate to detect brain
hypoxia, and it is recommended to titrate individual targets

of cerebral perfusion pressure (CPP), ventilator parameters

(PaCO2, PaO2), and transfusion, and to manage intracranial
hypertension, in combination with ICP monitoring. SjvO2

is less accurate than PbtO2. Given limited data, NIRS is not

recommended at present for adult patients who require
neurocritical care. Systemic monitoring of oxygen (PaO2,

SaO2, SpO2) and CO2 (PaCO2, end-tidal CO2) is recom-

mended in patients who require neurocritical care.

Keywords Brain oxygen ! Jugular oxygen saturation !
Near-infrared spectroscopy ! Carbon dioxide !
Systemic oxygenation ! Neurocritical care

Introduction

Maintenance of adequate oxygenation is a primary objec-
tive of critical care, and the assessment of tissue

oxygenation is essential to patient management. Hypoxia is

defined as the reduction of tissue oxygenation to levels
insufficient to maintain cellular function and metabolism.

Hypoxia may result from ischemia—either macro-vascular

(reduced/absent cerebral blood flow [CBF] e.g., vascular
thrombosis, vasospasm, reduced carbon dioxide [PaCO2])

or micro-vascular (perivascular edema, blood–brain barrier
disruption, endothelial dysfunction)—anemia, and hypox-

emia. Cytopathic hypoxia is primarily from failure of the

cell to extract oxygen (e.g., oxygen diffusion barriers and/
or mitochondrial dysfunction).

Failure to maintain adequate oxygenation aggravates

secondary brain damage, therefore, detection and treatment
of brain and systemic hypoxia are important. Hyperoxia also

can aggravate outcome. Brain oxygen can be measured by

two invasive bedside techniques: brain tissue oxygen tension
(PbtO2) and jugular bulb oxygen saturation (SjvO2); or a

non-invasive bedside method: near-infrared spectroscopy

(NIRS). Monitoring of systemic oxygenation and CO2 can be
achieved invasively with arterial blood gas analysis and non-

invasively with pulse oximetry and end-tidal CO2 devices.

The Participants in the International Multidisciplinary Consensus
Conference on Multimodality Monitoring are listed in ‘‘Appendix’’
section

Electronic supplementary material The online version of this
article (doi:10.1007/s12028-014-0024-6) contains supplementary
material, which is available to authorized users.

M. Oddo (&)
Department of Intensive Care Medicine, Faculty of Biology and
Medicine, CHUV-Lausanne University Hospital, 1011
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e-mail: mauro.oddo@chuv.ch

J. Bösel
Neurocritical Care Section, Department of Neurology,
University of Heidelberg, Heidelberg, Germany
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RESEARCH ARTICLE

Spreading Depression in Continuous
Electroencephalography of Brain Trauma

Jed A. Hartings, PhD,1,2,3 J. Adam Wilson, PhD,1 Jason M. Hinzman, PhD,1

Sebastian Pollandt, MD,4 Jens P. Dreier, MD, PhD,5 Vince DiNapoli, MD, PhD,1,3

David M. Ficker, MD,4 Lori A. Shutter, MD,1,2,3,4 and Norberto Andaluz, MD1,2,3

Objective: Cortical spreading depolarizations are a pathophysiological mechanism and candidate target for
advanced monitoring in acute brain injury. Here we investigated manifestations of spreading depolarization in contin-
uous electroencephalography (EEG) as a broadly applicable, noninvasive method for neuromonitoring.
Methods: Eighteen patients requiring surgical treatment of traumatic brain injury were monitored by invasive electro-
corticography (ECoG; subdural electrodes) and noninvasive scalp EEG during intensive care. Spreading depolariza-
tions were first identified in subdural recordings, and EEG was then examined visually and quantitatively to identify
correlates.
Results: A total of 455 spreading depolarizations occurred during 65.9 days of simultaneous ECoG/EEG monitoring.
For 179 of 455 events (39%), depolarizations caused temporally isolated, transient depressions of spontaneous EEG
amplitudes to 57% (median) of baseline power. Depressions lasted 21 minutes (median) and occurred as suppres-
sions of high-amplitude delta activity present as a baseline pattern in the injured hemisphere. For 62 of 179 (35%)
events, isolated depressions showed a clear spread of depression between EEG channels with delays of 17 minutes
(median), sometimes spanning the entire hemisphere. A further 188 of 455 (41%) depolarizations were associated
with continuous EEG depression that lasted hours to days due to ongoing depolarizations. Depolarizations were also
evidenced in EEG as shifts in direct current potentials.
Interpretation: Le~ao’s spreading depression can be observed in clinically standard, continuous scalp EEG, and under-
lying depolarizations can spread widely across the injured cerebral hemisphere. These results open the possibility of
monitoring noninvasively a neuronal pathophysiological mechanism in a wide range of disorders including ischemic
stroke, subarachnoid hemorrhage, and brain trauma, and suggest a novel application for continuous EEG.

ANN NEUROL 2014;76:681–694

Clinical treatment of stroke and traumatic brain
injury (TBI) is limited by the lack of methods to

monitor pathologic mechanisms of secondary injury.
Presently, intracranial pressure is the only cerebral vari-
able that is widely monitored in clinical practice, but
remains controversial and is used mainly in TBI. Other
monitoring modalities are available but are not widely
used due to their invasive nature and uncertain clinical
value. Nonetheless, advances in neuromonitoring are
required to identify pathophysiological mechanisms that
are active in individual patients who might benefit from
neuroprotective therapies. In epilepsy and cardiology, for

instance, continuous electrophysiologic monitoring allows
diagnosis of disease subtype, pathologic localization, and
evaluation of treatment effects.

In stroke, the concept of the ischemic penumbra
was originally developed on the basis of electrophysio-
logic monitoring in animals.1,2 As currently understood,
the core ischemic region experiences a loss of spontane-
ous electrical activity followed by mass terminal depolari-
zation, which develops in a spreading fashion within
minutes of arterial occlusion. The penumbral tissue sur-
rounding the core may also experience electrical silencing
and loss of function, but here cellular membrane

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.24256
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Traumatic brain injury detection using electrophysiological

methods

Paul E. Rapp1, David O. Keyser 1*, Alfonso Albano2, Rene Hernandez 3, Douglas B. Gibson4,
Robert A. Zambon5,W. David Hairston6, John D. Hughes7, Andrew Krystal 8 and Andrew S. Nichols5

1 Uniformed Services University of the Health Sciences School of Medicine, Bethesda, MD, USA
2 Bryn Mawr College, Bryn Mawr, PA, USA
3 US Navy Bureau of Medicine and Surgery, Frederick, MD, USA
4 U.S. Army Research Institute, Fort Belvoir, VA, USA
5 Booz Allen Hamilton Inc., McLean, VA, USA
6 U. S. Army Research Laboratory, Aberdeen Proving Ground, Aberdeen, MD, USA
7 Naval Medical Research Center, Silver Spring, MD, USA
8 Duke University, Durham, NC, USA

Edited by:
John J. Foxe, Albert Einstein College
of Medicine, USA

Reviewed by:
John Van Horn, University of
California Los Angeles, USA
I-Wei Shu, San Diego Veterans Affairs
Medical Center, USA

*Correspondence:
David O. Keyser , Department of
Military and Emergency Medicine,
USUHS, 4301 Jones Bridge Road,
Bethesda, MD 20814, USA
e-mail: david.keyser@usuhs.edu

Measuring neuronal activity with electrophysiological methods may be useful in detecting
neurological dysfunctions, such as mild traumatic brain injury (mTBI).This approach may be
particularly valuable for rapid detection in at-risk populations including military service mem-
bers and athletes. Electrophysiological methods, such as quantitative electroencephalog-
raphy (qEEG) and recording event-related potentials (ERPs) may be promising; however,
the field is nascent and significant controversy exists on the efficacy and accuracy of the
approaches as diagnostic tools. For example, the specific measures derived from an elec-
troencephalogram (EEG) that are most suitable as markers of dysfunction have not been
clearly established. A study was conducted to summarize and evaluate the statistical rigor
of evidence on the overall utility of qEEG as an mTBI detection tool. The analysis evalu-
ated qEEG measures/parameters that may be most suitable as fieldable diagnostic tools,
identified other types of EEG measures and analysis methods of promise, recommended
specific measures and analysis methods for further development as mTBI detection tools,
identified research gaps in the field, and recommended future research and development
thrust areas. The qEEG study group formed the following conclusions: (1) Individual qEEG
measures provide limited diagnostic utility for mTBI. However, many measures can be
important features of qEEG discriminant functions, which do show significant promise as
mTBI detection tools. (2) ERPs offer utility in mTBI detection. In fact, evidence indicates
that ERPs can identify abnormalities in cases where EEGs alone are non-disclosing. (3)The
standard mathematical procedures used in the characterization of mTBI EEGs should be
expanded to incorporate newer methods of analysis including non-linear dynamical analy-
sis, complexity measures, analysis of causal interactions, graph theory, and information
dynamics. (4) Reports of high specificity in qEEG evaluations of TBI must be interpreted
with care. High specificities have been reported in carefully constructed clinical studies
in which healthy controls were compared against a carefully selected TBI population. The
published literature indicates, however, that similar abnormalities in qEEG measures are
observed in other neuropsychiatric disorders. While it may be possible to distinguish a
clinical patient from a healthy control participant with this technology, these measures are
unlikely to discriminate between, for example, major depressive disorder, bipolar disorder,
or TBI. The specificities observed in these clinical studies may well be lost in real world
clinical practice. (5)The absence of specificity does not preclude clinical utility.The possibil-
ity of use as a longitudinal measure of treatment response remains. However, efficacy as
a longitudinal clinical measure does require acceptable test–retest reliability. To date, very
few test–retest reliability studies have been published with qEEG data obtained from TBI
patients or from healthy controls. This is a particular concern because high variability is a
known characteristic of the injured central nervous system.

Keywords: event-related potentials, EEG, traumatic brain injury, qEEG, non-linear dynamical analysis
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cliNical article
J Neurosurg 125:631–641, 2016

abbreviatioNs AUC = area under the curve; BBB = blood-brain barrier; DAI = diffuse axonal injury; Eg = estrogen; FIM = functional independence measure; GCS = 
Glasgow Coma Scale; GFAP = glial fibrillary acidic protein; GOS = Glasgow Outcome Scale; ICP = intracranial pressure; IL = interleukin; IQR = interquartile range; NGF 
= nerve growth factor; NSE = neuron-specific enolase; Pg = progesterone; ROC = receiver operating characteristic; sTBI = severe traumatic brain injury; TNF-a = tumor 
necrosis factor–a. 
submitted March 25, 2015.  accepted June 18, 2015.
iNclude wheN citiNg Published online January 1, 2016; DOI: 10.3171/2015.6.JNS15674.

Serum biomarkers as predictors of long-term outcome in 
severe traumatic brain injury: analysis from a randomized 
placebo-controlled Phase II clinical trial
amol raheja, mch,1 sumit sinha, mch,1 Neha samson, mtech,1 sanjeev bhoi, md,2  
arulselvi subramanian, md,3 pushpa sharma, phd,4 and bhawani shankar sharma, mch1 

Departments of 1Neurosurgery, 2Emergency Medicine, and 3Laboratory Medicine, All India Institute of Medical Sciences, New 
Delhi, India; and 4Department of Anaesthesiology, Uniformed Services University of the Health Sciences, Bethesda, Maryland 

obJective There has been increased interest in the potential importance of biochemical parameters as predictors of 
outcome in severe traumatic brain injury (sTBI).
methods Of 107 patients with sTBI (age 18–65 years with a Glasgow Coma Scale score of 4–8 presenting within 8 
hours after injury) who were randomized for a placebo-controlled Phase II trial of progesterone with or without hypo-
thermia, the authors serially analyzed serum biomarkers (S100-B, glial fibrillary acidic protein [GFAP], neuron-specific 
enolase [NSE], tumor necrosis factor–a, interleukin-6 [IL-6], estrogen [Eg], and progesterone [Pg]). This analysis was 
performed using the sandwich enzyme-linked immunosorbent assay technique at admission and 7 days later for 86 
patients, irrespective of assigned group. The long-term predictive values of serum biomarkers for dichotomized Glasgow 
Outcome Scale (GOS) score, functional independence measure, and survival status at 6 and 12 months were analyzed 
using an adjusted binary logistic regression model and receiver operating characteristic curve.
results A favorable GOS score (4–5) at 1 year was predicted by higher admission IL-6 (above 108.36 pg/ml; area 
under the curve [AUC] 0.69, sensitivity 52%, and specificity 78.6%) and Day 7 Pg levels (above 3.15 ng/ml; AUC 0.79, 
sensitivity 70%, and specificity 92.9%). An unfavorable GOS score (1–3) at 1 year was predicted by higher Day 7 GFAP 
levels (above 9.50 ng/ml; AUC 0.82, sensitivity 78.6%, and specificity 82.4%). Survivors at 1 year had significantly higher 
Day 7 Pg levels (above 3.15 ng/ml; AUC 0.78, sensitivity 66.7%, and specificity 90.9%). Nonsurvivors at 1 year had sig-
nificantly higher Day 7 GFAP serum levels (above 11.14 ng/ml; AUC 0.81, sensitivity 81.8%, and specificity 88.9%) and 
Day 7 IL-6 serum levels (above 71.26 pg/ml; AUC 0.87, sensitivity 81.8%, and specificity 87%). In multivariate logistic 
regression analysis, independent predictors of outcome at 1 year were serum levels of Day 7 Pg (favorable GOS—OR 
3.24, CI 1.5–7, p = 0.003; and favorable survival—OR 2, CI 1.2–3.5, p = 0.01); admission IL-6 (favorable GOS—OR 
1.04, CI 1.00–1.08, p = 0.04); and Day 7 GFAP (unfavorable GOS—OR 0.79, CI 0.65–0.95, p = 0.01; and unfavorable 
survival—OR 0.80, CI 0.66–0.96, p = 0.01).
coNclusioNs Serial Pg, GFAP, and IL-6 monitoring could aid in prognosticating outcomes in patients with acute 
sTBI. A cause and effect relationship or a mere association of these biomarkers to outcome needs to be further studied 
for better understanding of the pathophysiology of sTBI and for choosing potential therapeutic targets.
Clinical trial registration no.: CTRI/2009/091/000893 (http://www.ctri.nic.in).
http://thejns.org/doi/abs/10.3171/2015.6.JNS15674
Key words glial fibrillary acidic protein; interleukin-6; progesterone; predictors of outcome; serum biomarkers; 
severe traumatic brain injury; trauma
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Empfehlungen zum ICP-Monitoring

level I
Mangelnde Datenlage, um einen Standard zu 
empfehlen.

level II
Schweres SHT (GCS 3-8) und auffälliges CT 
(ICB, Kontusion, Schwellung, Herniation, basale 
Zisternen).

level III
Schweres SHT und unauffälliges CT, 
wenn 2 oder mehr Kriterien zutreffen:
Alter: > 40 Jahre
uni- oder bilaterales Beugen/Strecken
Hypotension (syst. < 90 mmHg)

• Wer ist gefährdet?

• Sind ICP-Werte hilfreich?

• Verbessert die ICP-
Messung das Outcome?

Bratton et	al.,	J	Neurotrauma	24(1	Suppl):	S37-44,	2007

Indications for
intracranial pressure monitoring
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ICP-Messung

n engl j med 367;26 nejm.org december 27, 2012 2471

The new england 
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established in 1812 december 27, 2012 vol. 367 no. 26

A Trial of Intracranial-Pressure Monitoring  
in Traumatic Brain Injury

Randall M. Chesnut, M.D., Nancy Temkin, Ph.D., Nancy Carney, Ph.D., Sureyya Dikmen, Ph.D., Carlos Rondina, M.D.,  
Walter Videtta, M.D., Gustavo Petroni, M.D., Silvia Lujan, M.D., Jim Pridgeon, M.H.A., Jason Barber, M.S.,  

Joan Machamer, M.A., Kelley Chaddock, B.A., Juanita M. Celix, M.D., Marianna Cherner, Ph.D., and Terence Hendrix, B.A., 
for the Global Neurotrauma Research Group*
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Background
Intracranial-pressure monitoring is considered the standard of care for severe trau-
matic brain injury and is used frequently, but the efficacy of treatment based on 
monitoring in improving the outcome has not been rigorously assessed.
Methods
We conducted a multicenter, controlled trial in which 324 patients 13 years of age or 
older who had severe traumatic brain injury and were being treated in intensive care 
units (ICUs) in Bolivia or Ecuador were randomly assigned to one of two specific 
protocols: guidelines-based management in which a protocol for monitoring intra-
parenchymal intracranial pressure was used (pressure-monitoring group) or a proto-
col in which treatment was based on imaging and clinical examination (imaging–
clinical examination group). The primary outcome was a composite of survival time, 
impaired consciousness, and functional status at 3 months and 6 months and neuro-
psychological status at 6 months; neuropsychological status was assessed by an exam-
iner who was unaware of protocol assignment. This composite measure was based on 
performance across 21 measures of functional and cognitive status and calculated as 
a percentile (with 0 indicating the worst performance, and 100 the best performance).
Results
There was no significant between-group difference in the primary outcome, a com-
posite measure based on percentile performance across 21 measures of functional 
and cognitive status (score, 56 in the pressure-monitoring group vs. 53 in the imag-
ing–clinical examination group; P = 0.49). Six-month mortality was 39% in the 
pressure-monitoring group and 41% in the imaging–clinical examination group 
(P = 0.60). The median length of stay in the ICU was similar in the two groups (12 days 
in the pressure-monitoring group and 9 days in the imaging–clinical examination 
group; P = 0.25), although the number of days of brain-specific treatments (e.g., 
administration of hyperosmolar fluids and the use of hyperventilation) in the ICU 
was higher in the imaging–clinical examination group than in the pressure-monitor-
ing group (4.8 vs. 3.4, P = 0.002). The distribution of serious adverse events was 
similar in the two groups.
Conclusions
For patients with severe traumatic brain injury, care focused on maintaining mon-
itored intracranial pressure at 20 mm Hg or less was not shown to be superior to 
care based on imaging and clinical examination. (Funded by the National Institutes 
of Health and others; ClinicalTrials.gov number, NCT01068522.)
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Rehabilitation

Post-Acute Traumatic Brain Injury Rehabilitation:
Effects on Outcome Measures and Life Care Costs

Grace S. Griesbach,1,2 Lisa A. Kreber,1 David Harrington,1 and Mark J. Ashley1

Abstract

Rehabilitation is the predominant post-acute treatment for patients with traumatic brain injury (TBI). We retrospectively
evaluated the effectiveness of post-acute TBI rehabilitation by comparing outcome measures and life care cost with that of
patients with cerebrovascular accident (CVA) who underwent a multidisciplinary rehabilitation program within the same
facility. To better assess the effects of rehabilitation, we only included patients with no benefit limitations from the
insurance carrier. Functional effectiveness was determined by comparing outcome scales, which included the Disability
Rating Scale, Mayo Portland Inventory, Occupational Status Scale, Living Status Scale, and the Centre for Neuro Skills
Scale. Cost-effectiveness was determined by having certified life care planners create separate cost projections from the
admission and discharge patient files. This allowed us to compare cost projections with and without rehabilitation for each
patient. Significant decreases in the cost projections, i.e., rehabilitation savings (RS), were found after rehabilitation for
TBI. These RS were equivalent to those of patients with CVA. Likewise, equivalent improvements were found on all of
the outcome scales for both brain injury groups. We also evaluated if the latency from TBI to admission in the reha-
bilitation program had an influence on outcome. Cost and functional effectiveness was more marked when rehabilitation
was initiated within the first year after TBI. The effects of age of TBI were also evaluated. Although RS were most marked
in younger patients, improvements in outcome measures were observed in all age groups after post-acute rehabilitation.

Key words: outcome measures; rehabilitation; therapeutic approaches for the treatment of CNS injury; traumatic brain
injury; vascular injury

Introduction

Traumatic brain injury (TBI) is a serious public health
concern. Many of those who survive a TBI endure permanent

disability.1 In the United States, it is estimated that 5.3 million
people have TBI-related disabilities that include lasting cognitive
and psychological impairments.2,3 These disabilities not only affect
the person’s quality of life and family, but also result in a sub-
stantial economic cost. Medical costs and loss of productivity
contribute to the economical burden placed by TBI.4 This cost was
estimated at $76.5 billion in 2010.5 Moreover, these data under-
estimate the financial burden because they do not include patients
with TBI who were treated in the U.S Department of Defense or
Veterans Affairs medical systems.

A predominant approach to identify long-term needs and asso-
ciated costs, after TBI, is a Life Care Plan provided by a certified
healthcare professional. Life care plans are widely implemented for
financial, medical, and legal purposes. These care plans are de-
veloped through a methodical and thorough evaluation of patient
information. To determine services and costs needed over the pa-

tient’s expected life span, multiple outcome dimensions affecting
the patient’s quality of life and long-term needs are taken into
consideration.

Increases in patient independence are not only likely to improve
quality of life but also to markedly diminish TBI-related costs.
Early retirement is one of the major contributing factors to the
economic burden placed by TBI.6 An effective means to reduce
TBI-associated morbidity and increase the possibility of patients
returning to work is through rehabilitation.7,8 Acute rehabilitation
has proven to improve patient outcome after TBI.9,10 The beneficial
effects of rehabilitation are still evidenced when it is continued. For
example, a recent study showed that continuation of rehabilitative
therapy was associated with cost-effectiveness in patients with
severe TBI.11 Likewise, a review of the literature indicates that
rehabilitation during the post-acute period is effective after
TBI.12,13 In spite of this, there is still controversy regarding its
effectiveness in both functional outcome and cost.

We set out to retrospectively determine if post-acute rehabili-
tation proved effective in reducing life care costs in patients with
TBI and whether these costs were associated with an improvement

1Centre for Neuro Skills, Bakersfield, California.
2Department of Neurosurgery, David Geffen School of Medicine at UCLA, Los Angeles, California.
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[SEM]; CVA: $1,232,061.14 – 415,543.90 [SEM]). All admission
outcome measures, except for OSS, were significantly correlated
with PreReh projected cost and RS. Likewise, discharge outcome
measures were significantly correlated with PostReh projected cost
and RS (Table 5). Correlational analysis of LSS and OSS measures
obtained from follow-up showed no relationship between these
measures and RS.

We were able to obtain a follow-up on four of the seven patients
who had negative RS. Of these four patients, two showed a decline
in status because of not working, one had no change, and one
showed improvement in occupational status according to the OSS
scale. For the LSS scale, three showed no difference and one
showed improvement in status.

Effects of previous rehabilitation on post-acute
TBI rehabilitation

Improvements in discharge outcome measures, compared with
admission measures, were observed for patients with TBI, inde-
pendent of previous rehabilitation (Table 6).

DRS. A main effect for rehabilitation history [F(1,34) = 5.63,
p < 0.05] was observed. This indicated that PR had a positive influ-

ence on admission and discharge scores compared with those patients
who had no PR. Outcome scores, however, significantly improved
with post-acute rehabilitation for all patients. This effect was sup-
ported by a main effect for Time [F(1,34) = 71.53, p < 0.0005].

OSS. Exposure to PR did not influence OSS scores. Both TBI
groups showed a significant improvement when comparing ad-
mission and discharge scores. This was indicated by a main effect
for Time [F(1,30 = 28.47, p < 0.0005].

LSS. Exposure to PR resulted in overall better scores for LSS
[F(1,34) = 11.73, p < 0.005]. Both groups, however, benefited with
post-acute rehabilitation as indicated by a significant main effect
for time [F(1,34) = 33.5, p < 0.0005].

MPAI-4. Higher function, as determined by MPAI-4, was
observed in patients who underwent PR [F(1,34) = 7.39, p < 0.05].
Both TBI groups showed a significant improvement when com-
paring admission and discharge scores. This was indicated by a
main effect for Time [F(1,34 = 122.1, p < 0.0005].

CIQ. Exposure to PR did not influence CIQ scores. Both TBI
groups showed a significant improvement when comparing ad-
mission and discharge scores. This was indicated by a main effect
for Time [F(1,34 = 63.4, p < 0.0005].

CNS. Exposure to PR resulted in overall better scores for CNS
[F(1,34) = 5.55, p < 0.05]. Both groups, however, benefited with
post-acute rehabilitation as indicated by a significant main effect
for time [F(1,34) = 126.26, p < 0.0005].

Latency to initiate post-acute rehabilitation after TBI

Improvements in discharge outcome measures, compared with
admission measures, were observed for all latency groups (Fig. 3).

DRS. Outcome scores significantly improved in all groups after
discharge as indicated by a main effect for Time [F(1,33 = 68.27,
p < 0.0005].

OSS. Outcome scores significantly improved after discharge
as indicated by a main effect for Time [F(1,32 = 10.18, p < 0.005].
Latency by Time interaction for OSS approximated significance
( p = 0.08), suggesting that improvement was more pronounced in
the group admitted within the first 3 months after injury.

LSS. Analysis of LSS indicated that improvements were only
observed in the groups initiating rehabilitation within 3 months
( p < 0.0005) and between 3 and 12 months ( p < 0.0005). This was
supported by a significant Latency by Time interaction [F(2,33 = 4.27,
p < 0.05].

MPAI-4. Higher function, as determined by MPAI-4, was
observed during admission in the group that initiated early reha-
bilitation compared with those initiating rehabilitation between 3
and 12 months ( p < 0.005). Higher function was also observed at
discharge in the ‘‘less than 3 months group’’ compared with the
‘‘between 3 and 12 months’’ group ( p < 0.0005) and the ‘‘after 12
months’’ group ( p < 0.0005). This was supported by a significant
Latency by Time interaction [F(2,33 = 3.67, p < 0.05]. All groups
showed improvement in MPAI-4 scores after rehabilitation as in-
dicated by a significant Time effect [F(2,33 = 96.29, p < 0.0005].

Table 4. Follow-Up Performance in Living Status
and Occupational Status Scales Compared

with Discharge

LSS OSS

Declined in Status 2 (6.67%) 7 (23.33%)
Maintained Status 18 (60%) 13 (43.33%)
Improved Status 10 (33.33%) 10 (33.33%)

LSS, Living Status Scale; OSS, Occupational Status Scale.

FIG. 2. Projected life care costs before (PreReh) and after
PostReh) completing rehabilitation in traumatic brain injury (TBI)
and cerebrovascular accident (CVA) patients. Projected life-care
cost generated from admission file (PreReh) and projected life
care cost generated from discharge file (PostReh). *p < 0.05. Each
value represents the mean – standard error of the mean.
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Discussion

Post-acute rehabilitation improved functional outcome

Significant improvements on functional outcome were observed
as determined by an array of outcome scales frequently used in the

rehabilitation setting. These improvements were similar to those
found in patients with CVA. Only those patients who did not
present benefit limitations were included in this study. It yet needs
to be determined whether shorter rehabilitation periods would be as
effective.

FIG. 3. Latency to initiate post-acute rehabilitation in patients after traumatic brain injury. For illustrative purposes, the data are
represented as percent improvement in discharge measures compared with admission measures. Significant improvements in outcome
scales were observed after post-acute rehabilitation. Disability Rating Scale (DRS), Occupational Status Scale (OSS), Living Status
Scale (LSS), Mayo-Portland Adaptability Inventory-4 (MPAI-4), Community Integration Questionnaire (CIQ), and Centre for Neuro
Skills Scale (CNS). *p < 0.05, **p < 0.0005, ***p < 0.0005 compared with admission scores. Each value represents the mean – standard
error of the mean. Inset indicates estimated rehabilitation savings *p < 0 .05 compared with other latency groups’ savings.

FIG. 4. Effects of age of patients with traumatic brain injury and outcome measures. For illustrative purposes, the data are represented
as percent improvement in discharge measures compared with admission measures. Significant improvements in outcome scales were
observed after post-acute rehabilitation. Disability Rating Scale (DRS), Occupational Status Scale (OSS), Living Status Scale (LSS),
Mayo-Portland Adaptability Inventory-4 (MPAI-4), Community Integration Questionnaire (CIQ), and Centre for Neuro Skills Scale
(CNS). *p < 0.05, **p < 0.0005, ***p < 0.0005 compared with admission score. Each value represents the mean – standard error of the
mean. Inset indicates estimated rehabilitation savings *p < 0.05 compared with other age groups’ savings.
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Outcome Assessment nach SHT

information on some, but not all predictors. Thus, it is
statistically inefficient. Moreover, complete case analy-
sis may lead to a biased estimate as there may be a sys-
tematic reason for some patients having missing data
(Vach and Blettner, 1991). Such bias occurs when miss-
ingness (absence of a predictor) is associated with out-
come. Alternatively, imputation procedures can be
used to replace missing values with the most likely esti-
mate for a plausible value. Advances in statistical tech-
niques now offer opportunities for imputation of
missing values with regression models that estimate
the most plausible value based on observed data, with
either simple or multiple imputation. In single imputa-
tion a single dataset with imputed values is created. In
multiple imputation, multiple datasets (e.g., 5) with
imputed values are created. Subsequent analyses are per-
formed in each dataset and the estimates are summa-
rized. Although multiple imputation better captures
the uncertainty of the imputed values, current statistical
insight is that any imputation procedure is preferable to
complete case analysis (Steyerberg, 2008). Deciding
which variables to use for imputation requires sensible
judgment by the analyst, based on knowledge of the sub-
ject and the research question.

OUTCOMEMEASURES FOR
PROGNOSTIC STUDIES IN PATIENTS
WITH TRAUMATIC BRAIN INJURY

Various outcome measures are used in prognostic anal-
ysis for TBI. These include mortality, global outcome
measures, e.g., GOS, measures of disability (functional

independence measure (FIM)), patient-centered out-
come (e.g., scores on quality of life questionnaires), or
wider indicators of burden of disease (e.g., absence from
work). The choice for a particular outcome measure will
depend on characteristics of the population under study.
Mortalitymay be a poor end point for a study focused on
patients with mild TBI but is more appropriate for pop-
ulation with more severe injuries. Conversely, even the
eight category extended GOS may not permit sufficient
differentiation of outcome in patients with milder inju-
ries. In general, the outcome measure chosen should be
clinically relevant to the population under study and
“hard” end points are preferred. Statistical power may
also direct the choice of outcome. When an outcome is
infrequent, it may not be suited as an end point for
statistical analysis. Whatever the end point chosen,
assessment at a fixed time point is essential. Many stud-
ies, however, report onmortality or even the GOS on dis-
charge. We do not consider this advisable, as local
discharge policies may bias the outcome estimate. If,
for example, local policy would be to discharge a patient
considered to have a poor prognosis early to a nursing
facility, mortality may be underestimated.

The GOS is commonly used as end point for prognos-
tic studies in populations with moderate or severe TBI
(Table 29.3). The GOS is an ordinal scale with five cate-
gories. It should be recognized that it is not an interval
scale, meaning that calculation of an average value of
the GOS is not appropriate. Furthermore, the GOS is a
global functional scale in which functioning in various
domains is integrated. Outcome following TBI is, how-
ever, complex andmultidimensional, causing the GOS to

Table 29.3

Glasgow Outcome Scale and its extended version

GOS GOSE

1 Death
Mortality from any cause

1 Death

2 Vegetative state
Unable to interact with environment, unresponsive

2 Vegetative state

3 Severe disability
Conscious but dependent

3 Lower: dependent on others for activities of daily living
Upper: dependent on others for some activities

4
4 Moderate disability

Independent but disabled
5 Lower: unable to return to work or participate in social

activities
Upper: return to work at reduced capacity, reduced

participation in social activities
6

5 Good recovery
Return to normal occupation and social activities, may
have minor residual deficits

7 Lower: minor social or mental deficits which do not
impair normal functioning

Upper: full recovery, no residual complaints or deficits8

GOS: Glasgow Outcome Scale; GOSE: Glasgow Outcome Scale - Extended.

PREDICTING OUTCOME AFTER TRAUMATIC BRAIN INJURY 459

Outcome Assessment



Mögliche Folgen eines SHTs

• posttraumatische Belastungsstörung

• Veränderungen von

• Kognition

• Stimmung

• Verhalten

• posttraumatischer Kopfschmerz

• u.v.m.

Outcome Assessment



Return to work (GOS-E ≥ 6)

Return to work following traumatic brain injury: Trends and challenges

JEFFREY SHAMES1, IULY TREGER2, HAIM RING2 & SALVATORE GIAQUINTO3
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Abstract
Purpose. The aim of this paper is to present the current knowledge regarding return to work (RTW) following traumatic
brain injury (TBI).
Method. Based on a Medline search, the authors reviewed the current TBI rehabilitation literature regarding (a) predictive
factors for successful RTW, and (b) current concepts in rehabilitative strategies for successful RTW.
Results. The functional consequences to the victim of traumatic brain injury (TBI) can be severe. Intensive rehabilitative
efforts typically emphasize the early phase and address mainly the accompanying functional deficits in the realm of basic
activities of daily living and mobility. An otherwise successful medical rehabilitation may end unsuccessfully because of the
failure to return to work, with profound consequences to the individual and family, both economic and psychosocial. Even
mild TBI may cause lasting problems in tasks calling for sustained attention. There appears to be a complex interaction
between pre-morbid characteristics, injury factors, post injury impairments, personal and environmental factors in TBI
patients, which influences RTW outcomes in ways that make prediction difficult. Injury severity and lack of self-awareness
appear to be the most significant indicators of failure to RTW. Several medical, psychosocial and rehabilitative therapies are
currently being implemented in rehabilitation settings which improve the chances of returning to work.
Conclusion. Accurate prediction of whether a particular TBI patient will successfully return to work is not feasible, with
RTW rates in the 12 – 70% range. A significant proportion of TBI patients, including those who are severely injured, are able
to return to productive employment if sufficient and appropriate effort is invested. A comprehensive approach – medical and
psychosocial – eventually entailing adequate vocational rehabilitation with supported employment can improve outcomes.

Keywords: Traumatic brain injury, work, vocational rehabilitation

Introduction

Traumatic brain injury (TBI) is a leading cause of
death and disability worldwide. It is three times more
common in men; adolescents, young adults and the
elderly are at the highest risk. The most common
mechanisms of injury are motor vehicle accidents,
falls, and violence [1]. In the US, the estimated
incidence is 200 per 100,000 people per year. Diffuse
axonal injury, cerebral contusions, hemorrhage,
anoxia and increased intracranial pressure all con-
tribute to the complex resultant clinical picture. The
patient’s deficits range in severity and usually
correlate with the length of loss of consciousness
(LOC) and post-traumatic amnesia (PTA) [2].
Following the acute stage, residual motor, sensory,

behavioral and cognitive-language deficits may re-
main. While a majority of patients with mild head
injuries recover rapidly and return to their pre-
morbid activities, a small group may continue to
experience cognitive, emotional and physical impair-
ments. In contrast, a large proportion of moderately
to severely head injured patients are left with
permanent impairments that profoundly affect their
ability for self-care, mobility, and reintegration to
society.

In the early post-trauma period, family and team
efforts are focused on survival, prevention of
complications, and restoration of basic functional
skills and mobility. Traditionally, the medical reha-
bilitation system emphasizes these aspects of restora-
tion and is most comfortable dealing with these
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Traumatic brain injury (TBI) is a leading cause of
death and disability worldwide. It is three times more
common in men; adolescents, young adults and the
elderly are at the highest risk. The most common
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falls, and violence [1]. In the US, the estimated
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Following the acute stage, residual motor, sensory,
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and (d) inconsistent VR and support services. A
summary of recent articles on the subject is
presented in Table I.

What are the factors influencing RTW?

Naturally, the rehabilitation professional who man-
ages disabled individuals seeks ways to give a
prognosis for his patients. Families and patients wish
to know what to realistically expect, and a rehabilita-
tion plan needs to be established. While the TBI
literature has established fairly helpful indicators for
functional recovery, the challenge has been more
difficult for RTW. This is because psychosocial,
economic and cultural factors appear to play a much
larger role in successful RTW than do strictly
physiologic measures, as can be seen by the
extremely wide variations in RTW rates in different
settings and countries. Ben Yishay and Lakin found
that an essential component of rehabilitation, and
particularly for successful VR, is the development of
self-awareness [12]. Sherer et al. [13] finding a
strong correlation between self-awareness and favor-
able employment outcome, postulated that impaired
self-awareness limits patients’ motivation for treat-
ment and interferes with appropriate goal selection.
Neuropsychological rehabilitation programs have
been developed which emphasize this issue [14].

Beyond this essential personal characteristic,
various researchers have attempted to identify other
pre-morbid or injury factors that can predict
successful return to work. Some of the factors that

have emerged include: (i) Severity of injury as
measured by length of LOC or PTA, (ii) specific
measures of impairments resulting from the injury,
(iii) pre-injury occupational or educational back-
ground, and (iv) age at time of injury [5].

Severity of injury has been studied extensively.
However, interpretation of these results has been
difficult because of the inconsistent operational
definitions of severity. Various measures are exam-
ined, including PTA [15], length of coma, Glasgow
Coma Scale (GCS) [16], and Glasgow Outcome
Scale (GOS) [17]. All of these factors have not
yielded consistent results [7]. For the post-rehabili-
tation period, the Disability Rating Scale [18,19]
FIMTM [20] discharge score, and length of stay
(LOS) have been shown to have a consistent
correlation with ability to return to work [21]. The
Functional Assessment Measure (FAM), although
specifically developed as a measure of disability for
head injured patients [22], shows only a modest
advantage over the FIM in predicting vocational
outcome after 2 years [23]. Greenspan demonstrated
a combined effect of motor and cognitive impair-
ment on RTW status [24]. Thus, while it is probably
correct (and also intuitively true) that severity of
injury negatively impacts RTW, it is not at all clear
how to classify severity (for purposes of predicting
RTW) using any single scale. Klonoff et al. [25]
found that non-right hemispheric injury and post-
injury driving correlated with return to work.
Surprisingly, two injury characteristics, namely the
requirement of tracheotomy [26], and the presence

Table I. Studies of return to work rates.

Study Population Results Comments

McMordie et al. [7]
(USA)

Mixed severity TBI 45% RTW, 19% competitive,
average 6 years post injury

Included some stroke
patients

Ruffolo et al. [8]

(Canada)

Mild TBI following motor

vehicle accident

12% full RTW, 30% modified in

6 – 9 months

All patients working

pre-morbidly

Roa et al. [9] (USA) Mixed-severity TBI 66% at average of 16 months post
injury

Work or school

Possl et al. [11]

(Germany)

Severe TBI þ CVA 37% stable premorbid RTW,

28% retired in 7 years

Included vocational re-entry

program

Ruff et al. [39] (USA) Severe TBI 18% RTW at 6 months, 31% at
12 months, 66% return to

school

Dombovy and Olek

[66] (USA)

Mild-moderate TBI 39.5% employed 6 months

post-discharge
Matsushima et al. [67]

(Japan)

moderate to severe TBI No RTW Follow-up period variable

Kraft et al. [68]
(USA)

Veterans w/ penetrating
injuries, mixed severity

56% gainfully employed 15 year follow-up period

Haboubi et al. [69]

(UK)

Mild TBI 87.5% RTW at 6 weeks

Chua and Kong [70]
(Singapore)

Mixed severity (few mild) TBI 25% RTW 1 year post-injury All initially inpatients 77%
employed prior to injury

TBI, Traumatic brain injury; CVA, Cerebrovascular accident; RTW, Return to work.
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Chapter 26

Considerations for return to work following traumatic

brain injury

DEBORAH M. LITTLE1,2*, ANDREW J. COOK2,3, SANDRA B. MORISSETTE2,3, AND JOHN W. KLOCEK4

1Baylor Scott and White Healthcare, Temple, TX, USA
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4Department of Psychology and Neuroscience, Baylor University, Waco, TX, USA

Traumatic brain injury (TBI) is a significant public health
concern, with annual costs at nearly $17 billion each year
in healthcare costs and lost productivity in the USA
(Finkelstein et al., 2006). In the USA alone, almost 1.7
million new cases of TBI present to emergency depart-
ments or require hospitalization each year (Langlois
et al., 2006). The gross majority (!75%) of these TBI
cases are classified as mild in severity, with infants
and young children and individuals in late adolescence
and early adulthood as the most prevalent group
(Langlois et al., 2005). Within the range of mild TBI, it
is reported that the gross majority will fully recover
(Bigler and Maxwell, 2012; Eierud et al., 2014), while
10–20% will not have symptom resolution following a
single event (Bazarian and Atabaki, 2001). The risk
of incomplete recovery (as evidenced by sustained symp-
toms) may be increased by genetic loading (McAllister,
2010), affected by gender (Niemeier et al., 2014), and
influenced by acute management and adherence to
safety regulations for prevention and return-to-play
and return-to-work standards following the injury (for
example, Harmon et al., 2013). Importantly, TBI sever-
ity, which is a classification made based on acute TBI
variables, is only grossly predictive of outcome (e.g.,
those who sustain milder injuries tend to show better
recovery and less long-term impairment than those with
severe injuries) and not by itself directly predictive of
chronic outcomes within each severity grade (Dikmen
and Levin, 1993; Hoofien et al., 2001). Impairment, in
this chapter, is used to describe sustained alterations in
cognition, behavior, and mood, as all of these variables

contribute to lifetime disability, degree of independence,
and return to theworkforce. In addition, because TBI is a
traumatic insult to the central nervous system that can
and does co-occur with other physical trauma, other fac-
tors including development of chronic pain and chronic
headache must also be considered.

Further complicating the multifactorial relationship
between TBI and return to work is an age-dependent
increase in risk for TBI. Across the lifespan, those at
greatest risk for TBI are children from birth to age 4
(2193 per 100000), who present most commonly with
TBI due to falls and abuse (Centers for Disease
Control and Prevention (CDC), The National Institutes
of Health (NIH), The Department of Defense (DoD),
and The Department of Veterans Affairs (VA)
Leadership Panel, 2013). The second most prevalent
age group to suffer from TBI are those approaching
the legal age of motor vehicle operation (982 per
100 000) (Centers for Disease Control and Prevention
(CDC) et al., 2013). In these populations one must con-
sider both direct impacts on independence and the indi-
rect relationship between age of injury, scholastic
performance, and the effects of scholastic performance
on highest degree of formal education later in life, as all
have been associated with occupational attainment.Mul-
tiple longitudinal studies are ongoing with a focus on
further defining these relationships.

In addition to age-related increases in TBI presenta-
tion, one must also consider groups at higher risk for
TBI due to occupational exposure. It is this group that
is the focus of this chapter, as the occupation is not only

*Correspondence to: Deborah M. Little, PhD, Neuroscience Institute, Baylor Scott and White Healthcare, 5701 Airport Road, MS
AR D120, Temple TX 76508, USA. E-mail: deborahmlittle@gmail.com
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executive functions, such as decreased mental flexibil-
ity, and trouble shifting sets (Levin and Kraus, 1994;
Miller, 2000; Godefroy, 2003). Patients also demon-
strate additional executive functioning deficits, includ-
ing poor planning, lack of organization, problems with
sequencing, impaired judgment, deficits in verbal flu-
ency, problems with working memory, as well as impul-
sivity errors (Levin and Kraus, 1994; Miller, 2000;
Godefroy, 2003). Mood and behavioral disturbances
are also common, including various symptoms of
depression, irritability, impulsivity, apathy, and amotiva-
tion (Levin et al., 1992, 2005; McAllister, 1992; van
Reekum et al., 1996; Hoofien et al., 2001; Dikmen
et al., 2004; Jorge et al., 2004; Moldover et al., 2004).
Neurobehavioral deficits often persist and can even
result in long-term problems for patients with mild
TBI (Gronwall and Wrightson, 1974; Rimel et al., 1981;
Bohnen et al., 1994, 1995; Ruff et al., 1994; Alexander,
1995; Roberts et al., 1995; Binder et al., 1997; Ashman
et al., 2006; Marsh and Kersel, 2006).

Importantly, while an older CDC report (CDC, 2003)
emphasizes that there are numerous studies demonstrat-
ing neuropsychologic deficits inmild TBI, it underscores
that there is controversy as to how long these problems
persist. It is this interindividual variability in longer-term
outcomes that needs to be studied further, especially to
discern the differences between those with good recov-
ery and those with persistent disability.

In a combat-injured sample of TBI patients treated at
Walter Reed Medical Center between 2003 and 2005,
approximately 90% reported postconcussive symptoms,
including over 40% with reported problems in memory,
attention and concentration, and irritability, as well as
other behavioral disturbances (Warden, 2006). Even
when variables such as age, litigation, substance abuse,

and prior psychiatric history are controlled for, there is
still unexplained variability in mild TBI, as well as in
more severe injuries.

Depression is often poorly conceptualized following
TBI, and may be underrecognized and undertreated in
acute care and rehabilitation models andmust be consid-
ered in a return-to-work setting (National Institute of
Mental Health, 2001). There are likely multiple etiologic
pathways that converge to a common clinical presenta-
tion of disturbed mood with a myriad of features
(McAllister, 1992). A 2007 study of professional athletes
in the National Football League showed that those
players who had had at least three concussions were
three times as likely to develop depression
(Guskiewicz et al., 2007). Those employees for whom
the TBI is not the first lifetime injury should be moni-
tored more closely for depression in the years following
a TBI. Additionally, it is reasonable to posit that those
with depression prior to the injury may have poorer
outcomes.

Dikmen and colleagues (2004) conducted a 3–5-year
prospective study examining the rates and risk factors
associated with depression in moderate to severe TBI
at a Level I trauma hospital. The Center for Epidemio-
logical Studies Depression (CES-D) scale was used as
the primary outcome measure. The authors found that
rates of moderate to severe depression ranged from
31% at 1 month to 17% at 3–5 years, suggesting a time-
dependent decline in depression rates from the time of
injury. The rates of depression did not appear dependent
upon the severity of injury (Dikmen et al., 2004). Premor-
bid depression and psychosocial factors were predictive
of worsening depression following TBI, which suggests
a strong need to screen this vulnerable group after head
trauma (Dikmen et al., 2004). Beyond the impact of
depression on quality of life, it has also been well docu-
mented to impede the achievement of optimal functional
outcome in both acute and chronic stages (Rapoport
et al., 2003).

As emphasized previously, TBI commonly results in
disturbances in mood and in changes in cognition and
behavior. Additionally, other issues, such as chronic pain
(e.g., headaches), which are relatively common in TBI,
can play a significant role in the extent of neurobeha-
vioral symptoms. As such, these other factors must also
be characterized and addressed. All of these features
may interact with each other. Outside of the neurobeha-
vioral symptoms described above, there are three addi-
tional comorbid and co-occurring conditions that
affect return to the workplace. These are potential issues
not only with successful return to work but as conditions
that may limit the patient from return to prior duties.
These include chronic posttraumatic headache (PTH)
and chronic pain.

Table 26.1

Most common behavioral diagnoses following traumatic
brain injury

Diagnosis Frequency

Apathy 60%1

Depression 10–50%2

Agitation 25%3

Posttraumatic stress disorder 11–18%4

Psychosis 7–10%5

1Kant et al. (1998).
2McAllister (1992); National Institute of Mental Health (2001);
Holsinger et al. (2002); Dikmen et al. (2004); Guskiewicz et al. (2007).
3Nott et al. (2006).
4Fedoroff et al. (1992); Jorge et al. (1993, 2004); Jorge and Robinson

(2003).
5Davison and Bagley (1969).
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White matter disruption is an important determinant of cognitive impairment after brain injury, but conventional neuroimaging

underestimates its extent. In contrast, diffusion tensor imaging provides a validated and sensitive way of identifying the impact

of axonal injury. The relationship between cognitive impairment after traumatic brain injury and white matter damage is likely to

be complex. We applied a flexible technique—tract-based spatial statistics—to explore whether damage to specific white matter

tracts is associated with particular patterns of cognitive impairment. The commonly affected domains of memory, executive

function and information processing speed were investigated in 28 patients in the post-acute/chronic phase following traumatic

brain injury and in 26 age-matched controls. Analysis of fractional anisotropy and diffusivity maps revealed widespread differ-

ences in white matter integrity between the groups. Patients showed large areas of reduced fractional anisotropy, as well as

increased mean and axial diffusivities, compared with controls, despite the small amounts of cortical and white matter damage

visible on standard imaging. A stratified analysis based on the presence or absence of microbleeds (a marker of diffuse axonal

injury) revealed diffusion tensor imaging to be more sensitive than gradient-echo imaging to white matter damage. The location

of white matter abnormality predicted cognitive function to some extent. The structure of the fornices was correlated with

associative learning and memory across both patient and control groups, whilst the structure of frontal lobe connections showed

relationships with executive function that differed in the two groups. These results highlight the complexity of the relationships

between white matter structure and cognition. Although widespread and, sometimes, chronic abnormalities of white matter are

identifiable following traumatic brain injury, the impact of these changes on cognitive function is likely to depend on damage to

key pathways that link nodes in the distributed brain networks supporting high-level cognitive functions.
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Both the size and location of injury in the brain influences the type and severity of cognitive or sensorimotor
dysfunction. However, even with advances in MR imaging and analysis, the correspondence between lesion
location and clinical deficit remains poorly understood. Here, structural and diffusion images from 14 healthy
subjects are used to create spatially unbiased white matter connectivity importance maps that quantify the
amount of disruption to the overall brain network that would be incurred if that region were compromised.
Some regions in the white matter that were identified as highly important by suchmaps have been implicated
in strategic infarct dementia and linked to various attention tasks in previous studies. Validation of themaps is
performed by investigating the correlations of the importance maps’ predicted cognitive deficits in a group of
15 traumatic brain injury patients with their cognitive test scores measuring attention andmemory. While no
correlation was found between amount of white matter injury and cognitive test scores, significant
correlations (rN0.68, pb0.006) were found when including location information contained in the importance
maps. These tools could be used by physicians to improve surgical planning, diagnosis, and assessment of
disease severity in a variety of pathologies like multiple sclerosis, trauma, and stroke.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Many brain pathologies, including stroke, multiple sclerosis and
traumatic brain injury result in functional disability. The location and
size of the affected area greatly influences the level and type of
disability that the patient incurs. Current MRI-based diagnosis and
assessment of brain injury is primarily qualitative, involving subjec-
tive interpretation of severity and prediction of impairment based on
a physician's general anatomic and physiologic knowledge or
previous patient-based experience. Even when augmented by 3D
imaging tools that allow for objective measurement of lesion or tumor
volume, the effect on brain function cannot be sufficiently character-
ized. This shortcoming arises because functional impairment is
determined by both the extent and location of damage, and can be
properly assessed only by also elucidating the structural connectivity
of the affected gray matter region to the rest of the brain via its white
matter fiber architecture.

There have been, however, numerous studies correlating total
lesion load with severity and prognosis in various diseases, without

considering the location of damage. In particular, one study showed a
statistically significant although moderate correlation (r=0.3−0.5)
of lesion load in MS with EDSS scores of disability (Filippi et al., 1996),
while another found slightly higher correlation by combining
information from various MR modalities (Mainero et al., 2001). The
correlations are modest most likely because the location of the lesions
plays a large role in the patient's disability. In fact, several studies
using lesion location in their analysis have shown higher correlation
with severity of disability in MS (Charil et al., 2003; Wilson et al.,
2003; Vellinga et al., 2009) and with stroke severity and functional
recovery in stroke (Menezes et al., 2007; Nazzal et al., 2009). In
Menezes et al. (2007), various selected brain structures were assigned
a level of influence in stroke severity by two physicians. Using this
map, a higher correlation (r=0.79, p=0.035) was found with the
National Institutes of Health Stroke Scale (NIHSS) scores than the
correlation calculated by using only lesion volume (r=0.62). Another
study in normal and TBI subjects showed that the FA of particular
tracts correlates better with various measures in the Attention
Network Test (Niogi et al., 2008b, 2010). Singh et al. (2010)
discovered white matter ROIs with decreased FA in TBI patients and
identified white matter tracts that appeared in equivalent ROIs in a
series of normal patients. While these studies show some promise in
the consideration of spatial location of damage, none of these has
taken into account the location of the damaged tissue or tracts with
respect to disruption in the overall brain connectivity network in a
spatially unbiased manner.
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Appendix B. Varying the hypothetical lesion radius

As demonstration, two slices in the spectral radius importance map for one individual are shown in Fig. B.5 after varying the hypothetical
lesion radius to 0.5, 1.5, and 2 times the voxel size. It can be seen by comparing the figures that the effect of this parameter is a smoothing and
amplifying one: the larger the radius, the smoother the importance map and the higher the values. The smoothness is much to be expected, as it
essentially acts as a filter in the image. Also expectedly, as the radius is expanded, more tracts are removed and a larger difference in network
characteristics and higher values in the importance map are recorded. The selection of a lesion size of 1.5 times the voxel size was one that
balanced smoothness and signal amplification in the resulting maps.

Appendix C. Coregistration of Individual Maps to a common space (MNI)

The importance, fractional anisotropy, white matter probability and tract probability count maps exist in the individual's native acquisition
space, and in order to average across subjects the maps must be transformed to a common template in MNI space using SPM's normalization
routines. First, the T1 scans are mapped to the lower resolution diffusion image space using a 12-parameter affine transformation, then the lower
resolution T1 scan is normalized to a T1 MNI template in SPM by performing a 12-parameter affine transformation followed by a non-linear
warping transformation to estimate the 3D deformation field at each point. SPM uses a linear combination of 3D discrete cosine transform (DCT)
basis functions in three orthogonal directions to model the deformation field. Once the parameters for transforming the low-resolution T1 image
to MNI space were computed, and same transformation applied to the individual maps, checked visually for agreement and subsequently
averaged, resulting in the final average map.

Appendix D. Importance Map Rankings of WM regions

Region Name TC IM Efficiency IM Path length IM Spect. radius Combined

cuneus wm right 11 1 6 12 1
sagittal stratum left 13 2 14 5 2
lingual wm right 44 7 11 10 3
sagittal stratum right 20 12 29 1 4
posterior thalamic radiation right 32 3 39 2 5
fusiform wm left 10 8 26 11 6
cingulum (hippocampus) left 6 13 17 27 7
inferior occipital wm left 5 11 45 7 8
superior longitudinal fasciculus right 28 6 35 23 9
posterior thalamic radiation left 51 15 38 13 10
cingulum (hippocampus) right 17 21 21 25 11
inferior occipital wm right 4 16 58 3 12
superior parietal wm left 21 4 40 36 13
anterior corona radiata left 15 29 12 40 14
middle occipital wm right 12 17 57 9 15
lateral fronto-orbital wm right 3 5 9 70 16
cingulum wm left 35 14 30 48 17
inferior frontal wm left 25 26 28 39 18
splenium of corpus callosum right 62 25 33 37 19
lingual wm left 40 33 42 21 20
inferior frontal wm right 14 9 31 57 21
middle fronto-orbital wm right 1 10 7 80 22
external capsule left 82 18 2 77 23
superior occipital wm right 8 19 62 17 24
lateral fronto-orbital wm left 7 20 16 62 25

Fig. B.5. The spectral radius importance map for various sizes of the hypothetical lesion radius: 0.5 (left), 1.5 (middle) and 2 (right) times the voxel size.
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since injury (R = 0.49, P5 0.01), an effect that was present when

controlling for patient age (Rpartial = 0.45, P50.05). A similar

result was found for mean diffusivity (R = 0.55, P50.01;

Rpartial = 0.46, P50.05). Time since injury was not correlated

with either fractional anisotropy or radial diffusivity once patient

age had been controlled.

Patients with microbleed evidence
of diffuse axonal injury show more
extensive white matter damage
As expected, the comparison of patients with microbleeds and

those without (non-microbleed) revealed evidence of more

Figure 2 Widespread white matter disruption following traumatic brain injury. Axial slices of the results of (A) fractional anisotropy (FA),
(B) mean diffusivity (MD), (C) axial diffusivity (Dax) and (D) radial diffusivity (Drad) TBSS contrasts between traumatic brain injury and
control groups. Fractional anisotropy (red): controls4 traumatic brain injury; mean diffusivity (dark blue): traumatic brain injury4 con-
trols; Dax (yellow): traumatic brain injury4 controls; and Drad (light blue): traumatic brain injury4 controls. The contrasts are overlaid on a
standard Montréal Neurological Institute 152 T1 1 mm brain and the mean fractional anisotropy skeleton (in green) with display thresholds
set to range from 0.2 to 0.8. The results are thresholded at P40.05, corrected for multiple comparisons.
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Early decompressive surgery in malignant infarction of 
the middle cerebral artery: a pooled analysis of three 
randomised controlled trials
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Summary
Background Malignant infarction of the middle cerebral artery (MCA) is associated with an 80% mortality rate. 
Non-randomised studies have suggested that decompressive surgery reduces this mortality without increasing the 
number of severely disabled survivors. To obtain suffi  cient data as soon as possible to reliably estimate the eff ects 
of decompressive surgery, results from three European randomised controlled trials (DECIMAL, DESTINY, 
HAMLET) were pooled. The trials were ongoing when the pooled analysis was planned.

Methods Individual data for patients aged between 18 years and 60 years, with space-occupying MCA infarction, 
included in one of the three trials, and treated within 48 h after stroke onset were pooled for analysis. The protocol 
was designed prospectively when the trials were still recruiting patients and outcomes were defi ned without 
knowledge of the results of the individual trials. The primary outcome measure was the score on the modifi ed 
Rankin scale (mRS) at 1 year dichotomised between favourable (0–4) and unfavourable (5 and death) outcome. 
Secondary outcome measures included case fatality rate at 1 year and a dichotomisation of the mRS between 0–3 
and 4 to death. Data analysis was done by an independent data monitoring committee. 

Findings 93 patients were included in the pooled analysis. More patients in the decompressive-surgery group than 
in the control group had an mRS≤4 (75% vs 24%; pooled absolute risk reduction 51% [95% CI 34–69]), an mRS≤3 
(43% vs 21%; 23% [5–41]), and survived (78% vs 29%; 50% [33–67]), indicating numbers needed to treat of two for 
survival with mRS≤4, four for survival with mRS≤3, and two for survival irrespective of functional outcome. The 
eff ect of surgery was highly consistent across the three trials.

Interpretation In patients with malignant MCA infarction, decompressive surgery undertaken within 48 h of 
stroke onset reduces mortality and increases the number of patients with a favourable functional outcome. The 
decision to perform decompressive surgery should, however, be made on an individual basis in every patient.

Introduction 
Life-threatening, space-occupying brain oedema occurs 
in 1–10% of patients with a supratentorial infarct and 
usually manifests itself between the second and fi fth 
day after stroke onset.1–3 However, up to a third of 
patients can have neurological deterioration within 24 h 
of symptom onset.4 The prognosis of these space-
occupying or malignant middle cerebral artery (MCA) 
infarctions is poor, with case fatality rates in intensive 
care-based series of nearly 80%.5,6 No medical treatment 
has been proven eff ective.7 Diff erent predictors of fatal 
brain oedema formation have been identifi ed, such as 
major early CT hypodensity involving more than 50% 
of the MCA territory and other vascular territories.8 
However, up to now no single prognostic factor with 
suffi  cient prognostic value has been identifi ed. 

Non-randomised studies have suggested that 
decompressive surgery, consisting of a hemicraniectomy 
and duraplasty, reduces mortality in patients with 
malignant MCA infarction without increasing the 
number of severely disabled survivors.9–12 However, 
evidence from randomised trials is lacking. Whereas 

most clinicians agree that the procedure is probably 
life-saving, no convincing data are available regarding 
functional outcome of survivors. 

The eff ect of decompressive surgery on functional 
outcome in patients with malignant MCA infarction 
has been studied in three European randomised 
controlled trials: the French DECIMAL (decompressive 
craniectomy in malignant middle cerebral artery 
infarcts) trial; the German DESTINY (decompressive 
surgery for the treatment of malignant infarction of the 
middle cerebral artery) trial; and the Dutch trial 
HAMLET (hemicraniectomy after middle cerebral 
artery infarction with life-threatening edema trial).13 
Two of these trials interrupted recruitment early in 
2006: DECIMAL because of slow recruitment and a 
signifi cant diff erence in mortality between the treatment 
groups favouring surgery; and DESTINY because a 
predefi ned sequential analysis showed a signifi cant 
benefi t of surgery on mortality. HAMLET is ongoing.

As the three trials have a similar design and share the 
same primary outcome measure—ie, favourable versus 
unfavourable functional outcome as determined by the 
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Zielsetzung: Evaluierung des Effekts einer frühen (< 72 h) Entlastungskraniotomie
(bilaterale frontotemporale Kraniektomie) versus Standard-Intensivtherapie 

Studientyp: prospektiver RCT

Patientenanzahl: 155 (aus einer Population von 3478 SHT Patienten)
Kraniektomie n=73, Standard Intensivtherapie n= 82 

Inklusionskriterien: 15 bis 58 jährig. Pat. nach schwerem, diffusen SHT
refraktäre ICP-Werte (> 20mmHg > 15 min) innerhalb der ersten 72 h
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Decompressive Craniectomy in Diffuse Traumatic Brain Injury  

 

Supplementary Figure 3. CT brain scans: Panels A and B. 
 
Examples to clarify extent of craniectomy: 
 
Panel A. Post-craniectomy lateral scout CT brain scan  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Panel B. Three days post-bi-fronto-temporo-parietal craniectomy 
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Supplementary Figure 4. Operative photograph. 
 
Operative photograph showing extent of craniectomy and magnitude of cruciate incisions in the dura. 
Surgicel is placed over the sagittal sinus. A ventricular drain is in situ. 
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times from injury to hospitalization and from 
injury to randomization were similar in the two 
groups (Table 1, and Table 1 in the Supplemen-
tary Appendix). Before randomization, 93% of 
patients in the two study groups received similar 
volumes of hypertonic saline, mannitol, or both 
for intracranial hypertension (Table 2 in the 
Supplementary Appendix).

The assigned trial treatment (craniectomy or 
standard care) was administered to 96% of all 
patients (Fig. 1 in the Supplementary Appendix). 
The median time from randomization to surgery 
in the craniectomy group was 2.3 hours (inter-
quartile range, 1.4 to 3.8) (Table 1 in the Supple-
mentary Appendix). Fifteen patients (18%) in the 
standard-care group underwent delayed decom-
pressive craniectomy as a lifesaving intervention, 
according to the protocol. In four patients (5%) 
in the standard-care group, craniectomy was 
performed less than 72 hours after admission, 
contrary to the protocol.

Outcomes
After randomization, fewer interventions were 
required to decrease intracranial pressure in pa-
tients undergoing craniectomy (Table 2 in the 
Supplementary Appendix). Such interventions in-
cluded the use of mannitol, hypertonic saline, 

neuromuscular blockade, venting of cerebrospinal 
fluid through the ventricular drain, and barbitu-
rates. After randomization, the mean intracranial 
pressure was lower in the craniectomy group 
than in the standard-care group (14.4 mm Hg vs. 
19.1 mm Hg, P<0.001) (Table 2 and Fig. 1). The 
median intracranial hypertension index23 (the 
number of end-hourly measures of intracranial 
pressure of more than 20 mm Hg divided by the 
total number of measurements, multiplied by 100) 
was also lower in the craniectomy group than in 
the standard-care group (11.5 vs. 19.9, P<0.001) 
(Table 2).

Patients in the craniectomy group had a short-
er duration of mechanical ventilation and a short-
er stay in the ICU than patients in the standard-
care group, although there was no significant 
between-group difference in the total time in 
the hospital (Table 2). A total of 37% of patients 
in the craniectomy group and 17% of those in 
the standard-care group had one or more medi-
cal or surgical complications (Table 3). Hydro-
cephalus was more common in the craniectomy 
group (10%) than in the standard-care group (1%). 
Cranioplasty also led to complications (Table 3 
in the Supplementary Appendix).

Six months after injury, the primary outcome 
(functional assessment on the Extended Glasgow 
Outcome Scale) was worse in the craniectomy 
group than in the standard-care group (median 
score, 3 vs. 4; odds ratio for a worse functional 
outcome in the craniectomy group, 1.84; 95% 
confidence interval [CI], 1.05 to 3.24; P = 0.03) 
(Table 2 and Fig. 2). Unfavorable outcomes oc-
curred in 51 patients (70%) in the craniectomy 
group and in 42 patients (51%) in the standard-
care group (odds ratio, 2.21; 95% CI, 1.14 to 
4.26; P = 0.02) (Table 2, and Fig. 2 in the Supple-
mentary Appendix). After adjustment for pre-
specified covariates, the results were similar for 
the score on the Extended Glasgow Outcome 
Scale (adjusted odds ratio for a lower score in the 
craniectomy group, 1.66; 95% CI, 0.94 to 2.94; 
P = 0.08) and for the risk of an unfavorable out-
come (adjusted odds ratio, 2.31; 95% CI, 1.10 to 
4.83; P = 0.03). After post hoc adjustment for pupil 
reactivity at baseline (Table 1), the between-
group differences were no longer significant for 
the score on the Extended Glasgow Outcome 
Scale (adjusted odds ratio, 1.53; 95% CI, 0.86 to 
2.73; P = 0.15) and for the risk of an unfavorable 
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Figure 1. Intracranial Pressure before and after Randomization.

Shown are the mean measurements of intracranial pressure in the two 
study groups during the 12 hours before and the 36 hours after randomiza-
tion. The I bars indicate standard errors.
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functional outcomes, and decrease the propor-
tion of survivors with severe disability. Despite 
the positive clinical signs in the ICU, decom-
pressive craniectomy instead increased the like-
lihood of a poor outcome.

It is unlikely that our findings were due to an 
increased rate of survival of severely injured pa-
tients in a vegetative state (grade 2 on the Ex-
tended Glasgow Outcome Scale), because even 
though the number of such patients increased 
after craniectomy, the rates of death were simi-
lar in the two study groups. Decompressive crani-
ectomy instead shifted survivors from a favorable 
outcome to an unfavorable outcome (i.e., depen-
dence on assistance to complete activities of daily 
living). One possible explanation is that craniec-
tomy allowed expansion of the swollen brain 
outside the skull and caused axonal stretch,26,27 
which in vitro causes neural injury.28-30 Alterations 
in cerebral blood flow and metabolism may also 
be relevant.31,32

Another possible explanation for the inferior 
outcomes with craniectomy concerns the charac-
teristics of the surgical procedure. Some surgeons 
prefer a unilateral procedure, with studies (in 
retrospective, nonrandomized series with mixed 
causes of brain injury) suggesting that the bilat-
eral approach may have more complications.33 
Some surgeons divide the sagittal sinus and falx 
cerebri, which is a component of the original 
Polin procedure,17 but others do not. Complica-
tions are possible with both alternatives. The 
results of this trial can be said to apply only to 
the specific craniectomy procedure that was per-
formed; they may not necessarily apply to other 
approaches or in other types of brain injury.

Craniectomy or cranioplasty may also have 
had other harmful complications, including hy-
drocephalus. However, complications occurred 
at rates that were lower than those that have 
been reported previously,34,35 and the rates of 
most complications were similar in the two study 
groups.

Some limitations of our trial should be noted. 
First, because we were evaluating a neurosurgical 
procedure, the medical and surgical teams were 
obviously aware of study-group assignments, al-
though the assessors were not. Second, one cen-
ter recruited more than one third of trial par-
ticipants. Third, there were imbalances in some 
baseline characteristics of the patients, particu-
larly the proportion of patients without pupil 

Table 3. Medical and Surgical Complications.

Adverse Event

Decompressive 
Craniectomy 

(N = 73)

Standard 
Care

(N = 82)

number (percent)

Wound infection or breakdown 5 (7) 7 (9)

Meningitis or ventriculitis 2 (3) 3 (4)

Subgaleal infection 2 (3) 3 (4)

Cerebral abscess 2 (3) 0

Cerebrospinal fluid leak 4 (5) 2 (2)

Hematoma

Subgaleal 5 (7) 2 (2)

Subdural, extradural, or intracerebral 3 (4) 1 (1)

Cerebral infarction 1 (1) 0 

Hydrocephalus 7 (10) 1 (1)

Cranioplasty revision for cosmetic defect 2 (3) 0 

Pulmonary embolus 1 (1) 2 (2)

Pneumonia 0 3 (4)

Septic shock 1 (1) 2 (2)

Acute renal failure 1 (1) 1 (1)
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Figure 2. Cumulative Proportions of Results on the Extended Glasgow 
Outcome Scale.

In this study, an unfavorable outcome was defined as a composite of death, 
vegetative state, or severe disability, corresponding to a score of 1 to 4 on 
the Extended Glasgow Outcome Scale, as indicated by the vertical line. Ac-
cording to this measure, an unfavorable outcome occurred in 70% of pa-
tients in the craniectomy group and 51% of those in the standard-care 
group (P=0.02). The cumulative proportion is the percentage of all scores 
that are lower than the given score.
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mary outcome. To allow the trial to be completed 
within a reasonable time frame, the sample size 
was decreased to 150, with an additional enroll-
ment of 15 patients permitted if necessary to re-
place patients lost to follow-up.14 Both the original 
primary and final primary outcomes are report-
ed. At the point at which enrollment reached 150 
patients, no patients had been lost to follow-up, 
and recruitment ceased at 155 patients.

All analyses were performed according to the 
intention-to-treat principle. We used ordinal lo-
gistic regression for univariate between-group 
comparisons of scores on the Extended Glasgow 
Outcome Scale and logistic regression for com-
parisons of unfavorable outcomes. These analyses 
were followed by adjusted comparisons with inclu-
sion in the regression models of the prespecified 
covariates17: age, the last Glasgow Coma Scale 

Table 1. Baseline Characteristics of the Patients.*

Characteristic

Decompressive 
Craniectomy 

(N = 73)

Standard 
Care 

(N = 82) P Value†

Age — yr 0.89

Median 23.7 24.6

Interquartile range 19.4–29.6 18.5–34.9

Male sex — no. (%) 59 (81) 61 (74) 0.44

Systolic blood pressure — mm Hg 135.4±32.0 135.7±27.6 0.95

Glasgow Coma Scale

Overall score‡ 0.31

Median 5 6

Interquartile range 3–7 4–7

Motor score§ 0.49

Median 3 3

Interquartile range 1–4 1–5

Maximum score for head injury on Abbreviated Injury Scale — no. (%)¶ 0.52

3 or 4 35 (48) 44 (54)

5 38 (52) 38 (46)

Injury Severity Score∥ 0.88

Median 33 32

Interquartile range 25–38 24–41

Trauma Score–Injury Severity Score ** 0.46

Median 0.74 0.72

Interquartile range 0.42–0.88 0.51–0.90

Reactivity of pupils — no./total no. (%) 0.04

Neither pupil 19/71 (27) 10/80 (12)

One or both pupils 52/71 (73) 70/80 (88)

Hypotension — no. (%) 24 (33) 25 (30) 0.93

Hypoxemia — no. (%) 18 (25) 24 (29) 0.55

Traumatic subarachnoid hemorrhage — no. (%) 42 (58) 48 (59) 0.90

Cause of injury — no./total no. (%) 0.72

Motor-vehicle or motorcycle accident 45/70 (64) 55/81 (68)

Bicycle accident 4/70 (6) 2/81 (2)

Pedestrian accident 5/70 (7) 4/81 (5)

Other 16/70 (23) 20/81 (25)
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In the United States, about two million head injuries 
of all types (including skull and facial fractures) occur 
each year (175 to 200 per 100,000 population), with the 
annual cost around $80 billion dollars. 

It has been a year since the results of the randomized 
Decompressive Craniectomy (DECRA) trial were 
published on March 25 in the New England Journal 
of Medicine,New Engl J Med. Published online March 
25, 2011. Since then, it has stirred up controversy in 
a number of circles amongst our colleagues. Over a 
period of eight years, the DECRA trial, identified 155 
patients from 3478 screened, with severe diffuse TBI and 
intracranial hypertension refractory to first-tier therapies. 
These 155 were randomly assigned to either early 
decompressive craniectomy or standard of care therapy.

Patients in the craniectomy group, were found to have 
less time with intracranial pressures above the treatment 
threshold (20 mm.hg.), fewer interventions for elevations 
in intracranial pressure (ICP), and shorter lengths of stay 
(l.o.s), in the intensive care unit (ICU). Unfortunately 
however, patients that underwent decompressive hemi-
craniectomy had worse scores on the Extended Glasgow 
Outcome Scale than those receiving standard care and 
ultimately greater risk of an unfavorable outcome . Rates 
of death at 6 months were similar in the craniectomy 
group (19%) vs. the standard-care group (18%).

The authors concluded that in adults with severe 
diffuse traumatic brain injury and refractory 
intracranial hypertension, early bifrontotemporoparietal 
decompressive craniectomy[8] decreased intracranial 
pressure and the length of stay in the ICU but was 
associated with more unfavorable outcomes.[5] 

Their conclusions have raised a lot of eyebrows and 
significant criticism including senior members from the 

Section on Neurotrauma,[11] which had 5 major objections 
ranging from 1.) the Study’s use of a small subset of 
patients with traumatic brain injury no (mass lesions); 
This clearly indicates a small and restricted subset of 
patient’s with traumatic brain injury. 2.) An uncommon 
choice of operative technique(bifrontal procedures), thus 
limiting the procedural efficacy for lowering intracranial 
pressure), 3.) a long accrual time (over which theoretical 
differences in treatment might have evolved); 4.) 
differences in study groups (significantly more patients 
with bilaterally unreactive pupils were included in the 
surgical group, 5.) minimal mean elevations in intracranial 
pressure leading up to randomization (median for both 
groups during the 12 hours before randomization at the 
upper limit of normal, 20 mm Hg). 

Since this study seems to focus primarily on intracranial 
pressure, it is also important to point out, that most 
Neurosurgeons and Neuro-intensivists that manage 
traumatic brain injury would rarely if ever entertain 
decompressive craniectomy in patients with an ICP of 
20 mm Hg for such brief duration. Studies recording ICP 
following head injury show that thresholds of 25 mm 
Hg determine outcome,[1,12] It follows, most likely, that 
patients who will benefit from decompression are those 
with intractable intracranial hypertension above 25 mm 
Hg. In a sense, the author’s aggressive approach may 

Access this article online

Quick Response Code:
Website:  
www.surgicalneurologyint.com

DOI:  
10.4103/2152-7806.96150

What Can Be Learned from the DECRA Study
Stephen Honeybul1, Kwok M. Ho2, Christopher R. P. Lind1,3

INTRODUCTION
The role of decompressive craniectomy in the
management of traumatic brain injury (TBI)
has yet to be clearly established, and the recent
publication of a randomized trial has done
little to reduce the controversy. The DECRA
(Decompressive Craniectomy in Patients with
Severe Traumatic Brain Injury) study ran-
domly assigned patients to early decompres-
sive craniectomy or standard medical man-
agement (3). The entry criterion was an initial
Glasgow Coma Scale (GCS) score of !8, and
the threshold for randomization was an intra-
cranial pressure (ICP) "20 mm Hg for "15
minutes. At 6-month follow-up, 70% of pa-
tients in the craniectomy group had an unfa-
vorable outcome versus 51% of patients in the
standard care group (odds ratio 2.21 [95%
confidence interval 1.14–4.26]; P # 0.02) (3).
Based on these results, the authors concluded

that decompressive craniectomy was associ-
ated with more unfavorable outcomes and
postulated that this may be due to excessive
stretching of axons outside the confines of
the cranial cavity (3). The authors also con-
cluded that the Australian health care sys-
tem would save many tens of millions of
dollars annually by adopting standard med-
ical treatment rather than aggressive surgi-
cal decompression, and they predicted the

trial would significantly alter clinical prac-
tice (4). These opinions have not been
shared by all commentators, and many con-
cerns have been raised.

CRITICISMS OF THE DECRA STUDY

Randomization Issues
Discrepancies in randomization were such
that the patients in the surgical arm of the

! BACKGROUND There has been a resurgence of interest in the use of
decompressive craniectomy for severe traumatic brain injury (TBI). Numerous
studies have shown that the procedure can consistently reduce intracranial
pressure (ICP), and a significant number of patients achieve a good long-term
functional recovery. However, there has been debate regarding clinical indica-
tions and patient selection.

! METHODS The DECRA (Decompressive Craniectomy in Patients with Severe
Traumatic Brain Injury) study compared patients who underwent early decom-
pressive craniectomy for diffuse TBI with patients who received standard
medical therapy. Of patients, 70% in the craniectomy group had an unfavourable
outcome versus 51% in the standard care group (odds ratio 2.21 [95% confidence
interval 1.14 – 4.26]; P ! 0.02). Based on these results, the authors concluded that
decompressive craniectomy was associated with more unfavorable outcomes
and that by adopting standard medical therapy rather than surgical decompres-
sion the health care system would save millions of dollars. These conclusions
are not really supported by closer examination of the basic data. There were
problems with randomization such that the patients in the surgical arm appeared
to have sustained a more severe primary TBI, the ICP threshold of >20 mm Hg for
>15 minutes did not reflect clinical practice, and there was a high crossover rate
from the standard care arm to the surgical arm. Because of these problems, the
DECRA trial has received a great deal of criticism, and some authorities have
claimed that the results should have no influence on clinical practice. This claim
is perhaps unfair, and an alternative interpretation is offered.

! RESULTS Overall, the results of the DECRA study showed that a relatively
transient and mild increase in ICP (>20 mm Hg for 15 minutes as recruitment
criterion) does not imply that there is significant ongoing secondary brain injury,
and any potential improvement obtained by surgical decompression may well be
offset by surgical morbidity.

! CONCLUSIONS The role of decompressive craniectomy when ICP continues
to increase >20 mm Hg remains to be established. The ongoing RESCUEicp
(Randomised Evaluation of Surgery with Craniectomy for Uncontrollable Eleva-
tion of Intra-Cranial Pressure) study hopes to address this issue.
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Decompressive Craniectomies: Time to Discuss Not the DECRA Study but the
Comments to the DECRA Study
Corrado Iaccarino, Paolo Schiavi, Franco Servadei

I t is difficult to write a “comment” for a comment on the
DECRA study (i.e., decompressive craniectomy in diffuse trau-
matic brain injury) (3). Too much probably has been written in

the last year about the DECRA study and in general about decom-
pressive craniectomies.

At any rate, some points, in my opinion, need to be highlighted. The
DECRA study is the first large randomized study ever published on
decompressive craniectomies in patients with traumatic brain injuries
(TBIs). This is a fact that cannot be disputed. Unfortunately, the results
(in favor of nonsurgical management) were not what the authors and
the neurosurgical community expected. Obviously, as it is stressed in
the paper by Honeybul et al. published in this issue of WORLD NEURO-
SURGERY, the results are related to the patients included in the study
(the presence of diffuse injury and transient increase of intracranial
pressure [ICP] greater than 20 mmHg), who are probably not the best
candidates for surgical decompression (11). We are all aware that this
study is not the end of the decompressive craniectomies; patients with
sustained, increased ICP, or intracranial posttraumatic hematomas will
probably benefit from hematoma evacuation and bone decompres-
sion. Furthermore, another randomized study with different and more
reasonable entry criteria is still on its way. The results of this ongoing
trial, Rescue ICP (10), also will add important information to the use of
a procedure that is still under debate.

To follow are some important lessons to be learned from this
study that were not taken into account in the paper from
Honeybul et al. or from other comments.

1. Decreasing ICP does not always mean a better outcome for our
patients. As already reported in the letters sent to The New England
Journal of Medicine in response to the published study (4), there are
many other examples of medical treatments (i.e., the use of

barbiturates, hypothermia) based on decreasing ICP that failed to
show an improvement in outcome. Furthermore, the value of
changes in cerebral blood flow and impending ischemia in deter-
mining the outcome of patients with TBI also should be considered,
and it is different from the cure of the ICP values (5). Several articles
now demonstrate that the monitoring of ICP or, better, the medical
management of ICP driven by the monitoring, can even be harmful
to the patient (12). Many of us are aware that the intensive ICP
management, including decompression, can save the life of some
of our patients with TBI, but we also are aware that in diffused,
injured patients this “aggressive” management most likely can be
dangerous. There are a number of well-established complications
related to the use of decompressive craniectomies (e.g., hydro-
cephalus, hygromas, increased incidence of contusions, infections,
rejection of the bone flap after cranioplasty), and we must be certain
about the cost-benefit ratio of the procedure.

2. The perception of the use of decompressive craniectomies in
clinical practice by neurosurgeons all over the world has gone well
beyond the evidence published. With the assumption that decreas-
ing the ICP is, per se, the cure for the patients, the technique has
been used practically in every disease in which there are suspected
increases in ICP. Most of these reports are simple case reports or
small series with no evidence-based indications, but the use of
bone decompression has been taken in many cases from the
neurosurgical and the neurointensivist community as a must. The
results have resulted in a variety of procedures in diseases that I
suspect are totally unknown to neurosurgeons, such as, for exam-
ple, diabetic ketoacidosis (9). Even more important, there is a lack of
surgical definition of bone decompression. The usual clinical prac-
tice too often considers as decompressed all patients without bone
flap, independent from the size of the decompression. Two recent
observational studies in Europe (2, 13) have shown that the majority
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The DECRA Trial and Decompressive Craniectomy in Diffuse Traumatic Brain Injury: Is
Decompression Really Ineffective?
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A young patient suffers a massive head injury as a result of
a motor vehicle accident. She is brought to the emer-
gency department comatose, where initial neuroimaging

reveals no definitive “surgical” mass lesion, small temporal
contusions, and generalized sulcal effacement. An intracranial
pressure (ICP) monitor is placed, and over the next several hours
the patient’s ICP increases steadily from 20 mm Hg to 30 mm Hg
despite ventricular drainage, sedation, and bolus hypertonic
saline therapy.

In this all-too-familiar situation, the neurosurgeon must decide
between continued intensive medical therapies and performing a
decompressive craniectomy. The results of the recent Decom-
pressive Craniectomy in Diffuse Traumatic Brain Injury (DECRA)
trial (4) suggest that outcomes after decompressive craniectomy
are worse than intensive medical therapy. However, significant
issues regarding study design, and therefore applicability of
results, have arisen (14). The authors of DECRA are to be
commended for designing, implementing, and successfully com-
pleting a difficult clinical trial. Nevertheless, issues regarding this
study have stimulated important discussion not only about key
aspects of patient management, but also about our understand-
ing of the pathophysiology of severe traumatic brain injury. In
particular, how can it be that patients whose ICP is better
controlled could have worse outcomes?

MECHANISMS
To approach this question, one must reflect on our current
understanding of the mechanisms initiated by trauma that result
in secondary injury, which worsens clinical outcome. Apart from
primary prevention and evacuation of a mass lesion, treatment of

severe traumatic brain injury is focused on the prevention and
management of secondary injury, especially that due to cerebral
edema and progressive secondary hemorrhage. Work in preclin-
ical models has identified key molecular processes that underlie
these events, yet directed therapies targeting these processes
are not yet prescribed. For example, the formation of vasogenic
edema after trauma is contingent on a sulfonylurea receptor
1-regulated NCCa-ATP channel (SUR1/TRPM4) that is expressed
de novo exclusively in injured elements of the neurovascular unit
(2, 3, 11). Microvascular dysfunction mediated by this channel
leads to breakdown of the blood-brain barrier, with subsequent
loss of integrity of tight junctions and the formation of intercel-
lular gaps (1, 5, 18), allowing the paracellular flow of protein-rich
plasma from the cerebral circulation and resulting in the forma-
tion and accumulation of vasogenic edema.

Additionally, cerebral contusions may show progressive second-
ary hemorrhage, termed hemorrhagic progression of a contusion
(HPC) or colloquially, contusion blossoming. HPC causes direct
tissue damage, increases ICP, and can be a major factor in clinical
deterioration after traumatic brain injury (6, 8, 9). Work in preclin-
ical models has identified SUR1/TRPM4-mediated fragmentation
of penumbral capillaries as playing a key role in the structural
failure of microvessels that results in HPC (7, 12, 13). Either of
these secondary events, cerebral edema or HPC, can result in
local mass effect and/or global ICP crises.

CURRENT STANDARD OF CARE
Currently, the treatment of traumatic brain injury is typified by
first-tier therapies such as sedation, maintenance of normal
carbon dioxide level, optimization of blood pressure, use of bolus
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Abstract
Background In patients with traumatic brain injury (TBI),

multicenter randomized controlled trials have assessed

decompressive craniectomy (DC) exclusively as treatment
for refractory elevation of intracranial pressure (ICP). DC

reliably lowers ICP but does not necessarily improve out-

comes. However, some patients undergo DC as treatment
for impending or established transtentorial herniation,

irrespective of ICP.

Methods We performed a population-based cohort study
assessing consecutive patients with moderate–severe TBI.

Indications for DC were compared with enrollment criteria

for the DECRA and RESCUE-ICP trials.
Results Of 644 consecutive patients, 51 (8 %) were

treated with DC. All patients undergoing DC had com-

pressed basal cisterns, 82 % had at least temporary
preoperative loss of C1 pupillary light reflex (PLR), and

80 % had >5 mm of midline shift. Most DC procedures

(67 %) were ‘‘primary,’’ having been performed con-
comitantly with evacuation of a space-occupying lesion.

ICP measurements influenced the decision to perform DC

in 18 % of patients. Only 10 and 16 % of patients,
respectively, would have been eligible for the DECRA and

RESCUE-ICP trials. DC improved basal cistern compres-

sion in 76 %, and midline shift in 94 % of patients. Among
patients with C1 absent PLR at admission, DC was asso-

ciated with lower mortality (46 vs. 68 %, p = 0.03),

especially when the admission Marshall CT score was 3–4
(p = 0.0005). No patients treated with DC progressed to

brain death. Variables predictive of poor outcome follow-

ing DC included loss of PLR(s), poor motor score, midline
shift C11 mm, and development of perioperative cerebral

infarcts.

Conclusions DC is most often performed for clinical and
radiographic evidence of herniation, rather than for

refractory ICP elevation. Results of previously completed

randomized trials do not directly apply to a large propor-
tion of patients undergoing DC in practice.

Keywords Decompressive craniectomy !
Transtentorial herniation ! Midline shift !
Pupillary light reflex ! Cerebral edema !
Intracranial pressure

Background

Decompressive craniectomy (DC) is a surgical procedure
that is performed in selected patients with traumatic brain

injury (TBI) complicated by cerebral edema [1]. Multi-

center randomized trials [Decompressive Craniectomy in
Diffuse Traumatic Brain Injury (DECRA) and Randomized

Evaluation of Surgery with Craniectomy for Uncontrol-

lable Elevation of Intracranial Pressure (RESCUE-ICP)]
have assessed DC exclusively as treatment for patients with

refractory intracranial hypertension [2, 3]. In this context,
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 CURRENTOPINION Decompressive craniectomy in traumatic brain
injury after the DECRA trial. Where do we stand?

Juan Sahuquillo, Francisco Martı́nez-Ricarte, and Maria-Antonia Poca

Purpose of review
The results of the multicentre, randomized, controlled trial to test the effectiveness of decompressive
craniectomy in adults with traumatic brain injury and high intracranial pressure (Decompressive
Craniectomy, DECRA) were published in 2011. DECRA concluded that decompressive craniectomy
decreased intracranial pressure (ICP) but was associated with more unfavourable outcomes. Our review
aims to put the DECRA trial into context, comment on its findings and discuss whether we should include
decompressive craniectomy in our clinical armamentarium.

Recent findings
The key message that DECRA conveys is that decompressive craniectomy significantly lowers ICP and
shortens the length of the stay in the ICU. However, neither mortality nor unfavourable outcome was
reduced when adjusting the significant baseline covariates.

Summary
The claim that decompressive craniectomy increases unfavourable outcome is overstated and not
supported by the data presented in DECRA. We believe it premature to change clinical practice. Given
the dismal outcome in these patients, it is reasonable to include this technique as a last resort in any type
of protocol-driven management when conventional therapeutic measures have failed to control ICP, the
presence of operable masses has been ruled out and the patient may still have a chance of a functional
outcome. The main lesson to be learned from this study is that an upper threshold for ICP must be used as
a cut-off for selecting decompressive craniectomy candidates.

Keywords
decompressive craniectomy, intracranial hypertension, randomized controlled trial, traumatic brain injury

INTRODUCTION
Traumatic brain injury (TBI) is a major health
problem worldwide. The long-term effects of severe
TBI are a continual challenge to health systems and
a burden on families and the community in terms of
monetary cost, suffering and disability [1]. Recent
studies have shown that the number of patients with
an unfavourable outcome after severe TBI is still very
high, even in highly specialized centres. Analysis of
the International Mission for Prognosis and Clinical
Trials (IMPACT) database shows that mortality in
severe TBI has significantly dropped in the last
decade, but that at least 50% of affected patients
continue to die or have a nonfunctional outcome
despite they were managed in centres with expertise
in their management [2]. In this grim scenario,
drugs that were promising in preclinical studies
have yielded disappointing results when tested in
randomized clinical trials (RCTs) [3].

For the last two decades, clinicians have been
showered with promises that the ‘magic bullet’ for

improving TBI outcome was just around the corner.
Pharmaceutical companies have spent a large part
of their resources in the field of neuroprotection.
However, no RCT has presented positive results
and progress in TBI research – mostly industry-
sponsored – has lost momentum. For clinicians
and families, advancements are painfully slow.
Given this scenario, it is easy to understand the
hype and controversy created by the long-awaited
results of the Decompressive Craniectomy (DECRA)
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BACKGROUND
The effect of decompressive craniectomy on clinical outcomes in patients with 
refractory traumatic intracranial hypertension remains unclear.
METHODS
From 2004 through 2014, we randomly assigned 408 patients, 10 to 65 years of age, 
with traumatic brain injury and refractory elevated intracranial pressure (>25 mm Hg) 
to undergo decompressive craniectomy or receive ongoing medical care. The pri-
mary outcome was the rating on the Extended Glasgow Outcome Scale (GOS-E) 
(an 8-point scale, ranging from death to “upper good recovery” [no injury-related 
problems]) at 6 months. The primary-outcome measure was analyzed with an or-
dinal method based on the proportional-odds model. If the model was rejected, 
that would indicate a significant difference in the GOS-E distribution, and results 
would be reported descriptively.
RESULTS
The GOS-E distribution differed between the two groups (P<0.001). The proportion-
al-odds assumption was rejected, and therefore results are reported descriptively. At 
6 months, the GOS-E distributions were as follows: death, 26.9% among 201 pa-
tients in the surgical group versus 48.9% among 188 patients in the medical group; 
vegetative state, 8.5% versus 2.1%; lower severe disability (dependent on others for 
care), 21.9% versus 14.4%; upper severe disability (independent at home), 15.4% versus 
8.0%; moderate disability, 23.4% versus 19.7%; and good recovery, 4.0% versus 6.9%. 
At 12 months, the GOS-E distributions were as follows: death, 30.4% among 194 
surgical patients versus 52.0% among 179 medical patients; vegetative state, 6.2% 
versus 1.7%; lower severe disability, 18.0% versus 14.0%; upper severe disability, 13.4% 
versus 3.9%; moderate disability, 22.2% versus 20.1%; and good recovery, 9.8% versus 
8.4%. Surgical patients had fewer hours than medical patients with intracranial pres-
sure above 25 mm Hg after randomization (median, 5.0 vs. 17.0 hours; P<0.001) but 
had a higher rate of adverse events (16.3% vs. 9.2%, P = 0.03).
CONCLUSIONS
At 6 months, decompressive craniectomy in patients with traumatic brain injury and 
refractory intracranial hypertension resulted in lower mortality and higher rates of 
vegetative state, lower severe disability, and upper severe disability than medical 
care. The rates of moderate disability and good recovery were similar in the two 
groups. (Funded by the Medical Research Council and others; RESCUEicp Current 
Controlled Trials number, ISRCTN66202560.)
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ordinal regression analysis (χ2 = 22.86, 5 df, 
P<0.001). Therefore, the common odds ratio 
could not be used to describe the direction and 
magnitude of the treatment effect that was ob-
served with the ordinal regression. Hence, as 
prespecified, the remaining analyses aimed to 
describe the way in which the distribution of 
GOS-E ratings differed between the two ran-
domized groups. The unordered test comparing 
the distribution of the GOS-E ratings over the 
two groups yielded a χ2 of 30.69 (7 df, P<0.001).

At 6 months after randomization, the GOS-E 
distributions were as follows: death, 26.9% 
among 201 patients in the surgical group and 
48.9% among 188 patients in the medical group; 
vegetative state, 8.5% versus 2.1%; lower severe 
disability (dependent on others for care), 21.9% 
versus 14.4%; upper severe disability (independent 
at home), 15.4% versus 8.0%; moderate disability, 
23.4% versus 19.7%; and good recovery, 4.0% 
versus 6.9% (Table 3 and Fig. 2). In a prespecified 
sensitivity analysis, favorable outcomes (prespeci-

fied as upper severe disability or better on the 
GOS-E) occurred in 42.8% of the patients in the 
surgical group and in 34.6% of those in the medi-
cal group (P = 0.12) (Fig. S1 in the Supplementary 
Appendix). Using the absolute differences presented 
in Table 3, we estimated that for every 100 patients 
treated with surgical rather than medical intent, 
there were 22 more survivors; of these 22 patients, 
6 were in a vegetative state (27%), 8 were catego-
rized as having lower severe disability (36%), and 
8 were categorized as having upper severe dis-
ability or better (36%).

Secondary Outcomes
At 12 months after randomization, the GOS-E 
distributions were as follows: death, 30.4% among 
194 patients in the surgical group versus 52.0% 
among 179 patients in the medical group; vege-
tative state, 6.2% versus 1.7%; lower severe dis-
ability, 18.0% versus 14.0%; upper severe disability, 
13.4% versus 3.9%; moderate disability, 22.2% 
versus 20.1%; and good recovery, 9.8% versus 8.4% 

Characteristic
Surgical Group 

(N = 202)
Medical Group 

(N = 196)

Age — yr 32.3±13.2 34.8±13.7

Male sex — no./total no. (%) 165/202 (81.7) 156/195 (80.0)

GCS motor score at first hospital — no./total no. (%)†

1 or 2 96/181 (53.0) 85/170 (50.0)

3–6 85/181 (47.0) 85/170 (50.0)

Pupillary abnormality — no. (%)‡ 59 (29.2) 57 (29.1)

Hypotension — no. (%)§ 40 (19.8) 42 (21.4)

Hypoxemia — no. (%)¶ 49 (24.3) 52 (26.5)

History of drug or alcohol abuse — no. (%) 50 (24.8) 69 (35.2)

Extracranial injury — no. (%) 75 (37.1) 83 (42.3)

Injury classification on basis of CT imaging — no./total no. (%)∥

Diffuse injury 161/198 (81.3) 141/186 (75.8)

Mass lesion 37/198 (18.7) 45/186 (24.2)

*  Plus–minus values are means ±SD. There were no significant between-group differences in these baseline characteris-
tics except for history of drug or alcohol abuse (P = 0.02). Additional baseline data are provided in Tables S1, S2, and 
S4 through S7 in the Supplementary Appendix.

†  A Glasgow Coma Scale (GCS) motor score of 1 indicates that the patient makes no movements to painful stimuli,  
2 has extension, 3 has abnormal flexion, 4 has normal flexion, 5 localizes to painful stimuli, and 6 obeys commands.

‡  Pupil abnormality was defined as the presence of unreactive pupils or anisocoria.
§  Hypotension was defined as a systolic blood pressure of less than 90 mm Hg.
¶  Hypoxemia was defined as a partial pressure of arterial oxygen of less than 8 kPa (60 mm Hg).
∥  Injury classification was determined on the basis of the Marshall classification of the prerandomization CT image of the 

head (Table S5 in the Supplementary Appendix). If the prerandomization CT image of the head was not available, the 
classification was done on the basis of the Marshall classification of the initial CT of the head, taking into account 
whether a craniotomy for evacuation of a mass lesion had occurred before randomization.

Table 1. Characteristics of the Patients at Baseline.*
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(Table 3 and Fig. 2). In a prespecified sensitivity 
analysis, favorable outcomes (upper severe dis-
ability or better) occurred in 45.4% of the patients 
in the surgical group, as compared with 32.4% 
of those in the medical group (P = 0.01). Using 
the absolute differences presented in Table 3, we 
estimated that for every 100 patients treated with 
surgical rather than medical intent, there were 22 
more survivors; of these 22 patients, 5 were in a 
vegetative state (23%), 4 were categorized as 
having lower severe disability (18%), and 13 were 
categorized as having upper severe disability or 
better (59%). Adjustment of the GOS-E ratings at 
6 months and at 12 months for the prespecified 
covariates did not alter the results. (Details are 
provided in Fig. S2 and Tables S12 and S16 in the 
Supplementary Appendix.)

Similar to the GOS-E results at 6 months, the 
goodness-of-fit test rejected the proportional-
odds assumption in analyses of the GCS scores 
(χ2 = 10.79, 3 df, P = 0.01); descriptive results are 
shown in Table 3. Control of intracranial pres-
sure was better in the surgical group than in the 
medical group, as shown by the significant dif-
ferences in the five relevant prespecified measures 
(Table 3). There was no between-group difference 
in the median values of time to discharge (includ-

ing death) in the ICU. A time-to-event analysis of 
length of stay, with follow-up data censored at 
death for patients who died in the ICU, showed 
that the median time to discharge among survi-
vors was 15.0 days in the surgical group, as 
compared with 20.8 days in the medical group 
(P = 0.01). Adverse events were reported in 16.3% 
of the patients in the surgical group, as compared 
with 9.2% of those in the medical group 
(P = 0.03). (Details are provided in Tables S9, S10, 
S17, and S18 in the Supplementary Appendix.)

Four patients had a severe breach of protocol 
(intracranial pressure not monitored before ran-
domization in one patient in the surgical group, 
age outside the upper cutoff in two [one patient 
in each group], and uncorrected bleeding diathe-
sis in one in the surgical group) and were not in-
cluded in the per-protocol population. The per-
protocol analysis of the GOS-E results at 6 months 
did not alter the findings that were observed in 
the modified intention-to-treat analysis. A post 
hoc sensitivity analysis of the worst-case sce-
nario for mortality at 6 months did not alter the 
results. In a further sensitivity analysis, results 
were explored for six a priori subgroups. (See 
Tables S13, S14, and S15 in the Supplementary 
Appendix.)

Treatment or Intervention
Surgical Group 

(N = 202)
Medical Group 

(N = 196)

Craniotomy for evacuation of hematoma — no. (%) 26 (12.9) 30 (15.3)

Ventriculostomy — no. (%) 34 (16.8) 43 (21.9)

Neuromuscular paralysis — no. (%) 101 (50.0) 103 (52.6)

Pharmacologic blood-pressure augmentation — no. (%) 112 (55.4) 116 (59.2)

Osmotherapy — no. (%) 146 (72.3) 144 (73.5)

Therapeutic hypothermia — no. (%) 47 (23.3) 53 (27.0)

Decompressive craniectomy — no. (%)† 187 (92.6) 73 (37.2)

Bifrontal — no./total no. (%) 109/173 (63.0) NA

Unilateral — no./total no. (%) 64/173 (37.0) NA

Barbiturates — no. (%)‡ 19 (9.4) 171 (87.2)

*  There were no significant between-group differences with respect to therapeutic interventions administered before ran-
domization. Decompressive craniectomy and barbiturates were administered only in the period after randomization. 
NA denotes not applicable.

†  The reasons for not performing decompressive craniectomy were further deterioration of the patient, control of intra-
cranial pressure while waiting for surgery, uncorrected coagulopathy, and massive epistaxis on positioning of the pa-
tient. The type of decompressive craniectomy was unknown in 14 patients in the surgical group. Information on de-
compressive craniectomy was only collected in the surgical group.

‡  The median duration of barbiturate therapy in the medical group was 53 hours (interquartile range, 24.5 to 115). Data 
on the duration of therapy were available for 122 patients.

Table 2. Treatments and Interventions.*
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Analysis of GOSE at 6 months 

 

Figure S1 – Stacked bar chart of 6 month GOSE collapsed into three categories (sensitivity analysis) 

 

 

Post‐hoc worst‐case scenario sensitivity analysis for mortality at 6 months 

If one makes the most extreme assumptions about the missing outcomes, namely that the one patient 
in the surgical group died and all 8 in the medical group survived, then the corresponding mortality rates 
would be 27.2% versus 46.9%, a difference of 19.7% with a 95% CI of 10.4% to 29.0% (P<0.001). 

 

Adjusted analyses 

In accord with the SAP, sensitivity analyses were run to explore the impact of adjustment for age, 
baseline Marshall CT grade, pupils and GCS motor score. Separate binary logistic regression models were 
fitted for mortality and for favorable outcome. Odds ratios and corresponding 95% CIs are presented for 
the unadjusted analysis and adjusted for (1) age (modelled as a linear term), Marshall CT class (taking 
grades 2, 3, 4 and 5/6 as a categorical covariate), the number of reacting pupils (taking 0, 1 or 2 as a 
categorical covariate) and initial GCS motor score (modelled as a linear term); (2), as for (1) but with GCS 
motor score at first hospital; and (3), as for (1) but with GCS motor score at arrival to the neurosciences 
unit. Missing covariate values were imputed using median values. 
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Analysis of GOSE at 12 months                                             

The ordinal regression comparing the two randomized groups showed strong evidence of a difference in 
the 12 months GOSE distribution between the two groups  (chi‐squared = 9.38, 1 df, P = 0.002). Similar 
to the 6 months GOSE, the goodness of fit test rejected the proportional odds assumption (chi‐squared = 
17.52, 5df, P = 0.004). The unordered test comparing the distribution of GOSE over the two groups 
yielded chi‐squared = 29.16, 7 df, p<0.001. 

 

Figure S2 – Stacked bar chart of 12 month GOSE collapsed into three categories (sensitivity analysis) 

 

 

Adjusted analyses 

In accord with the SAP, sensitivity analyses were run to explore the impact of adjustment for age, 
baseline Marshall CT grade, pupils and GCS motor score. Separate binary logistic regression models were 
fitted for mortality and for favourable outcome. Odds ratios and corresponding 95% CIs are presented 
for the unadjusted analysis and adjusted for (1) age (modelled as a linear term), Marshall CT class (taking 
grades 2, 3, 4 and 5/6 as a categorical covariate), the number of reacting pupils (taking 0, 1 or 2 as a 
categorical covariate) and initial GCS motor score (modelled as a linear term); (2), as for (1) but with GCS 
motor score at first hospital; and (3), as for (1) but with GCS motor score at arrival to the neurosciences 
unit. Missing covariate values were imputed using median values. 
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for age by favourable outcome. Given the 12 tests performed this is very weak evidence for a true 
subgroup effect. The following table shows the distribution of favourable outcome split by age. The 
direction of the observed subgroup effect is that in terms of favourable outcome the surgical treatment 
is more beneficial for patients aged ≤40 years. 

Table S14 – Patients aged ≤40 years 

  Surgical Group  Medical Group  Absolute Difference (95% CI)
Unfavourable outcome  69 (48.6%)  81 (63.8%)   
Favourable outcome  73 (51.4%)  46 (36.2%)  15.2% (3.5% to 26.9%) 
 

Table S15 – Patients aged >40 years 

  Surgical Group  Medical Group  Absolute Difference (95% CI)
Unfavourable outcome  46 (78.0%)  42 (68.9%)   
Favourable outcome  13 (22.0%)  19 (31.1%)  ‐9.1% (‐24.8% to 6.6%) 
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Fazit Outcome schweres SHT

• hohe Letalität

• hohe Morbidität
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Scores zur Prognoseabschätzung?

Performance 
variable Discrimination Calibration Precision

AUC 95% CI H-L P-value GiViTI P-value‡ Brier score

Development 
cohort

APACHE II 0.81 0.78, 0.84 0.153 NA 0.160

SAPS II 0.81 0.77, 0.84 0.343 NA 0.160

SOFA 0.68 0.64, 0.72 0.282 NA 0.201

Adjusted 
SOFA* 0.78 0.75, 0.81 0.444 NA 0.175

Reference† 0.75 0.72, 0.78 0.144 NA 0.185

Validation 
cohort

APACHE II 0.79 0.75, 0.82 0.062 0.653 0.167

SAPS II 0.80 0.77, 0.83 0.775 0.782 0.166

SOFA 0.68 0.64, 0.72 0.691 0.710 0.201

Adjusted 
SOFA* 0.79 0.76, 0.82 0.177 0.574 0.174

Reference† 0.77 0.74, 0.80 0.086 0.072 0.181

RESEARCH Open Access

Predicting six-month mortality of patients with
traumatic brain injury: usefulness of common
intensive care severity scores
Rahul Raj1*, Markus Benedikt Skrifvars2, Stepani Bendel3, Tuomas Selander4, Riku Kivisaari1, Jari Siironen1

and Matti Reinikainen5

Abstract

Introduction: The aim of this study was to evaluate the usefulness of the APACHE II (Acute Physiology and Chronic
Health Evaluation II), SAPS II (Simplified Acute Physiology Score II) and SOFA (Sequential Organ Failure Assessment)
scores compared to simpler models based on age and Glasgow Coma Scale (GCS) in predicting long-term outcome
of patients with moderate-to-severe traumatic brain injury (TBI) treated in the intensive care unit (ICU).

Methods: A national ICU database was screened for eligible TBI patients (age over 15 years, GCS 3–13) admitted in
2003–2012. Logistic regression was used for customization of APACHE II, SAPS II and SOFA score-based models for
six-month mortality prediction. These models were compared to an adjusted SOFA-based model (including age)
and a reference model (age and GCS). Internal validation was performed by a randomized split-sample technique.
Prognostic performance was determined by assessing discrimination, calibration and precision.

Results: In total, 1,625 patients were included. The overall six-month mortality was 33%. The APACHE II and SAPS
II-based models showed good discrimination (area under the curve (AUC) 0.79, 95% confidence interval (CI) 0.75 to
0.82; and 0.80, 95% CI 0.77 to 0.83, respectively), calibration (P > 0.05) and precision (Brier score 0.166 to 0.167). The
SOFA-based model showed poor discrimination (AUC 0.68, 95% CI 0.64 to 0.72) and precision (Brier score 0.201) but
good calibration (P > 0.05). The AUC of the SOFA-based model was significantly improved after the insertion of
age and GCS (∆AUC +0.11, P < 0.001). The performance of the reference model was comparable to the APACHE
II and SAPS II in terms of discrimination (AUC 0.77; compared to APACHE II, ΔAUC −0.02, P = 0.425; compared to
SAPS II, ΔAUC −0.03, P = 0.218), calibration (P > 0.05) and precision (Brier score 0.181).

Conclusions: A simple prognostic model, based only on age and GCS, displayed a fairly good prognostic performance
in predicting six-month mortality of ICU-treated patients with TBI. The use of the more complex scoring systems
APACHE II, SAPS II and SOFA added little to the prognostic performance.

Introduction
Comparing mortality rates of patients treated in different
ICUs is meaningless if differences in baseline factors
affecting outcome, particularly severity of illness or injury,
are not taken into account. Therefore, scoring systems
that enable quantification of severity of illness are para-
mount for the evaluation of quality of intensive care [1-4].
Moreover, precise data on severity of illness and the

accompanying risk of death are essential in clinical studies
[5,6]. However, a scoring system and its associated risk
prediction model is useful only if it demonstrates both
good calibration and discrimination [7-10].
Among the most commonly used severity of illness

scoring systems in intensive care are the APACHE II
(acute physiology and chronic health evaluation II)
and the SAPS II (simplified acute physiology score II)
[11-13]. They were developed for the general ICU
population and include equations for the prediction of
the risk of in-hospital death [11,12]. Another commonly
used scoring system is the SOFA (sequential organ failure

* Correspondence: rahul.br.raj@icloud.com
1Department of Neurosurgery, Helsinki University Central Hospital,
Topeliuksenkatu 5, PB 266, Helsinki FI-00029, HUS, Finland
Full list of author information is available at the end of the article

© 2014 Raj et al.; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Introduction
Every year, millions of people worldwide are treated for
head injury. A substantial proportion die or are
permanently disabled. Although much damage is done at
the time of injury, post-traumatic inflammatory changes
are believed to contribute to neuronal degeneration.1,2

Corticosteroids have been used to treat head injury for
more than 30 years. A survey of UK neurosurgical
intensive-care units in 1996 showed that these drugs were
used in 14% of units to treat head injuries,3 and a survey
of intensive-care management of patients with a head
injury in the USA reported that corticosteroids were used
in 64% of trauma centres.4 Corticosteroids are also used
for management of head injury in Asia.5

Previous randomised trials of corticosteroids in head
injury have included no more than a few hundred
patients, and altogether only about 2000 patients have
been studied. In 1997, a systematic review of available
trials suggested that the absolute risk of death in the
corticosteroid-treated group was about 1–2% lower than
in controls, but the 95% CI was from 6% fewer to 2%
more deaths.6

The second US National Acute Spinal Cord Injury
Study (NASCIS-2) compared 24 h of methylprednisolone
with placebo in 333 patients with acute spinal-cord
injury.7 At 6 months, people receiving methylpred-
nisolone within 8 h of injury seemed to have greater
improvement in motor function and sensationto pinprick

and touch than did those given placebo. Similar results
were reported in a Japanese trial of the same regimen.8

Results of NASCIS-3 indicated slightly more neurological
recovery with 48 h of treatment than with 24 h.9 Use of
corticosteroids to treat acute spinal-cord injury led to
renewed interest in their role in the treatment of head
injury.10

The CRASH trial (corticosteroid randomisation after
significant head injury) is a large, international,
randomised placebo-controlled trial of the effect of early
administration of 48 h infusionof methylprednisolone on
risk of death and disability after head injury. The trial
aimed to inform clinical decision-making in an area of
increasing global health importance. Reliable
demonstration of even a small absolute benefit from
corticosteroids would have the potential to avoid
thousands of deaths and disabilities. Similarly, because
corticosteroids are widely used to treat head injury,
reliable refutationof any benefit would protect thousands
of patients from possible side-effects and avoid
unnecessary cost. 

Patients and methods
The protocol for the CRASH trial has been published
elsewhere (http://www.crash.lshtm.ac.uk). All collab-
orating investigators were required to secure local ethics
or research committee approval before recruitment could
begin. Patients with clinically significant head injury are

Lancet 2004; 364: 1321–28

See Comment page 1291
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Effect of intravenous corticosteroids on death within 14 days
in 10008 adults with clinically significant head injury (MRC
CRASH trial): randomised placebo-controlled trial
CRASH trial collaborators*

Summary 
Background Corticosteroids have been used to treat head injuries for more than 30 years. In 1997, findings of a
systematic review suggested that these drugs reduce risk of death by 1–2%. The CRASH trial—a multicentre
international collaboration—aimed to confirm or refute such an effect by recruiting 20 000 patients. In May, 2004,
the data monitoring committee disclosed the unmasked results to the steering committee, which stopped
recruitment. 

Methods 10 008 adults with head injury and a Glasgow coma score (GCS) of 14 or less within 8 h of injury were
randomly allocated 48 h infusion of corticosteroids (methylprednisolone) or placebo. Primary outcomes were death
within 2 weeks of injury and death or disability at 6 months. Prespecified subgroup analyses were based on injury
severity (GCS) at randomisation and on time from injury to randomisation. Analysis was by intention to treat. Effects
on outcomes within 2 weeks of randomisation are presented in this report. This study is registered as an
International Standard Randomised Controlled Trial, number ISRCTN74459797.

Findings Compared with placebo, the risk of death from all causes within 2 weeks was higher in the group allocated
corticosteroids (1052 [21·1%] vs 893 [17·9%] deaths; relative risk 1·18 [95% CI 1·09–1·27]; p=0·0001). The relative
increase in deaths due to corticosteroids did not differ by injury severity (p=0·22) or time since injury (p=0·05). 

Interpretation Our results show there is no reduction in mortality with methylprednisolone in the 2 weeks after head
injury. The cause of the rise in risk of death within 2 weeks is unclear.

Articles

1324 www.thelancet.com Vol 364   October 9, 2004 

April, 1999. In May, 2004, the data monitoring and
ethics committee disclosed the unmasked results to the
trial steering committee, which then stopped
recruitment. 10 008 patients were randomised to
corticosteroid or placebo infusions (figure 1): 62 were
subsequently found to be younger than 16 years of age,
21 were enrolled more than 8 h after injury, and the trial
infusion was stopped in three at the request of a relative.
All these patients are included in the analysis.

The table shows baseline data for all patients
randomised. Mean age of participants was 37 years

(SD 17) and median time from injury to randomisation
was 3 h (IQR 1–5). Treatment groups were balanced
with respect to patients’ characteristics and presence of
major extracranial injuries, cause of injury, and head CT
scan results.

Adherence to treatment was known for 9848 (98%)
patients, of whom 9748 (99%) received the full loading
dose. Although some patients died or were discharged
from hospital before completion of the full 48 h
maintenance dose, 8286 (83%) patients received at least
24 h of treatment.

Mortality data during the first 2 weeks were obtained
for 9964 patients. Of 4985 patients allocated cortico-
steroids whose outcomes were known, 1052 (21%) died
within 2 weeks of randomisation, compared with 893
(18%) of 4979 allocated placebo. Thus, the relative risk of
death from all causes within 2 weeks in patients
allocated corticosteroids compared with placebo was
1·18 (95% CI 1·09–1·27; p=0·0001; figure 2). The
relative risk of death at 2 weeks did not differ by injury
severity (p=0·22) or time since injury (p=0·05; figure 2).

7812 (78%) patients had a head CT scan. The relative
risk of death at 2 weeks was not different in any of the
eight CT scan diagnosis subgroups examined (figure 3).
Furthermore, the relative risk of death within 2 weeks
did not differ in patients with (321/1134 [28%]
corticosteroid vs 244/1082 [23%] placebo) and without
(731/3851 [19%] vs 649/3897 [17%]; p=0·27) major
extracranial injury. We did not record an increase in
complications with corticosteroid allocation (figure 4). 

Treatment allocation was unmasked for 24 (0·2%)
patients (15 corticosteroid, nine placebo). The usual
reason for emergency unmasking was that patients were
subsequently found to have a disorder that the doctor
wished to treat with corticosteroids.

Discussion
The results of the MRC CRASH trial of
methylprednisolone treatment reliably refute any
reduction in mortality in the 2 weeks after head injury:
this treatment was associated with a significant rise in risk
of death within 2 weeks. The apparent increase in
mortality did not differ in the prespecified subgroups,
although the hazard might be enhanced in patients
presenting at a later time. Although the apparent hazard
could be a statistical artifact, due in part to the data-
dependent stopping of the trial,15 we believe that our
results provide evidence that could substantially alter the
choice of treatment for patients with head injury. For this
reason, we opted for early publication of the 2-week
outcome data. The effect of corticosteroids on disability at
6 months will be reported later. 

Our study has many strengths. Our randomisation
methods ensured that participating clinicians could not
have foreknowledge of treatment allocation and that
baseline prognostic factors were well balanced between
treatment groups. Data on the primary outcome of death

Figure 3: Effects of corticosteroid allocation on deaths from all causes within 2 weeks, by head CT scan results
Subgroups are not mutually exclusive because some patients are included in more than one category.

Relative risk (95% CI)Corticosteroid
(n=3916)

Placebo
(n=3896)

Corticosteroid worseCorticosteroid better

1·2 1·4 1·60·8 1·0

Normal scan

One or more petechial
haemorrhages within
the brain

 

Obliteration of the
third ventricle or
basal cisterns

Subarachnoid bleed

Midline shift >5 mm

Non-evacuated
haematoma
Evacuated
haematoma

Cortical contusion
>1 cm in diameter

252/886 (28·4%)289/869 (33·3%)

144/500 (28·8%)137/486 (28·2%)

322/1050 (30·7%)366/1061 (34·5%)

269/579 (46·5%)279/556 (50·2%)

378/1231 (30·7%)406/1226 (33·1%)

381/920 (41·4%)396/906 (43·7%)

270/1098 (24·6%)313/1139 (27·5%)

32/878 (3·6%)42/897 (4·7%)

 

Relative risk (99% CI)

Severe (GCS 3–8)

Moderate (GCS 9–12)

!1 h

>1 to !3 h

>3 to !8 h

All patients
(95% CI)

Time since injury

Corticosteroid worseCorticosteroid better

Corticosteroid
(n=5007)

Placebo
(n=5001)

1·18 (1·09–1·27)
p=0·0001

1·2 1·4 1·6

785/1972 (39·8%) 687/1972 (34·8%)

205/1553 (13·2%) 143/1476 (9·7%)

62/1460 (4·2%) 63/1531 (4·1%)

1052/4985 (21·1%) 893/4979 (17·9%)

Heterogeneity "2

3·05, p=0·22             

388/2077 (18·7%)517/2114 (24·5%)

296/1560 (19·0%)308/1530 (20·1%)

209/1342 (15·6%)227/1341 (16·9%)

Heterogeneity "2           

Mild (GCS 13–14)

0·8 1·0

Injury severity

6·03, p=0·05

Figure 2: Effects of corticosteroid allocation on deaths from all causes within 2 weeks, by injury severity
(based on GCS at randomisation) and time since injury

Articles

www.thelancet.com Vol 364   October 9, 2004  1325

from any cause within 2 weeks were available for more
than 99% of randomised patients, and all analyses were
undertaken on an intention-to-treat basis. The CRASH
trial had sufficient power to reliably detect modest but
nevertheless clinically important treatment benefits or
harms. It was undertaken in more than 200 hospitals in
49 countries. The patients included would have under-
gone several concurrent interventions that would have
varied between hospitals. We did not obtain data on all
concurrent interventions, but similar numbers of patients
in every hospital were allocated corticosteroids or placebo.
Furthermore, because doctors were unaware of treatment
allocation, use of concomitant therapies would not have
been influenced. 

The CRASH trial had one limitation. To establish the
main cause of death is difficult when multiple factors
relating to trauma are present, so we did not ask
participating clinicians what they judged to be the cause
of death. We saw no evidence of a large rise in risk of
infectious complications or gastrointestinal bleeding from
corticosteroid treatment. We are still unsure of the
mechanism of the increased mortality with cortico-
steroids.

Before starting the CRASH trial, a systematic review
and meta-analysis of the existing trials of corticosteroids
in head injury was done. When all previous trials were
combined, risk of death in the corticosteroid-treated
group seemed lower than in the control group (relative
risk 0·96 [95% CI 0·85–1·08]; figure 5). When this meta-
analysis is updated to include the findings of the CRASH
trial, risk of death in the corticosteroid-treated group
seems to be higher than in the control group (1·12
[1·05–1·20]). The CRASH trial result, judged either
separately or in combination with previous trials, clearly
refutes any material reduction in mortality with
corticosteroids, although the size of the CRASH trial has a
major influence on the result of the meta-analysis. We
noted some statistical heterogeneity in the updated meta-
analysis that might be accounted for by the data-
dependent stopping of the trial.15

Our early results show that corticosteroids should not be
used routinely to treat head injury, whatever the severity.
By clearly refutinga mortality benefit from corticosteroids
in head injury, the CRASH trial results should protect
many thousands of patients from any increased risk of
death associated with these drugs. However, our results
could also have implications for use of corticosteroids in
spinal-cord injury. After publication of NASCIS-2,7 in
which some evidence of neurological benefit was seen in
the subgroup of patients with spinal-cord injury treated
within 8 h, corticosteroids have been widely used to treat
this type of injury, although this approach is
controversial.16,17 Because trials of corticosteroids in
spinal-cord injury have been small (even when combined
they include about 500 patients),18 and because of the
emphasis on subgroup effects, use of corticosteroids in
spinal-cord injury should remain an area for debate.

Relative risk (95% CI)Corticosteroid
(n=5007)

Placebo
(n=5001)

Corticosteroid worseCorticosteroid better

1·2 1·4 1·60·8 1·0

Intensive care unit

Seizure

Haematemesis or
melaena requiring
transfusion
Wound infection
with pus

Pneumonia treated
with antibiotics

Other treatment
with antibiotics

Neurosurgical
operation

One or more
complications 2889/4979 (58·0%)2942/4985 (59·0%)

995/4881 (20·4%)1018/4896 (20·8%)

2097/4880 (43·0%)2102/4892 (43·0%)

604/4871 (12·4%)653/4890 (13·4%)

142/4874 (2·9%)155/4885 (3·2%)

61/4877 (1·3%)77/4885 (1·6%)

373/4885 (7·6%)425/4892 (8·7%)

2447/4870 (50·2%)2412/4886 (49·4%)

Figure 4: Effects of corticosteroid allocation on early management and complications in hospital within 2 weeks
Denominators vary because of different levels of data completeness for every event. 

Corticosteroid Adjusted
control

Relative risk (95% CI)

Corticosteroid worseCorticosteroid better

20·5 1

Alexander 1972

Ransohoff 1972

Faupel 1976
Cooper 1979
Hernesniemi 1979

Pitts 1980
Saul 1981
Braakman 1983

Giannotta 1984

Dearden 1986

Zagara 1987

Gaab 1994

Grumme 1995

22/55

13/18

36/83

9/50
47/80

21/62

4/12

21/136

49/195

16/55

26/49
35/81
114/201

8/50

44/81

34/72

33/68

4/12

19/133

38/175

16/28)!2
13/27)!2

(38/74)!3

(7/16)!4

Overall (95% CI)
Heterogeneity "2 26·46,
p=0·03

Chacon 1987

Stubbs 1989

MRC CRASH trial

0/5

893/4979
(17·9%)

1/5

13/98

1052/4985
(21·1%)

Zarate 1995 0/300/30

(5/54)!2

0·96 (0·85–1·08)Subtotal
Heterogeneity "2 18·11,
p=0·2

410/1194
(34·3%)

432/1230
(35·1%)

1·12 (1·05–1·20)1325/6209
(21·3%)

1462/6179
(23·7%)

1·18 (1·09–1·27)

9/17

16/67

Figure 5: Updated meta-analysis of effect of corticosteroids on death after head injury
In five trials there was an imbalance in the numbers of patients allocated corticosteroids compared with those
allocated placebo. The control group data for these trials have therefore been adjusted so that when combined with
the other trials, the overall estimate of risk of death is comparable with that in the corticosteroid-allocated group.
References of trials included in this meta-analysis are available at http://image.thelancet.com/extras/04art9140
webreferences.pdf.

Prognoseabschätzung



IMPACT Studien

JOURNAL OF NEUROTRAUMA
Volume 24, Number 2, 2007
© Mary Ann Liebert, Inc.
Pp. 287–293
DOI: 10.1089/neu.2006.0031

Prognostic Value of Secondary Insults in Traumatic Brain
Injury: Results from the IMPACT Study

GILLIAN S. MCHUGH,1 DOORTJE C. ENGEL,2 ISABELLA BUTCHER,1
EWOUT W. STEYERBERG,3 JUAN LU,4 NINO MUSHKUDIANI,3

ADRIÁN V. HERNÁNDEZ,3 ANTHONY MARMAROU,4
ANDREW I.R. MAAS,2 and GORDON D. MURRAY1

ABSTRACT

We determined the relationship between secondary insults (hypoxia, hypotension, and hypothermia)
occurring prior to or on admission to hospital and 6-month outcome after traumatic brain injury
(TBI). A meta-analysis of individual patient data, from seven Phase III randomized clinical trials
(RCT) in moderate or severe TBI and three TBI population-based series, was performed to model
outcome as measured by the Glasgow Outcome Scale (GOS). Proportional odds modeling was used
to relate the probability of a poor outcome to hypoxia (N ! 5661), hypotension (N ! 6629), and hy-
pothermia (N ! 4195) separately. We additionally analyzed the combined effects of hypoxia and hy-
potension and performed exploratory analysis of associations with computerized tomography (CT)
classification and month of injury. Having a pre-enrollment insult of hypoxia, hypotension or hy-
pothermia is strongly associated with a poorer outcome (odds ratios of 2.1 95% CI [1.7–2.6], 2.7
95% CI [2.1–3.4], and 2.2 95% CI [1.6–3.2], respectively). Patients with both hypoxia and hy-
potension had poorer outcomes than those with either insult alone. Radiological signs of raised in-
tracranial pressure (CT class III or IV) were more frequent in patients who had sustained hypoxia
or hypotension. A significant association was observed between month of injury and hypothermia.
The occurrence of secondary insults prior to or on admission to hospital in TBI patients is strongly
related to poorer outcome and should therefore be a priority for emergency department personnel.

Key words: GOS; hypotension; hypothermia; hypoxia; prognosis
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IMPACT: International Mission on Prognosis and Analysis of Clinical Trials in TBI.
1Public Health Sciences, University of Edinburgh Medical School, Edinburgh, United Kingdom.
2Department of Neurosurgery, and 3Center for Medical Decision Making, Department of Public Health, Erasmus Medical 

Center, Rotterdam, The Netherlands.
4Department of Neurosurgery, Virginia Commonwealth University Medical Center, Richmond, Virginia.

INTRODUCTION

FOLLOWING AN INITIAL TRAUMA, the injured brain is
vulnerable to secondary damage, which may be ex-

acerbated by secondary insults. For more than 20 years,

it has been reported that hypoxia and hypotension are as-
sociated with adverse outcome following traumatic brain
injury (TBI) (Miller et al., 1978). Later reports have con-
firmed this finding (Manley et al., 2001; Walia and Sut-
cliffe, 2002), and Chesnut (1993) reported the combinedD
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Prognostic Value of the Glasgow Coma Scale and Pupil
Reactivity in Traumatic Brain Injury Assessed Pre-Hospital

and on Enrollment: An IMPACT Analysis

ANTHONY MARMAROU,1 JUAN LU,1 ISABELLA BUTCHER,2 GILLIAN S. MCHUGH,2
GORDON D. MURRAY,2 EWOUT W. STEYERBERG,3 NINO A. MUSHKUDIANI,3

SUNG CHOI,1 and ANDREW I.R. MAAS4

ABSTRACT

We studied the prognostic strength of the individual components of the Glasgow Coma Scale (GCS)
and pupil reactivity to Glasgow Outcome Score (GOS) at 6 months post-injury. A total of 8721 mod-
erate or severe traumatic brain injury (TBI) patient data from the IMPACT database on traumatic
brain injury comprised the study cohort. The associations between motor score and pupil reactiv-
ity and 6-month GOS were analyzed by binary logistic regression and proportional odds method-
ology. The strength of prognostic effects were expressed as the unadjusted odds ratios presented for
all individual studies as well as in meta-analysis. We found a consistent strong association between
motor score and 6-month GOS across all studies (OR 1.74–7.48). The Eye and Verbal components
were also strongly associated with GOS. In the pooled population, one or both un-reactive pupils
and lower motor scores were significantly associated with unfavorable outcome (range 2.71–7.31).
We also found a significant change in motor score from pre-hospital direct to study hospital en-
rollment (p ! 0.0001) and from the first in-hospital to study enrollment scores (p ! 0.0001). Pupil
reactivity was more robust between these time points. It is recommended that the study hospital en-
rollment GCS and pupil reactivity be used for prognostic analysis.

Key words: GCS; IMPACT; motor score; prognosis; pupil reactivity; traumatic brain injury

IMPACT: International Mission on Prognosis and Analysis of Clinical Trials in TBI.
1Department of Neurosurgery, Virginia Commonwealth University Medical Center, Richmond, Virginia.
2Public Health Sciences, University of Edinburgh Medical School, Edinburgh, United Kingdom.
3Center for Medical Decision Making, Department of Public Health, and 4Department of Neurosurgery, Erasmus Medical 

Center, Rotterdam, The Netherlands.

INTRODUCTION

TRAUMATIC BRAIN INJURY (TBI) is a significant prob-
lem throughout the world and encompasses eco-

nomic, social, and medical domains that dramatically af-

fect the patient and family. Essential to treatment and
prognosis is an accurate neurological assessment. Partic-
ularly relevant are the level of consciousness, universally
assessed by the Glasgow Coma Scale (GCS) (Teasdale
and Jennett, 1974) and pupil reactivity. Accurate assess-D
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Prognosis and Clinical Trial Design in Traumatic Brain Injury:
The IMPACT Study

ANDREW I.R. MAAS,1 ANTHONY MARMAROU,3 GORDON D. MURRAY,4
SIR GRAHAM M. TEASDALE,5 and EWOUT W. STEYERBERG2

ABSTRACT

Traumatic brain injury (TBI) is a major health and socio-economic problem throughout the world.
Many randomized controlled trials (RCTs) have been performed to investigate the effectiveness of
new therapies, but none have convincingly demonstrated benefit. Clinical trials in TBI pose complex
methodological challenges and meeting these requires new approaches. The challenges are related to
the heterogeneity of head injuries, to optimum analysis of outcome and to aspects of the design of
trials. To address these, we have created the IMPACT database on TBI through merging individual
patient data from eight RCTs and three observational surveys. This database forms a culture medium
in which innovative approaches to improving trial design and analysis are being explored. We hy-
pothesize that the statistical power of TBI trials may be increased by adjusting for heterogeneity with
covariate adjustment and/or prognostic targeting, by exploiting the ordinal nature of the Glasgow
Outcome Scale and by relating the outcome obtained in individual patients to their baseline prog-
nostic risk. Extensive prognostic analysis was required as a first step towards our aim of optimizing
the chance of demonstrating benefit of new therapies in future trials. The fruits of this analysis are
reported in detail in the subsequent reports in this issue of the Journal of Neurotrauma. The results
will lead to the development and validation of new prognostic models, which will be applied to deal
with heterogeneity. The findings will be synthesized into recommendations for the design and analy-
sis of future RCTs, with the expectation of increasing the likelihood of demonstrating the benefit of
a truly effective new therapy or therapeutic agent in victims of a head injury.
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INTRODUCTION

SEVERE AND MODERATE traumatic brain injury (TBI),
accidental or inflicted, is a major health and socio-

economic problem throughout the world. In the United
States alone, approximately 2 million injuries occur each
year resulting in 56,000 deaths and 18,000 survivors suf-
fering from permanent neurological impairment (Sosin et
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(www.crash.lshtm.ac.uk; www.tbi-impact.org). Both
studies showed that the largest amount of prognostic
information is contained in a core set of three predictors
(age, GCS or motor score, and pupillary reactivity).
A summary overview of characteristics of these two
models is presented in Table 29.9. The CRASH and
IMPACT models were initially reciprocally validated
externally on the other datasets and this validation con-
firmed a good performance.

Various studies have since then reported external val-
idation of the IMPACT models (Yeoman et al., 2011;
Panczykowski et al., 2012; Roozenbeek et al., 2012a, b).

Applications of prognostic models

Prognostic models are becoming an increasingly impor-
tant instrument for use in the clinical situation. Just as a
younger resident needs to learn the use of surgical
instruments, so do clinicians need to learn how to use
prognostic models. In general, prognostic models can
be applied at the level of the individual or at the
“group” level.

At the level of the individual, prognostic models can
be used for purposes of providing information to rela-
tives, for resource allocation, to guide and support deci-
sions on treatment, and they may also be seen as a
possible incentive to clinicians to “beat” the estimate.
When applying prognostic models at the level of an indi-
vidual patient we should always recognize that prognos-
tic estimates reflect no more than a statistical
probability, while the patient will either experience the
outcome of interest or not. In addition the estimate prob-
ability itself carries uncertainty. This uncertainty can be
quantified by calculating the confidence interval around
the estimate. Whether confidence intervals should be
presented with model predictions is debated. While a
confidence interval shows the degree of uncertainty,

interpretation of the predicted probability might become
even more complicated. The uncertainty in prognostic
estimates warrants caution, in particular when prognos-
tic estimates may be used to guide resource allocation or
decisions on treatment. We would not advocate basing
clinical decisions solely on prognostic estimates. Rather,
such estimates may be seen as an instrument which may
be used to support and check clinical decision making.

At the group level, prognostic models may be used
for a number of purposes:

characterization of patient populations and classifica-
tion by predictive risk

clinical trial design and analysis
as reference for assessing quality of care.

Prognostic risk estimation at hospital admission
enables characterization and classification of popula-
tions according to their prognostic risk distribution. Such
characterization provides an integrated insight into var-
iation in the case mix of different studies, thus permit-
ting a better comparison of populations.

In the research field, prognostic models offer oppor-
tunities both in the enrolment and analysis phase of clin-
ical trials. A particular problem in trials on TBI is the
inherent heterogeneity of the patient population (see also
Ch. 47). Traditionally, most trials have used relatively
strict enrolment criteria in order to decrease this hetero-
geneity. Simulation studies performed by the IMPACT
study group have, however, showed that this is statisti-
cally inefficient and recommend relatively broad enrol-
ment criteria with adjustment for the heterogeneity in the
analysis phase by covariate adjustment. In contrast to
strict enrolment criteria on admission, this approach sub-
stantially increases statistical power, reducing the
required sample size by approximately 25%. Prognostic
models have other important applications in the analysis
phase of clinical trials and are essential when use of

Table 29.9

Comparison of CRASH and IMPACT prediction models

Predicted outcome Core model CT model Laboratory model

IMPACT Mortality or
unfavorable
outcome at
6 months

Age, motor score,
pupil reactivity

Coremodel plus: hypoxia, hypotension, CT
classification, traumatic subarachnoid
hemorrhage on CT, epidural mass on CT

Core model plus:
glucose and
hemoglobin
concentrations

CRASH Mortality at
14 days or
unfavorable
outcome at
6 months

Age, GCS score,
pupil reactivity,
major
extracranial
injury

Core model plus: petechial hemorrhages,
obliteration of the third ventricle or
basal cisterns, subarachnoid bleeding,
midline shift, nonevacuated hematoma

CRASH, Corticosteroid Randomisation After Significant Head Injury; GCS, Glasgow Coma Scale; IMPACT, International Mission for Prognosis

and Clinical Trial design in TBI; TBI, traumatic brain injury. (Data from MRC CRASH Trial Collaborators, 2008, and Steyerberg et al., 2008.)
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Validierung von CRASH und IMPACT

300 Pat.

14d-Sterblichkeit: 47,7%

6Mo. schlechtes 
Outcome: 71,0%

External Validation of the CRASH and IMPACT
Prognostic Models in Severe Traumatic Brain Injury

Julian Han,1 Nicolas K.K. King,1 Sam J. Neilson,2 Mihir P. Gandhi,3,4 and Ivan Ng1

Abstract

An accurate prognostic model is extremely important in severe traumatic brain injury (TBI) for both patient man-
agement and research. Clinical prediction models must be validated both internally and externally before they are
considered widely applicable. Our aim is to independently externally validate two prediction models, one developed by
the Corticosteroid Randomization After Significant Head injury (CRASH) trial investigators, and the other from the
International Mission for Prognosis and Analysis of Clinical Trials in Traumatic Brain Injury (IMPACT) group. We
used a cohort of 300 patients with severe TBI (Glasgow Coma Score [GCS] £ 8) consecutively admitted to the National
Neuroscience Institute (NNI), Singapore, between February 2006 and December 2009. The CRASH models (base and
CT) predict 14 day mortality and 6 month unfavorable outcome. The IMPACT models (core, extended, and laboratory)
estimate 6 month mortality and unfavorable outcome. Validation was based on measures of discrimination and cali-
bration. Discrimination was assessed using the area under the receiving operating characteristic curve (AUC), and
calibration was assessed using the Hosmer–Lemeshow (H-L) goodness-of-fit test and Cox calibration regression
analysis. In the NNI database, the overall observed 14 day mortality was 47.7%, and the observed 6 month unfavorable
outcome was 71.0%. The CRASH base model and all three IMPACT models gave an underestimate of the observed
values in our cohort when used to predict outcome. Using the CRASH CT model, the predicted 14 day mortality of
46.6% approximated the observed outcome, whereas the predicted 6 month unfavorable outcome was an overestimate at
74.8%. Overall, both the CRASH and IMPACT models showed good discrimination, with AUCs ranging from 0.80 to
0.89, and good overall calibration. We conclude that both the CRASH and IMPACT models satisfactorily predicted
outcome in our patients with severe TBI.

Key words: external validation; prediction models; prognosis; TBI

Introduction

Severe traumatic brain injury (TBI) is an important public
health problem worldwide. Every year, > 10,000,000 people

globally are affected, leading to either hospitalization, long- term
disability, or mortality.1 TBI encompasses a broad spectrum of
clinical findings, pathology, and prognosis. It is important to have
an accurate and robust prognostic model to help us predict outcome
in terms of survival and disability. This would be beneficial to those
involved in patient care who need to make informed decisions
regarding patient management, enabling them to better manage
resources and to communicate these effectively to the patient’s
family. Prognostic models for TBI patients have been frequently
published over the years since the pioneering work of Teasdale and
Jennet on the Glasgow Coma Scale (GCS).2 However, as discussed
in a systematic review by Perel et al. in 2006, many of these early

prognostic models are not commonly used, for reasons such as poor
methodological quality, being developed from small sample sizes,
being rarely externally validated, not being user friendly, and the
fact that few have been developed using populations from low- to
middle-income countries where most of trauma occurs. Therefore,
generalizability to other populations is limited.3

Two important prediction models, the Corticosteroid Rando-
mization After Significant Head injury (CRASH) and International
Mission for Prognosis and Analysis of Clinical Trials in Traumatic
Brain Injury (IMPACT) models, have recently been published, and
they have enormous potential for use in clinical practice and re-
search.4,5 They were based on large numbers of patients, and were
cross-validated with each other. A good prognostic model, if robust
enough, may be used in populations different from those from
which it was derived. As with any scientific hypothesis, the more
diverse the settings in which the system is tested and found

1Department of Neurosurgery, National Neuroscience Institute, Singapore.
2Manchester Medical School, University of Manchester, Manchester, United Kingdom.
3Centre of Quantitative Medicine, Duke-National University of Singapore Graduate Medical School, Singapore.
4Department of Biostatistics, Singapore Clinical Research Institute, Singapore.
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Table 2. Application of CRASH and IMPACT Models in NNI Data for Mortality and Outcome

Models
Predicted
mortality

AUC
(95% CI)

Cox slope
(95% CI)

Cox intercept
(95% CI)

Predicted 6 month
unfavorable outcome

AUC
(95% CI)

Cox slope
(95% CI)

Cox intercept
(95% CI)

CRASH base model 38.1% (14 days) 0.80 (0.75–0.85) 0.95 (0.71–1.18) 0.51 (0.20–0.82) 67.6% 0.86 (0.81–0.90) 1.34 (1.01–1.67) 2.39 (1.84–2.95)
CRASH CT model 46.6% (14 days) 0.83 (0.78–0.87) 0.85 (0.64–1.05) 0.03 (- 0.24–0.31) 74.8% 0.89 (0.84–0.93) 1.12 (0.85–1.39) 1.78 (1.33–2.22)
IMPACT core model 40.5% (6 months) 0.80 (0.75–0.85) 1.14 (0.85–1.43) 0.81 (0.48–1.13) 54.4% 0.84 (0.80–0.89) 1.37 (1.02–1.71) 1.07 (0.74–1.39)
IMPACT extended model 44.2% (6 months) 0.81 (0.76–0.86) 1.15 (0.86–1.43) 0.59 (0.29–0.89) 57.8% 0.88 (0.83–0.92) 1.58 (1.20–1.97) 0.88 (0.55–1.21)
IMPACT lab model 40.8% (6 months) 0.80 (0.75–0.86) 1.17 (0.86–1.49) 0.81 (0.48–1.15) 57.4% 0.87 (0.82–0.92) 1.46 (1.09–1.83) 0.94 (0.59–1.30)

CRASH, Corticosteroid Randomization After Significant Head injury; IMPACT, International Mission for Prognosis and Analysis of Clinical Trials in Traumatic Brain Injury; NNI, National Neuroscience
Institute; AUC, area under the receiving operating characteristic curve.
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Predicted Unfavorable Neurologic Outcome Is Overestimated by the Marshall Computed
Tomography Score, Corticosteroid Randomization After Significant Head Injury
(CRASH), and International Mission for Prognosis and Analysis of Clinical Trials in
Traumatic Brain Injury (IMPACT) Models in Patients with Severe Traumatic Brain
Injury Managed with Early Decompressive Craniectomy

Jose D. Charry1,2, Jorman H. Tejada3, Miguel A. Pinzon3, Wilson A. Tejada4, Juan D. Ochoa4, Manuel Falla4,
Jesus H. Tovar3, Ana M. Cuellar-Bahamón4, Juan P. Solano5

- INTRODUCTION: Traumatic brain injury (TBI) is of public
health interest and produces significant mortality and
disability in Colombia. Calculators and prognostic models
have been developed to establish neurologic outcomes.
We tested prognostic models (the Marshall computed
tomography [CT] score, International Mission for Prognosis
and Analysis of Clinical Trials in Traumatic Brain Injury
(IMPACT), and Corticosteroid Randomization After Signifi-
cant Head Injury) for 14-day mortality, 6-month mortality, and
6-month outcome in patients with TBI at a university hospital
in Colombia.

-METHODS: A 127-patient cohort with TBI was treated in
a regional trauma center in Colombia over 2 years and
bivariate and multivariate analyses were used. Discrimi-
natory power of the models, their accuracy, and precision
was assessed by both logistic regression and area under
the receiver operating characteristic curve (AUC). Shapiro-
Wilk, c2, and Wilcoxon test were used to compare real
outcomes in the cohort against predicted outcomes.

-RESULTS: The group’s median age was 33 years, and
84.25% were male. The injury severity score median was 25,
and median Glasgow Coma Scale motor score was 3. Six-
month mortality was 29.13%. Six-month unfavorable outcome

was 37%.Mortality prediction byMarshall CTscorewas 52.8%,
P [ 0.104 (AUC 0.585; 95% confidence interval [CI] 0 0.489e
0.681), the mortality prediction by CRASH prognosis calculator
was 59.9%, P < 0.001 (AUC 0.706; 95% CI 0.590e0.821), and
the unfavorable outcome prediction by IMPACT was 77%,
P < 0.048 (AUC 0.670; 95% CI 0.575e0.763).

-CONCLUSIONS: In a university hospital in Colombia, the
Marshall CT score, IMPACT, and Corticosteroid Randomi-
zation After Significant Head Injury models overestimated
the adverse neurologic outcome in patients with severe
head trauma.

INTRODUCTION

Traumatic brain injury (TBI) is a major disease and of public
health interest. Its incidence has been reported close to
200 cases per 100,000 people worldwide.1 According to the

global burden of disease study published in 2010 by the World
Health Organization, trauma remains a public health problem
and generates a burden of disease in the health care systems of
Latin American countries.2,3 In Colombia, injuries mostly affect
men and the economically active population, which ranges in age

Key words
- Neurologic outcome
- Prognosis models
- Traumatic brain injury
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Original Article

Predicted Unfavorable Neurologic Outcome Is Overestimated by the Marshall Computed
Tomography Score, Corticosteroid Randomization After Significant Head Injury
(CRASH), and International Mission for Prognosis and Analysis of Clinical Trials in
Traumatic Brain Injury (IMPACT) Models in Patients with Severe Traumatic Brain
Injury Managed with Early Decompressive Craniectomy

Jose D. Charry1,2, Jorman H. Tejada3, Miguel A. Pinzon3, Wilson A. Tejada4, Juan D. Ochoa4, Manuel Falla4,
Jesus H. Tovar3, Ana M. Cuellar-Bahamón4, Juan P. Solano5

- INTRODUCTION: Traumatic brain injury (TBI) is of public
health interest and produces significant mortality and
disability in Colombia. Calculators and prognostic models
have been developed to establish neurologic outcomes.
We tested prognostic models (the Marshall computed
tomography [CT] score, International Mission for Prognosis
and Analysis of Clinical Trials in Traumatic Brain Injury
(IMPACT), and Corticosteroid Randomization After Signifi-
cant Head Injury) for 14-day mortality, 6-month mortality, and
6-month outcome in patients with TBI at a university hospital
in Colombia.

-METHODS: A 127-patient cohort with TBI was treated in
a regional trauma center in Colombia over 2 years and
bivariate and multivariate analyses were used. Discrimi-
natory power of the models, their accuracy, and precision
was assessed by both logistic regression and area under
the receiver operating characteristic curve (AUC). Shapiro-
Wilk, c2, and Wilcoxon test were used to compare real
outcomes in the cohort against predicted outcomes.

-RESULTS: The group’s median age was 33 years, and
84.25% were male. The injury severity score median was 25,
and median Glasgow Coma Scale motor score was 3. Six-
month mortality was 29.13%. Six-month unfavorable outcome

was 37%.Mortality prediction byMarshall CTscorewas 52.8%,
P [ 0.104 (AUC 0.585; 95% confidence interval [CI] 0 0.489e
0.681), the mortality prediction by CRASH prognosis calculator
was 59.9%, P < 0.001 (AUC 0.706; 95% CI 0.590e0.821), and
the unfavorable outcome prediction by IMPACT was 77%,
P < 0.048 (AUC 0.670; 95% CI 0.575e0.763).

-CONCLUSIONS: In a university hospital in Colombia, the
Marshall CT score, IMPACT, and Corticosteroid Randomi-
zation After Significant Head Injury models overestimated
the adverse neurologic outcome in patients with severe
head trauma.

INTRODUCTION

Traumatic brain injury (TBI) is a major disease and of public
health interest. Its incidence has been reported close to
200 cases per 100,000 people worldwide.1 According to the

global burden of disease study published in 2010 by the World
Health Organization, trauma remains a public health problem
and generates a burden of disease in the health care systems of
Latin American countries.2,3 In Colombia, injuries mostly affect
men and the economically active population, which ranges in age
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epidural mass on CT, and laboratory tests as glucose levels and
hemoglobin.9-11

Statistics
The Shapiro-Wilk, c2, and Wilcoxon test were used to compare
real outcomes in the cohort against predicted outcomes; also, a
multivariate logistic regression analysis was made. We excluded
variables that were not significant at 5% level. We quantified each
variable’s predictive contribution by its z score (the model coef-
ficient divided by its standard error). We explored linearity and
P value and the IC evaluated interactions between the variables
and predictors.

RESULTS
A total of 127 patients were admitted with a diagnosis of severe
TBI over a period of 2 years at NUH. Median age was 33 years,
84.25% were male, and blunt trauma was the most common
trauma mechanism, with a percentage of 88.98% among the
patients. Imaging findings showed 46.46% of the patients had
closed basal cisterns, 50.39% had midline shift, and epidural
hematoma was present in 20.47%. The characteristics of the
127 patients included in this study are described in Table 1.

Six-month mortality was 29.13%. Six-month unfavorable out-
come was 37%. Mortality prediction by MCS CT score was 52.8%,
P ¼ 0.104 (area under the receiver operating characteristic curve
[AUC] 0.585; 95% CI 0.489e0.681), the mortality prediction by
CRASH prognosis calculator was 59.9%, P < 0.001 (AUC 0.706;
95% CI 0.590e0.821), and the unfavorable outcome prediction by
IMPACT was 77%, P < 0.048 (AUC 0.670; 95% CI 0.575e0.763).
These results are specified in Table 2.
The comparison between the prediction of mortality outcome

versus the observed long-term outcome provides information of
the most likely outcome after surgical intervention, which is
shown in Figure 1.

DISCUSSION
TBI has major importance globally.8 The World Health
Organization predicts that traffic accidents will be the third
leading cause of illness and injuries worldwide by 2020, and this
is one of the most common causes of TBI. The management of
TBI with early DC has been the subject of many studies in
recent years, showing good results within 6 months after the
trauma.16,17 In our study, we found that 63% showed a favorable
neurologic outcome 6 months after the trauma. Prognostication is
important when considering outcome, especially when on the
whole it could be potentially life-saving. Traditionally, neurosur-
geons have relied on individual clinical parameters such as age,
the initial GCS score, and pupillary responses combined with a
radiologic assessment to guide clinical decisions and when
counseling family members and surrogate decision makers
regarding prognosis.18

Currently at NUH, the management of patients with severe head
injury has become more surgically focused and evidence-based, so
that the damage control decision is made based on clinical and CT
findings according to the criteria associated with favorable or
unfavorable prognosis factors. These criteria are similar to those
used in the CRASH, the IMPACT prognosis calculator, and MCS
CT score. In our study, we have shown that the CRASH, IMPACT
prognosis calculator, and MCS CT score tend to overestimate both
mortality and unfavorable outcome in patients with severe TBI
treated with early DC. These results highlight the difficulty in
using the calculator to determine individual prognosis with regard

Table 1. Characteristics of 127 Patients with Severe TBI

Variable Value

Median age in years (IQR) 33 (22e49)

No. males (%) 107 (84.25)

Median initial GCS score (IQR) 6 (3e7)

Median ISS score (IQR) 25 (9e49)

Motor vehicle accident, no. (%) 113 (88.98)

Pupils, no. (%)

Both nonreactive 48 (37.8)

One reactive 8 (6.3)

Both reactive 71 (55.91)

CT brain appearance, no. (%)

Effaced basal cistern 59 (46.46)

Midline shift 64 (50.39)

Subarachnoid blood 44 (34.65)

Epidural hematoma 26 (20.47)

Subdural hematoma 74 (58.27)

Unfavorable outcome, no. (%) 47 (37)

Favorable outcome, no. (%) 80 (63)

Median length of ICU stay, days (IQR) 12 (6e14)

median length of acute hospital ward stay, days (IQR) 26 (14e49)

Mortality, no. (%) 37 (29.13)

TBI, traumatic brain injury; IQR, interquartile range; GCS, Glasgow come score; ISS, injury
severity score; CT, computed tomography; ICU, intensive care unit.

Table 2. Correlation Between Mortality and Predictive Models

Model
Six-Month

Predicted Mortality
Six-Month
Mortality Spearman rho P Value

Marshall 52.80% 29.13% 0.145 0.105

Impact 71.00% 0.392 <0.001

Crash 59.90% 0.314 <0.001

Model
Six-Month Predicted
Unfavorable Outcome

Six-Month
Unfavorable
Outcome Spearman rho P Value

Impact 77.00% 37.00% 0.284 0.001

Crash 80.50% 0.176 0.048
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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

Hester F. Lingsma,1 John K. Yue,2,3 Andrew I.R. Maas,4 Ewout W. Steyerberg,1 Geoffrey T. Manley,2,3

and the TRACK-TBI Investigators including: Shelly R. Cooper,2,3,5 Kristen Dams-O’Connor,6

Wayne A. Gordon,6 David K. Menon,8 Pratik Mukherjee,2,5 David O. Okonkwo,7 Ava M. Puccio,7

David M. Schnyer,9 Alex B. Valadka,10 Mary J. Vassar,2,3 and Esther L. Yuh2,5

Abstract

Although the majority of patients with mild traumatic brain injury (mTBI) recover completely, some still suffer from
disabling ailments at 3 or 6 months. We validated existing prognostic models for mTBI and explored predictors of poor
outcome after mTBI. We selected patients with mTBI from TRACK-TBI Pilot, an unselected observational cohort of TBI
patients from three centers in the United States. We validated two prognostic models for the Glasgow Outcome Scale
Extended (GOS-E) at 6 months after injury. One model was based on the CRASH study data and another from Nijmegen,
The Netherlands. Possible predictors of 3- and 6-month GOS-E were analyzed with univariate and multi-variable pro-
portional odds regression models. Of the 386 of 485 patients included in the study (median age, 44 years; interquartile
range, 27–58), 75% (n = 290) presented with a Glasgow Coma Score (GCS) of 15. In this mTBI population, both
previously developed models had a poor performance (area under the receiver operating characteristic curve, 0.49–0.56).
In multivariable analyses, the strongest predictors of lower 3- and 6-month GOS-E were older age, pre-existing psychiatric
conditions, and lower education. Injury caused by assault, extracranial injuries, and lower GCS were also predictive of
lower GOS-E. Existing models for mTBI performed unsatisfactorily. Our study shows that, for mTBI, different predictors
are relevant as for moderate and severe TBI. These include age, pre-existing psychiatric conditions, and lower education.
Development of a valid prediction model for mTBI patients requires further research efforts.

Key words: GOS-E; prognostic models; TBI; validation

Introduction

Traumatic brain injury (TBI) is among the leading causes
of death and disability. In the United States, at least 1.7 million

patients a year seek some form of medical treatment.1 TBI exacts
significant health, social, and economic hardships on patients, their

families, and health systems.2,3 Approximately 70–90% of all TBIs
are categorized as mild (mTBI), that is, presenting with a Glasgow
Coma Scale (GCS) score of 13–15 after nonpenetrating head trauma.
Although most mTBI patients will recover without residual impair-
ments, persistent sequelae remain in a subgroup of 5–15%.4 These
complaints may include physical symptoms, behavioral disturbances,
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EXTRACRANIAL INJURIES

The severity of extracranial injuries is commonly
assessed with the Abbreviated Injury Score (AIS)
(AAAM, 1990) or the Injury Severity Score (ISS)
(Baker et al., 1974). Extracranial injury is frequently pre-
sent in patients with TBI. The estimated prevalence of
major extracranial injury (MEI) in TBI populations var-
ies between 23% (Perel et al., 2008) and 41%

(Heinzelmann et al., 1996), dependent on study popula-
tion and definition used. The most commonly used def-
initions of MEI are “an injury requiring hospital
admission on its own” and “an Abbreviated Injury Scale
(AIS) in any body region except the head of 3 or higher.”
How extracranial injury affects prognosis has been
much debated. Some studies have demonstrated that
outcome mainly depends on the severity of the primary
cerebral damage and is not worsened by the presence of
extracranial injuries (Heinzelmann et al., 1996;
Sarrafzadeh et al., 2001). Other studies, however, sug-
gest that the presence of MEI carries a poorer outcome
in TBI patients (Lefering et al., 2008; Perel et al., 2008;
Ho et al., 2010; Jacobs et al., 2010). A recently published
individual patient data meta-analysis of almost 40000
patients provided some clarity in this debate (van
Leeuwen et al., 2012). It was found that the prognostic
effect of MEI varies by the population studied in two
ways: first the strength of the effect interacts with brain
injury severity, with larger effects in milder TBI patient
populations. In severe TBI, outcome is mostly deter-
mined by the brain injury, whilst in milder TBI, patients
are less likely to die from their brain injury, but the pres-
ence of MEI might still cause poor outcome. Second,
extracranial injury was mainly related to an increased
risk of early mortality, which makes the observed effect
of MEI dependent on the time of inclusion in a study. In
a trauma registry including all TBI patients from the
time of injury, MEI was strongly associated with mortal-
ity after adjustment for age, GCSmotor score, and pupil
reactivity. While in studies focused on TBI, including
patients surviving the early stage, the incremental prog-
nostic value of MEI compared to known predictors of
mortality was limited. These findings explain the dis-
agreement in the literature. Studies demonstrating that
outcome is not worsened by MEI only included patients
admitted to an intensive care unit (Heinzelmann et al.,
1996; Sarrafzadeh et al., 2001), whilst studies showing
an effect of MEI obtained the data from trauma regis-
tries (Lefering et al., 2008; Ho et al., 2010; Jacobs
et al., 2010).

These findings imply that the prognostic value of
MEI in clinical practice is dependent on the setting;
e.g., for counseling of relatives in the hospital, MEI is
more likely to be a relevant prognostic factor in the emer-
gency department than a few hours later if the patient
has survived the immediate risk of death from hemor-
rhage caused by major extracranial injury and has been
admitted to intensive care.

INTRACRANIAL INJURIES

The clinical severity of intracranial injuries is reflected in
patients with more severe injuries by the level of

Fig. 29.1. R2 building blocks. Prognostic value of different
components of traumatic brain injury prognosis (R2) in the
IMPACT dataset (n¼8686). The cumulative R2 of the full
model is 0.35. IMPACT, International Mission for Prognosis
and Clinical Trial design in TBI; R2, proportion of variability
in outcome explained by the predictor(s); CT, computed
tomography; TBI, traumatic brain injury. (Data from
Murray et al., 2007.)

Fig. 29.2. Continuous association between age and outcome
as demonstrated in the IMPACT studies. The upper line
denotes the probability of unfavorable outcome. The lower line
denotes the probability of mortality. (Reproduced from
Mushkudiani et al., 2007.)
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Fazit Prognostische Scores



Zusammenfassung

• SHT ist volkswirtschaftlich extrem bedeutsam

• Letalität schweres SHT: 25-70%

• hohe Rate an Pflegebedürftigkeit

• Return-to-work Quote niedrig

• Scores bilden Schädigungsvielfalt nicht adäquat ab

• Prognoseabschätzung ist schwierig (ALTER!)

• Multidisziplinäre Herausforderung
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