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Abstract—This review covers the main principles of the
Lund concept for treatment of severe traumatic brain injury.
This is followed by a description of results of clinical studies
in which this therapy or a modified version of the therapy
has been used. Unlike other guidelines, which are based
on meta-analytical approaches, important components of
the Lund concept are based on physiological mechanisms
for regulation of brain volume and brain perfusion and to
reduce transcapillary plasma leakage and the need for
plasma volume expanders. There have been nine non-
randomized and two randomized outcome studies with
the Lund concept or modified versions of the concept. The
non-randomized studies indicated that the Lund concept is
beneficial for outcome. The two randomized studies were
small but showed better outcome in the groups of patients
treated according to the modified principles of the Lund
concept than in the groups given a more conventional treat-
ment.
This article is part of a Special Issue entitled: Brain com-

pensation. For good?. ! 2014 IBRO. Published by Elsevier
Ltd. All rights reserved.
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INTRODUCTION

Originally, the Lund concept (LC) for treatment of severe
traumatic brain injury (sTBI) was a theoretical approach
mainly based on the physiological and
pathophysiological principles of brain volume and brain
perfusion regulation (Asgeirsson et al., 1994; Grände
et al., 1997; Grände, 2006). The concept aimed at coun-
teracting an increase in intracranial pressure (ICP) or to
reduce an already raised ICP after sTBI, while improving
compromised perfusion in and around the contusion
areas at the same time. It can be described as an ICP-
and perfusion-guided approach. The main components
of the LC have found support in experimental and clinical
studies, as described later in this review.

So far, no TBI guidelines have been tested in a large
randomized clinical trial and from that point of view there
is limited high-level clinical evidence for all TBI guidelines
presented today (Muzevic and Splavski, 2013). A specific
therapy therefore must be based on other types of input
such as smaller clinical outcome studies including meta-
analysis, experimental studies and basal physiological
principles.

Even though different guidelines differ in essential
aspects, the Brain Trauma Foundation’s guidelines have
moved closer to the LC during the past 10 years, e.g.
concerning cerebral perfusion pressure (CPP) and the
use of vasopressors (Bullock et al., 1996, 2000; Brain
Trauma Foundation, 2007). In contrast to Brain Trauma

http://dx.doi.org/10.1016/j.neuroscience.2014.06.039
0306-4522/! 2014 IBRO. Published by Elsevier Ltd. All rights reserved.
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Abbreviations: ARDS, acute respiratory distress syndrome; CPP,
cerebral perfusion pressure; Hb, hemoglobin; ICP, intracranial
pressure; LC, Lund concept; MAP, mean arterial pressure; PEEP,
positive endexpiratory pressure; sTBI, severe traumatic brain injury;
SAH, subarachnoid hemorrhage; TER, transcapillary exchange rate.
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Foundation guidelines—in which the ICP-reducing ther-
apy should start when ICP is above 20 mmHg (Brain
Trauma Foundation, 2007)—the LC recommends that
the therapy should start as early as possible after arrival
at the hospital, in an attempt to counteract the develop-
ment of brain edema and to ensure that there is early opti-
mization of the perfusion. To our knowledge, no clear side
effects have appeared with the LC, which means that it
can be given early and to all patients independent of
severity of the injury and independent of the degree of
autoregulation. The LC has not changed since its intro-
duction, except that dihydroergotamin is no longer used.
Dihydroergotamin, which reduces ICP via cerebral
venous constriction, was used in the initial version of the
concept in patients with uncontrolled increase in ICP
(Asgeirsson et al., 1994). It was withdrawn because of
possible side effects related to peripheral vasoconstriction
in high doses. For details of the LC guidelines, see;
Asgeirsson et al. (1994), Grände (2006, 2011) and

Olivecrona et al. (2007, 2009a,b). A simplified schematic
algorithm of the LC used in the clinical setting is shown in
Fig. 1.

MEASUREMENT OF ICP AND CPP

Like in other guidelines, monitoring of ICP is an essential
part of the LC, and the monitoring should be started as
soon as possible after the arrival at the hospital. The
method of ICP monitoring can either be by external
ventricular drainage or by an intraparenchymal device. It
is also crucial to monitor the arterial pressure and the
mean arterial pressure (MAP).

The reference points for MAP and ICP must be
identical when calculating CPP. For example, a head
elevation of 15 degrees with the zero-reference point for
the ICP at the external meatus and the zero-reference
point for the MAP at the heart level gives a difference of
around 10 mmHg compared to treatment of the patient

Fig. 1. A simplified schematic algorithm of the LC used in the clinical setting. For doses of the pharmacological substances used and other
parameters, see Grände (2006).
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THERAPIEOPTIONEN 

•  BLS, BICS, MMM 
•  Oxygenation/Ventilation, Kreislaufsupport, Gerinnung, 

Thromboseprophylaxe, Ernährung, Monitoring, ... 
•  Sedation 
•  Entfernung von Raumforderungen, Liquordrainage 
•  Osmotherapie 
•  Hypothermie 
•  Kraniektomie 
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A n elevation in intracranial pressure can be a medical or 
 surgical emergency. There are many possible conditions that can lead to 
elevated intracranial pressure on either an acute or a chronic basis (Table 1). 

In this article, we focus on the increased intracranial pressure that occurs in pa-
tients after traumatic brain injury, since this is an area in which there are both 
physiological and clinical data.

Traumatic brain injury is a medical and social problem worldwide, with an 
estimated 10 million cases leading to hospitalization or death each year.1 In low- 
and medium-income countries, in which the use of motor-powered transportation 
is increasing, the incidence of this condition is rising2 and involves predominantly 
young men. In contrast, in richer countries, the epidemiology of traumatic brain in-
jury is changing because of two main factors: the rate of traffic incidents is decreas-
ing owing to successful enforcement of safety laws and preventive measures, whereas 
the aging of the population makes such injury in the elderly more frequent.2-4

Falls are a frequent cause of injury in older patients, often resulting in contusive 
brain injury. Elderly patients often have multiple coexisting illnesses and are fre-
quently taking a number of medications, including anticoagulants and platelet 
aggregation inhibitors.4 These medications may contribute to the development of 
hematomas and hemorrhagic expansion of contusions. In the past, it was gener-
ally thought that traumatic brain injury in elderly persons was associated with a 
uniformly bad outcome, and as a consequence more aggressive treatment was 
often withheld.5 Although increasing age is unequivocally an independent predic-
tor of a poor outcome,6 recent data suggest that favorable outcomes, at least in the 
short term, are no longer uncommon among elderly patients7; however, these pa-
tients require sustained, high-level medical care and rehabilitation.

Pathoph ysiol o gy

Normal intracranial pressure in adults is below 15 mm Hg, with transient increases due 
to coughing or sneezing. Intracranial-pressure values that are sustained above 20 mm Hg 
are considered to be pathologic in adults and an indication for intensifying treatment 
in patients with traumatic brain injury. Under normal conditions, the total volume 
within the skull remains constant and is determined by the sum of the cerebrospinal 
fluid, blood, and brain-tissue compartments. The volume of these compartments is 
tightly regulated, and cerebral blood flow is kept constant by autoregulation. When 
additional volume is added to the system, compensatory mechanisms (e.g., displace-
ment of cerebrospinal fluid to the spinal subarachnoid space and compression of the 
cerebral venous bed) operate to keep intracranial pressure constant.

The relationship between intracranial volume and intracranial pressure is expo-
nential. Initially, pressure increases only slightly with increasing volume, but when 
the buffering capabilities of the system are exceeded, intracranial pressure rises 

The New England Journal of Medicine 
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and intracranial pressure through multiple mech-
anisms. In the first minutes of infusion, mannitol 
and hypertonic saline expand the plasma volume, 
decrease blood viscosity, and reduce the cerebral 
blood volume.29 Once plasma osmolarity in-
creases, a gradient across the blood–brain bar-
rier is established, and water is extracted from 
the brain. This effect may last for up to several 
hours, until the osmotic equilibrium is reestab-
lished. The integrity of the blood–brain barrier 
is a prerequisite for the efficacy of hyperosmolar 
agents. Mannitol is an osmotic diuretic and may 
cause dehydration and hypovolemia. Hypertonic 
saline may cause abrupt increases in the sodium 

plasma concentration. Comparisons between 
mannitol and hypertonic saline for the treatment 
of increased intracranial pressure have not shown 
a clear superiority of one option over the other.29

Induced arterial blood hypocarbia (hyperventi-
lation) reduces intracranial pressure at the expense 
of decreasing cerebral blood flow as a result of 
vasoconstriction.30 Hyperventilation carries a seri-
ous risk of cerebral ischemia. For this reason, cur-
rent guidelines recommend additional monitor-
ing for cerebral ischemia (e.g., by the monitoring 
of oxygen saturation in the jugular bulb and of 
brain-tissue oxygenation) when hyperventilation 
is used.31

Therapy
Steps

Levels of
Evidence Treatment Risk

1
Intubation

Normocarbic
ventilation

2 Level III Increased sedation

3 Not reported 

Not 
reported 

Ventricular CSF drainage

4 Level II
Hyperosmolar therapy

Mannitol or hypertonic saline

5 Level III Induced hypocapnia

6 Level III Hypothermia

7 Level II Metabolic suppression (barbiturates)

8 Not reported Decompressive craniectomy

     

Infection or delayed hematoma
Subdural effusion
Hydrocephalus and syndrome 

of the trephined

Hypotension and increased number
of infections

Coughing, ventilator asynchrony,
ventilator-associated pneumonia

Fluid and electrolyte disturbances and infection

Excessive vasoconstriction and ischemia

Negative fluid balance
Hypernatremia
Kidney failure

Infection

Hypotension

Figure 3. Staircase Approach to the Treatment of Increased Intracranial Pressure.

The level of therapy in patients with raised intracranial pressure is increased step by step, with more aggressive interventions when there 
is no response. The sequence of interventions may vary among different institutions; every intervention is associated with adverse effects. 
Shown are the levels of evidence that underpin various approaches to treatment. Levels of evidence are based on the criteria for classifi-
cation of evidence, as used in international guidelines.24 The revised guidelines for the management of severe traumatic brain injury and 
the surgical guidelines for the management of such injury do not contain any evidence on ventricular drainage of cerebrospinal fluid (CSF) 
or the use of decompressive craniectomy. Level I evidence25 shows that decompressive craniectomy is effective in reducing intracranial 
pressure but may worsen the long-term outcome and is associated with several complications. Among them is the syndrome of the tre-
phined, in which a sunken skull flap develops with a (poorly understood) neurologic deterioration.
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GUIDELINES ZUM MONITORING 
EVIDENZ ZU THERAPIEOPTIONEN 
•  Multimodales Monitoring 

•  ICP 
•  PtiO2 
•  PRx, CPPopt 

•  Osmotherapie 
•  Therapeutischen Hypothermie 
•  Adjuvante Therapien 

•  EPO, Progesteron, Steroide 
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MULTIMODALES MONITORING 

•  Multimodales Monitoring versucht das Zielorgan Hirn und dessen 
Zustand mit unterschiedlichen Techniken abzubilden 

•  „It must be recognized that no monitor in the end will change outcome. 
Instead it is how that information is interpreted and integrated into 
clinical decision-making and then how the patient is treated. That will 
influence outcome“ 
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MULTIMODALES MONITORING 
ICP 
•  „ICP and CPP monitoring are recommended as a part of protocol-

driven care in patients who are at risk of elevated intracranial pressure“ 
•  „We recommend that ICP and CPP monitoring be used to guide 

medical and surgical interventions and to detect life-threatening 
imminent herniation; however, the threshold value of ICP is uncertain 
on the basis of the literature“ 

•  „ICP per se does not provide a useful prognostic marker of functional 
outcome“  
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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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BEST-TRIP 
 
•  Benchmark Evidence from South American Trials: Treatment of 

Intracranial Pressure (BEST TRIP)  
•  Multizenter 
•  324 Patienten in Bolivien und Ecuador 
•  Pressure-monitoring group vs. Imaging–clinical examination group) 
•  „For patients with severe traumatic brain injury, care focused on 

maintaining intracranial pressure at 20mmHg or less was not shown to 
be superior to care based on imaging and clinical examination“ 
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A Consensus-Based Interpretation of the Benchmark
Evidence from South American Trials:

Treatment of Intracranial Pressure Trial

Randall M. Chesnut,1 Thomas P. Bleck,2 Giuseppe Citerio,3 Jan Classen,4 D. James Cooper,5
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Paul M. Vespa,21 Walter Videtta,22 and Howard Yonas23

Abstract

Widely-varying published and presented analyses of the Benchmark Evidence From South American Trials: Treatment of
Intracranial Pressure (BEST TRIP) randomized controlled trial of intracranial pressure (ICP) monitoring have suggested
denying trial generalizability, questioning the need for ICP monitoring in severe traumatic brain injury (sTBI), re-assessing
current clinical approaches to monitored ICP, and initiating a general ICP-monitoring moratorium. In response to this disso-
nance, 23 clinically-active, international opinion leaders in acute-care sTBI management met to draft a consensus statement to
interpret this study. A Delphi method–based approach employed iterative pre-meeting polling to codify the group’s general
opinions, followed by an in-person meeting wherein individual statements were refined. Statements required an agreement
threshold of more than 70% by blinded voting for approval. Seven precisely-worded statements resulted, with agreement levels
of 83% to 100%. These statements, which should be read in toto to properly reflect the group’s consensus positions, conclude that
the BEST TRIP trial: 1) studied protocols, not ICP-monitoring per se; 2) applies only to those protocols and specific study groups
and should not be generalized to other treatment approaches or patient groups; 3) strongly calls for further research on ICP
interpretation and use; 4) should be applied cautiously to regions with much different treatment milieu; 5) did not investigate the
utility of treating monitored ICP in the specific patient group with established intracranial hypertension; 6) should not change the
practice of those currently monitoring ICP; and 7) provided a protocol, used in non-monitored study patients, that should be
considered when treating without ICP monitoring. Consideration of these statements can clarify study interpretation.

Key words: BEST TRIP trial; Consensus Development Conference; intracranial pressure; neurocritical care; traumatic
brain injury
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CONSENSUS STATEMENTS 
BEST TRIP 
•  Statement 1 (100% Consensus)  

•  The BEST-TRIP trial compared two management protocols for 
treatment of severe TBI: one involving ICP monitoring and the other 
involving serial CT imaging and neurologic examination 

•  Statement 2 (100% Consensus)  
•  The BEST TRIP trial found no difference in outcome between 

patients treated according to BTF guidelines and patients treated 
according to a novel standardized protocol of sequential CT 
imaging and clinical examination  
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CONSENSUS STATEMENTS 
BEST TRIP 
•   Statement 7 (83% Consensus)  

•  The previously unstudied Imaging and Clinical Examination (ICE) 
protocol may lead to non-inferior clinical outcomes, compared with 
the BTF guidelines 

•  Statement 4 (94% Consensus)  
•  The external validity of the BEST TRIP trial is low, primarily due to 

unquantified uncertainties surrounding the influence of the 
prehospital environment and rehabilitation 
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CONSENSUS STATEMENTS 
BEST TRIP 
•  Statement 3 (100% Consensus)  

•  Further investigation is necessary in the areas of selection of 
patients for ICP monitoring, determination of patient-specific ICP 
thresholds and development of treatment methods and paradigms 

•  Statement 6 (94% Consensus)  
•  For those currently monitoring ICP, the results of the BEST TRIP 

trial should not change their practice 
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MULTIMODALES MONITORING 
PbtO2, SjvO2, NIRS 
•  „We suggest the use of brain oxygen monitoring to assist titration of 

medical and surgical therapies to guide ICP/CPP therapy“ 
•  „Observational studies suggest a potential benefit when PbtO2-guided 

therapy is added to a severe TBI management protocol“  
•  „We recommend that brain oxygen monitors be used with clinical 

indicators and other monitoring modalities for accurate 
prognostication“  
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MULTIMODALES MONITORING 
AUTOREGULATION 
•  „Continuous bedside monitoring of autoregulation is now feasible, and 

we suggest that should be considered as a part of MMM“ 
•  „We suggest that monitoring and assessment of autoregulation may be 

useful in broad targeting of cerebral perfusion management goals and 
prognostication in ABI“ 
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PRx 
CPPopt 
•  CPP vs PRx 
•  CPPopt = CPP mit dem tiefsten PRx 
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Survival after traumatic brain 
injury (TBI) is dependent on 
the control of intracranial hy-
pertension and the provision 

of hemodynamic support to achieve an 
“adequate” cerebral perfusion pressure 
(CPP). However, the idea of a single val-
ue (or even a single range) of CPP being 

adequate for the diverse group of TBI 
patients is an oversimplification (1–3). 
Age and premorbid arterial blood pres-
sure (ABP) are examples of factors likely 
to influence individual CPP targets, with 
elderly, hypertensive patients requiring a 
higher CPP compared with young, nor-
motensive patients. Although multimodal 
brain monitoring, including continuous 
brain-tissue oxygenation, near infrared 
spectroscopy, transcranial Doppler ul-
trasonography, and microdialysis pro-
vide valuable information at the bedside 
regarding the adequacy of CPP, these 
technologies are costly and restricted to 
a relatively small number of specialized 
neurocritical care units. The 2007 Brain 
Trauma Foundation guidelines advocated 
randomized controlled trials to verify the 
feasibility and the impact on outcome of 
strategies based on individualized CPP 
management following severe TBI (4). 
A method for individualization of CPP-
oriented management based on deter-
mination of cerebrovascular reactivity 

Objectives: We have sought to develop an automated methodol-
ogy for the continuous updating of optimal cerebral perfusion pres-
sure (CPPopt) for patients after severe traumatic head injury, using 
continuous monitoring of cerebrovascular pressure reactivity. We 
then validated the CPPopt algorithm by determining the association 
between outcome and the deviation of actual CPP from CPPopt.

Design: Retrospective analysis of prospectively collected data.
Setting: Neurosciences critical care unit of a university 

hospital.
Patients: A total of 327 traumatic head-injury patients admit-

ted between 2003 and 2009 with continuous monitoring of arterial 
blood pressure and intracranial pressure.

Measurements and Main Results: Arterial blood pressure, intra-
cranial pressure, and CPP were continuously recorded, and pressure 
reactivity index was calculated online. Outcome was assessed at 
6 months. An automated curve fitting method was applied to de-
termine CPP at the minimum value for pressure reactivity index 
(CPPopt). A time trend of CPPopt was created using a moving 4-hr win-
dow, updated every minute. Identification of CPPopt was, on average, 
feasible during 55% of the whole recording period. Patient outcome 

correlated with the continuously updated difference between medi-
an CPP and CPPopt (chi-square = 45, p < .001; outcome dichotomized 
into fatal and nonfatal). Mortality was associated with relative “hy-
poperfusion” (CPP < CPPopt), severe disability with “hyperperfusion” 
(CPP > CPPopt), and favorable outcome was associated with smaller 
deviations of CPP from the individualized CPPopt. While deviations 
from global target CPP values of 60 mm Hg and 70 mm Hg were also 
related to outcome, these relationships were less robust.

Conclusions: Real-time CPPopt could be identified during the re-
cording time of majority of the patients. Patients with a median 
CPP close to CPPopt were more likely to have a favorable outcome 
than those in whom median CPP was widely different from CPPopt. 
Deviations from individualized CPPopt were more predictive of out-
come than deviations from a common target CPP. CPP manage-
ment to optimize cerebrovascular pressure reactivity should be 
the subject of future clinical trial in severe traumatic head-injury 
patients. (Crit Care Med 2012; 40: 2456–2463)

KEY WORDS: cerebral perfusion pressure; cerebrovascular pres-
sure reactivity; intracranial pressure; longitudinal recording clini-
cal outcome; traumatic brain injury
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AUTOREGULATION 

•  Retrospective analysis of prospectively collected data  
•  Single Center (Addenbrookes NCCU, Cambridge) 
•  327 traumatic head-injury patients with continuous monitoring of 

arterial blood pressure and intracranial pressure  
•  PRx 
•  CPPopt 
•  Outcome vs. CPPopt 
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the need to raise the CPP, with the con-
verse being true for ascending curves. 
Therefore, the one-sided curve gives ap-
propriate clinical guidance of CPP to 
some extent. Interestingly, the overall dis-
tribution of curve types was not different 
using the calculation window of 4, 12 hrs 
or total monitoring period, which might 
indicate that the current TBI CPP treat-
ment regime at our center does not allow 
for studying the full range of CPP values. 
Only when the data from all patients were 

pooled together the full autoregulatory 
range of CPP was revealed (Fig. 2).

Optimal CPP As a Threshold for 
Autoregulation-Oriented Therapy

The need to define optimal CPP for in-
dividual TBI patients has been stressed by 
several authors (1–4, 13, 14). The Brain 
Trauma Foundation guidelines (2007) for 
management of severe TBI recommended 
that CPP should be managed within the 

range of 50–70 mm Hg (level-III evi-
dence). The Foundation concluded that 
a critical threshold for ischemia gener-
ally lies in the realm of 50–60 mm Hg, 
and breaching such a threshold should 
be avoided (4). Furthermore, maintain-
ing the CPP at levels that are too high 
(>70 mm Hg) might also have a negative 
influence on the outcome. A previous 
study by our group, including patients 
from the period 1992 to 2001, suggested 
that higher CPP levels were associated 

Figure. 3. Graphs of the relationship between mortality rate (Glasgow Outcome Scale score 1), unfavorable outcome (Glasgow Outcome Scale score 1–3), se-
vere disability rate (Glasgow Outcome Scale score 3), and difference between continuous calculation of median cerebral perfusion pressure (CPP) and optimal 
CPP using the moving window of 4 hrs (n = 299); A, The mortality increases steadily when median CPP is increasingly below the threshold of optimal CPP, 
and decreases slightly with increasing values above optimal CPP; B, This graph shows the asymmetrical inversed U-shaped curve between favorable outcome 
and the difference between the median CPP – optimal CPP; C, A nearly linear relationship between median CPP values above the optimal CPP threshold and 
severe disability rate can be seen; D, A U-shaped curve demonstrating that the smallest incidence of unfavorable outcome was associated with median CPP 
around optimal CPP.
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MULTIMODALES MONITORING 
CEREBRALE MIKRODIALYSE 
•  „We suggest the use of cerebral microdialysis to assist titration of 

medical therapies such as systemic glucose control, transfusion, 
therapeutic hypothermia, hypocapnia and hyperoxia“ 

•  „We recommend that cerebral microdialysis only be used in combina- 
tion with clinical indicators and other monitoring modalities for 
prognostication“ 
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Effect of Erythropoietin and Transfusion Threshold
on Neurological Recovery After Traumatic Brain Injury
A Randomized Clinical Trial
Claudia S. Robertson, MD; H. Julia Hannay, PhD; José-Miguel Yamal, PhD; Shankar Gopinath, MD;
J. Clay Goodman, MD; Barbara C. Tilley, PhD; and the Epo Severe TBI Trial Investigators

IMPORTANCE There is limited information about the effect of erythropoietin or a high
hemoglobin transfusion threshold after a traumatic brain injury.

OBJECTIVE To compare the effects of erythropoietin and 2 hemoglobin transfusion
thresholds (7 and 10 g/dL) on neurological recovery after traumatic brain injury.

DESIGN, SETTING, AND PARTICIPANTS Randomized clinical trial of 200 patients
(erythropoietin, n = 102; placebo, n = 98) with closed head injury who were unable to follow
commands and were enrolled within 6 hours of injury at neurosurgical intensive care units in
2 US level I trauma centers between May 2006 and August 2012. The study used a factorial
design to test whether erythropoietin would fail to improve favorable outcomes by 20% and
whether a hemoglobin transfusion threshold of greater than 10 g/dL would increase favorable
outcomes without increasing complications. Erythropoietin or placebo was initially dosed
daily for 3 days and then weekly for 2 more weeks (n = 74) and then the 24- and 48-hour
doses were stopped for the remainder of the patients (n = 126). There were 99 patients
assigned to a hemoglobin transfusion threshold of 7 g/dL and 101 patients assigned
to 10 g/dL.

INTERVENTIONS Intravenous erythropoietin (500 IU/kg per dose) or saline. Transfusion
threshold maintained with packed red blood cells.

MAIN OUTCOMES AND MEASURES Glasgow Outcome Scale score dichotomized as favorable
(good recovery and moderate disability) or unfavorable (severe disability, vegetative, or
dead) at 6 months postinjury.

RESULTS There was no interaction between erythropoietin and hemoglobin transfusion
threshold. Compared with placebo (favorable outcome rate: 34/89 [38.2%; 95% CI, 28.1% to
49.1%]), both erythropoietin groups were futile (first dosing regimen: 17/35 [48.6%; 95% CI,
31.4% to 66.0%], P = .13; second dosing regimen: 17/57 [29.8%; 95% CI, 18.4% to 43.4%],
P < .001). Favorable outcome rates were 37/87 (42.5%) for the hemoglobin transfusion
threshold of 7 g/dL and 31/94 (33.0%) for 10 g/dL (95% CI for the difference, −0.06 to 0.25,
P = .28). There was a higher incidence of thromboembolic events for the transfusion
threshold of 10 g/dL (22/101 [21.8%] vs 8/99 [8.1%] for the threshold of 7 g/dL, odds ratio,
0.32 [95% CI, 0.12 to 0.79], P = .009).

CONCLUSIONS AND RELEVANCE In patients with closed head injury, neither the administration
of erythropoietin nor maintaining hemoglobin concentration of greater than 10 g/dL resulted
in improved neurological outcome at 6 months. The transfusion threshold of 10 g/dL was
associated with a higher incidence of adverse events. These findings do not support either
approach in this setting.

TRIAL REGISTRATION clinicaltrials.gov Identifier: NCT00313716
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ERYTROPOIETIN AND 
TRANSFUSION THRESHOLD 
•  Randomized clinical trial of 200 patients 
•  To compare the effects of erythropoietin and 2 hemoglobin transfusion 

thresholds (7 and 10 g/dL) on neurological recovery after traumatic 
brain injury 

•  „Neither the administration of erythropoietin nor maintaining 
hemoglobin concentration of greater than 10 g/dL resulted in improved 
neurological outcome at 6 months“ 

•  „The transfusion threshold of 10 g/dL was associated with a higher 
incidence of adverse events“ 
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Erythropoietin in traumatic brain injury (EPO-TBI): 
a double-blind randomised controlled trial
Alistair Nichol, Craig French, Lorraine Little, Samir Haddad, Jeff rey Presneill, Yaseen Arabi, Michael Bailey, D James Cooper, Jacques Duranteau, 
Olivier Huet, Anne Mak, Colin McArthur, Ville Pettilä, Markus Skrifvars, Shirley Vallance, Dinesh Varma, Judy Wills, Rinaldo Bellomo, for the 
EPO-TBI Investigators and the ANZICS Clinical Trials Group* 

Summary
Background Erythropoietin might have neurocytoprotective eff ects. In this trial, we studied its eff ect on neurological 
recovery, mortality, and venous thrombotic events in patients with traumatic brain injury.

Methods Erythropoietin in Traumatic Brain Injury (EPO-TBI) was a double-blind, placebo-controlled trial undertaken 
in 29 centres (all university-affi  liated teaching hospitals) in seven countries (Australia, New Zealand, France, Germany, 
Finland, Ireland, and Saudi Arabia). Within 24 h of brain injury, 606 patients were randomly assigned by a concealed 
web-based computer-generated randomisation schedule to erythropoietin (40 000 units subcutaneously) or placebo 
(0·9% sodium chloride subcutaneously) once per week for a maximum of three doses. Randomisation was stratifi ed 
by severity of traumatic brain injury (moderate vs severe) and participating site. With the exception of designated site 
pharmacists, the site dosing nurses at all sites, and the pharmacists at the central pharmacy in France, all study 
personnel, patients, and patients’ relatives were masked to treatment assignment. The primary outcome, assessed at 
6 months by modifi ed intention-to-treat analysis, was improvement in the patients’ neurological status, summarised 
as a reduction in the proportion of patients  with an Extended Glasgow Outcome Scale  (GOS-E) of 1–4 (death, 
vegetative state, and severe disability). Two equally spaced preplanned interim analyses were done (after 202 and 
404 participants were enrolled). This study is registered with ClinicalTrials.gov, number NCT00987454.

Findings Between May 3, 2010, and Nov 1, 2014, 606 patients were enrolled and randomly assigned to erythropoietin 
(n=308) or placebo (n=298). Ten of these patients (six in the erythropoietin group and four in the placebo group) 
were lost to follow up at 6 months; therefore, data for the primary outcome analysis was available for 596 patients 
(302 in the erythropoietin group and 294 in the placebo group). Compared with placebo, erythropoietin did not 
reduce the proportion of patients with a GOS-E level of 1–4 (134 [44%] of 302 patients in the erythropoietin group vs 
132 [45%] of 294 in the placebo group; relative risk [RR] 0·99 [95% CI 0·83–1·18], p=0·90). In terms of safety, 
erythropoietin did not signifi cantly aff ect 6-month mortality versus placebo (32 [11%] of 305 patients had died at 
6 months in the erythropoietin group vs 46 [16%] of 297 [16%] in the placebo group; RR 0·68 [95% CI 0·44–1·03], 
p=0·07) or increase the occurrence of deep venous thrombosis of the lower limbs (48 [16%] of 305 vs 54 [18%] of 298; 
RR 0·87 [95% CI 0·61–1·24], p=0·44).

Interpretation Following moderate or severe traumatic brain injury, erythropoietin did not reduce the number of 
patients with severe neurological dysfunction (GOS-E level 1–4) or increase the incidence of deep venous thrombosis 
of the lower limbs. The eff ect of erythropoietin on mortality remains uncertain.

Funding The National Health and Medical Research Council and the Transport Accident Commission.

Introduction
Traumatic brain injury is a devastating condition associated 
with substantial mortality and lifelong disability.1 No 
multicentre, phase 3 randomised controlled trial of a 
neuroprotective agent in patients with traumatic brain 
injury has shown an improvement in a patient-centred 
outcome.2 However, potential exists to attenuate secondary 
brain injury and improve outcomes after traumatic brain 
injury.3,4 Erythropoietin is a glycoprotein hormone with 
pleiotropic cytokine-like neuro cytoprotective eff ects,5 
independent of ery thropoiesis, which could aff ect the 
outcomes of patients with moderate or severe traumatic 
brain injury.5,6 Erythropoietin is neuroprotective and 
improves functional outcome in animal models with 
traumatic brain injury.7 In critically ill trauma patients, a 

large multicentre randomised controlled trial showed, on 
post-hoc analysis, that erythropoietin reduced 29-day 
mortality8 but increased rates of venous thromboembolism. 
A recent multicentre phase 2 study of patients with 
traumatic brain injury reported no improvement in 
functional outcomes with erythropoietin.9 This factorial 
study of 200 patients compared two regimens of 
erythropoietin and had low statistical power. Thus, 
substantial uncertainty remains regarding the true 
potential for erythropoietin to favourably aff ect patient 
outcomes after traumatic brain injury.10

Therefore, we undertook an international, multicentre, 
placebo-controlled, randomised trial to assess the eff ect of 
erythropoietin on neurological outcomes11 following 
traumatic brain injury. We also actively monitored patients 
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EPO-TBI  
 
•  Doppelblind, placebokontrolliert, Multicenter 
•  606 Patienten, 40‘000E sc Erythropoietin max. 3x 
•  „Following moderate or severe traumatic brain injury, erythropoietin did 

not reduce the number of patients with severe neurological dysfunction 
(GOS-E level 1–4) or increase the incidence of deep venous 
thrombosis of the lower limbs. The effect of erythropoietin on mortality 
remains uncertain“ 
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BACKGROUND
Traumatic brain injury (TBI) is a major cause of death and disability worldwide. 
Progesterone has been shown to improve neurologic outcome in multiple experimen-
tal models and two early-phase trials involving patients with TBI.

METHODS
We conducted a double-blind, multicenter clinical trial in which patients with severe, 
moderate-to-severe, or moderate acute TBI (Glasgow Coma Scale score of 4 to 12, 
on a scale from 3 to 15, with lower scores indicating a lower level of consciousness) 
were randomly assigned to intravenous progesterone or placebo, with the study 
treatment initiated within 4 hours after injury and administered for a total of 96 
hours. Efficacy was defined as an increase of 10 percentage points in the proportion 
of patients with a favorable outcome, as determined with the use of the stratified 
dichotomy of the Extended Glasgow Outcome Scale score at 6 months after injury. 
Secondary outcomes included mortality and the Disability Rating Scale score.

RESULTS
A total of 882 of the planned sample of 1140 patients underwent randomization 
before the trial was stopped for futility with respect to the primary outcome. The 
study groups were similar with regard to baseline characteristics; the median age 
of the patients was 35 years, 73.7% were men, 15.2% were black, and the mean 
Injury Severity Score was 24.4 (on a scale from 0 to 75, with higher scores indicating 
greater severity). The most frequent mechanism of injury was a motor vehicle acci-
dent. There was no significant difference between the progesterone group and the 
placebo group in the proportion of patients with a favorable outcome (relative ben-
efit of progesterone, 0.95; 95% confidence interval [CI], 0.85 to 1.06; P = 0.35). 
Phlebitis or thrombophlebitis was more frequent in the progesterone group than in 
the placebo group (relative risk, 3.03; CI, 1.96 to 4.66). There were no significant 
differences in the other prespecified safety outcomes.

CONCLUSIONS
This clinical trial did not show a benefit of progesterone over placebo in the im-
provement of outcomes in patients with acute TBI. (Funded by the National Institute 
of Neurological Disorders and Stroke and others; PROTECT III ClinicalTrials.gov 
number, NCT00822900.)
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PROTECT III TRIAL 

•  Doppelblind, placebokontrolliert, Multizenter 
•  882 Patienten (vorzeitig abgebrochen 1140 geplant) 
•  „This clinical trial did not show a benefit of progesterone over placebo 

in the improvement of outcomes in patients with acute TBI“ 
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Abstract
Background: Intracranial hypertension, defined as an intracranial pressure 
(ICP) >20 mmHg for a period of more than 5 min, worsens neurologic outcome in 
traumatic brain injury (TBI). While several mechanisms contribute to poor outcome, 
impaired cerebral perfusion appears to be a highly significant common denominator. 
Management guidelines from the Brain Trauma Foundation recommend measuring 
ICP to guide therapy. In particular, hyperosmolar therapy, which includes mannitol 
or hypertonic saline (HTS), is frequently administered to reduce ICP. Currently, 
mannitol (20%) is considered the gold standard hyperosmolar agent. However, 
HTS is increasingly used in this setting. This review sought to compare the efficacy 
of mannitol to HTS in severe TBI.
Methods: The PubMed database was used to systematically search for articles 
comparing mannitol to HTS in severe TBI. The following medical subject headings 
were used: HTS, sodium lactate, mannitol, ICP, intracranial hypertension, and TBI. 
We included both prospective and retrospective randomized controlled studies of 
adult patients with intracranial hypertension as a result of severe TBI who received 
hyperosmolar therapy.
Results: Out of 45 articles, seven articles were included in our review: 5 were 
prospective, randomized trials; one was a prospective, nonrandomized trial; and 
one was a retrospective, cohort study.
Conclusions: While all seven studies found that both mannitol and HTS were 
effective in reducing ICP, there was heterogeneity with regard to which agent was 
most efficacious.

Key Words: Hypertonic saline, intracranial pressure, mannitol, traumatic brain 
injury

INTRODUCTION AND BACKGROUND

Sustained intracranial hypertension, defined as an 
intracranial pressure (ICP) >20 mmHg for a period 
of more than 5 min, has been demonstrated to worsen 
neurologic outcome for patients with traumatic brain 
injury (TBI). While several mechanisms contribute 
to poor outcome, impaired cerebral perfusion appears 
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HTS VS. MANNITOL 

•  Hämodynamik 
•  Plasmaexpansion und zentrale Stimulation Cardiac Output 

•  Immunmodulation, Anti-Inflammation 
•  TNFalpha vs. IL-ra, IL-10 

•  Neurochemie 
•  Na+/Glutamat-Co-Transport reduziert Glutamat extrazellulär 

•  Mikrozirkulation 
•  Verbesserung Mikrozirkulation und DO2 

12.01.16 Schädelhirntrauma – State of the Art 36 

Surg Neurol Int. 2015; 6: 177 



HTS VS. MANNITOL 

•  Einfacheres Monitoring 
•  hyperosmolares Nierenversagen? 
•  Bisher keine pontine Myelinolyse beschrieben 

•  Mannitol ist altbewährt 
•  Chlorid-Belastung? 
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BACKGROUND
In patients with traumatic brain injury, hypothermia can reduce intracranial hyper-
tension. The benefit of hypothermia on functional outcome is unclear.

METHODS
We randomly assigned adults with an intracranial pressure of more than 20 mm Hg 
despite stage 1 treatments (including mechanical ventilation and sedation manage-
ment) to standard care (control group) or hypothermia (32 to 35°C) plus standard 
care. In the control group, stage 2 treatments (e.g., osmotherapy) were added as 
needed to control intracranial pressure. In the hypothermia group, stage 2 treatments 
were added only if hypothermia failed to control intracranial pressure. In both 
groups, stage 3 treatments (barbiturates and decompressive craniectomy) were 
used if all stage 2 treatments failed to control intracranial pressure. The primary 
outcome was the score on the Extended Glasgow Outcome Scale (GOS-E; range, 
1 to 8, with lower scores indicating a worse functional outcome) at 6 months. The 
treatment effect was estimated with ordinal logistic regression adjusted for pre-
specified prognostic factors and expressed as a common odds ratio (with an odds 
ratio <1.0 favoring hypothermia).

RESULTS
We enrolled 387 patients at 47 centers in 18 countries from November 2009 
through October 2014, at which time recruitment was suspended owing to safety 
concerns. Stage 3 treatments were required to control intracranial pressure in 54% 
of the patients in the control group and in 44% of the patients in the hypothermia 
group. The adjusted common odds ratio for the GOS-E score was 1.53 (95% confi-
dence interval, 1.02 to 2.30; P = 0.04), indicating a worse outcome in the hypother-
mia group than in the control group. A favorable outcome (GOS-E score of 5 to 8, 
indicating moderate disability or good recovery) occurred in 26% of the patients in 
the hypothermia group and in 37% of the patients in the control group (P = 0.03).

CONCLUSIONS
In patients with an intracranial pressure of more than 20 mm Hg after traumatic 
brain injury, therapeutic hypothermia plus standard care to reduce intracranial 
pressure did not result in outcomes better than those with standard care alone. 
(Funded by the National Institute for Health Research Health Technology Assess-
ment program; Current Controlled Trials number, ISRCTN34555414.)
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Hypothermia for Intr acr anial Hypertension

The inclusion criteria were changed in Janu-
ary 2012, on the basis of the pilot-phase find-
ings,23 to remove an upper age limit (previously 
65 years) and to increase the time from injury 
from 72 hours to 10 days. These changes allowed 
the enrollment of older patients and those with 
evolving brain swelling.

ICUs in hospitals that provide specialist neu-
rologic treatment for traumatic brain injury were 

recruited (25 centers in the United Kingdom and 
39 elsewhere). Evidence of expertise with intra-
cranial-pressure monitoring and therapeutic 
cooling were necessary.

Data Collection
An online case-report form (Lincoln, Paris) was 
used for collection of data (Fig. S8 in the Supple-
mentary Appendix), including baseline demo-

Figure 1. Stages of Therapeutic Management and Trial Follow-up.

CSF denotes cerebrospinal fluid, EEG electroencephalographic, GOS-E Extended Glasgow Outcome Scale, ICU inten-
sive care unit, and MOHS modified Oxford Handicap Scale.

Intracranial pressure >20 mm Hg within 10 days after injury

Stage 3 Options (if required)

Day 28, Hospital Discharge, or Death
MOHS grade, length of stay in ICU and hospital

6-Mo Follow-up
GOS-E score

Stage 1

Stage 2

Stage 3

Trial Follow-up

Traumatic Brain Injury
Stage 1 treatment:

Admission to ICU
Mechanical ventilation
Sedation
Analgesia with or without paralysis
Head of bed elevated to 30 degrees 
Intravenous fluids with or without inotropes to maintain

mean arterial pressure ≥80 mm Hg
Stage 1 options:

Ventriculostomy with or without CSF drainage
Surgical removal of space-occupying lesions

Control Group
Continue stage 1 treatments and add stage 2 

treatments without therapeutic hypothermia
Stage 2 treatment:

Mannitol (maintain serum osmolarity
<315 mOsm per kilogram of water)

Hypertonic saline (avoid in hyponatremia,
caution with cardiac or pulmonary problems)

Inotropes to maintain cerebral perfusion
pressure ≥60 mm Hg

Barbiturates not permitted

Hypothermia Group
Continue stage 1 treatments and initiate

hypothermia
Add stage 2 treatments only if needed
Barbiturates not permitted

Continued medical care
Barbiturate therapy with processed EEG monitoring
Decompressive craniectomy
Further surgical intervention if required
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EUROTHERM3235 TRIAL 

•  Multizenter 
•  347 Patienten (600 geplant, abgebrochen for safety reasons) 
•  Standard care + Osmotherapie vs. Standard care + Hypothermie 

•  „In patients with an intracranial pressure of more than 20mmHg after 
traumatic brain injury, therapeutic hypothermia plus standard care to 
reduce intracranial pressure did not result in outcomes better than 
those with standard care alone“ 
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EUROTHERM3235 TRIAL 

•  Hypothermie senkt ICP, ändert nichts am Outcome 
•  Nicht als frühe Therapieoption 
•  Rescue Therapie vor Kraniektomie 
•  Ziel 35°C, kein Überschiessen beim Aufwärmen 
•  Aufwärmen? Wie? 
•  Fieberkontrolle ist wichtig! 
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ZUSAMMENFASSEND 
PRAKTISCHE ASPEKTE 
•  BLS, BICS 
•  SHT-Protokoll mit festgelegten Therapiemodalitäten 

•  Sedation 
•  Liquordrainage, Entfernung Raumforderungen 
•  Osmotherapie 
•  Hypothermie 
•  Kraniektomie 
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ZUSAMMENFASSEND 
PRAKTISCHE ASPEKTE 
•  Multimodales Monitoring 

•  Sondenlage? Läsion? Penumbra?  
•  Messwerte plausibel? Fehlmessungen? 

•  Individualisierte Vital- und Zielparameter mit Hilfe des MMM 
•  ICP, PbtO2, Mikrodialyse, PRx/CPPopt 
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