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INTRODUCTION

Background

Traumatic brain injury is a major cause of death in persons between 15 and 45 years of
age in the United States and Europe as well as in most other developed countries.1

Patients who do not die from their injury often remain permanently disabled, posing a
high economic and societal burden.

Over the past decades considerable progress has been made in understanding the
pathophysiology of head trauma. One of the central concepts that emerged from clinical
and laboratory research is that not all neurological damage occurs at the moment of
impact, but evolves over the ensuing hours and days. Eloquent proof of the importance
of this secondary neuronal injury is available from the 30-40% of patients who talk or
obey commands before they die,2 implying that the primary injury was, on its own,
insufficient to account for mortality. Thus, the prevention of secondary brain injury is
the central goal in neurosurgical intensive care.

It is generally believed that a substantial part of the secondary injury process can
be attributed to the occurrence of delayed ischemia, hypoxia, and the consequences of
these events. This notion is based on pathological findings, physiological principles,
and on the association of poor outcome with systemic and cerebral derangements, most
importantly arterial hypotension, hypoxia, fever, raised intracranial pressure (ICP),
and low cerebral perfusion pressure (CPP).3 It has also been shown that the severity,
duration, and co-existence of these physiological disorders is related to outcome, both
in the early period after head injury and later in the intensive-care unit (ICU).3,4 It
would seem self-evident that outcome can be improved if such insults can be pre-
vented, detected and reversed.

Goal-directed intensive care management refers to a therapeutic strategy that has
a primary aim to maintain several physiological variables strictly within predefined
target ranges. Since 1996 the American Brain Trauma Foundation and the European
Brain Injury Consortium have issued and updated guidelines for the management of
traumatic brain injury.5-7 Although the provided recommendations are largely based
on observational studies, physiological understanding derived from the laboratory, and
expert opinion, the Guidelines have provided an important basis for the widespread
acceptance of goal-directed management in the neurosurgical ICU. Currently, most
therapeutic protocols specify explicit target values for the management of ICP, CPP,
temperature, and often many other variables.8 If a variable cannot be maintained within
the desired range, a step-up treatment algorithm is used to select predetermined inter-
ventions, irrespective of patient characteristics. Assuming that surgical options are
considered, the main treatment options in the ICU include the use of deliberate arte-
rial hypertension, hyperosmolar therapy, hyperventilation, and cerebral metabolic
suppression therapy.

Unfortunately, there is no sound clinical evidence to suggest that outcome from
traumatic brain injury can be improved by using a strictly goal-directed management
algorithm in the ICU, nor is there proof of efficacy for any one particular physiological
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intervention, because adequately powered randomized controlled trials are lacking.9 As
a consequence, there is considerable controversy about the optimal management of se-
verely head-injured patients, as evidenced by wide variations in the routine care of these
patients across centers.8,10 This thesis aims to critically examine the rationale and risk-to-
benefit ratio of the current goal-directed critical care concept in severe traumatic brain
injury, by focusing on some of the most controversial issues.

Outline of the thesis

This thesis includes both pathophysiological studies and reviews (chapters 2-5) and clinical
epidemiological studies (chapters 6-8).

Chapter 2Chapter 2Chapter 2Chapter 2Chapter 2

Chapter 3Chapter 3Chapter 3Chapter 3

Chapter 4Chapter 4Chapter 4Chapter 4

chapter 5chapter 5chapter 5chapter 5

 briefly reviews some of the basic pathophysiological processes following
severe traumatic brain injury and their consequences for cerebrovascular physiology.
Three conceptually distinct approaches to goal-directed management are introduced,
relating the available therapeutic options in the ICU to specific pathophysiological
targets and assumptions. The rationale and potential risks of aggressive ICP and CPP
management are discussed.

Temperature management following brain trauma has recently been the focus of
much attention, because the incidence of fever in the neurosurgical ICU is extremely
high, and because temperature has a major impact on the neurological outcome fol-
lowing experimental brain injury in the laboratory. Chapter 3 reviews the current
state of knowledge about the physiological effects of hyperthermia on the human brain
and discusses the consequences of temperature perturbations after neurological injury.
Chapter 4 focuses more specifically on the effects of hyperthermia on cerebral oxygen
extraction and autoregulation in humans. In this chapter, we studied patients with chronic
hepatitis C infection who were subjected to experimental therapy using systemic hyper-
thermia under propofol anesthesia. These patients provided us with a unique opportu-
nity to study the effects of temperature on cerebral hemodynamics and autoregulation
over a wide range and under controlled conditions, without the confounding effects
of neurologic injury.

CPP management involves the administration of osmotic diuretics to reduce ICP
and the aggressive use of fluid therapy and vasopressors to increase mean arterial
pressure. Although in the second half of the 1990s experts emphasized the impor-
tance of maintaining CPP above at least 70 mm Hg,5,11 recent findings of cardiorespi-
ratory complications that may be associated with this approach have caused this
recommendation to be updated.12 Currently, the Brain Trauma Foundation guide-
lines suggest to keep CPP above 60 mm Hg,13 but the rationale of even this threshold
has been questioned.14,15 In chapter 5 we present a bed-side method to assess the
need for pharmacological blood pressure augmentation in individual patients on a
daily basis. This method can possibly be used to select patients for CPP therapy,
while avoiding the potential risks of such treatment in patients who do not poten-
tially benefit.
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ICP guided intensive care therapy is currently routinely used in approximately
75% of specialist neurosurgical centers,8,16,17 and in 9-28% of non-specialist hospitals
caring for head-injured patients,18,19 without definite evidence that this decreases
morbidity or mortality. In chapter 6chapter 6chapter 6chapter 6chapter 6

chapter 7chapter 7chapter 7chapter 7

chapter 8chapter 8chapter 8

, we report the results of a cohort study which
compared the effect of ICP guided therapy with supportive intensive care therapy on
the use of hospital resources, therapy intensity levels, and functional outcome fol-
lowing severe head injury.

Cerebral metabolic suppression therapy is commonly used to decrease ICP and
possibly provide neuroprotection.20,21 An important method to reduce the cerebral meta-
bolic rate of oxygen lies in the use of anesthetic drugs. High-dose barbiturates have
traditionally been used for this purpose, but their unfavorable farmacokinetic profiles
and side effects have urged intensive care physicians to search for alternative agents.
Propofol has been put forward as a suitable drug both for sedation and metabolic sup-
pression therapy in head-injured patients.22-24 However, in chapter 7 we present data
that seriously question the safety of long-term high-dose propofol infusions in critically
ill head-injured patients.

Finally, in chapter 8chapter 8, we developed and validated a practical rule for prediction of
three functional outcome states after severe head trauma, using information available by
the end of day one. This prediction model may enable clinicians to identify patients who
can potentially benefit from intensive care therapy. The model can also be used by
researchers to select and stratify patients for future trials of goal-directed treatment
algorithms for severe traumatic brain injury.
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PATHOPHYSIOLOGY AND TREATMENT CONCEPTS

Introduction

Several conceptually distinct approaches to the management of physiological variables
in severely head-injured patients have been proposed. These include intracranial pres-
sure (ICP) targeted, cerebral perfusion pressure (CPP) targeted, and brain volume tar-
geted strategies. In this chapter we review the basic pathophysiology of traumatic brain
injury and discuss the rationale of each therapeutic approach in relation to the observed
temporal changes in cerebral hemodynamics, status of cerebrovascular reactivity, and
blood–brain barrier permeability after severe brain trauma. Severe traumatic brain in-
jury or head injury is defined as blunt trauma to the head in adults resulting in a Glasgow
Coma Scale (GCS) score ≤8 following resuscitation, or a GCS score that deteriorates to a
level ≤8 within 24 hours. Penetrating injuries and children under 16 years of age are not
considered.

Pathophysiology

Primary and secondary neuronal injury
Neuronal cell loss after severe head injury may result from the primary traumatic insult
or from secondary injury processes. The primary damage is the result of acceleration–
deceleration forces (especially in the coronal plane) that ensue from impact during falls
and motor vehicle accidents. The resulting tissue deformation causes axonal dysfunction
and injury, brain contusions, and epidural, subdural, subarachnoid, or parenchymatous
hemorrhages. This macroscopic injury is associated with microscopic changes and meta-
bolic derangements, including ischemic cytotoxic edema, astrocyte swelling with mi-
crovascular occlusion or dysfunction, and blood–brain barrier disruption.1,2 These initial
injury processes are closely linked with early gene activation which results in the subse-
quent recruitment of inflammatory cells and repair mechanisms (figure 1).

Secondary neuronal injury has consistently been associated with the presence of
ischemic changes on histopathological examination.3 Delayed ischemic cell death in-
volves the release of excitatory amino acids, intracellular calcium overload, oxidative
stress mediated by free radicals, and the activation of inflammatory processes.4 This in-
flammation is mediated by the production of pro-inflammatory cytokines in the brain
and the upregulation of adhesion molecules,5 resulting in the early influx of neutrophils,
the later recruitment of lymphocytes and macrophages, and the initiation of fever.6

Temporal changes in cerebral hemodynamics
There are sequential changes in cerebrovascular physiology after head trauma that are
closely linked to the primary and secondary injury processes described above. In many
patients, cerebral blood flow (CBF) shows a triphasic pattern (figure 1).7 Early after head
injury (within 12 hours), global CBF is typically reduced, sometimes to ischemic levels.8

Between 12 and 24 hours post injury CBF increases, and the brain may exhibit supernor-
mal flow. While several authors refer to this phenomenon as hyperemia, the absence of
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a reduction in cerebral oxygen extraction in many patients suggests that metabolism and
blood flow remain coupled, and a more appropriate label would be hyperperfusion.2 CBF
begins to decrease several days after head injury. In some patients, particularly if sub-
arachnoid blood is present, these reductions in CBF are associated with marked increases
in large vessel flow velocity on transcranial Doppler ultrasound, suggesting vasospasm.

Knowledge of the temporal evolution of cerebral hemodynamics may be useful to
understand the most likely mechanisms involved in the development of intracranial
hypertension after head injury (figure 1). Intracranial hypertension results from increases
in cerebrospinal fluid volume, cell volume (cytotoxic edema), interstitial fluid volume
(vasogenic edema), cerebral blood volume (vascular engorgement), or a combination of
these factors. Apart from focal mass lesions, raised ICP immediately after head injury is
mainly the consequence of cytotoxic edema. Increases in CBF and cerebral blood vol-
ume from the second day onwards make vascular engorgement an important contributor
to intracranial hypertension. Capillaries appear to become leaky between the second
and fifth days post injury, and vasogenic edema then contributes to brain swelling.
Unfortunately these patterns are not consistent and predictable, and different mecha-
nisms may operate concurrently within a single patient at any given time.2

Cerebral pressure autoregulation and flow–metabolism coupling
Because the brain lacks a large storage capacity for oxygen and glucose it is in need of a
constant nutritional supply. Failure to achieve sufficient blood flow quickly results in
ischemia with the potential for additional cell destruction. In normal brain tissue there
are endogenous mechanisms that control arteriolar vessel diameter, and thus cerebrov-
ascular resistance, on a regional level in order to keep blood flow matched to alterations
in demand. Pressure autoregulation refers to the capacity of the brain to maintain capil-
lary hydrostatic pressure and CBF approximately constant in spite of variations in CPP.
It probably has a fast, dynamic and a slow, static component. The mechanisms responsi-
ble for pressure autoregulation are still incompletely understood, but various myogenic,
metabolic, neurogenic, and endothelium-related factors have been proposed.9,10 Meta-
bolic autoregulation refers to the locoregional coupling between CBF and the metabolic
needs of the tissue, and is primarily driven by changes in brain tissue pH. Metabolic
autoregulation has most commonly been studied by assessing the cerebrovascular re-
sponse to variations in arterial partial pressure of carbon dioxide (PaCO2).

After head trauma, microvascular dysfunction limits the ability of the brain to cope
with variations in physiology, leaving the injured neurons particularly susceptible for
secondary ischemic insults.11 Numerous studies in head-injured patients have suggested
that cerebral vasomotor responses can be slowed and blunted after trauma and that the
pressure range in which autoregulation operates is narrowed and shifted to the right.12-15

When pressure autoregulation is completely abolished or when the perfusion pressure is
below the lower limit of the (narrowed) autoregulation range, CBF is completely de-
pendent on CPP. As a consequence, some patients with acute head injury may require a
high mean arterial pressure to maintain adequate brain perfusion. Conversely, when the
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perfusion pressure is above the upper limit of the (narrowed) autoregulation range, inap-
propriate arterial hypertension can easily result in pressure-passive cerebral vasodilata-
tion and elevated ICP.16 Both conditions can be detrimental after severe head injury.

Blood–brain barrier permeability
In normal brain tissue, capillaries are impermeable to salts and proteins, and fluid exchange
across the blood–brain barrier is completely governed by plasma osmolality. If blood–
brain barrier permeability is increased, however, the capillary filtrate contains small
solutes, and fluid accumulation within the brain becomes dependent on the hydrostatic
and oncotic pressure differences across the capillary wall (Starling equation).16 Brain
water will not accumulate significantly (maximum 1.5% increase in gray matter) if
cerebrovascular permeability is only transiently increased, but with prolonged perme-
ability changes, vasogenic edema may develop over a period of days.17 In this situation,
an increased capillary hydrostatic pressure (as a consequence of iatrogenic arterial hy-
pertension) may contribute significantly to the development of vasogenic brain edema.10,18

Figure 1. Sequential activation of injury processes (bottom), cerebrovascular responses (middle) and mecha-
nisms involved in brain swelling (top) following head injury. CBF=cerebral blood flow; ICP=intracranial pressure.
Redrawn (with permission) from Menon DK. Br Med Bull 1999; 55: 226-58.
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Goal-directed treatment concepts

Goal-directed treatment in the intensive-care unit refers to clinical management that, as
a primary therapeutic end-point, aims to maintain certain physiological variables strictly
within predefined target ranges. If a variable cannot be maintained within that target
range, a step-up treatment algorithm is used to select appropriate interventions. In this
setting, it is possible to distinguish several conceptually distinct approaches (table 1).19

These include therapeutic strategies that have a primary focus on (1) the reduction of
cerebral blood volume and ICP, (2) the augmentation of CPP and CBF, or (3) the reduc-
tion of fluid flux from the capillaries into the brain (also: ‘Lund concept’).

It is important to realize that the therapeutic goals in clinical practice may be more
diverse than can be reflected by this conceptual approach. Furthermore, depending on
the monitored physiological variables, therapy may vary between patients or within
patients over time. Nonetheless, most large trauma centers that provide care for
severely head-injured patients will favor one of these strategies, described in more
detail below. There are several generally accepted standards of care for head-injured
patients that are not considered in this conceptual approach. For instance, it is gener-
ally agreed that patients with a GCS ≤8 require intubation for airway protection, and
that such patients should receive mechanical ventilation to ensure adequate oxygena-
tion and PaCO2 control, and that glucose should probably be maintained in a normal
range (≈4–7 mmol/L). However, the conceptual approach presented in this chapter can
be useful, because it relates intensive care therapy to specific physiological goals and
clarifies the underlying assumptions concerning the status of cerebrovascular reactivity
and blood–brain barrier function for each intervention.

1. ICP targeted treatment
The traditional approach to treatment of severe head injury has focused on early surgical
evacuation of intracranial mass lesions and meticulous treatment of intracranial hyper-
tension, using a stepwise approach. This means that therapies are added in an order that
reflects the risk of complications associated with the intervention (e.g., starting with
sedation or cerebrospinal fluid drainage, and ending with barbiturate coma). For the
purpose of the conceptual discussion, however, we will only consider the interventions
that are specific to the ICP targeted approach in this paragraph. These include the use of
deliberate hypocapnia and cerebral metabolic suppression therapy. Both measures are
primarily targeted at the reduction of cerebral blood volume and are based on the
assumption that metabolic autoregulation is largely preserved after injury. The use of
osmotic agents will be discussed in relation to the CPP targeted approach.

Hyperventilation
Hyperventilation rapidly reduces intracranial blood volume by a pH-dependent con-
striction of precapillary resistance vessels. Because cerebrovascular carbon dioxide reac-
tivity is conceptually retained more in relatively healthy brain tissue compared with
severely injured areas or the penumbra zone,20 blood flow reductions should theoreti-
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cally be less pronounced in the areas that are most vulnerable to hypoxic-ischemic
insults. Nonetheless, prolonged hyperventilation is probably of limited value and may
even be harmful. First, the reduction of CBF and blood volume during sustained hypo-
capnia is only transient (4–6 hours), because compensatory reductions in cerebral extra-
cellular fluid bicarbonate levels restore pH over time.21,22 Second, there are data to suggest
that pronounced hyperventilation can reduce global or regional CBF to below ischemic
thresholds,23-26 and adversely affect patient outcome.27 In this setting, a case has been
made for the continuous monitoring of jugular venous oxygen saturation (SjO2).

28 Reduc-
tions of SjO2 below 50–55%, or increases in arterial to jugular venous differences in oxygen
content to greater than 9 ml/100 ml (4 mmol/L), indicate that global cerebral blood flow
may be inadequate and that hyperventilation should be reversed.2,29

Metabolic suppression therapy
Lasting cerebral vasoconstriction and reduction of ICP can be achieved in response to
a reduction of cerebral energy metabolism, provided that flow–metabolism coupling is
preserved.30,31 High-dose intravenous barbiturate infusions have traditionally been used
for this purpose, but more recently propofol has also been put forward. Even at doses
that abolish cortical electrical activity, evidence suggests that cerebrovascular carbon
dioxide reactivity —and thus presumably flow–metabolism coupling— remains unaf-
fected by the use of these agents.32-34 However, this coupling may not be perfect, and if
systemic hemodynamics become compromised, the decrease in CBF may exceed the
corresponding decrease in metabolic demand, with a widening of the cerebral arterio-
venous oxygen content difference.30,35 In addition, prolonged high-dose barbiturate
treatment is often associated with pulmonary, cardiovascular, and other complications,36

whereas high-dose propofol infusions impose a significant lipid load and appear to be
associated with severe adverse effects and mortality (see chapter 7).37,38 Furthermore,
neuromuscular blocking agents are commonly required in this setting, and these drugs
may be associated with complications of their own, including continued paralysis after
discontinuation,39 critical illness neuropathy or myopathy,40 and respiratory or infec-
tious complications.36

Mild to moderate hypothermia (34° to 31°C) has been used to lower ICP, both as an
alternative and addition to the pharmacological suppression of cerebral metabolic de-
mand.41-45 Hypothermia has also been reported to blunt the cascade of secondary injury
processes following head injury.46 However, despite encouraging observations in animal
models and preliminary clinical studies of traumatic brain injury, hypothermia failed to
improve patient outcome in a large randomized controlled trial, although it did effec-
tively reduce intracranial hypertension.47 As a consequence, focus has now shifted from
the deliberate use of hypothermia towards the prevention and reversal of spontaneous
hyperthermia. In contrast to the metabolic effects of hypothermia, however, ICP re-
duction through reversal of pyrexia may be more related to the restoration of normal
cerebrovascular tone and autoregulation, than to the reduction of cerebral metabolic
demand for oxygen (see chapters 3 and 4).48
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2. CPP targeted treatment
CPP targeted management was introduced by Rosner et al. in 1995 and is based on the
physiologic concept of the vasodilatory cascade.49 According to this hypothesis, a reduc-
tion in CPP —either a decrease in arterial pressure, an increase in ICP, or both— stimu-
lates the cerebral vessels to dilate, in an attempt to maintain cerebral blood flow constant.
Because the increase in cerebral blood volume that accompanies the vasodilation
decreases CPP by increasing ICP, this sets up a cycle that leads to further deterioration of
CPP. An increase in arterial blood pressure under this circumstance has been observed
to break the cycle, restore adequate tissue perfusion, and reduce ICP. Obviously, the
CPP targeted concept assumes that pressure autoregulation is preserved in a majority of
patients. It is further hypothesized that the autoregulation curve has shifted to the right
in many patients, rendering the brain vulnerable for low perfusion pressures. Moreover,
CPP would conceptually need to be kept at the higher end of the pressure autoregulation
plateau in order to maximize the reduction of cerebral blood volume that can be ob-
tained. Consequently, this strategy implies that CPP targets are set at much higher levels
(>70–80 mm Hg or more) than the value of 60 mm Hg which is thought to provide mere
adequate perfusion for most patients.19,50

CPP can be improved by lowering the position of the head relative to the rest of the
body, by raising mean arterial pressure, or by reducing ICP. ICP reduction —in its turn—
can be obtained using a variety of interventions (see table 1). However, since the CPP
targeted approach assumes that the brain is operating at the lower limit of autoregula-
tion and is prone for ischemia resulting from hypoperfusion, measures to lower ICP by
cerebral vasoconstriction (e.g., hyperventilation) do not fit logically in this concept.
Instead, osmotherapy is more rationally used to treat the cytotoxic edema that is related
to tissue ischemia.

Arterial hypertension
Augmentation of mean arterial pressure involves intravenous volume expansion to ob-
tain adequate cardiac preload and the continuous infusion of inotropes and vasopressors.
However, this practice has been associated with an increased risk of adult respiratory
distress syndrome in head-injured patients51 and possibly cardiac complications.52 Pro-
longed high-dose norepinephrine infusion to maintain arterial hypertension may also be
a priming or triggering factor for the development of a highly lethal propofol-infusion
syndrome in these patients.38 Although it has been demonstrated that catecholamines
have no direct effects on cerebral vessels in healthy patients,53 there are no data on the
safety of infusing large doses of vasoactive agents in the presence of a disrupted blood–
brain barrier, and it is possible that catecholamines can cause unwanted local vasocon-
striction in the injured brain.20,54

Osmotherapy
Intravenous mannitol has traditionally been used for hyperosmolar therapy after
brain trauma. In addition to its osmotic and diuretic effects, mannitol has antioxi-
dant properties and rheologic activity.55 Decreased blood viscosity after mannitol



23

PATHOPHYSIOLOGY AND TREATMENT CONCEPTS

infusion probably contributes to ICP reduction by stimulating autoregulatory cer-
ebral vasoconstriction.56 Hypertonic saline is an alternative osmotic agent that may
effectively used for small volume fluid resuscitation in head-injured patients with
major systemic trauma, and in cases of refractory intracranial hypertension.57-59 It has
an osmolar effect that is potentially slightly greater than that of mannitol given at
equimolar doses (blood–brain reflection coefficient 1.00 for sodium chloride com-
pared with 0.90 for mannitol).10 In addition, hypertonic saline may improve regional
cerebral blood flow by dehydrating cerebrovascular endothelium and erythrocytes.
Membrane stabilization, immune modulation and other potentially beneficial effects
have also been claimed.60

Hyperosmolar therapy relies on a preserved blood–brain barrier function. If the
reflectance for mannitol or sodium-chloride is seriously compromised in areas of
contusion or hemorrhage, the osmotic agents may pass from the blood into the inter-
stitial space, where they might cause reverse osmotic shifts and ‘rebound’ intracra-
nial hypertension.61 Furthermore, hyperosmolar therapy is associated with other risks.
Mannitol is a potent diuretic and its repeated administration puts patients at risk of
dehydration if the fluid balance cannot be maintained. Hyperosmolar therapy also
has potential renal toxicity, which can possibly be reduced if plasma osmolality is
kept below 320 mosm/L.55
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3. Brain volume targeted treatment
The volume targeted ‘Lund therapy’ emphasizes a reduction in microvascular pressures
to minimize edema in the brain. Conceptually, this approach assumes that pressure
autoregulation is impaired or completely abolished (allowing hydraulic conduction of
arterial hydrostatic pressure to the capillaries) and that the blood-brain barrier is open to
small solutes (allowing osmotic agents to leak into the interstitial space).10,16 As a conse-
quence, the goals of this strategy are to preserve a normal colloid oncotic pressure, to
reduce capillary hydrostatic pressures by reducing systemic blood pressure, and to re-
duce cerebral blood volume by vasoconstricting venous capacitance and precapillary
resistance vessels. Treatments that would favor increasing transcapillary filtration of fluid
are avoided, including cerebrospinal fluid drainage, high-dose barbiturates, osmotic diu-
retics, and high CPP.

The clinical protocol presented by the group from Lund, Sweden, utilizes low-dose
thiopental and dihydroergotamine infusions to constrict cerebral arterioles and venules,
and metoprolol and clonidine to reduce blood pressure, accepting CPP values as low as
50 mm Hg in adults.62,63 In addition, packed red cells, plasma, and albumin transfusions
are used to preserve normovolemia and restore plasma oncotic pressure after injury,
while avoiding fluid overload by using furosemide and restricted amounts of crystalloid
solutions.16 The head-up position is not used because it would only result in venous
collapse where the bridging veins pass the dura, leaving the intracranial blood volume
unaltered.10,64 Cerebrospinal fluid drainage and decompression craniotomy are also not
routinely performed, because these interventions would decrease tissue pressure and
favor capillary fluid filtration, potentially resulting in unwanted brain bulk shifts.

Conclusion
There are at least three conceptual strategies that can be applied to the physiological
management of severely head-injured patients in the neurosurgical ICU. Each strategy
has distinct physiological goals, is based on a rationale for cerebral tissue and blood vol-
ume regulation, and relies on certain assumptions about the status of cerebrovascular
reactivity and blood-brain barrier integrity. Most treatment algorithms used in clinical
practice today are hybrids of these three concepts. Unfortunately, there are only few
clinical protocols that combine an understanding about the pathophysiology of brain
trauma from population studies, with an interpretation of the monitoring data from the
individual patient, to select the most appropriate therapeutic interventions.

None of the treatment algorithms that are currently used in specialist neurosurgical
centers have been tested in adequately powered, randomized clinical trials. As a conse-
quence there is considerable controversy about the optimal goal-directed strategy for
severely head-injured patients. In the University Medical Center Utrecht, The Nether-
lands, where the studies described in this thesis originated, intensive care management
combined elements of both an ICP and CPP targeted approach.
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Abstract

Deliberate hyperthermia has been used clinically as experimental therapy for neoplastic
and infectious diseases. Several case fatalities have occurred with this form of treat-
ment, but most were attributable to systemic complications rather than central nervous
system toxicity. Nonetheless, demyelating peripheral neurophaty and neurological symp-
toms of nausea, delirium, apathy, stupor, and coma have been reported. Temperatures
exceeding 40ºC cause transient vasoparalysis in humans, resulting in cerebral meta-
bolic uncoupling and loss of pressure–flow autoregulation. These findings may be re-
lated to the development of brain edema, intracerebral hemorrhage, and intracranial
hypertension observed after prolonged therapeutic hyperthermia. Furthermore, deliber-
ate hyperthermia critically worsens the extent of histopathological damage in animal
models of traumatic, ischemic, and hypoxic brain injury. However, it is unknown whether
these findings translate to episodes of spontaneous fever in neurologically injured pa-
tients. In a clinical setting fever is a strong prognostic marker of a patient’s primary
degree of neuronal damage, and a causal relation with long-term functional neurological
outcome has not been established for most types of brain injury. Furthermore, in the
neurosurgical intensive-care unit fever is extremely common whereas antipyretic therapy
is only poorly effective. Therefore maintaining strict normothermia may be an impossible
goal in many patients. Although there are several physiological arguments for avoiding
exogenous hyperthermia in neurologically injured patients, there is no evidence that
aggressive attempts at controlling spontaneous fever can improve clinical outcome.
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Introduction

Problems of hyperthermia and related brain dysfunction have been known since the
early periods of civilization. Heat related deaths and mental illnesses are described
in the ancient Indian literature as well as during Biblical times.1 Hyperthermia
denotes a rise in core body temperature above the hypothalamic set point and clini-
cally results from thermoregulatory failure, whereas temperature elevation result-
ing from intact homeostatic responses is categorized as fever or pyrexia.2 Hyperthermia
may evolve in response to direct external causes (fires, burning, and related rescue
operations) or to exertion in a hot environment.1 Hyperthermia can also occur after
use of some addictive drugs that cause metabolic activation together with diminished
heat dissipation from peripheral vasoconstriction (cocaine and methamphetamine).
Alternatively, hyperthermia can be deliberately induced for treatment of malignant
diseases, or occur accidentally during rewarming after hypothermic cardiopulmo-
nary bypass or treatment of accidental hypothermia (‘overshoot’).3 Compared with
spontaneous fever, the rise in body temperature during deliberate or accidental hyper-
thermia is relatively fast and brief.4,5

The histopathology and pathophysiology of hyperthermic brain injury has been ex-
tensively studied in the laboratory, but remains poorly investigated in clinical settings.
This paper focuses on the clinical neurology and cerebral pathophysiology of deliberate
hyperthermia in humans.  In addition, we critically discuss the relation between sponta-
neous fever and neurological outcome in patients with central nervous system (CNS)
injuries.

Therapeutic hyperthermia in humans

Local, regional or systemic hyperthermia has been used since ancient times to treat
various ailments. Since the 1960’s laboratory evidence has generated a scientific
rationale for its use in the treatment of neoplastic diseases. Generally, temperatures
in excess of 41°C in vitro will kill cancer cells exponentially as a function of time.3

Compared with local or regional body heating, the potential of whole body hyper-
thermia is to destroy deep-seated tumors and metastatic disease alone or in combina-
tion with radiotherapy and chemotherapy. Temperatures between 40° and 44°C are
cytotoxic for cells in an environment with a low pO2 and low pH. These conditions
are found specifically within tumor tissue where blood supply is insufficient.4

Recently, whole body hyperthermia has also been explored for treatment of some
chronic infectious diseases.6-8 Whole body hyperthermia has been induced clinically
with warm contact media (such as water, water-heated suits or mats, hot air), infra-
red radiation, or extracorporeal perfusion methods.9-15 Generally, heavy sedation or
general anesthesia is required with these methods to reduce discomfort and cardio-
vascular stress.
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Clinical effects
In clinical studies of therapeutic hyperthermia, fluid loss, hemodynamic alterations,
serum enzyme abnormalities and other symptoms of variable severity have been de-
scribed (table 1). Several case fatalities have occurred with this form of treatment, but
most were attributable to systemic complications rather than CNS toxicity.8,16-18 In awake
subjects, whole body hyperthermia causes neurological symptoms, including nausea,
confusion, disorientation, apathy, delirium, stupor, or coma.1 The pathogenesis of these
abnormalities is likely to be multifactorial, involving hypoxia, hypotension, metabolic
derangements, and dehydration.2 Most of these neurologic abnormalities resolve with
correction of the underlying disorder and resolution of the hyperthermia. However,
from observations in heat stroke it is known that loss of thermoregulatory capacity is
associated with a disturbed level of consciousness, brain edema and a high mortality if
the temperature exceeds 40°C.19 Accordingly, during prolonged therapeutic whole body
hyperthermia the development of brain edema, intracerebral hemorrhage, intracranial
hypertension, and demyelating peripheral neuropathy have been reported (table 1).
These complications are probably related to the temperature-induced morphological
changes in axons, nerve cells, glial cells and vascular endothelium that have been
observed in rodents.1

Despite the fact that therapeutic hyperthermia has been used for decades, the
effects of heat on the structural integrity and function of the human brain are still largely
unknown. Clinical observations in selected groups and in patients with cancer who
received whole body hyperthermia as treatment suggest that humans can tolerate a body
temperature of 41.6° to 42.0 °C for 45 minutes to 8 hours, but further studies are neces-
sary.20 In particular, maximum safe exposure time and temperature (‘critical thermal
maximum’), effects of anesthesia and age in relation to hyperthermia, and the develop-
ment of thermal tolerance following repeated heat exposure require further investiga-
tion in humans.

Physiological effects
Knowledge about the cerebral physiological responses to temperature increase is impor-
tant for the application of therapeutic hyperthermia, but the influence of temperature
on cerebral pressure autoregulation, flow–metabolism coupling and brain energy con-
sumption is of particular concern to clinicians who encounter fever as a complication in
patients recovering from acute neurologic injury. Pressure autoregulation refers to the
capacity of the brain to maintain capillary hydrostatic pressure and cerebral blood flow
(CBF) approximately constant in spite of variations in cerebral perfusion pressure. Flow–
metabolism coupling refers to the ability of the brain to change cerebrovascular resist-
ance in response to regional alterations in demand. If cerebral metabolic demand increases
during hyperthermia, it is important to establish whether flow–metabolism coupling
remains intact, because injured CNS tissue is potentially at risk for ischemia. If pressure
autoregulation becomes impaired during hyperthermia, brain-injured patients may be at
particular risk for cerebral hypoperfusion during periods of low blood pressure, whereas
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they may be prone to the development of vasogenic edema, vascular engorgement, and
worsening of intracranial hypertension during periods of high blood pressure.

In the clinical setting of the neurosurgical intensive-care unit (ICU) fever coexists
with (and is caused by) an inflammatory response in the injured brain. Thus, it may be
impossible to conceptually distinguish the causal effects of either temperature increase
or inflammation on brain metabolism and autoregulation. For reviewing the cerebrovas-
cular effects of temperature increase per se, therefore, we will strictly focus the discus-
sion on experimental hyperthermia in the non-injured brain.

Cerebral vasomotor responses and autoregulation
In animals, a CBF increase during hyperthermia has generally, but not constantly, been
found (table 2). In dogs, an increase of the rectal temperature to 41.5°C caused cerebral
vasoparalysis, resulting in a 7.8% per degree Celcius increase of regional CBF as meas-
ured by the hydrogen clearance method.21 In anesthetized swine, CBF measured by
microsphere injection increased by 21% to 24% per degree Celcius when temperature
was raised to approximately 42°C.15,22 However, Ohmoto et al.23 have studied the tempo-
ral responses of regional cortical blood flow to varying temperatures in rats. These
authors showed that at 41°C cortical blood flow first increases 2-fold and then subse-
quently normalizes. At 43°C regional CBF first increases 1.3-fold and subsequently
decreases even to below baseline, and at 45°C regional CBF immediately decreases. Other
authors have shown that there are also large regional differences within the brain in the
response of CBF to heating (table 2).

In humans, the cerebrovascular effects of hyperthermia are incompletely understood.
We recently studied nineteen patients with chronic hepatitis C virus infection, who were
subjected to experimental therapy with extracorporeal whole body hyperthermia at 41.8°C
for 120 minutes under propofol anesthesia (23 treatment sessions total).24 During 13
sessions end-tidal carbon dioxide concentrations were allowed to increase during heating,
whereas during another 10 sessions end-tidal carbon dioxide was maintained constant. We
assessed cerebral pressure–flow autoregulation by static tests using phenylephrine infusion
and by assessing the transient hyperemic response in the middle cerebral artery to a
10-second carotid compression and release. Using the latter method, we showed that warm-
ing resulted in a gradual impairment of cerebral pressure autoregulation capacity when
temperature exceeded approximately 40°C (figure 1). This effect remained after multivariate
statistical adjustment for changes in arterial partial pressure of carbon dioxide, mean arte-
rial pressure and propofol blood concentration. We also found that hyperthermia at 41.8°C
resulted in a 1.8-fold increase in middle cerebral artery flow velocity and a simultaneous
1.9-fold decrease in arterial to jugular venous oxygen extraction. Together, these observa-
tions suggest that profound systemic hyperthermia >40°C causes a transient vasoparalysis
which results in cerebral metabolic uncoupling. At lower temperatures, the cerebrovascu-
lar responsiveness remains grossly unaffected, as suggested by figure 1 and findings by
other authors of an increased index of dynamic autoregulation during a 0.4 degree Celcius
rise of core temperature in awake volunteers taking hot baths.25
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Figure 1. Cerebral pressure–flow autoregu-
lation during whole body hyperthermia. The
transient hyperemic response ratio meas-
ures the middle cerebral artery blood flow
velocity increase in response to a 10-s
ipsilateral carotid occlusion. Values near
1 indicate complete absence of a cerebrov-
ascular response, whereas higher values
indicate a hyperemic response consistent
with normal autoregulation. Values are
presented as mean ±95% CI.

Figure 2. Oxygen consumption during whole
body hyperthermia. Dots show estimated
cerebral metabolic rate of oxygen; triangles
show systemic metabolic rate of oxygen;
both are expressed as a percentage rela-
tive to the metabolic rate of oxygen at base-
line, before the start of extracorporeal
heating. Values are presented as mean
±95% CI.

The observation of a temperature-induced impairment of cerebral vasoreactivity
implies that high fever could potentially aggravate vascular engorgement and intracra-
nial hypertension in patients in the neurosurgical ICU. Although the blood–brain bar-
rier is most likely grossly preserved at temperatures below 42° to 43°C,21,23 it has been
suggested that brain edema may occur easily if the arterial blood pressure fluctuates
excessively when cerebral autoregulation is absent.26-28
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Cerebral metabolism
During hypothermia, there is a well-documented reduction of CBF and metabolic
requirement for oxygen by approximately 4.4% to 6% per degree Celcius, i.e. Q10 is be-
tween 2.0 and 3.0 (Q10 is the ratio of the metabolic rates associated with two tempera-
tures that differ by 10 degrees Celcius).29-32 It is reasonable to assume that initially the
effects of hyperthermia on the brain must be the opposite of those produced by hypo-
thermia, although the relevant temperature range is much smaller, and ultimately the
pathophysiology may differ. However, there are relatively few studies that have for-
mally assessed the effect of hyperthermia on CBF and metabolic rate for oxygen or glucose.

Most animal studies indicate that resting cerebral oxygen and glucose consump-
tion appear to increase during hyperthermia, although the magnitude of these meta-
bolic alterations may show considerable regional heterogeneity (table 2).33,34 In
anesthetized newborn piglets, cerebral metabolic rate of oxygen (CMRO2) increased by
16 ±6% per degree Celcius when the temperature was raised to 42°C.22 Michenfelder
and coworkers35 showed in a model of sublethal global ischemia at 37° and 40°C in
dogs that CBF and CMRO2 both increase by 6% per degree Celcius. Similarly, in rats
CBF and CMRO2 show an increase of approximately 5% per degree Celcius rise in body
temperature up to 42°C.36 Mickley et al. 37 found that cerebral glucose utilization was
increased in all brain regions during induced hyperthermia in rats, whereas Nemoto et
al.38 found in dogs that during hyperthermia the cerebral metabolic rate for oxygen
was increased, but not for glucose.

These reports contrast with studies in humans which indicate that cerebral metabo-
lism does not necessarily increase in all brain regions during induced hyperthermia.
Nunneley et al.34 used positron emission tomography imaging in 10 awake volunteers
wearing a water-heated suit. During a temperature increase from 36.7° to 38.6°C these
authors demonstrated increases in cerebral metabolic rate in some brain regions, but
decreases in other regions. It is unclear whether these changes should be ascribed to a
Q10 temperature effect or to changed neuronal activity due to central thermoregulatory
responses and changes in somatosensory input in these surface heated awake volunteers.

In our recent study of patients with chronic hepatitis C virus infection who were
subjected to experimental treatment with whole body hyperthermia under general
anesthesia, we observed a 16% per degree Celcius increase in middle cerebral artery
blood flow velocity and a simultaneous decrease of cerebral arterial-to-venous oxygen
extraction of an approximately equal magnitude.24 Consequently, there appeared to be
no increase in the estimated CMRO2 in these patients during profound hyperthermia
(figure 2). This finding may indicate the absence of an increased demand for oxygen (i.e.
metabolic shutdown), but could alternatively also imply the development of a hyper-
thermia-induced impairment of mitochondrial oxygen metabolism at temperatures ex-
ceeding 40°C. In the latter case, if true metabolic demand were high, cerebral lactate
production would be expected in most patients during hyperthermia, but this was not
observed. As early as 1944, other authors have reported a decline in cerebral oxygen
uptake with temperature increase from 40° to 43°C.39
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Classically, the relationship between temperature and the intrinsic velocity of a chemi-
cal reaction (or metabolic rate) is exponential (van ‘t Hoff’s law). However, this math-
ematical model relates only to the kinetics of single chemical reactions, and the pathways
by which the brain converts and consumes energy are much more complex. In the hy-
pothermic range the exponential relationship between temperature and CMRO2 is lost
between 21° and 18°C, when electrical function ceases.40 In a similar way, it can be
hypothesized that cortical electrical activity becomes progressively suppressed during
profound hyperthermia. This would explain the apparent lack of an increased cerebral
oxygen demand during hyperthermia in our study. Indeed, the electroencephalogram in
a majority of cases indicated suppression of cortical electrical activity (burst–suppression
pattern) during the experimental treatment under propofol anesthesia at 41.8°C (un-
published data).

Fever in neurologically injured patients

Induced variations in brain temperature of only 1 to 2 degrees Celcius can critically
determine the extent of histopathological injury resulting from transient cerebral ischemia
in animal models.41-44 Clinically, elevated body temperature after stroke has been associ-
ated with an increased infarct size, death, and poor outcome in survivors.45 Similar find-
ings apply for patients who are comatose following traumatic injury or cardiopulmonary
resuscitation.46,47 For these reasons, it is believed that even mild elevations of brain
temperature can be detrimental for the hypoxic, ischemic or injured brain, and it is
generally recommended that temperature should be closely monitored and tightly
controlled in all patients with neurologic injuries.48 However, there is currently no evi-
dence that doing so improves clinical outcome.

Epidemiology of fever in the neurosurgical ICU
Fever is extremely frequent in patients admitted to the neurosurgical ICU. Depend-
ing on the temperature threshold to define pyrexia, it occurs in at least 50% of
neurologically injured patients. Fever is particularly frequent (approximately 73%)
after traumatic brain injury (compared with other pathologies), and its incidence
appears to be higher in more severe cases and in patients with a prolonged stay.49-51

Pyrexia in the ICU is often undertreated.50 Various antipyretic drugs have been used
to control fever, including acetaminophen, indomethacin, diclofenac, barbiturates,
and propranolol.47,52-54 Physical refrigeration has also commonly been employed,
using fans, alcohol rubs, ice packs, or gastric lavage with cold saline. However, both
techniques are only poorly effective, reducing mean core temperature by only 0.32°C
for physical refrigeration alone, 0.58°C for antipyretic drugs alone, and 0.54°C for
the combination of the two.51 Recently several devices have been introduced de-
signed to rapidly cool patients in the ICU, either via external cooling pads, or via
intravenous catheter devices that use counter-current flow of cooled water in com-
bination with increased surface area.
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It is important to note that brain temperature commonly exceeds core body
temperature. For example, in a series of 20 comatose patients 73% of intracranial
temperature measurements, but only 58% of pulmonary-artery temperature record-
ings, were higher than 38°C.55 In observational studies of severely head-injured
patients, the difference between brain and core temperature typically ranged from
-0.3 to +2.1 degrees Celcius in individuals, depending on characteristics of the
patient, on the exact position of the temperature probes, and on changes in physi-
ological variables such as cerebral perfusion pressure and the temperature itself.28,55,56

In this regard, it has been noted that the gap between brain and core temperature
increases (i.e. brain temperature may be more markedly underestimated) as pyrexia
evolves. Considering these findings, brain temperatures >38°C may be so common in
the neurosurgical ICU that a temperature above this threshold should probably be
considered a ‘normal’ response to CNS injury.

Inflammation and fever following CNS injury
There is good evidence that the inflammatory response that follows cerebral injury is
initiated in the CNS itself. Following traumatic brain injury in adults a classic acute
phase response has been reported, including elevations in serum zinc, C-reactive pro-
tein, and temperature 57. In both patients and animal models of head injury, elevated
concentrations of interleukins and prostaglandins in the cerebrospinal fluid,58 expres-
sion of endothelial adhesion molecules, and recruitment of neutrophils to contused brain
regions have been reported. The presence of these inflammatory mediators in the CNS
causes fever.59 In addition, disruption of the blood–brain barrier after cerebral injury
permits systemically released pyrogens to gain increased access to the neural cells that
mediate the febrile response.59 Subsequently, exposure to hyperthermia can further in-
crease the cerebrovascular permeability, thereby exacerbating cytokine exposure to the
brain.60,61 Alternatively, the disruption of hypothalamic temperature regulation by head
trauma may cause early hyperthermia more directly.

Fever and neurologic outcome in patients
Despite the fact that many studies have confirmed an association between body tem-
perature and outcome from various neurological conditions, a causal relation has not
been established in a clinical setting for most types of brain injury. In contrast to the
laboratory, where brain temperature can be rigidly controlled, pyrexia in patients is
closely linked to the extent of their neurologic impairment.45,51 As a consequence,
temperature is a prognostic marker and not necessarily a causal factor for the outcome.
Furthermore, antipyretic drugs or physical refrigeration are only poorly effective for
controlling body temperature, and it is therefore uncertain whether these therapies can
impact clinical outcome in any case.51 Only intervention trials can provide definite
answers to these issues, but because such studies are lacking, we will briefly review
observational data to determine the level of clinical evidence for a causal association
between fever and poor outcome from various types of brain injury.
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Stroke
Early body temperature after stroke is clinically related to initial stroke severity and the
presence of intraventricular or subarachnoid blood on the head computed tomography
scan.45,62 Recently, the correlation between initial infarct size and the time-course and
degree of hyperthermia has been confirmed experimentally.63 This direct relation may
confound any etiologic association between fever and poor clinical outcome.

In a group of 260 patients with a hemispheric cerebral infarction, Castillo et al. found
that hyperthermia >37.5°C initiated within the first 24 hours from stroke onset, but not
afterward, was related to larger infarct volume and higher neurological deficit and de-
pendency at 3 months.64 Similarly, Wang et al. found an association between a high
admission temperature and 1-year mortality for ischemic stroke (but not for hemorrhagic
stroke) which remained after adjustment for other clinical variables of stroke severity.65

For hemorrhagic stroke the association between admission temperature and mortality
was not significant in this study, but others have found the duration of fever to be an
independent prognostic factor also in patients following intracerebral hemorrhage.62

A meta-analysis involving a total of 3790 patients has attempted to quantify the relation
between temperature and clinical outcome.66 Seven out of nine studies found pyrexia to
be associated with increased mortality or morbidity after stroke, whereas two studies
found no association. As a consequence, the combined odds ratio for death following
fever was ‘only’ 1.19 (95% CI: 0.99 to 1.43). However, this odds ratio does not represent
the true independent relation between temperature and outcome, because multivariate
adjustment for other markers of stroke severity was not consistently used.

Traumatic brain injury
Compared with (ischemic) stroke, the association between fever and poor neurologic
outcome is less well documented for traumatic brain injury. Pyrexia early after head
injury is associated with a poor Glasgow Coma Scale on presentation, the presence of
diffuse axonal injury, cerebral edema on the initial head computed tomography scan,
systolic hypotension, hyperglycemia, and leukocytosis.47 Furthermore, fever can be caused
by infection and inflammation (cytokine-mediated) or by hypothalamic dysfunction. As
a consequence, it is difficult to determine whether there is a causative relation or simply
an association between fever and poor outcome.

In a series of 71 head-injured patients with at least a single episode of pyrexia, the
duration of fever was a significant predictor of mortality, but not morbidity, in univariate
analyses.67 Early fever was associated with a poor Glasgow Coma Scale score on ICU
discharge in children in multivariate analyses.59 In a study of 110 adults, pyrexia was
associated with periods of intracranial hypertension in patients with normal
perimesencephalic cisterns, but not in patients with compressed cisterns.51 Despite this
association, there was no relationship between the neurologic outcome at 6 months and
either the presence or duration of fever. This finding shows some resemblance to the
results of a large randomized controlled trial of deliberate hypothermia in traumatic
brain injury, which showed improved control of intracranial pressure, but no effect on
clinical outcome in the head-injured population at large.68
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Non-traumatic subarachnoid hemorrhage
Patients with subarachnoid hemorrhage are at risk for cerebral ischemia due to va-
sospasm. Hyperthermia may potentially worsen this vasospasm-mediated brain in-
jury. However, blood in the cerebrospinal fluid induces fever in experimental models69

and temperature is thus a likely marker for the primary severity of the hemorrhage.
Nonetheless, fever >38.3°C was associated with poor functional outcome (odds ratio
1.4 per day, 95% CI: 1.11 to 1.88) in a prospective study of 93 patients with non-
traumatic subarachnoid hemorrhage, and this association remained independent of
other predictors of outcome.70

Anoxic brain injury
Fever early after successful resuscitation from cardiac arrest is a marker of clinical
brain death.71,72 This association may confound the etiologic (causal) relation between
spontaneous fever and poor outcome in this setting. In a prospective study of 151
patients who were admitted after restoration of spontaneous circulation, the maxi-
mum attained temperature in the ICU (during the first 48 hours) was a strong inde-
pendent predictor of the maximum attained neurologic performance category of
patients (odds ratio 2.26 per degree Celcius, 95% CI: 1.24 to 4.12).46 However, the
end-point in this study was somewhat peculiar, because the neurologic recovery
status was assessed regardless of whether patients eventually died. Furthermore, in
their report the authors disregarded the fact that mild hypothermia during the first 4
hours after cardiac arrest also predicted severe disability, coma, or a persistent
vegetative state, whereas this is the time that the brain may conceptually be most
susceptible to secondary ischemic injury. Despite these methodological limitations,
it is likely that fever has a causal and detrimental effect on neurological outcome
following anoxic brain injury, since two randomized controlled trials have recently
provided clinical evidence for the efficacy of deliberate hypothermia for
neuroprotection after cardiac arrest.73

Cognitive dysfunction after cardiac surgery
It has been suggested that postoperative hyperthermia is also a modulator of
neurocognitive dysfunction following cardiac surgery. In a prospective series of 300
patients undergoing coronary artery bypass graft surgery, Grocott et al. have ad-
dressed this possible relationship.74 They reported somewhat inconsistent results
because the incidence of cognitive dysfunction at 6 weeks was associated with the
maximum temperature attained in the postoperative period (p=.05), but not with the
area under the curve for temperatures >37°C (p=.45).

To address this issue further, van Dijk and colleagues at our center recently
reanalyzed 198 patients from a randomized controlled trial conducted in The Neth-
erlands, in which the effects of coronary artery bypass graft surgery with (on-pump)
and without (off-pump) cardiopulmonary bypass on cognitive outcome was assessed
(Octopus Trial).75 In this trial the on-pump patients, but not the off-pump patients,
received an intraoperative 1 mg/kg bolus of dexamethasone to suppress the inflam-
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matory response associated with cardiopulmonary bypass. As a result, 56% of the
off-pump patients had a maximum postoperative temperature >38 °C, compared with
only 14% of the on-pump patients (p<.001, unpublished data). However, there was
no association between the mean or maximum postoperative temperature (during
the first 48 hours) and cognitive outcome at either 4 days or 3 or 12 months after
surgery, both in univariate or multivariate analyses (personal communication).

Mechanisms of temperature toxicity in experimental CNS injury
In the laboratory it has been well-established that small differences in brain temperature
can critically determine the extent of ischemic neuronal injury.41-44 However, several
rodent studies that reported increased neuronal damage with hyperthermia may in fact
have restored normothermia (38–39°C in the rat) from a hypothermic baseline, because
anesthesia typically reduces core temperature by at least one degree Celcius. More
recently, the effect of true hyperthermia on infarct volume was studied in a focal
embolic model of cerebral ischemia in rats.76 Controlled hyperthermia (brain tempera-
ture of 39.8°C) significantly increased infarct volume, neurological deficits and mortal-
ity following embolic occlusion of the middle cerebral artery significantly. The same
group reported recently that treatment with tissue plasminogen activator significantly
reduced infarct volume (preformed clot embolization of the middle cerebral artery) both
in normothermic and 38°C hyperthermic rats.77 However, compared with normo-
thermic rats, perfusion deficits in hyperthermic rats were significantly increased at both
3 hours and 6 hours after ischemia, indicating early progression of the ischemic penumbral
region to irreversibly damaged tissue. There was also evidence of a more severely
disrupted blood–brain barrier, because in the hyperthermic rats Evans blue dye ex-
travasation was increased.

The exact mechanisms by which hypothermia improves and hyperthermia wors-
ens outcome in animal models of brain injury are incompletely understood. The
protective effect of profound hypothermia generally has been related to its ability to
reduce CBF and metabolic requirements for oxygen and glucose, thus blunting the
cascade of secondary injury processes.43 At the opposite temperature range, hyper-
thermia may worsen (or possibly merely accelerate) the secondary cerebral responses
to injury. These effects include (1) enhanced release of neurotransmitters, (2) exag-
gerated oxygen radical production, (3) increased numbers of potentially damaging
ischemic depolarizations in the focal ischemic penumbra, (4) impaired recovery of
energy metabolism and enhanced inhibition of protein kinases, (5) worsening of
cytoskeletal proteolysis, and (6) exacerbation of polymorphonuclear leukocyte infil-
tration.48 As a consequence, in rats the oxidative stress that is imposed by deliberate
hyperthermia is an important factor in causing breakdown of the blood–brain
barrier, brain edema formation, and structural cell damage.78-80 81 Mitochondrial and
plasma membranes appear to be the most temperature-sensitive cellular elements,
with irreversible transitions in protein structure or arrangements starting to occur at
temperatures higher than 40°C 82,83.43
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Most of the knowledge about the effects of temperature variation on the extent
of secondary brain injury has been derived from laboratory studies in which animals
were subjected to hypothermia or hyperthermia following transient global or focal
cerebral ischemia. There are other reviews which discuss these effects in more
detail.43,47,48 However, despite a wealth of experimental data it is still unknown whether
the studied pathophysiology of deliberate hyperthermia in rats translates to episodes
of spontaneous fever in patients.

Conclusion
Hyperthermia is both a cause and a consequence of CNS injury. Excessive heat causes
functional neurologic impairment and structural nervous tissue damage, the severity
of which depends on the extent and duration of hyperthermia. Thus, prevention of
iatrogenic hyperthermia is probably wise in patients who are at risk for or recover-
ing from neurologic injury. In contrast, (mild) fever is extraordinarily common in
the neurosurgical ICU and is closely linked to the ‘normal’ inflammatory response
following CNS injury. Although early pyrexia after most types of brain injury is clearly
associated with an unfavorable neurologic outcome in patients, it is still uncertain
whether fever causes poor outcome or whether processes that result in poor outcome
also produce fever. It is conceivable that a spontaneous increase in brain tempera-
ture would merely accelerate the rate of cell necrosis and apoptosis, without neces-
sarily aggravating the extent of final neuronal damage. Most antipyretic drugs and
routine cooling techniques are only poorly effective in reducing fever. If tempera-
ture is to be vigorously controlled within the normothermic range in all patients,
invasive refrigeration methods are likely to be required. However, the risk-to-
benefit ratio of such practice has not yet been evaluated. Although there are several
physiologic arguments for controlling temperature in neurologically injured patients,
there is no sound evidence that aggressive attempts at reducing fever can improve
outcome.
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Abstract

Background The effects of hyperthermia on the human brain are incompletely under-
stood. This study assessed the effects of whole body hyperthermia on cerebral oxygen
extraction and autoregulation in humans.

Methods Nineteen patients with chronic hepatitis C virus infection, not responding to
interferon treatment, were subjected to experimental therapy with extracorporeal whole
body hyperthermia at 41.8°C for 120 min under propofol anesthesia (23 sessions total).
During treatment series A (13 sessions), end-tidal carbon dioxide was allowed to
increase during heating. During series B (10 sessions), end-tidal carbon dioxide was
maintained approximately constant. Cerebral oxygen extraction (arterial to jugular
venous difference of oxygen content) and middle cerebral artery blood flow velocity were
continuously measured. Cerebral pressure–flow autoregulation was assessed by static
tests using phenylephrine infusion and by assessing the transient hyperemic response
to carotid compression and release.

Results For treatment series A, cerebral oxygen extraction decreased 2.2-fold and
cerebral blood flow velocity increased 2.0-fold during heating. For series B, oxygen ex-
traction decreased 1.6-fold and flow velocity increased 1.5-fold. Jugular venous oxygen
saturation and lactate measurements did not indicate cerebral ischemia at any tem-
perature. Static autoregulation tests indicated loss of cerebrovascular reactivity during
hyperthermia for both series A and B. The transient hyperemic response ratio did not
decrease until the temperature reached approximately 40°C. Per degree Celsius
temperature increase, the transient hyperemic response ratio decreased 0.07 (95% CI:
0.05 to 0.09; p<.001). This association remained after adjustment for variations in
arterial partial pressure of carbon dioxide, mean arterial pressure and propofol blood
concentration.

Conclusion Profound hyperthermia during propofol anesthesia is associated with de-
creased cerebral oxygen extraction, increased cerebral blood flow velocity, and impaired
pressure–flow autoregulation, indicating transient partial vasoparalysis.
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Introduction

Whole body hyperthermia has been used since the mid-1960s for the treatment of
malignant illnesses, with variable therapeutic effect. Recently, it has also been explored
for use in infectious diseases.1-3 Whole body hyperthermia has been induced clinically
with warm contact media (such as water, water-heated suits or mats, hot air), infrared
radiation or extracorporeal methods.4-8 Recently, a venovenous extracorporeal method
of whole body heating was developed that allows homogenous distribution of heat and
precise control of temperature gradients.9,10 Although a number of studies report that
whole body hyperthermia is a safe procedure,4-7 there is still concern about possible
neurological sequelae of cerebral hyperthermia. In heat stroke, loss of thermoregulatory
capacity is associated with a disturbed level of consciousness, brain edema, and a high
mortality if the temperature exceeds 40°C.11 However, during therapeutic whole body
hyperthermia, central temperatures of 41.8°C are intentionally applied. In this setting,
the development of brain edema, intracerebral hemorrhage, intracranial hypertension,
and transient central nervous system dysfunction have been reported.3,7,12-14 Despite these
observations, the cerebral pathophysiological effects of temperature elevation have poorly
been studied in humans.

In animals, hyperthermia induces various toxic cerebral responses,15,16 and resting
cerebral oxygen and glucose consumption appear to increase, although the magnitude of
these metabolic alterations show considerable regional heterogeneity.17-20 A cerebral blood
flow increase has frequently been observed in this setting and is generally believed to be
related to increased metabolic demand.20-22 However, few published studies have for-
mally assessed cerebral metabolic coupling or autoregulation during hyperthermia in
both humans and animals, and the results are conflicting.21,23,24 This issue may be of
clinical importance, because when metabolism increases and cerebral vasomotor responses
become impaired during hyperthermia, it could imply that fever temporarily predis-
poses patients to neurologic injury if wide perturbations of blood pressure should
occur.

The present study aimed to determine the effects of varying temperatures (in a range
of approximately 36.6° to 41.8°C) on cerebral oxygen extraction and pressure–flow
autoregulation. For this, we studied patients with chronic hepatitis C virus infection
who were subjected to experimental treatment with whole body hyperthermia, using an
extracorporeal heating circuit.

Patients & Methods

Patients
This study was approved by the ethics committee of the University Medical Center
Utrecht, The Netherlands, and written informed consent was obtained. Patients were
enrolled in the present protocol ancillary to a pilot study investigating the efficacy and
safety of extracorporeal whole body hyperthermia (EWBH) for the treatment of chronic
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hepatitis C virus infection. This pilot study was designed following encouraging hepati-
tis C viral load related observations during the experimental use of systemic hyperther-
mia for treatment of Human Immunodeficiency Virus infection.1-3 Patients aged 18 to 65
years with chronic hepatitis C virus infection, genotype 1, were eligible for study inclu-
sion. All patients had failed to show a sustained response to interferon alpha therapy and
were required to have Child-Pugh classification A (no or minimal cirrhosis).25 Patients
were screened for central nervous system abnormalities, cardiac disease, pulmonary dis-
ease, and other major liver or renal disease. Patients were ineligible if abnormalities
were present. A history of substance abuse was not an exclusion criterion.

Thirteen patients were treated between August 2001 and April 2002 with a single
session of EWBH (series A). Six additional patients and four patients from the first series
were (re)treated between December 2002 and February 2003 (series B). Treatment again
consisted of a single session of EWBH, but was now followed after 6 weeks by the initia-
tion of 12 months of antiviral therapy with interferon alpha and ribavirin.

Experimental procedure and anesthesia management
All EWBH treatments were performed by the same team of anesthesiologists and
perfusionists throughout the study period. General anesthesia was induced with
fentanyl–propofol–rocuronium and was maintained using a target-controlled propofol
infusion pump (Diprifusor; Astra-Zeneca, Ridderkerk, The Netherlands). The trachea
was intubated, and the lungs were ventilated with oxygen in air. During a session of
EWBH, core temperature was increased in approximately 90 min to a target of 41.8 ±0.15°C
under general anesthesia, using an extracorporeal heater-cooler device with a bifemoral
venovenous circuit (TEMET System 1000; First Circle Medical, Minneapolis, MN).
Before the start of the extracorporeal bypass, patients were heparinized. After 120 ±10 min
of hyperthermic plateau, patients were cooled to 39°C before the bypass was discontin-
ued. After the procedure, patients were transported to the intensive-care unit. Propofol
sedation was continued until planned extubation 2–4 h later.

Anesthetic management differed with respect to two important aspects in patients
treated during EWBH series A and B. First, during treatment series A, patients were
ventilated in a volume-controlled manner to maintain normocapnia at a target end-tidal
carbon dioxide concentration of approximately 4.0% during normothermia, and the
ventilator settings subsequently remained unchanged throughout the procedure. This
resulted in a high end-tidal carbon dioxide but a normocapnic uncorrected arterial
partial pressure of carbon dioxide (PaCO2), measured at 37°C, during hyperthermia
(alpha-stat principle). During treatment series B, patients were also normocapnic during
normothermia, but as body temperature was increased, the minute volume of ventila-
tion was gradually increased to maintain an approximately normal end-tidal carbon
dioxide level, resulting in a hypocapnic uncorrected PaCO2 during hyperthermia
(pH-stat principle).26 Second, during EWBH treatment series A, changes in the propofol
infusion target were made at the discretion of the attending anesthesiologist. During
treatment series B, a routine gradual increase of the propofol infusion target by 1.5 mg/L
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during warming was implemented in the anesthesia protocol. This routine adjustment of
the infusion rate was deemed necessary because blood concentrations of propofol de-
creased as temperature was increased.

Monitoring
Invasive monitoring of systemic and pulmonary hemodynamics was used. Temperature
monitoring sites included the pulmonary artery, the nasopharynx, the esophagus, and
the rectum. In addition, a right retrograde jugular bulb catheter (5.5-French Opticath
Oximetrix; Abbott Critical Care Systems, Chicago, IL) was used to measure jugular
venous temperature, pressure, oxyhemoglobin saturation, and lactate. An arterial to jugular
venous difference of lactate less than –0.37 mmol/L was considered abnormal.27 The
position of the catheter tip was verified by a lateral skull x-ray. The blood flow velocity
in the middle cerebral artery was measured using transcranial pulsed Doppler ultra-
sonography (2-MHz probe, Multi-Dop T; DWL, Sipplingen/Bodensee, Germany). The
position of the ultrasound transducers was fixed using a metal head frame (series A) or a
special headband (series B). Mean peak flow velocities from both hemispheres were
averaged. Data were stored at 0.1 Hz and at 250 Hz for off-line analysis using POLY
Physiological Analysis Package (Inspektor Research Systems, Amsterdam, The Nether-
lands). Laboratory variables were measured at normothermic baseline, at fixed intervals
during warming, and at hyperthermic plateau.

Autoregulation testing
Static autoregulation tests were performed during normothermic flow over the extracorpor-
eal bypass circuit (T1) and during hyperthermic plateau (T2), using a ramped phenylephrine
infusion. The static rate of autoregulation was calculated as the ratio of the percent change in
cerebrovascular resistance by the percent change in mean arterial pressure, with cerebrovas-
cular resistance estimated as the ratio of mean arterial pressure by cerebral blood flow veloc-
ity (CBFV).28-30 A static rate of autoregulation of 1 indicates perfect adaptation of cerebral
resistance vessels to changes in mean arterial pressure, whereas a value close to 0 indicates
complete absence of cerebrovascular reactivity. In addition to these formal tests of static
pressure-flow autoregulation, transient hyperemic response tests were performed at fixed
stages during the EWBH procedure. Transient hyperemic response testing involves meas-
urement of changes in middle cerebral artery flow velocity during and after the release of a
10-s compression of the ipsilateral common carotid artery. If cerebral autoregulation is
intact, the decrease in perfusion pressure in the middle cerebral artery at the onset of com-
pression triggers vasodilatation in the distal vascular bed, resulting in a transient increase in
the flow velocity after the release of compression. The transient hyperemic response ratio
(THRR) was calculated as the ratio of the mean peak flow velocity of the Doppler wave form
immediately following the release of compression by that of the waveform immediately
preceding the compression. A THRR value close to 1 indicates absence of a vascular response,
whereas higher values indicate increasing levels of vasoreactivity. The THRR reflects changes
in the static rate of autoregulation and provides a valid measure for assessing graded impair-
ments of cerebral pressure-flow autoregulation.30,31
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Statistical analysis
Systemic and cerebral physiological variables recorded during normothermia and
hyperthermia were compared using paired-samples t tests. In addition, changes in
these variables from T1 to T2 were tested for differences between treatment series A
and B using independent-samples t tests. With respect to cerebrovascular reactivity
testing, the THRR was considered the primary measure of pressure–flow autoregula-
tion in this study because transient hyperemic response tests could be repeatedly
performed during various stages of the EWBH procedure. Therefore, the THRR was
expected to give a more precise estimate of cerebral vasomotor responses than the
static rate of autoregulation. Because changes in PaCO2, mean arterial pressure, and
propofol blood concentration during EWBH treatment might confound the relation
between temperature and pressure–flow autoregulation,29,31 a mixed-effects regres-
sion analysis was used to model possible confounding by these variables, taking into
account the nesting of repeated observations within an individual. To allow for dif-
ferences in vasoreactivity between individual subjects, an intercept was included in
the model as a random effect. The crude and adjusted effect estimates of the associa-
tion of temperature with the THRR are presented with 95% CI. Data in the text are
presented as mean ±SD.

Results

Thirteen sessions of EWBH treatment were performed during series A, and 10 ses-
sions were performed during series B, in a total of 19 patients (age 44 ±9 years, 14
[74%] male). Table 1 shows various anesthetic management related variables at T1
(normothermia) and T2 (hyperthermia). End-tidal carbon dioxide and uncorrected
PaCO2 values show the effect of the changes in ventilation management that were
introduced between treatment series A and B. Likewise, the differences in propofol
infusion targets show the effect of protocol changes between series A and B. The
calculated target blood concentration of propofol grossly overestimated the true blood
concentration at T2.

Table 2 shows systemic variables. During hyperthermia, systemic vascular re-
sistance decreased considerably, despite the use of increased infusion rates of phe-
nylephrine. As a consequence, cardiac output and heart rate increased, and mean
arterial pressure decreased. Simultaneously, systemic oxygen consumption increased
by 47% and 23% for treatment series A and B, respectively. The hemodynamic and
metabolic changes were more outspoken during treatment series A (high carbon di-
oxide group) than during series B (low carbon dioxide group), although these differ-
ences did not reach statistical significance.

Table 3 shows cerebral variables. For series A, cerebral oxygen extraction (arte-
rial to jugular venous difference of oxygen content) decreased 2.2-fold, compared
with a simultaneous 2.0-fold increase in CBFV. For series B, cerebral oxygen extrac-
tion decreased 1.6-fold, and CBFV increased 1.5-fold. For all 23 treatment sessions
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Figure 1. Cerebral and systemic oxygen extraction during extracorporeal whole body hyperthermia. Closed
circles show arterial to jugular venous difference of oxygen content; squares show arterial to mixed venous
difference of oxygen content (AVDO2). Values are presented as mean ±95% CI.

of series A and B combined, jugular venous oxygen saturations below 50% were ob-
served in two instances at T1 and never at T2. Signs of cerebral lactate production
(arterial to jugular venous difference of lactate below –0.37 mmol/L) were observed
in three instances at T1 and in five instances at T2. The simultaneous occurrence of
jugular venous oxygen desaturation and abnormally low arterial to jugular venous
difference of lactate was not observed. Figure 1 shows the cerebral and systemic
arterial to venous oxygen extraction at different temperatures during the EWBH
procedures. For both treatment series A and B, the systemic oxygen extraction de-
creased linearly with increasing temperature. In contrast, cerebral oxygen extrac-
tion decreased in a non-linear manner, with the greatest decrease occurring at
temperatures above approximately 40°C.

Table 4 shows measures of cerebrovascular reactivity. Cerebral pressure–flow
autoregulation was assessed by 37 static autoregulation tests during 17 EWBH pro-
cedures and by 220 transient hyperemic response tests during 14 procedures. The
static rate of autoregulation and the THRR significantly decreased from T1 to T2 in
both series A and B. Figure 2 shows the THRR at fixed temperatures during the EWBH
procedures (series A and B combined). The THRR did not decrease until the jugular
venous blood temperature reached approximately 40°C. Subsequently, the crude
mixed-effects regression model (table 5) showed a decrease in the THRR of 0.07
(95 % CI: 0.05 to 0.09) per degree Celsius temperature increase (p<.001). After ad-
justment of the crude association for variations in PaCO2, mean arterial pressure, and
propofol blood concentration during the EWBH procedure, the association remained
(p<.001).
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Discussion

Experimental treatment using EWBH in patients with chronic hepatitis C virus infec-
tion under propofol anesthesia resulted in a decreased cerebral oxygen extraction that
was accompanied by an increase in CBFV of a similar magnitude. These effects were
more pronounced when end-tidal carbon dioxide was allowed to increase during warm-
ing (series A), compared with when end-tidal carbon dioxide was more rigidly main-
tained (series B). Second, heating resulted in impaired cerebrovascular responses to both
a vasoconstrictor stimulus (static autoregulation testing) and a vasodilator stimulus
(transient hyperemic response testing), indicating impaired pressure–flow autoregula-
tion. This effect remained after adjustment for changes in PaCO2, mean arterial pressure,
and propofol blood concentration. Together with systemic findings, these data indicate
that a transient partial vasoparalysis develops during profound hyperthermia.

There are several methodological issues that must be discussed. First, we measured
arterial to jugular venous difference of oxygen content and found an apparent decrease
in cerebral oxygen extraction. However, this could be a spurious finding if cerebrovenous
blood would be grossly contaminated with extracerebral venous blood, known to have a
higher oxygen saturation, during hyperthermia. In the current study, of 164 fiberoptic
jugular venous oxygen saturation readings, 106 were verified by co-oximetry using a
laboratory-based blood gas analyzer. Co-oximetry values were on average 3.5 ±7.4% higher
than fiberoptic values, and these differences were independent of temperature. These
slightly higher values may indeed be explained by admixture of extracerebral blood when
a sample is actively drawn from the jugular bulb catheter.32 Because this effect was
independent of temperature, we consider it unlikely that gross contamination occurred
during hyperthermia. Second, the reduction of cerebral oxygen extraction was accompa-
nied by an increase in CBFV by a factor of almost equal magnitude. One interpretation
of these observations is that cerebral oxygen consumption did not change appreciably
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during hyperthermia. However, the increase in peak flow velocity may have underesti-
mated the true increase in red blood cell flux during hyperthermia. This could have
occurred if the insonated segment of the middle cerebral artery had increased in diam-
eter over time. Studies that have specifically looked at the cross-sectional area of the
middle cerebral artery have concluded that the diameter of this large vessel is grossly
unaffected by changes in temperature, PaCO2, and blood pressure.33-37 Also, changes in
hematocrit and blood viscosity in theory may confound the relation between peak flow
velocity and erythrocyte flux. An in vitro study examining the effect of varying tem-
perature (in a range of 19° to 37°C) and hematocrit (in a range of 0.05 to 0.54) showed
that the linear relationship between flow and velocity was not affected.38 Another study
in anesthetized patients reported on the effect of a sudden decrease in hematocrit from
0.38 to 0.30 and concluded that CBFV well reflects true cerebral blood flow changes
after hemodilution.39 In the current study, the effect of hemodilution by the circuit priming
had stabilized before the first (normothermic) measurements. Nonetheless, we cannot
rule out that small increases in middle cerebral artery diameter occurred during either
EWBH series A or EWBH series B, which would result in a significant underestimation
of true erythrocyte flux.

The current data indicate that the cerebrovascular bed during hyperthermia is still
responsive to a dilatory stimulus, such as a brief carotid compression, at temperatures up
to approximately 40°C (figure 2). At higher temperatures, however, we found that
cerebral pressure–flow autoregulation becomes progressively impaired. There are very
few studies assessing cerebral vasomotor responses during whole body hyperthermia,
and the ones that are available have shown conflicting results. A study in dogs concluded
that the main cerebral autoregulation system is paralyzed during whole-body hyper-
thermia at 41.5°C.21 Similarly, a recent study in humans has shown an increased pres-
sure–flow dependency during an inflow of hyperthermic blood into the brain during

Figure 2. Transient hyperemic response ratio
(THRR) during extracorporeal whole body hyper-
thermia. Values are presented as mean ±95% CI.
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rewarming from hypothermic cardiopulmonary bypass.24 These reports of hyperther-
mia-induced cerebral vasoparalysis contrast with an animal experiment that indicated
that the dilated cerebrovascular bed during hyperthermia is still responsive to indometh-
acin as a constrictor stimulus.20 This finding as well as the results of the present study
suggest that hyperthermia-induced vasoparalysis is partial rather than complete. Fur-
thermore, the association between temperature and loss of cerebrovascular reactivity
may be non-linear, as suggested by figure 2 and by a report of improved dynamic au-
toregulation during a 0.4°C temperature increase in awake human volunteers submersed
in hyperthermic baths.23 The results of the adjusted mixed-effects regression analysis
suggest that the THRR becomes also increasingly depressed as PaCO2 increases, mean
arterial pressure decreases, and propofol blood concentration increases, although none
of these effects reached statistical significance (table 5). The current findings may have
clinical implications, as transient cerebral vasoparalysis during periods of induced hyper-
thermia or fever could potentially predispose to neurologic injury. Although the blood-
brain barrier is most likely grossly preserved at temperatures below 42–43°C,21,22 it has
been suggested that brain edema may occur easily when the arterial blood pressure fluc-
tuates excessively and cerebral autoregulation is absent.

Conclusion
Whole body hyperthermia is associated with decreased cerebral oxygen extraction and
increased cerebral blood flow velocities in patients under propofol anesthesia. These
findings are more marked when end-tidal carbon dioxide is allowed to increase com-
pared with when it is more rigidly controlled. In addition, hyperthermia is associated
with impaired cerebrovascular responses to both blood pressure increase and carotid
occlusion, indicating that transient partial cerebral vasoparalysis develops when tem-
perature exceeds approximately 40°C.

Special note
The research presented in this chapter was performed as an ancillary protocol to pilot trials on the safety and
efficacy of extracorporeal whole body hyperthermia for treatment of chronic hepatitis C virus infection. This
project has been halted by the Utrecht University Medical Center after an internal investigation concluded
that the principal investigator of the therapeutic trials had failed to report serious side effects, in particular
peripheral neuropathy, to the hospital’s medical ethics committee and that funds had not been properly de-
clared from personal agreements with the commercial study sponsor. The authors of this chapter have not
been implicated with respect to these issues.
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Abstract

Background The management of cerebral perfusion pressure (CPP) remains a contro-
versial issue in critical care of severely head-injured patients. Recently, it has been
proposed that the state of cerebrovascular autoregulation should determine individual
CPP targets.

Methods To find optimal perfusion pressure, we pharmacologically manipulated CPP in
a wide range on Days 0, 1 and 2 after severe head injury in 13 patients and studied the
effects on intracranial pressure (ICP), autoregulation capacity, and brain tissue partial
pressure of oxygen. Autoregulation was expressed as a static rate of regulation for
5-mm Hg CPP intervals, based on middle cerebral artery flow velocity.

Results In 37 study sessions, CPP varied between 51 mm Hg (median; 25th–75th
percentile: 48–53 mm Hg) and 108 mm Hg (102–112 mm Hg). When ICP was normal
(26 occasions), there were no major changes in the measured variables when CPP was
altered from a baseline level of 78 mm Hg (74–83 mm Hg), indicating that the brain was
operating within autoregulation limits. Conversely, when intracranial hypertension was
present (11 occasions), CPP reduction to less than 77 mm Hg (73–82 mm Hg) further
increased ICP, decreased the static rate of regulation, and decreased brain tissue par-
tial pressure of oxygen, whereas a CPP increase improved these variables, suggesting
that the brain was operating at the lower limit of autoregulation.

Conclusion We conclude that daily trial manipulation of blood pressure over a wide range
can provide information that may be used to optimize CPP management.
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Introduction

One of the most controversial issues in critical care of severely head-injured patients is
the management of mean arterial pressure (MAP) or cerebral perfusion pressure (CPP).
Although there is convincing evidence that hypotension is deleterious to the injured
brain, it is unknown whether increasing CPP beyond the minimum level that provides
adequate tissue perfusion improves outcome or whether it is detrimental.1

CPP directed management, advocated by Rosner and coworkers, includes the use of
vasopressors to maintain CPP above 70 mm Hg or higher.2 If cerebral autoregulation is
preserved, this type of management may offer protection against secondary ischemic
insults and help to control raised intracranial pressure (ICP) by preventing the occur-
rence of a vasodilatory cascade. However, in a prospective randomized trial Robertson et
al.3 found that a CPP targeted treatment protocol prevented secondary ischemic insults,
but did not reduce intracranial hypertension, nor improve clinical outcome. Further-
more, the use of vasopressors and fluid loading to augment MAP may predispose to
cardiorespiratory complications.3-6 Nonetheless, CPP directed management is widely used,
and it has been included in international head injury guidelines as a treatment option
(supported by class III evidence and expert opinion).7-8

Another therapeutic concept, proposed by clinicians from Lund (Sweden), empha-
sizes reduction in microvascular hydrostatic pressures to minimize edema formation in
the brain.9 These authors postulate that if cerebral vasomotor responses are impaired and
the blood–brain barrier is disrupted, elevated MAP can be transmitted to the capillary
bed, and vascular engorgement, transcapillary fluid filtration, and intracranial hyper-
tension (ICHT) may be aggravated.10 Consequently, this type of management includes
measures to reduce MAP, allowing CPP to decrease to 50 mm Hg.

Considering these therapeutic extremes, a rational approach might be to individu-
ally target CPP management depending on cerebrovascular autoregulation characteris-
tics. As a first step towards this approach, we explored the effects of varying levels of
CPP on ICP, cerebral pressure-flow autoregulation, and brain tissue oxygenation in
severely head-injured patients without intracranial mass lesions during the first days
after trauma. We analyzed separately for measurement in patients with normal and raised
ICP, because the presence of ICHT is the most important factor to guide clinical decision
making.

Patients & Methods

Patients
This study was approved by our institutional ethics committee and written informed
consent by the patients’ next of kin was obtained. Patients with acute severe closed head
injuries (Glasgow Coma Scale ≤8 or deteriorating to ≤8) who were admitted to the neuro-
surgical intensive-care unit of our hospital were included in the study.  Patients with
intracranial mass lesions requiring surgery were not included. All patients were man-
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aged according to a protocol consistent with international guidelines.7,8 Propofol was
used for sedation, with IV morphine 20–40 mg per 24 h as an analgesic adjunct. Patients
who had a CPP <70 mm Hg were routinely given a continuous infusion of norepine-
phrine to maintain their CPP above this threshold. When pyrexia evolved, cooling
measures were taken to maintain temperature <38.0°C. Second-range therapy for ICHT
included the sequential use of mannitol and moderate hyperventilation (guided by
jugular venous oximetry). Third-range therapy included the use of high-dose barbitu-
rates (guided by electroencephalography).

Monitoring
A multimodality neuromonitoring setup was used. ICP was measured using an
intraparenchymal pressure transducer (Ventrix; Camino Neurocare, San Diego, CA) in-
serted through a three-lumen intracranial bolt in the right frontal region. Brain tissue
partial pressure of oxygen (PtiO2) was measured using a Clark-type polarographic
microcatheter probe (Licox oxygen probe; GMS, Kiel, Germany). Temperature was meas-
ured from a thermocouple inserted through the same bolt. Care was taken to insert the
Licox oxygen probe into a noncontused nonhemorrhaged area. Jugular bulb venous oxy-
gen saturation (SjO2) was measured continuously by using a fiberoptic catheter (5.5F
Opticath Oximetrix; Abbott Critical Care Systems, Chicago, IL) inserted retrogradely
into the right internal jugular vein. The catheter was calibrated at regular intervals. Proper
positioning of the catheter tip was verified by a lateral skull radiograph. Peak flow veloc-
ity in the middle cerebral artery was measured bilaterally by pulsed Doppler ultrasound
(2-MHz probe; Multi-Dop T; DWL, Sipplingen/Bodensee, Germany). The probes were
secured by a metal head frame to obtain a constant insonation angle. Data were sampled
at 250 Hz and subsequently averaged and stored at 0.1 Hz for offline analysis by using
the POLY Physiological Analysis Package (Inspektor Research Systems, Amsterdam, The
Netherlands).

Figure 1. Cerebral blood flow velocity (CBFV) and
static rate of regulation (sROR) in a single patient
with normal intracranial pressure to illustrate data
processing. Dots show original CBFV data points,
registered at 0.1 Hz; open circles show smoothed
and resampled data points. An sROR value of 1 indi-
cates perfect cerebrovascular pressure reactivity,
and a value near 0 indicates complete loss of reac-
tivity. CPP=cerebral perfusion pressure.
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Test protocol
Cerebral hemodynamic responses to varying levels of CPP were assessed by pharma-
cological manipulation of MAP on Days 0, 1 and 2 after injury. Changes in ventilator
settings and the use of mannitol or sedative bolus infusions were avoided immediately
before and during testing. The intended MAP and CPP changes were sinusoidal; start-
ing from a steady-state, CPP was first decreased to a target of 50–55 mm Hg by reducing
any baseline IV norepinephrine infusion or by using a combination of phentolamine and
esmolol IV push. CPP was then slowly increased to a target of 105–110 mm Hg by using
a ramped IV norepinephrine infusion. For analysis, only data stored during the upward
titration of CPP were used, to avoid problems with hysteresis due to signal response
times. One hour after the blood pressure manipulation, a three-step CO2 reactivity test
was performed to enable a general classification of a subject’s cerebrovascular respon-
siveness. For this, the ventilator settings were adjusted to obtain subsequent expired
minute volumes of approximately 50%, 100% and 150% of pretest values. All settings
were maintained for 15 minutes. SjO2 was not allowed to decrease to ischemic values
(<50%) during MAP or PaCO2 manipulation.

Data processing
Mean cerebral blood flow velocity (CBFV) was calculated from the time-averaged
middle cerebral artery peak flow velocities of the left and right hemispheres. In prepa-
ration for further data analysis, both CBFV and ICP data scatter was removed by using
a repeated moving average smoothing function (T4253H smoothing; SPSS software;
SPSS Inc., Chicago, IL). PtiO2 is a more stable signal, and smoothing was not necessary.
After preprocessing, all data were resampled to obtain balanced datasets with Y-values
at 5-mm Hg CPP intervals (figure 1, top). For each 5-mm Hg CPP interval, a static rate
of regulation (sROR) was calculated as the ratio of the percentage change in cerebrov-
ascular resistance by the percentage change in CPP, with cerebrovascular resistance
estimated as the ratio of CPP to CBFV (figure 1, bottom).11 Static ROR values close to 1
indicate perfect adaptation of cerebral resistance vessels to changes in CPP, whereas
values close to 0 indicate the complete absence of a cerebrovascular response. CO2

responsiveness was calculated as the ratio of percentage change in CBFV to change in
PaCO2. A CO2 responsiveness >2.7 % per mm Hg was considered normal.12

There is a strong linear relationship between PtiO2 and arterial partial pressure of
oxygen (PaO2) when PaO2 is in the normal or hyperoxic range.13 Therefore, a method of
PtiO2 correction was used to compensate for variations in PaO2 within and between
patients.14 First, baseline PtiO2 and PaO2 were recorded midway during the 1-h interval
between MAP manipulation and CO2 reactivity testing. The inspired fraction of oxy-
gen was then increased to 1.0, and after a 15-min period of equilibration, PtiO2 and
PaO2 were again recorded. The PtiO2 and PaO2 values at the different inspired fraction
of oxygen levels were used to calculate a linear regression equation relating PtiO2 to
PaO2. By using this equation, all PtiO2 values were subsequently standardized to a PaO2

of 100 mm Hg.
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Analysis
Data were analyzed separately on the basis of the presence or absence of ICHT (ICP
>20 mm Hg) at the start of the test protocol. Differences in pretest variables on sub-
sequent assessment days were evaluated with nonparametric tests for dependent sam-
ples (Friedman’s test for continuous variables; Cochran’s test for discrete variables).
As the primary analysis, individual response curves were constructed for each study
session relating ICP, sROR and PtiO2 to the induced changes in CPP (figure 1). Simi-
larly, response curves to the induced changes in PaCO2 were constructed. The sign
test was used to assess the direction of changes in these variables from pretest values
to the values attained at the upper and lower limits of the explored range within
subjects. This test was considered appropriate because single patients inevitably con-
tributed data to either the normal or high ICP groups more than once, and the sign
test is the most conservative (least powerful) of available nonparametric paired-sam-
ples tests. Values are reported as medians and 25th–75th percentiles.

Results

Three sessions of CPP manipulation each were scheduled in 13 patients on Days 0, 1
and 2 after injury. Out of 39 intended test sessions, data from 37 sessions were avail-
able for analysis; 1 patient missed an evaluation because of severe unstable ICHT and
1 patient because of a technical problem with data acquisition. During the test ses-
sions, a median baseline MAP of 94 mm Hg (87–100 mm Hg) was decreased to 68 mm
Hg (62–79 mm Hg) and increased to 126 mm Hg (119–132 mm Hg) in a median time
of 15 min (11–18 min). This corresponded to a low CPP of 51 mm Hg (48–53 mm Hg)
and a high CPP of 108 mm Hg (102–112 mm Hg).

Table 1 shows general demographic and clinical variables. Patients had predomi-
nantly isolated head injuries. Five patients showed signs of raised ICP on their ad-

Table 1. Patient demographics and clinical characteristics (n=13)
Variable Data

Male gender 12 (92%)
Age (years) 27 (20-36)
Glasgow Coma Scale score 7 (5-9)
Injury Severity Score 23 (19-29)

Computed tomography scan findings normal cisterns 8 (62%)
compressed or absent cisterns 5 (38%)

Glasgow Outcome Scale at 6 months dead 3 (23%)
vegetative state or severe disability 0 (0%)
moderate disability or good recovery 10 (77%)

Values shown are medians (25th-75th percentiles) or absolute numbers (%).
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For all 37 study sessions, ICHT was absent on 26 occasions in 11 patients, corre-
sponding to a pretest ICP of 12 mm Hg (9–16 mm Hg), and ICHT was present on 11
occasions in 6 patients, corresponding to a pretest ICP of 24 mm Hg (22–29 mm Hg).
Figure 2 shows cerebral hemodynamic responses to the trial CPP manipulation for
patients with normal ICP and ICHT. In the absence of ICHT, there were no clini-
cally significant changes in ICP, sROR or PtiO2, although the sign test indicated con-
sistent but very small increases in ICP and PtiO2, as well as a small decrease in sROR
during the phase of increased CPP. Conversely, in the presence of ICHT, CPP reduc-
tion resulted in a significant increase in ICP, a decrease in sROR, and a decrease in
PtiO2, whereas CPP increase beyond its pretest level resulted in unchanged ICP but
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mission computed tomography scans, without evidence of mass lesions. Table 2 shows
physiological and treatment-related variables of the patients on succeeding days. ICHT
became more prevalent as the time after injury elapsed, although this effect did not
reach statistical significance. This trend was accompanied by increases in CBFV, SjO2

and PtiO2 over time. In most patients CPP was maintained well above 70 mm Hg
during the first days in the intensive-care unit, but this required increasing infusion
rates of catecholamines over time.
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Figure 2. Intracranial pressure change (∆ICP), static rate of regulation (sROR), and brain tissue partial pressure
of oxygen (PtiO2) across the explored cerebral perfusion pressure (CPP) range for patients with normal and
increased intracranial pressure (ICP). The CPP at which patients were managed at baseline, before the start of
the blood pressure manipulation, is shown in the box plot across the horizontal axis at the bottom of the figure.
Left and right p values in each plot pertain to the sign test for the change in a variable from the pretest value to
the value attained at the lower and upper limits of the explored CPP range in a subject, respectively. Boxes show
medians (IQR), and whiskers show range. ∆ICP is expressed as millimeters of mercury change from pretest
intracranial pressure. PtiO2 was adjusted to a PaO2 of 100 mm Hg (see text). n.s.=not significant.
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increased sROR (statistically not significant) and PtiO2. SjO2 values less than 50%
were not observed during testing either in the presence or absence raised ICP.
Response patterns similar to figure 2 could be constructed by using MAP (instead
of CPP) across the independent axis (figures not shown). Also, the aggregated
response patterns shown in figure 2 represented individual responses well in most
patients.

Figure 3 shows the results of 28 CO2 reactivity tests in 11 of the 13 patients.
CBFV responsiveness was 3.3% (2.8%–4.0%) and 3.2% (2.8%–3.7%) per millimeter
of mercury of PaCO2 change in the presence and absence of ICHT, respectively. Ab-
normal CO2 responsiveness was observed in only one patient during all three test
sessions. This patient had a normal ICP and a good clinical outcome. Whereas CBFV
decreased linearly with decreases in PaCO2, PtiO2 did not decrease until the last
(hypocapnic) stage of the CO2 reactivity test.

Figure 3. Carbon dioxide reactivity tests for patients with normal and increased intracranial pressure (ICP).
Dashed lines show cerebral blood flow velocity (CBFV), and solid lines show brain tissue partial pressure of
oxygen (PtiO2) adjusted to a PaO2 of 100 mm Hg (see text). Values shown are means ±SEM. PaCO2=arterial
partial pressure of carbon dioxide.
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Discussion

In this study we varied CPP on the first days after severe head injury over a range of
approximately 57 mm Hg. A temporary reduction of CPP from a baseline of approxi-
mately 75–80 mm Hg in patients with ICHT further increased ICP, reduced the ca-
pacity to autoregulate, and decreased brain tissue oxygenation. Increasing CPP
improved sROR and increased PtiO2. In contrast, when ICP was normal, only small
changes were observed when CPP was either increased or reduced.

Patients with increased ICP in this series appeared to be operating on the lower
shoulder of the cerebral autoregulation curve, implying that their individual curves
were shifted towards higher CPP values compared with patients with normal ICP.
Although the lower acceptable limit for CPP has often been set at 70 mm Hg,1,7 con-
siderably higher CPP has also been recommended for these patients.2 In contrast,
patients with normal ICP appeared to be operating within autoregulation limits.
Consequently, the use of catecholamines to elevate CPP to an arbitrary value in
this group may not improve cerebral perfusion while still subjecting patients to an
increased risk of adult respiratory distress syndrome and circulatory failure.3-6 In
relation to this, in 2003 the Brain Trauma Foundation issued an update of their guide-
lines for CPP management, decreasing the lower limit of CPP that is considered
acceptable from 70 to 60 mm Hg.15 Our findings may not be generalizable to all groups
of head-injured patients. Impaired cerebral vasomotor reactivity has been reported
in the presence of ICHT and is associated with poor outcome.12,16 Because all patients
with increased ICP had preserved CO2 responsiveness, patients with the worst inju-
ries may have been under-represented in the study sample. Furthermore, we assessed
only the immediate effects of CPP manipulation. Only a therapeutic trial of long-
term CPP increases in patients with ICHT can assess the effects on the cerebral re-
sistance vessels, the blood-brain barrier, transcapillary fluid filtration, or, for that
matter, patient survival and functional outcome.

Several authors have proposed that the state of cerebral autoregulation should be
integrated into management plans to target CPP for individual patients after head
injury.1,16-18 Patterns of injury and the associated impairments of cerebral vasomotor
responses are highly variable, and it is unlikely that one CPP threshold will be opti-
mal for all patients at all times. In this study, we observed marked changes in indi-
vidual cerebrovascular responses over time that were consistent with a transition
from an early state of hypoperfusion to a state of possible hyperemia on Days 1 or 2
in some patients.19 Nonetheless, for the entire group, we were not able to establish any
fixed temporal pattern for these observations, and this is consistent with findings by
others.16,20 Therefore, without true assessment of cerebral hemodynamic responses, one
cannot make assumptions about the state of autoregulation in a particular patient.

Many studies assessing pressure–flow autoregulation used only a single static MAP
increase across a limited range and reported the cerebral vasomotor response in a
dichotomized manner as absent or preserved.11,16,21 This study suggests that it may be
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important to investigate cerebral hemodynamic responses repeatedly and across a
wider range to find a CPP at which the autoregulation capacity is maximized. Pre-
sumably, that CPP would then identify a pressure level at which brain tissue perfusion
is adequate.

Some groups advocate using the ICP response to spontaneously occurring changes
in MAP to make inferences about optimal CPP.17,22 Although this is attractive be-
cause of its simplicity, one problem with this approach is that the response of ICP to
MAP variations may differ between patients with normal and increased ICP.20 The
magnitude of the change in ICP then reflects the starting point on the ICP–volume
curve, rather than the strength of the vasomotor response. This is illustrated by the
exaggerated ICP changes in the group with ICHT in this study. Furthermore, when
using the ICP–MAP correlation to assess cerebrovascular responses, it is implicitly
assumed that perfusion pressure is the independent variable and ICP is the response
variable. This assumption may be flawed when using observational data obtained
during routine clinical practice, as MAP may respond to independent ICP changes
(e.g., due to medullary vasomotor responses or the administration of vasopressors to
maintain CPP), or both variables may simultaneously respond to a shared cause (e.g.,
CO2 retention and stress during endotracheal suctioning). Similar problems may also
apply to studies that use more sophisticated monitoring, such as PtiO2, to assess cer-
ebral autoregulation in an observational setting.  Spontaneous fluctuations in CPP
may be caused by variations in MAP, ICP, or both, and it is conceivable that
unchanged cerebral hemodynamic conditions cannot be assumed in all such in-
stances; this would invalidate inferences about optimal CPP.

Finally, when studying cerebral vasomotor responses to make inferences about a
presumed optimal CPP, it is necessary to collect data on the pressure limits of au-
toregulation, rather than on the overall slope of the pressure–flow association. Stud-
ies that have attempted to detect the plateau and thresholds of the autoregulation
curve have often pooled repeated observations from many different subjects within
CPP ranges.18,23 Variations within and between subjects were thereby ignored. Re-
cently, Lang et al.18 used pharmacological manipulation of MAP and assessed cer-
ebral autoregulation on 66 occasions in 14 head-injured patients with predominantly
low ICP. After a pooled analysis of all observations, an autoregulatory plateau was
recognized when CPP was between 70 and 90 mm Hg. However, the observations
were made throughout a period of two weeks following injury that had resulted in
various combinations of epidural hematoma, subdural hematoma, and contusions.
Pooling data relies on the assumption that the autoregulation curve is a population
characteristic. Evidence against this assumption is provided by the differences be-
tween patients with normal and increased ICP in the present data and by other stud-
ies showing that the autoregulation curve can shift with changes in metabolism and
intracranial pathophysiology.24
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Conclusion
In this study of severely head-injured patients with globally preserved cerebrovascular
reactivity, pressure–flow autoregulation and tissue oxygenation were not critically de-
pendent on CPP when ICP was within normal range. In contrast, when ICHT was present,
deliberate arterial hypertension reduced ICP, enhanced the capacity of the brain to
autoregulate blood flow, and improved cerebral tissue oxygenation. More importantly,
these data show that the technique of challenging the cerebral circulation by MAP
manipulation over a wide range is feasible and can be used routinely to verify the
response of ICP during CPP management in the first days after severe head injury. If
more extensive neuromonitoring is available, a careful observation of individual responses
to a daily trial manipulation of MAP can provide additional information that may be
used to optimize CPP management.
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Abstract

Background Intracranial hypertension after severe head injury is associated with case
fatality, but there is no sound evidence that monitoring of intracranial pressure (ICP) and
targeted management of cerebral perfusion pressure (CPP) improves outcome, despite
widespread recommendation by experts in the field.

Methods We performed a retrospective cohort study to determine the effect of ICP/CPP
targeted intensive care on functional outcome and therapy intensity levels after severe
head injury. From a total of 685 consecutive severely head-injured adults, admitted to
two level-I trauma centers in The Netherlands from 1996 to 2001, we studied 333 pa-
tients who had survived and remained comatose for more than 24h after injury. In center A
(supportive intensive care), mean arterial pressure was maintained at approximately 90
mm Hg and therapeutic interventions were based on clinical observations and CT find-
ings. In center B (ICP/CPP targeted intensive care), management was aimed at main-
taining ICP <20 mm Hg and CPP >70 mm Hg. Allocation to either trauma center was
solely based on the site of the accident. The extended Glasgow Outcome Scale was
prospectively assessed after ≥12 months.

Results Patient characteristics were well balanced between the centers. ICP monitoring
was used in 0/122 (0%) and 142/211 (67%) of cases in centers A and B, respectively.
In-hospital mortality was 41 (34%) in center A vs. 69 (33%) in center B (p=.87).The odds
ratio for a more favorable functional outcome following ICP/CPP targeted therapy was
0.95 (95% CI: 0.62 to 1.44). This result remained after adjustment for potential
confounders. Sedatives, vasopressors, mannitol, and barbiturates were much more fre-
quently used in center B (all p<.01). The median number of days on ventilator support in
survivors was 5 (25th–75th percentile: 2–9) in center A, vs. 12 (7–19) in center B
(p<.001).

Conclusion ICP/CPP targeted intensive care results in prolonged mechanical ventilation
and increased levels of therapy intensity, without evidence for improved outcome in pa-
tients who survive beyond 24h following severe head injury.
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Introduction

Monitoring and targeted management of intracranial pressure (ICP) and cerebral perfusion
pressure (CPP) is widely advocated for patients with severe head injuries.1,2 This recom-
mendation is based on physiological principles and on the association of poor outcome
with systemic and cerebral derangements, most importantly arterial hypotension, hypoxia,
pyrexia, intracranial hypertension, and low CPP.3 However, the impact of such therapy
on outcome is unclear. In particular, the use of ICP monitoring to guide therapy in the
intensive-care unit (ICU) has never been subjected to a randomized controlled trial. As
a consequence, there is considerable variation in the use of monitoring and treatment
modalities between trauma centers.4-6

Surveys of critical care management in Europe and North America indicate that ICP
is monitored routinely in approximately 75% of centers that provide care for severely
head-injured patients.7,8 Nonetheless, a randomized trial addressing the efficacy of ICP
guided therapy is still in demand, although —at the same time— many clinicians are
reluctant to randomize their patients because they feel that monitoring has become
central to appropriate management.8 Infections and bleeding complications resulting from
the use of ICP monitoring devices are rare.6,9 However, there are cardiorespiratory com-
plications that may be associated with a CPP targeted approach.10,11 It is conceivable that
an ICP/CPP driven protocol might result in a more frequent use of sedatives, muscle
relaxants, osmotic diuretics, vasopressors, fluid loading, and hyperventilation, which all
have recognized neurologic and systemic side effects. Furthermore, the impact of such
therapy on costs and length of stay in the ICU is unknown.

To determine the effect of ICP/CPP targeted intensive care on functional outcome,
therapy intensity levels, and length of stay after severe head injury, we performed a
retrospective cohort study with prospective assessment of functional outcome in two
level-I trauma centers in different regions in The Netherlands, with contrasting ap-
proaches to intensive care management of head-injured patients. Center A provided sup-
portive intensive care without ICP monitoring, whereas center B provided protocol-driven
intensive care targeted to maintain ICP <20 mm Hg and CPP >70 mm Hg.

Patients and Methods

Patients
This study was approved by the institutional ethics committee of both hospitals. Inclu-
sion criteria were: (1) age >16 years, (2) history of acute blunt traumatic brain injury,
(3) injury date from January 1996 through June 2001, (4) admission to index hospital
within 24 hours of injury, (5) intracranial abnormalities on the initial computed tomog-
raphy (CT) scan consistent with head trauma, and (6) initial Glasgow Coma Scale (GCS)
score ≤8 or GCS score deteriorating to ≤8 within 24 hours following injury. If the GCS
could not be reliably assessed or was not recorded, a maximum Abbreviated Injury Scale
score ≥4 in the head region was used as an alternative inclusion criterion (this includes
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intracranial hemorrhage, large contusions with mass effect, brain swelling with compressed
ventricles and cisterns, complex (open) skull fractures, or any brain stem injury).12 Patients
who were unlikely to benefit from ICP/CPP targeted therapy (i.e., patients who died within
24 hours of injury, patients who obeyed commands 24 hours after injury, and patients who
were transferred out of the index hospital within 24 hours of injury) were excluded.

Treatment allocation
The Dutch trauma care system is organized within 26 regions, in which transfer agree-
ments are operational with one of ten nationally designated level-I trauma centers.13

Thus, allocation of patients to hospitals was solely based on the site of the accident.
Center A, St. Elisabeth Hospital, Tilburg, serves an area in the south-west with a popula-
tion of 1,000,000. Center B, University Medical Center, Utrecht, serves a central part of
the country with a population of 2,600,000. In both study centers seriously injured pa-
tients were resuscitated according to Advanced Trauma Life Support standards.14 In coma-
tose patients resuscitation was followed by a head CT scan and prompt evacuation of
intracranial mass lesions, if indicated. Subsequently, patients were transferred to the
ICU, which in both centers was staffed by intensivists.

In center A, severely head-injured patients were intubated and ventilated to main-
tain adequate oxygenation and normocarbia. Midazolam or propofol, plus morphine, were
used for sedation. Pupillary size, shape, and reactivity to light, as well as spontaneous and
evoked motor responses were assessed and recorded hourly by the ICU nurses. Invasive
mean arterial pressure was measured and maintained at approximately 90 mm Hg. ICP
and CPP were not monitored and the use of medical therapies to reduce brain swelling
was thus solely based on clinical and radiological findings. Approximately 24 hours after
injury, the head CT scan was repeated. If the basal cisterns were not compressed, seda-
tion was discontinued (or interrupted) to allow full clinical evaluation by a neurologist.
If a risk of cerebral herniation was suspected, or if sedation could not be discontinued for
other pertinent reasons, patients were followed-up by repeated CT scanning at regular
intervals. Antipyretic drugs were used routinely, but physical cooling was initiated only
occasionally when fever exceeded 39.0°C.

In center B, severely head-injured patients were managed according to an algorithm,
which was in effect since 1996 and in compliance with the guidelines of the European
Brain Injury Consortium and the American Brain Trauma Foundation.2,15 According to
this algorithm, all patients were intubated and ventilated to normocapnia. Propofol was
used for sedation, with morphine as an analgesic adjunct. Pupillary and motor responses
were assessed hourly. In addition to mean arterial pressure, ICP was routinely moni-
tored (using an intraparenchymal pressure transducer) in patients with a GCS score ≤8.
The continuous ICP, mean arterial pressure, and CPP recordings were logged into an
ICU database (System Critical Care v1.3; Eclipsys Corporation, Delray Beach, FL) on an
hourly basis. When intracranial hypertension (ICP >20 mm Hg for more than 10 min-
utes) developed, a new CT scan was obtained and appropriate surgical measures were
taken, if indicated. Patients who had a CPP <70 mm Hg were routinely given a continu-
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ous infusion of norepinephrine to maintain their CPP above this threshold. Reasons not
to monitor ICP were generally related to the presence of coagulopathy, the judgement of
the neurosurgeon after craniotomy, or occasionally, a limit to the availability of moni-
toring devices. Second range therapy for intracranial hypertension included mannitol,
muscle relaxants and moderate hyperventilation, guided by jugular venous oximetry.
Third range therapy included the use of high-dose barbiturates. When pyrexia evolved,
cooling measures were taken to maintain temperature below 38.0°C. Sedation and me-
chanical ventilation were continued until intracranial hypertension resolved.

Data collection
From the trauma registry in each hospital we identified all patients who had been admit-
ted for a head injury resulting in loss of consciousness with CT scan abnormalities, and
assessed them for study eligibility by a review of the medical records. Data included
information on neurological and physiological status at the accident scene and during
in-hospital resuscitation, the presence and severity of associated injuries, laboratory pa-
rameters, ICU management, surgical interventions, and complications. For patients meet-
ing the inclusion criteria, CT scans were reviewed by one of the authors (GWD) and
classified according to the Traumatic Coma Data Bank.16 For patients who were excluded,
a priori survival probabilities were calculated with the Trauma and Injury Severity Score
methodology.17 All clinical data were collected before the outcome was assessed.

Outcome assessment
The primary study outcome was the extended Glasgow Outcome Scale (GOSe) after ≥12
months.18 Outcome was assessed between July 2002 and November 2003 by a trained
research nurse using a structured telephone interview.19 This method allows for a reli-
able assessment of the GOSe.20 In 68% of survivors, interviews were conducted both
with the patient and a family member, in 13% with the patient alone, and in 19% with a
caretaker alone. For analysis, the GOSe was collapsed into three ordinal levels: (1) dead,
vegetative state, and lower severe disability; (2) upper severe and moderate disability;
and (3) good recovery. A secondary measure of outcome was in-hospital mortality. Length
of stay in the ICU and days on ventilator support were considered process indicators,
reflecting the intensity of treatment and use of hospital resources.

Statistical analysis
Missing values were present for 1% on injury cause, 4% on admission GCS, 1% on best
GCS motor score, 5% on pupil reactivity, 9% on CT classification, 8% on base-deficit on
admission, 1% on Revised Trauma Scores and none on other variables. The distribution
was similar across both centers. Since missing information can result in bias and loss of
statistical power, we imputed variables with missing values using estimates that were
generated by multiple linear regression and adjusted by a random residual value (MVA
procedure, SPSS for Windows 10, SPPS Inc., Chicago, IL). Characteristics and treatment
related parameters of patients admitted to center A or B were compared by means of
Pearson chi-square tests for categorical variables and Mann-Whitney tests for numerical
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variables. A proportional odds ordinal logistic regression model (S-Plus 2000, Insightful
Corp., Seattle, WA) was used to estimate the effect of ICP/CPP targeted treatment on the
primary outcome (trichotomized GOSe).21 The crude treatment effect was assessed by
means of a summary odds ratio with 95% CI. Subsequently, this crude odds ratio was
adjusted for potential confounding variables. Briefly, the confounding effect of single
variables was first assessed in separate bivariate models. These variables included age,
GCS motor score, pupil reactivity, CT classification, intracranial surgery, Injury Severity
Score, Abbreviated Injury Scale for the head region, Revised Trauma Score, injury cause,
transfer status, hypotension, hypoxia, anemia and base-deficit on admission. Subsequently,
confounding variables were included in a multivariate analysis in a forward stepwise
manner. The choice of variables to include in the final adjusted analysis was made by
evaluating the change in the effect estimate after each step.22 The ordinality and propor-
tional odds assumptions for using the regression model were satisfied for both the deter-
minant and confounding variables.

Figure 1. Flow diagram of patient screening and study inclusion. Survival P=expected survival probability,
calculated using the Trauma and Injury Severity Score methodology.17
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Results

Figure 1 shows the study inclusion progress of the 940 patients that were initially
identified from the trauma registries. The a priori predicted survival probability of
patients who eventually died within 24 hours of trauma was similar in centers A
and B (median 0.39 and 0.39, respectively). Likewise, the survival probability of pa-
tients who obeyed commands within 24 hours was also similar (median 0.98 and
0.96, respectively). For the 359 patients who met the inclusion criteria, outcome
was assessed in 122/130 (94%) and 211/229 (92%) of subjects, in centers A and B
respectively. The median duration of follow-up was 47 (25th–75th percentile: 36–67)
months (in both centers).

Table 1 shows characteristics and clinical features of the included patients. Gender,
age, GCS on admission, the number of non-reactive pupils, and CT findings did not dif-
fer between the two centers. There were more injuries due to falls around the house in
center A, against more injuries due to road traffic accidents and combined other causes
in center B. Median admission delay differed by only 6 minutes, but in center A there
was a greater proportion of patients who were admitted with a delay of several hours
after initial resuscitation at a local hospital. Also, in center A there were slightly more
patients who had maintained spontaneous ventilation initially, had been obeying com-
mands, and suffered from neurological deterioration due to epidural hematoma. There
were 4 (3%) patients in center A and 12 (6%) patients in center B in whom a reliable GCS
(motor) score had not been recorded by the end of the first day (these patients were
included based on an Abbreviated Injury Scale score ≥4 in the head region). The median
Revised Trauma Score was similar in both centers, but hypoxia was more common in
center A, whereas hypotension and anemia were more common in center B. Also the
Injury Severity Scores were very similar. In particular, there was no difference in the
extent of associated chest injuries, injuries of other body regions, nor in the rates of
emergency laparotomy or thoracotomy.

Table 2 shows parameters related to the therapeutic management of patients in the
ICU. In center B, ICP monitoring was used in approximately two-thirds, and jugular
venous oximetry in approximately one-half of the patients. Simultaneously, there was
an increased use of therapeutic measures aimed at controlling intracranial hypertension
and maintaining CPP above the specified threshold in center B. Although there was an
increased use of blood pressure supportive agents, the incidence of low mean arterial
pressure was similar in both centers. Fever occurred less frequently and/or was much
more aggressively treated in center B.

In-hospital mortality was 41 (34%) and 69 (33%) in centers A and B, respectively
(p=.87). At the time of death the median duration of hospitalization had been 3 (2–8)
days in center A, versus 5 (3–9) days in center B (p=.11). In patients who were dis-
charged alive, the duration of mechanical ventilation was 5 (2–9) days in center A, versus
12 (7–19) days in center B (p<.001). Likewise, the period of stay in the ICU was 8 (4–14)
and 14 (8–23) days, respectively (p<.001).
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Table 3 shows the GOSe at follow-up. There were no significant differences
in functional outcome between the supportive and ICP/CPP targeted center. The
absolute risk difference for attaining good recovery following ICP/CPP targeted
treatment was –1% (90% CI: –8% to +6%) compared with supportive intensive
care. For the poorest outcome level, the risk difference was +1% (90% CI: –8%
to +11%). Within this group, case fatality at the time of follow-up had increased
to 55 (45%) in center A and 83 (39%) in center B (p=.31). From the survivors, 5
patients (8%) from center A and 15 patients (12%) from center B resided in a
nursing home or comparable facility at the time of follow-up (p=.35), whereas
the remainder lived at home.
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The crude odds ratio (table 4) for a more favorable outcome following ICP/CPP
targeted therapy was 0.95 (95% CI: 0.62 to 1.44). After adjustment for age, best
motor score ≥4, presence of two non-reactive pupils, CT scan category, injury cause
category, and evacuation of an extradural hematoma, the association remained un-
changed. Adjustment for other variables (e.g., hypotension and hypoxia) did not change
this result. In addition to the primary analysis that included all patients on an inten-
tion to treat basis, we also performed an on-treatment analysis, including all patients
in center A and only the 142 patients in center B who actually had an ICP monitor.
Compared with the 69 patients who were not monitored, these 142 patients were
younger (p<.001), had worse motor scores (p=.05), were more frequently intubated
upon admission (p=.02), had more diffuse injuries with swelling and less mass lesions
on the initial CT scan (p=.04), and required less often emergency intracranial
surgery (p=.04). Nonetheless, the on-treatment analysis yielded similar results, with
a non-significant trend towards improved outcome in center A after multivariate
adjustment (table 4).
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Discussion

We performed an observational study in two trauma centers in different regions of
The Netherlands with contrasting approaches to intensive-care management of se-
verely head-injured patients. Compared with supportive intensive care without ICP
monitoring, the use of an ICP/CPP targeted treatment protocol resulted in a much
longer period of mechanical ventilation and a more extensive use of medical thera-
pies to control intracranial hypertension and maintain CPP. However, there was no
evidence that such management improved functional status or survival.

The use of ICP monitoring and protocol-driven neurointensive care for severely
head-injured patients remains controversial because no randomized controlled trials
have been conducted to date. In the 1980s, several authors have argued in favor of
ICP/CPP targeted therapies for traumatic brain injury by comparing mortality rates
of 28–36% observed since the introduction of routine ICP monitoring,15 with an often
quoted 50% mortality rate observed in 1977 in three centers by Jenett et al.23

4,

 More
recently, outcomes were compared between individuals who —during routine clinical
practice— either did or did not receive an ICP monitor. 6 Obviously, confounding
by indication is a major problem in this type of comparison. After adjustment for
some markers of injury severity, the effect estimate in these studies varied from im-
proved to worsened outcome when ICP/CPP monitoring was used.

We are aware of only few studies that compared cohorts of head-injured patients
who were exposed to different approaches to ICP/CPP management. Gelpke et al. found
higher survival rates in centers with a more conservative management regimen com-
pared with more ‘aggressive’ treatment.24 Patel et al. compared functional outcome be-
tween patients managed according to a contemporary ICP/CPP guided protocol and
historical controls from the same center.25 They found an improved functional status,
but not a reduced mortality, in a post hoc subgroup of the severest cases only. In two
other studies, outcome was compared between several trauma centers, which were char-
acterized by a more or less ‘aggressive’ approach to ICP/CPP targeted therapy.5,26 Center
‘aggressiveness’ was estimated from the observed frequency of ICP monitoring. Although
in the study by Bulger and colleagues center classification was based on an average of
less than 6 contributing patients per study hospital and the potential for misclassification
of the determinant was thus considerable,5 both studies found evidence of an association
between more aggressive ICP/CPP targeted management and improved clinical outcome.
However, there is some inconsistency in the fact that a reduced mortality without a
difference in functional status in survivors was reported, as well as an improved func-
tional survival without a decrease in the rate of death. These studies relied on medical
records to retrieve the Glasgow Outcome Scale, and this may have caused significant
misclassification of functional survival status.

In the present study we prospectively assessed long-term functional outcome after
severe head injury in two Dutch hospitals and were unable to confirm even a trend
towards improved functional survival in patients who were treated at the center which
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provided strict ICP/CPP targeted care. Our study was pragmatically designed, imply-
ing that we analyzed different approaches to treatment of traumatic brain injury as
observed in clinical practice, rather than a single intervention such as ICP monitor
placement. As a consequence, our findings must be interpreted knowing that there
were most likely differences in various other, unobserved practices. Although table 2
suggests that management in center B was much more ‘aggressive’, one-third of the
patients in this center had not actually received an ICP monitor, and this finding may
have diluted a potential treatment effect. Reasons not to monitor ICP were most often
related to the discretionary judgement of the attending neurosurgeon following de-
compressive surgery or anticoagulant use. Nonetheless, it has to be noted that the 67%
monitoring rate achieved in center B is high compared to other trauma centers that
routinely use ICP monitors.4-6,26 Moreover, we performed an on-treatment analysis,
which yielded similar results as the intention to treat analysis, although the trend was
more in favor of supportive intensive care (table 4).

We did not investigate the potential benefit of ICP monitoring in the first 24
hours after injury, for example for the detection of rapidly expanding mass lesions
needing surgical evacuation. We excluded patients who died on day 1, because we
made the assumption that early death would be attributable to causes that were not
amenable by ICP/CPP targeted therapy in the ICU. Compared with center A, a smaller
proportion of patients was excluded because of early death in center B. This finding
could suggest a difference in case-mix and the presence of selection bias in the study.
However, it is unlikely that this was the case, because the survival prognosis of ex-
cluded patients appeared to be similar upon admission to either center (figure 1).
Moreover, the apparently low number of exclusions for early death in center B could
be explained by the fact that patients who had died upon arrival in the emergency
department were not represented in the original 940 patients that were assessed for
study eligibility, because they were not marked as a hospital admission in the trauma
registry in this center. In contrast with some of the earlier reports, confounding by
indication was not a major problem in our study, because for patients referred to
center A, ICP monitoring was simply not available, and for patients referred to center
B, the primary analysis was done on an intention to treat basis. Furthermore, mark-
ers of injury severity were well balanced between the centers. As a consequence,
multivariate statistical adjustment did not alter the interpretation of our crude find-
ings. The possibility of residual confounding cannot be excluded entirely, however,
because this was a retrospective, observational study.

There are several reasons why ICP/CPP targeted therapy need not necessarily
result in improved outcome. First, aggressive goal-directed therapy fails to consist-
ently control ICP below 20 mm Hg in approximately one-fourth of patients (table 2).
Second, investigations show that even the successful response of systemic variables
to therapy does not always result in a similar improvement of micocirculatory and
mitochondrial function. For instance, it has been shown that CPP augmentation is
relatively ineffective in reversing hypoperfusion in pericontusional ischemic areas,27
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and only variably effective in improving ICP, cerebral autoregulation, and brain tis-
sue oxygenation.28 Third, concerns have been raised that deliberate arterial hyper-
tension to maintain CPP >50 mm Hg may aggravate intracranial hypertension when
cerebral autoregulation is disturbed and the blood–brain barrier is disrupted.29 Fourth,
there is an increasing awareness that an aggressive ICP/CPP targeted critical care
approach may result in cardiorespiratory complications. The Baylor group reported
an increased incidence of adult respiratory distress syndrome with a treatment pro-
tocol targeted at maintaining CPP >70 mm Hg.10 In response to this finding, the
Brain Trauma Foundation in 2003 issued an update of their guidelines for CPP
management, lowering the treatment threshold to 60 mm Hg.30 We recently reported
on the risk of cardiac failure following long-term high-dose infusions of propofol
and vasopressors in the setting of ICP/CPP targeted management of severely head-
injured patients.11 In the present study, we observed similar distributions of mean
arterial pressure in both centers during the first week of stay in the ICU, despite the
fact that more patients in center B received a continuous infusion of dopamine or
norepinephrine for at least 24 hours (table 2). This finding could be related to the
overall increased length of stay and the higher incidence of hypotension upon admis-
sion in center B, but it is also possible that catecholamines were used more frequently
in center B merely to compensate the hemodynamic effects of infusing mannitol and
sedatives, including high-dose barbiturates. Together, these observations suggest that
ICP/CPP targeted management does not consistently improve systemic and cerebral
physiologic homeostasis, and that its potential benefits may be offset by an increased
risk of cardiac and pulmonary complications.

Even though in our study the trend was in favor of supportive intensive care,
statistical uncertainty still allowed for a limited potential benefit in favor of ICP/
CPP targeted intensive care. If we consider only the upper limit of the 90% CI for
the absolute risk difference for good recovery, however, we can be 95% certain that
this potential benefit is smaller than 6%. In other words, if we were still to assume
that ICP/CPP targeted treatment is helpful, from this study we can be 95% certain
that the number needed to treat would be at least 16 patients in order to benefit one
individual.31 However, there is considerable heterogeneity in the pathophysiology
of head injury, and it is conceivable that a possible treatment effect would be more
pronounced in specific subgroups of patients. The logical approach to resolving these
uncertainties is to conduct a properly designed, adequately powered, randomized
controlled trial. Such a trial should be targeted upon patients that are most likely to
profit from ICP/CPP targeted therapy (excluding patients with a high likelihood of
an extreme outcome) and should use an ordinal outcome measure that is sensitive to
changes in the order of magnitude of a potential treatment effect.32 Practically, this
means it would require a sample size of approximately 400 to 600 patients (depend-
ing on the observed distribution of outcomes) to detect a 15% absolute increase in
the proportion of patients having one of the two better outcomes on the trichotomized
GOSe with a power of 90%.33
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Conclusion
The clinical studies that have estimated the impact of ICP monitoring and aggressive
target-driven treatment on outcome after head injury suffer from various methodological
limitations. Furthermore, the data indicate that the perceived benefits may be small or
non-existent. Therefore, these studies do not support the use of such therapy as a stand-
ard of care. In the present study we were unable to demonstrate even a trend towards a
more favorable functional outcome with the use of an ICP/CPP targeted critical care
protocol, but there was a large increase in therapy intensity levels and use of hospital
resources. Therefore, a randomized controlled comparison of ICP/CPP targeted manage-
ment versus supportive critical care, without ICP monitoring, is warranted and ethically
acceptable in patients with severe head injury.
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Abstract

Background In our neurosurgical intensive-care unit (ICU), five adult patients with head
injuries recently died of unexplained cardiac failure on day 4 or 5 after admission. There
were marked similarities with a previously reported syndrome of myocardial failure,
rhabdomyolysis and metabolic acidosis in children receiving long-term propofol infusion.
All five cases occurred after the introduction of a new propofol 2% emulsion for sedation
in our ICU in 1998, as opposed to a 1% formulation used previously. We studied whether
high infusion rates of propofol for long-term sedation were associated with the occur-
rence of the observed syndrome.

Methods A retrospective cohort analysis was performed on 67 adult head-injured pa-
tients, admitted to the ICU from 1996 to 1999, who were alive, sedated and mechani-
cally ventilated 48 hours after injury.

Results In total seven patients were judged to have died from propofol-infusion syndrome,
two before the introduction of propofol 2% (n=38) and five thereafter (n=29). Over the
same period, mean propofol infusion rates had increased from 4.55 to 5.45 mg/kg per
h (p=.03). The syndrome did not occur in patients receiving mean propofol doses <5
mg/kg per h, whereas it occurred in 17% (3/18) and 31% (4/13) of the patients receiv-
ing 5–6 and >6 mg/kg per h respectively (p=.002). All cases had received propofol at
rates >5 mg/kg per h for more than 58 hours. The crude odds ratio for occurrence of the
syndrome was 1.93 (95% CI: 1.12 to 3.32; p=.02) for every mg/kg per h increase in mean
propofol dose above 5 mg/kg per h. Adjustment for confounders yielded similar results.

Conclusion Long-term high-dose propofol infusion is associated with cardiac death in an
adult head-injured population. Although a causal relationship cannot be established from
these data, we suggest that propofol infusion at rates higher than 5 mg/kg per h
should be discouraged for long-term sedation in the ICU, until the safety of these doses
has been verified.
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Introduction

We were recently alarmed by a cluster of five cardiac deaths, which occurred within a
one-year period, in head-injured patients receiving a propofol infusion for sedation. These
deaths could not be attributed to known causes of myocardial failure, and shared simi-
larities with previously reported cases of myocardial failure, metabolic acidosis and signs
of rhabdomyolysis in children receiving propofol for more than 48 hours in the pediatric
intensive-care unit (ICU).1-4 These reports implicated propofol or the lipid emulsion in
which it is formulated (2,6-diisopropylphenol 1% in 10% soybean oil), as a possible cause.
Subsequently, Bray identified the common features of these cases and referred to a
propofol-infusion syndrome.5 After the first case-reports in 1992, propofol use in pediatric
ICU’s has decreased significantly, despite an ongoing debate whether a condemnation of
propofol is justified based on these scarce data.6-10

Propofol is currently widely used for sedation in adults.11,12 Its short elimination
half-life permits fast recovery times even after long-term infusions.13 In head-injured
patients sedatives are commonly administered at anesthetic doses in an attempt to lower
cerebral metabolic demand and to control intracranial hypertension.12 In this setting,
propofol possibly has some added neuroprotective and anticonvulsive properties.14 Fol-
lowing the case-reports in children, a concentrated 2% formulation of propofol (20 mg/
ml) has been developed, in an effort to reduce the daily infusion volumes and lipid-load.

The five cases of unexplained cardiac failure all occurred after the introduction of
this new propofol 2% formulation to our ICU in 1998. We suspected that average propofol
infusion rates had increased after the 2% formulation became available. This study evalu-
ates whether high infusion rates were associated with the occurrence of a syndrome
consisting of myocardial failure and metabolic signs of of rhabdomyolysis in the setting
of long-term propofol sedation of adult head-injured patients.

Patients & Methods

A retrospective cohort study was performed among consecutive head-injured patients, aged
16 to 55 years, admitted to the neurosurgical ICU of the University Medical Center Utrecht
between 1 January 1996 and 31 December 1999, who were alive, mechanically ventilated,
and sedated 48 hours after injury. Based on previous reports we presumed that mortality
due to the syndrome would not occur after short-term sedation (i.e., within 48 hours).5

Patients older than 55 years were excluded because they have different patterns of injury
and more significant cardiac co-morbidity compared with younger age groups. Children
were excluded because they were referred to a new pediatric ICU after April 1999.

All patients were managed according to a local head injury protocol, which had
remained unchanged during the study period and complied with European Brain Injury
Consortium guidelines.15 The protocol specified indications for intracranial pressure (ICP)
monitoring and the sequential use of mannitol, moderate hyperventilation (guided by
jugular venous oximetry), and high-dose barbiturates to control intracranial hyperten-
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sion. Propofol was used for sedation, with low-dose morphine as an analgesic adjunct. If
indicated, larger (anesthetic) doses of propofol were administered to control ICP. The
treatment aimed to keep ICP below 20 mm Hg, while maintaining cerebral perfusion
pressure is mean arterial blood pressure minus ICP) above 70 mm Hg.

Based on four recently reported adult cases (aged 17 to 47 years),3,16,17 which showed
similarities with the propofol-infusion syndrome in children, we used the following cri-
teria to define ‘adult propofol-infusion syndrome’: (1) progressive myocardial failure
with dysrhythmias, that could not be attributed to known causes; and (2) otherwise
unexplained metabolic acidosis, hyperkalemia, and evidence of muscle-cell destruction,
which all needed to precede the final resuscitation phase.

Propofol infusion rates were obtained from the ICU data management system
(Continuum 2000; Eclipsys Corporation, Delray Beach, FL). This database contained
hourly records of all infusions, medications and lab values. Propofol exposure was
defined as the mean dose over the total infusion period.

The association between propofol exposure and the occurrence of the syndrome was
analyzed using odds ratios with 95% confidence intervals (CI). Adjustment for potential
confounding was made using binary logistic regression analysis. Propofol exposure was
analyzed both continuously (under the assumption of a linear association) as well as
after categorization into three groups (i.e., mean dose 0–5, 5–6 and >6 mg/kg per h).

Results

During the study period, 227 patients were admitted with a diagnosis of acute trau-
matic head injury; of whom 65 children and 43 adults older than 55 years were ex-
cluded from analysis. Of the remaining 119 patients, 16 patients died within 48 h of
trauma from direct injury-related causes; 33 patients no longer required ventilation
and sedation or had left the ICU by 48 h; and three patients presented with a delay
beyond 48 h. The 67 remaining patients were included in the analysis. Key charac-
teristics of these patients are shown in table 1. Patients with intracranial hyperten-
sion, women, and lean individuals had received relatively higher mean propofol doses
on a mg/kg basis.

Seven cases of apparent propofol-infusion syndrome were identified. Eleven pa-
tients in the cohort died from other causes (9 due to head injury, 2 due to multi-
organ failure). The occurrence of the syndrome was two of 38 (5%) in the years
before the introduction of the 2% propofol formulation, and five of 29 (17%) there-
after (p=.23). Over the same period,     mean propofol infusion rates had increased from
4.55 ±1.20 mg/kg per h (mean ±SD) to 5.45 ±1.88 mg/kg per h (p=.03).

Signs and symptoms of the seven cases are summarized in table 2. The cases are
also briefly described in the appendix. Figure 1 shows the combined use of adrener-
gic drugs in the 7 cases and the 60 other patients in the cohort. The cases were char-
acterized by a continuously increasing need for inotropic and vasopressor support,
which became evident 24–48 h after the start of the propofol infusion. Signs of muscle-
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cell degradation were noted in all cases in whom creatine kinase levels had been
determined.

The mean propofol infusion rate in the seven cases was 6.5 ±0.8 mg/kg per h
compared with 4.8 ±1.6 mg/kg per h in the sixty non-cases (p=.002). Figure 2 shows
that the cases received propofol at high infusion rates for a significantly greater
number of hours than the other patients. The total cumulative time of propofol ad-
ministration (at any rate) was somewhat lower in the cases, because they died after a
median duration of 91 h of sedation. All cases had received propofol at rates higher
than 5 mg/kg per h for more than 58 hours.

Table 3 shows the incidence of the propofol-infusion syndrome for three catego-
ries of the mean infusion rate. The syndrome did not occur in patients receiving
mean propofol doses <5 mg/kg per h, whereas it occurred in 17% and 31% of the
patients receiving 5–6 and >6 mg/kg per h, respectively (p=.002). By logistic regres-
sion analysis, the crude odds ratio for occurrence of the syndrome was 1.93 (95% CI:
1.12 to 3.32; p=.02) per unit (mg/kg per h) increase in mean propofol dose. Adjust-
ment for measured potential confounding variables (table 1), either univariately or
in combination, yielded similar odds ratios ranging from 1.90 (1.09 to 3.29) to 2.13
(1.17 to 3.90).
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Figure 2. Number of patient-hours at various propofol
infusion rates. Open boxplots show patients without the
syndrome (n=60); shaded boxplots show patients with
the syndrome (n=7). Boxes show medians (IQR).

Figure 1. Combined use of vasopressor and inotropic
drugs in head-injured patients. Boxplots depict median
(IQR). Lines represent individual patients. *Case died
after 177 h.
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Discussion

We observed a dose-dependent association between long-term high-dose propofol ex-
posure and the occurrence of a syndrome consisting of myocardial failure, rhabdomyolysis,
metabolic acidosis and hyperkalemia in adult head-injured patients. This association re-
mained after adjustment for measured confounders.

Alternative diagnoses
It is unusual for head-injured patients to progress to cardiac arrest unless therapy is with-
drawn. However, in the seven cases of propofol-infusion syndrome that were identified,
alternative diagnoses should be considered. There was no history of cardiac or neuromus-
cular disease in any of the cases. Although blood and catheter-tip cultures all remained
negative, we cannot completely rule out the possibility of septicemia in every case. None-
theless, it is unlikely that undiagnosed sepsis would have resulted in the rapidly progres-
sive and lethal clinical course observed in these young patients. Secondary adrenal
insufficiency should also be considered, but this would not explain the observed signs of
muscle-cell degradation. Unfortunately, adrenocorticotropic hormone and cortisone
concentrations have not been measured. The possibility of blunt cardiac injury cannot
be excluded in all cases, although three patients had sustained injury by a mechanism
that makes myocardial contusion highly unlikely, none had any external signs of tho-
racic injury, and no patient had presented dysrhythmias during the first 24 hours of
admission. In the absence of an autopsy, massive pulmonary embolization cannot be
excluded as the terminal event in case 4, although an embolus would fail to explain the
initial clinical course. None of the patients had evidence of a lower-extremity compart-
ment syndrome, but crush injury may go unnoticed in rare instances. Similarly, the ob-
served hyperkalemia was not readily explained by seizure activity, hemolysis, or anuria.

Considering the many alternative possibilities in the absence of a well-understood
cause of death, it is possible that a patient was classified as a case of adult propofol-
infusion syndrome, whereas in fact another diagnosis should have been made. In order
to quantify the effect of this potential misclassification, we performed a sensitivity analysis
in which we repeatedly classified 2 or 3 (random) cases as non-cases. None of these
alternative analyses resulted in a loss of the observed dose-dependent association, al-
though misclassification would increase the p value from .002 to a maximum of .02 for
two, or .05 for three wrongly diagnosed cases, respectively.
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Mechanisms of toxicity
Propofol undergoes hepatic metabolism to water-soluble compounds that are excreted
by the kidneys. Data on pharmacokinetics of long-term propofol sedation in the ICU are
limited.18 Although chronic hepatic cirrhosis does not appear to alter propofol elimina-
tion, a high-clearance drug like propofol is likely to be affected by acute changes in liver
blood flow. It is conceivable that vasopressor use in our patients resulted in a significant
reduction of splanchnic blood flow, causing unexpectedly high blood and tissue propofol
concentrations in some cases.

The cause of the observed muscle-cell destruction during infusion of propofol is un-
known, but animal studies have elicited several mechanisms by which propofol might
affect myocardial cell function. At low concentrations propofol decreases cardiac
contractility by L-type calcium channel blockade.19,20 At high concentrations, propofol has
been shown to decrease the mitochondrial transmembrane electrical potential and inhibit
adenosine triphosphate synthesis in isolated mitochondria from the rat heart.21 Muscle
biopsy in a child who survived the syndrome showed mitochondrial cytochrome C oxidase
deficiency in myocytes, but not in other cells.4 Mitochondrial impairment in cardiomyocytes
occurs in a dose-dependent fashion.22 In dogs receiving large doses of propofol a decrease
in cardiac afterload offsets the decline in myocardial contractility.23 If this mechanism is
present in humans, the increase in afterload resulting from the use of systemic
vasoconstrictors might have precipitated circulatory failure in our patients. Finally, it has
been hypothesized that one of propofol’s water-soluble metabolites (rather than the 2,6-
diisopropylphenol compound itself) might be responsible for the observed toxicity, be-
cause it has been noted that a few patients survived the syndrome following hemodialysis.4

Clinical implications
Several reports have previously suggested the existence of a propofol-infusion syndrome in
critically ill children and adults with various admission diagnoses.1-5,16,17 However, the present
data suggest that head-injured patients may be at particular risk. First, cardiac failure and meta-
bolic acidosis are likely to be aggravated, or even precipitated, by the use of vasopressors needed
to maintain an acceptable cerebral perfusion pressure in these patients. Second, anesthetic doses
of propofol are commonly required in these patients, because the aim of propofol infusion may
be to control intracranial hypertension rather than to maintain adequate sedation only. The
typical dose-range for sedation is 0.3–4 mg/kg per h, whereas maintenance of total intravenous
anesthesia requires 4–12 mg/kg per h (package insert 18.08.1999).

Propofol infusion rates should be titrated to individual requirements. However, our
finding of an almost 20% increase in the average infusion rate after the introduction of
the 2% formulation, as well as the observation that lean patients and women received
higher mean doses, suggests that propofol administration may have been guided more by
the infusion rate (ml per h) than by the calculated body-weight adjusted dose (mg/kg per
h). A highly concentrated 6% formulation of propofol has recently been developed,24

and the possibility of a further effect on dosing practices should be anticipated if such a
formulation were to be introduced in the ICU for sedation.
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Conclusion
We observed an association between long-term high-dose propofol infusion and cardiac
failure in severely head-injured adults, but from the available data it was not possible to
establish a causal relationship. Nonetheless, there is an increasing volume of (indirect)
evidence suggesting that infusing propofol at rates above 5 mg/kg per h for several days
in critically ill patients should be discouraged until experimental data are available. In
particular, animal studies should investigate the effects of long-term high-dose propofol
infusions on the energy metabolism of cardiac and skeletal muscle cells, with and with-
out concurrent alpha and beta-adrenergic stimulation.

Intensive care physicians should be extremely suspicious for development of the
propofol-infusion syndrome when the need for adrenergic support increases in a patient
receiving propofol, in the absence of a well-understood cause. In patients on long-term
propofol sedation it may be advisable to monitor plasma creatine kinase and myoglobin
concentrations. If a deep level of sedation or cerebral metabolic suppression is needed
for control of intracranial hypertension in a severely head-injured patient, a combina-
tion of sedative agents may be safer than a further increase of the propofol infusion rate
above the manufacturer-recommended dose.
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Appendix: case reports

Patient 1
A 16-year old female was admitted with an isolated head injury after a fall from a horse. At presentation she
had a Glasgow Coma Scale (GCS) score of 4, without visible lesions on the head computed tomography (CT)
scan. Her trachea was intubated and she remained ventilated and sedated. A low-dose norepinephrine infusion
was started 24 hours after injury to maintain a mean arterial blood pressure of 80–90 mm Hg. On day 3 the
patient became hypotensive despite additional intravenous fluids and increasing doses of dopamine and
norepinephrine. ICP remained low. Rhabdomyolysis evolved (creatine kinase 45169 U/L, serum myoglobin
14560 U/L, and potassium 5.6 mmol/L) without significant metabolic acidosis (base deficit 5.6 mmol/L). Core
temperature rose to 39.6°C without evidence for an infectious focus. A single sputum culture revealed
H. Influenzae, whereas all other cultures remained negative. Dantrolene was administered because malignant
hyperthermia was suspected. Ventricular tachycardia finally evolved, followed by cardiac arrest that remained
unresponsive to all resuscitative efforts, including direct pacing. Autopsy revealed myopathic changes of skeletal
muscle tissue, and cardiac myocytolysis and contusion. The latter was thought to be the result of the prolonged
resuscitative efforts.

Patient 2
A 43-year old male was referred to our hospital with a small subdural hemorrhage and a GCS score of 11 after
a fall on the kitchen floor. Because of deterioration in his level of consciousness approximately 24 hours after
injury, he was admitted to the ICU for sedation and ventilation. On day 2 intracranial hypertension was noted
and treated with mannitol, deliberate hypocapnia and low-dose vasopressors. On day 3 the patient developed
a fever. After blood, urine, and sputum cultures had been taken, antibiotic therapy was started and the central
intravenous lines were exchanged. During the next 24 hours the patient became increasingly hypotensive and
tachycardic, and unresponsive to treatment. Cardiac ultrasonography demonstrated severely impaired
contractility of the left and right ventricles. Mild but progressive metabolic acidosis (base deficit 9.6 mmol/L),
creatine kinase 10649 U/L, and potassium 6.5 mmol/L became apparent. Maximum recorded ICP was 23 mm
Hg. It was not possible to position a flow-directed catheter in the pulmonary artery. The patient developed
brady-arrhythmias that resulted in cardiac arrest. All cultures remained sterile.

Patient 3
A 16-year old male was admitted with a subdural hemorrhage and cerebral contusion with significant midline
shift, and multiple facial fractures (GCS score 7). The subdural hemorrhage was surgically evacuated, and
intracranial hypertension was treated with mannitol and hyperventilation. The postoperative course was
unremarkable. On day 4 the patient developed atrial fibrillation and progressive hemodynamic instability.
Core temperature and leukocytes were unremarkable, but a chest radiograph showed infiltration of the left
lung. Metabolic acidosis (base deficit 15.3 mmol/L), hyperkalemia (potassium 6.5 mmol/L), and renal impairment
(creatinine 142 mmol/L, urea 3.6 mmol/L) gradually evolved despite adequate diuresis. Ventricular dysrhythmias
occurred, followed by cardiac arrest.

Patient 4
A 20-year old female bicyclist sustained multi-system injury after being hit by a car. In addition to traumatic
brain injury (initial GCS score 10), she was diagnosed with bilateral femur fractures, a tibia fracture, and blunt
abdominal trauma. Evacuation of a subdural hematoma and fixation of the fractures were performed
simultaneously. Ongoing hemorrhaging from the fracture sites caused some initial hemodynamic instability,
but when this had resolved the patient remained stable until day 4. Electrocardiographic changes were noted
that mimicked ischemic changes, but serum enzyme concentrations did not confirm myocardial infarction
(creatine kinase 4017 U/L, MB-fraction 56 U/L). Pulmonary-artery catheter measurements showed high cardiac
output, high filling pressures, and low systemic pressures. Cardiac ultrasonography elicited a dilated right
ventricle. An infectious focus could not be identified and a follow-up head CT scan did not show brain
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herniation. Subsequently, metabolic acidosis evolved and various idioventricular rhythms were noted. Arterial
oxygenation and ventilation status was unremarkable (at an increased inspired oxygen fraction). Eventually a
fatal circulatory arrest occurred.

Patient 5
A 23-year old male was involved in a single-car crash. CT scanning of the head revealed several brain contusions
with traumatic subarachnoid blood (GCS sore 6). Multiple fractures of the right lower extremity and a humerus
fracture were noted. After fixation of a tibia fracture, the patient required fluid resuscitation for some time.
Because a systemic inflammatory response syndrome was suspected low-dose vasopressors were started.
Sequential chest radiographs demonstrated an evolving left pulmonary infiltrate. ICP remained low. On day
3 the norepinephrine infusion rate needed to be progressively increased in order to maintain an adequate
arterial blood pressure. Signs of muscle-cell degradation (serum creatine kinase 4715 U/L, myoglobin 1173 U/
L) were noted. Supraventricular and ventricular dysrhythmias progressed to a total circulatory collapse. Cardiac
ultrasonography at this stage showed severely impaired left ventricular contractility. A few hours later the
patient died from cardiac arrest. All blood cultures remained negative.

Patient 6
A 40-year old male was admitted after a car crash and died of ventricular fibrillation after progressive metabolic
acidosis and hyperkalemia of unknown origin. Resuscitative efforts were submaximal due to a poor neurologic
prognosis.

Patient 7
A 30-year old female died of cerebral herniation shortly after the start of an hemodialysis session, which was
initiated in an attempt to correct hyperkalemia that had developed over three days of progressive metabolic
acidosis and hemodynamic instability of unknown origin.



104

CHAPTER 7

References
1 Parke TJ, Stevens JE, Rice AS, et al. Metabolic acidosis and fatal myocardial failure after propofol infusion

in children: five case reports. BMJ 1992; 305: 613-6.
2 Strickland RA, Murray MJ. Fatal metabolic acidosis in a pediatric patient receiving an infusion of propofol

in the intensive care unit: is there a relationship? Crit Care Med 1995; 23: 405-9.
3 Hanna JP, Ramundo ML. Rhabdomyolysis and hypoxia associated with prolonged propofol infusion in

children. Neurology 1998; 50: 301-3.
4 Cray SH, Robinson BH, Cox PN. Lactic acidemia and bradyarrhythmia in a child sedated with propofol.

Crit Care Med 1998; 26: 2087-92.
5 Bray RJ. Propofol infusion syndrome in children.  Paediatr Anaesth 1998; 8(6):491-9.
6 Pepperman ML, Macrae D. A comparison of propofol and other sedative use in paediatric intensive care

in the United Kingdom. Paediatr Anaesth 1997; 7: 143-53.
7 US Food and Drug Administration Center for Drug Evaluation and Research (Anaesthetic and Life Sup-

port Drugs Advisory Committee). ICI’s Diprivan (propofol) anesthetic has no direct link to pediatric deaths
in ICUs. FDC Reports 1992; 54: 14.

8 Reed MD, Blumer JL. Propofol bashing: the time to stop is now! Crit Care Med 1996; 24: 175-6.
9 Susla GM. Propofol toxicity in critically ill pediatric patients: show us the proof. Crit Care Med 1998; 26:

1959-60.
10 Hatch DJ. Propofol-infusion syndrome in children. Lancet 1999; 353: 1117-8.
11 Murdoch SD, Cohen AT. Intensive care sedation: a review of current British practice. Intensive Care Med

2000; 26: 922-8.
12 Matta B, Menon D. Severe head injury in the United Kingdom and ireland: a survey of practice and

implications for management. Crit Care Med 1996; 24: 1743-8.
13 Bailie GR, Cockshott ID, Douglas EJ, Bowles BJM. Pharmacokinetics of propofol during and after long

term continuous infusion for maintenance of sedation in ICU patients. Br J Anaesth 1992; 68: 486-91.
14 Kelly DF, Goodale DB, Williams J, et al. Propofol in the treatment of moderate and severe head injury: a

randomized, prospective double-blinded pilot trial. J Neurosurg 1999; 90: 1042-52.
15 Maas AIR, Dearden M, Teasdale GM, et al. EBIC-guidelines for management of severe head injury in

adults. Acta Neurochir (Wien) 1997; 139: 286-94.
16 Perrier ND, Baerga VY, Murray MJ. Death related to propofol use in an adult patient. Crit Care Med 2000;

28:3071-4.
17 Stelow EB, Johari VP, Smith SA, Crosson JT, Apple FS. Propofol-associated rhabdomyolysis with cardiac

involvement in adults: chemical and anatomic findings. Clin Chem 2000; 46: 577-81.
18 Frenkel C, Schuttler J, Ihmsen H, Heye H, Rommelsheim K. Pharmacokinetics and pharmacodynamics of

propofol/alfentanil infusions for sedation in ICU patients. Intensive Care Med 1995; 21: 981-8.
19 Zhou W, Fontenot HJ, Liu S, Kennedy RH. Modulation of cardiac calcium channels by propofol.

Anesthesiology 1997; 86: 670-5.
20 Li YC, Ridefelt P, Wiklund L, Bjerneroth G. Propofol induces a lowering of free cytosolic calcium in

myocardial cells. Acta Anaesthesiol Scand 1997; 41: 633-8.
21 Branca D, Vincenti E, Scutari G. Influence of the anesthetic 2,6-diisopropylphenol (propofol) on isolated

rat heart mitochondria. Comp Biochem Physiol C Pharmacol Toxicol Endocrinol 1995; 110: 41-5.
22 Schenkman KA, Yan S. Propofol impairment of mitochondrial respiration in isolated perfused guinea pig

hearts determined by reflectance spectroscopy. Crit Care Med 2000; 28: 172-7.
23 Hettrick DA, Pagel PS, Warltier DC. Alterations in canine left ventricular-arterial coupling and mechani-

cal efficiency produced by propofol. Anesthesiology 1997; 86:1088-93.
24 Knibbe CA, Voortman HJ, Aarts LP, et al. Pharmacokinetics, induction of anaesthesia and safety charac-

teristics of propofol 6% SAZN vs propofol 1% SAZN and Diprivan-10 after bolus injection. Br J Clin
Pharmacol 1999; 47: 653-60.



Chapter 8

Prognosis following severe head injury:
development and validation of a model for
prediction of death, disability, and func-
tional recovery

Olaf L. Cremer, Karel G.M. Moons, Gert W. van Dijk, Peter van Balen,
Cornelis J. Kalkman

Accepted for publication in The Journal of Trauma 2005 (59).



106

CHAPTER 8

Abstract

Background A prognostic model for head trauma patients is useful only if it predicts
clinically relevant outcomes accurately on new subjects in various settings. Most exist-
ing models consider only dichotomous outcome and have not been tested externally. We
developed and validated a rule for prediction of three functional outcome states after
severe head injury, using information from day one.

Methods The model was developed in a cohort of 304 adults who were admitted to a
Dutch trauma center and had survived and remained comatose for >24h following se-
vere head injury. We used ordinal logistic regression analysis to predict the extended
Glasgow Outcome Scale after ≥12 months, merged into three categories. We pre-selected
five known predictors of outcome and used bootstrapping techniques to avoid statistical
overfitting. The performance of the model was subsequently tested in a cohort of 122
patients from an unrelated hospital.

Results The model contained age (p<.0001), best motor response on day 1 (p=.002),
pupil response after resuscitation (p=.005), computed tomography findings (p=.004),
and presence of arterial hypotension (p=.37) as predictor variables. In the external vali-
dation cohort, the model showed adequate agreement between observed and predicted
outcome probabilities (calibration). The model had a good ability to discriminate pa-
tients with different outcomes (c statistic 0.808). The predictive accuracy was 66% when
the model was used to classify patients across the three outcome categories.

Conclusion We have developed a practical model for predicting the probability of death,
survival with major disability, and functional recovery in patients who are comatose 24h
after severe head injury. The model performed well in an external setting, indicating that
measures to avoid statistical overfitting were successful.
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Introduction

The outcome that can be expected after a severe head injury is of much concern to a
victim’s relatives. The traditional approach of doctors has been to stress the uncertainty
of the situation, coupled with an emphasis on pessimism to prepare relatives for possible
death or disability. A practical and accurate rule for outcome prediction can provide a
significant aid to such family counseling. Furthermore, a prediction model can be useful
as a tool for research, clinical audit, health economical policy making, and possibly clini-
cal decision support.

Numerous studies have described a statistical relationship between one prognostic
factor and mortality or morbidity following head injury. These factors include age,
Glasgow Coma Scale (GCS), pupil responses, computed tomography (CT) scan features,
the presence of systemic injuries, arterial hypotension, intracranial hypertension, hy-
poxia, hyperglycemia, coagulopathy, somatosensory evoked potentials, cerebral lactate
and S-100B concentrations, transcranial Doppler parameters, and others.1-6 However,
because these variables are highly correlated, a set of only 3 to 5 independent predictors
is likely to contain the majority of the prognostic information.1,7,8

Multivariate statistical modeling has been used to predict outcome while addressing
the correlation between the prognostic factors, but there are only few prediction rules
that have been properly validated for use in clinical practice.2,9,10 Second, many studies
have used information that was available immediately upon hospital admission,2,9,11-14

but this information is unreliable if the patient’s condition is partly a reflection of a
high alcohol or low oxygen level, or if delayed complications supervene and lead to
subsequent deterioration.7,15 Outcome prediction after 24 hours of clinical observation
may be a sensible compromise between the needs for accuracy and rapidity of prognosis.16

Third, studies have often focused on the prediction of case fatality.2,16 If functional
outcome was measured it has typically been dichotomized to facilitate statistical
modeling, at the expense of losing information. With a few notable exceptions,8-11 pre-
diction of meaningful intermediate outcomes has not been attempted in the setting of
severe head injury. Finally, there is a limit to the complexity of the models that can be
derived given a certain number of observations in a data set. Many prognostic rules
have been developed by selecting a set of predictors from dozens of candidate variables,
using an entirely statistically driven process. If the number of investigated variables is
large, such an approach may easily result in severely “overfitted” models that inaccu-
rately predict outcomes on new subjects in other clinical settings.17,18 A more robust
strategy would be to include only well-coded predictors that are selected based on
a priori information.18,19

The aim of this study was to develop and validate a model for prediction of three
functional outcome states in patients who survive and remain comatose for at least 24
hours after severe head injury. In order to obtain a clinically relevant model and to avoid
statistical overfitting, we used only variables that can be reliably assessed on the first day
following injury and that were already widely-acknowledged predictors of outcome.
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Patients and Methods

Patients
This study was approved by the institutional ethics committee of the University Medical
Center Utrecht, The Netherlands. The cohort used for development of the prediction
model consisted of 304 consecutive patients, aged over 16 years, who were admitted to
our hospital from 1 January 1996 to 31 August 2003 following blunt traumatic brain
injury resulting in a GCS score ≤8. Patients who died within 24 hours and patients who
obeyed commands 24 hours after injury were not included. Following resuscitation
—and evacuation of mass lesions if indicated— all patients were admitted to the intensive-
care unit. Patients were managed according to a protocol consistent with international
guidelines.20 The threshold for initiating treatment of intracranial hypertension was
20 mm Hg. If cerebral perfusion pressure was below 70 mm Hg, patients were routinely
given a continuous IV infusion of norepinephrine to maintain perfusion pressure above
this threshold.

Because a prediction rule usually performs better in the patient sample used to de-
velop the model than in other populations, we validated the model in a cohort of 122
consecutive patients —using identical selection criteria— who were admitted to the
St. Elisabeth Hospital Tilburg, The Netherlands, from 1 January 1996 to 31 May 2001.
This hospital is also a level-I trauma center, but uses a very different approach to inten-
sive care management of severely head-injured patients. Most importantly, intracranial
pressure monitoring was not routinely used in this center.

Predictors
To avoid statistical overfitting we a priori selected five variables that from previous
studies were known to be the most powerful independent predictors of outcome
following severe head injury.18,19 These variables were: (1) age, (2) best GCS motor
response, (3) post-resuscitation pupil response, (4) CT scan classification, and (5) arte-
rial hypotension.1 Although the guidelines by the Brain Trauma Foundation suggest
the use of the initial post-resuscitation GCS, we used the best motor response on day 1
as a more practical and reliable measure of the extent of primary brain damage,
because we expected intubation, sedation, pharmacological paralysis, hypotension,
hypoxia, and periorbital swelling to complicate the determination of a valid full GCS
score in nearly half of the patients.21 Pupillary reactivity was expressed as the maxi-
mum number of non-reactive pupils observed on day 1, following restoration of nor-
mal circulation and oxygenation. If surgical decompression was necessary, the last pupil
responses before surgery were used. All admission CT scans were reviewed by one of
the authors (GWD) and coded according to the Traumatic Coma Data Bank classifica-
tion.22 Arterial hypotension was defined as any systolic blood pressure recording
below 90 mm Hg on day one.



109

OUTCOME PREDICTION AFTER SEVERE HEAD INJURY

Outcome
Both in the derivation and validation cohorts, the extended Glasgow Outcome Scale
(GOSe) was prospectively assessed after ≥12 months by a trained research nurse, by us-
ing a structured telephone interview with the patient and a family member.23,24 This
method allows a reliable assessment of functional outcome.25 To facilitate statistical
modeling, the GOSe was subsequently collapsed into three ordinal levels: (1) death; (2)
survival with major disability —patients who are unable to resume jobs and social activi-
ties, and generally need assistance of another person for (some) activities of daily living;
and (3) functional recovery —patients who are able to return to (selected) jobs or school
and resume (some) social activities. These categories were chosen such as to obtain a
balanced distribution of patients across the three levels of the collapsed GOSe (figure 1).

Figure 1. Distribution of patients across
the possible categories of the extended
Glasgow Outcome Scale (n=304). D=dead;
PVS=persistent vegetative state; SD=se-
vere disability; MD=moderate disability;
GR=good recovery; low=lower; up=upper.

Missing values
Missing values were present for 4 (1%) cases on best GCS motor score, 19 (6%) on post-
resuscitation pupil reactivity, and 15 (5%) on initial CT classification. Since missing
information results in loss of statistical power and possible bias, these variables were
imputed with initial replacement values that were estimated by multiple linear regres-
sion analysis of all available covariates in the data set. Subsequently, the initial replace-
ment values were adjusted by a residual value of the linear regression, which was randomly
selected from subjects with valid data (MVA procedure, SPSS for Windows 10, SPSS
Inc., Chicago, IL).26 This way, the variance of the imputed variables remained unaffected.

Model derivation
We used ordinal (proportional odds) logistic regression analysis to develop a multivariate
prediction rule for the trichotomized GOSe (S-Plus 2000, Insightful Corp., Seattle, WA).
This method is a generalization of the familiar binary logistic regression to the case of
more than two outcome states. The ordinality and proportional odds assumptions for
using the model were checked (and satisfied) for all five predictor variables, as described
by Harrell et al.27 All variables were entered based on prior knowledge. Age and motor
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score were fitted as simple linear terms, because potential non-linear terms (fitted using
restricted cubic splines) were far from significant (age p=.76; motor score p=.69). Pupil
reactivity, CT diagnosis, and hypotension were modeled as categorical variables. CT di-
agnosis was initially fitted using 6 categories, but classes I (no visible pathology) and II
(diffuse injury) were subsequently merged to obtain a simpler, more efficient statistical
model without loss of discriminative power (p=.32). Clinically this makes sense, because
a head CT scan without visible traumatic abnormalities initially is most commonly asso-
ciated with signs of diffuse brain injury on follow-up scans. Finally, relevant interaction
terms (e.g. pupils × CT diagnosis) were evaluated, but none appeared to be significant.

We used the bootstrap technique to internally check the validity of the model and to
correct for possible overfitting of the regression coefficients for the predictor vari-
ables.18,19,28 Overfitting occurs if the model is fitted particularly well on the idiosyncra-
sies of the data sample at hand, but fails to replicate in future samples.17 During
bootstrapping, the entire model derivation process was repeated in 200 random samples
that were drawn (with replacement) from the original data set containing all 304 pa-
tients. Subsequently, the regression coefficients were adjusted for overfitting by multi-
plying them with a bootstrap-derived ‘shrinkage factor’.19

Model validation
We tested the validity of the model in the external patient cohort by addressing three
aspects of predictive performance: (1) agreement between the predicted probabilities
and the observed outcome frequencies (calibration), (2) ability of the model to distin-
guish subjects with different outcomes (discrimination), and (3) ability of the model to
correctly categorize patients given a certain threshold value (classification). Calibration
of the model was visually checked using plots. In addition, calibration was evaluated by
the Hosmer-Lemeshow chi-square statistic, calculated after dichotomizing the outcome
(since there is no formal test of calibration that can be applied to the case of multiple
outcome categories). This goodness-of-fit test investigates whether the probabilities pre-
dicted by the model agree with the actual observed proportions, and larger p values for
the test statistic indicate a better fit of the model. Discrimination of the model was exam-
ined visually using box plots of the distribution of the predicted probabilities per out-
come category. Subsequently, the discriminative ability of the model was formally
quantified using the concordance (c) statistic. This statistic can be interpreted as the
probability that for a pair of patients with different outcomes, the one in the better
outcome category has the higher predicted probability for that category. The c statistic
is identical to the area under the receiver operating characteristic curve in the case of a
binary outcome, and it varies between 0 and 1, with 0.5 being equivalent to random
guessing and 1 being perfect discrimination. The ability of the model to correctly classify
patients across the three outcome states was evaluated in a 3×3 table of predicted versus
observed outcome. For tabulation we used a probability >0.4 to predict patients as either
dead or functionally recovered. This threshold value was selected post hoc to obtain
correct total numbers of predicted cases for each outcome category.
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Results

Model derivation
Table 1 shows the major characteristics of the 304 patients in the derivation cohort. Figure 1
shows the GOSe after ≥12 months, and the way it was merged into the three outcome
states used for analysis. Note that the distribution is bimodal.

Table 2 shows the univariate associations between the five selected predictor vari-
ables and the trichotomized GOSe. Univariately, age was a stronger predictor of func-
tional recovery than of death. In contrast to a priori expectations, the occurrence of
arterial hypotension was not associated with long-term outcome.

Table 3 shows the multivariate model for prediction of the three outcome states. The
odds ratios for the continuous predictors (age and motor score) can be interpreted as the
‘relative risk’ of attaining a more favorable outcome, relative to a less favorable outcome,
per unit increase of that predictor variable. For instance, per year increase in age, the
probability of a better outcome is multiplied by 0.96, meaning that the chance of recov-
ery (relative to disability or death) and the chance of disability or recovery (relative to
death) both decrease by a factor of 4% per year. The odds ratios for categorical predictors
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relate to the change in outcome probability relative to the indicated reference category.
Hypotension was negatively associated with a favorable outcome in this multivariately
adjusted analysis, but this relation did (again) not reach statistical significance (p=.37).
The last column of table 3 shows the final regression coefficients for the prediction model,
after correction for statistical overfitting. All coefficients were shrunken by a factor of
0.89 that was derived from bootstrapping.

Model validation
The validity of the final prediction model in an external setting was tested in the cohort
of 122 patients. Figure 2 shows the calibration plots for the prediction of ‘functional
recovery’ and ‘functional recovery or disability’ (i.e., the reciprocal of death). The model
predictions were slightly pessimistic about patients with a high probability of functional
recovery, and slightly optimistic about patients with a high probability of death. The
Hosmer-Lemeshow goodness-of-fit test indicated that the overall agreement between
the probabilities predicted by the model and the actual observed frequencies was ad-
equate for both outcomes (p=.15 and p=.28, respectively).

Figure 3 gives a graphical impression of the model’s discriminative ability in the
validation cohort. The figure shows an adequate spread in the distributions of the pre-
dicted probabilities of death and functional recovery, away from the average probabil-
ity. Good discrimination was confirmed by a c statistic of 0.808.

Table 4 shows how patients in the validation sample were classified across the three
outcome categories. The overall correct classification rate was 66%. If only the actual
proportions of patients for the three outcome categories were known, but no patient-
specific information, the resulting overall correct classification rate based on chance
alone would have been 37%.

Figure 2. Calibration plots to study the
agreement between predicted probabilities
and observed proportions (n=122). The
observed calibration is shown with a
smoothed line. Open circles refer to the
prediction of ‘functional recovery’. Solid tri-
angles refer to the prediction of ‘functional
recovery or disability’. The dotted diagonal
line indicates ideal calibration.
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Figure 3. Box plot showing the distribution
of the predicted probabilities per outcome
category (n=122): graphical impression of
discrimination. Boxes show medians (IQR),
whiskers show range.

Model application
Figure 4 shows a nomogram that can be used to calculate outcome probabilities for
individual patients, as an alternative for the regression formula given in the footnote
of table 3. For each variable, the corresponding score is read from the top scale. These
scores are summed to give a total score, which is then translated into a probability for
each of the three outcome states using the bottom scales. Note that the total length of
each predictor line in the nomogram is a measure for the relative predictive power of
that variable.
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Discussion

We have developed a practical model for the prediction of death, disability, and func-
tional recovery, in patients who are comatose 24 hours after severe traumatic brain
injury. We used prior knowledge from the literature to select five predictor variables
that can be reliably assessed and we used methods to correct for statistical overfitting.
The model performed well in an external cohort of patients from a trauma center with a
different approach to the management of severe head injury, indicating that the predic-
tion rule is valid and robust.

The consideration of more than two outcome states is relatively uncommon in pre-
diction research. As a consequence, measures that rate the performance of models for
multiple group classification (such as the area under the receiver operating characteristic
curve for binary outcome) have not been widely published in the clinical literature. In
the validation cohort, the ability of our statistical model to discriminate patients with
different outcomes was high (c statistic = 0.808). Given this predictive strength, the 66%
overall correct classification rate may appear disappointing. However, classification er-
rors were largely due to the considerable degree of uncertainty associated with the pre-
diction of disability, the middle outcome category for which it is most difficult to make
discriminative predictions.10 For comparison, it has been reported that a clinical expert is
correct approximately 56% of the time if asked to predict outcome in head-injured pa-
tients on a three-category scale by the end of the first day.29

Direct comparison of the performance of our prediction rule with earlier models is
not possible in most cases. First, many authors have studied subjects with brain injuries
of very mixed severity, ranging from mild to very grave.2,10,14,30 This is attractive, because
it provides the opportunity to study large cohorts of patients and it ensures heterogene-
ity in the studied population, making outcome discrimination relatively easy. However,
for development of a clinically useful prediction rule, we think that patients who are
moribund upon admission and die within hours, as well as patients who are only mildly
injured and recover early should be excluded. Both groups of patients are likely to con-
tribute information that is highly influential from a statistical point of view, whereas
prediction of outcomes that become self-evident early is of little practical use. Second,
critical comparison of our model’s predictive accuracy is difficult, because many previous
authors have only reported sensitivity and specificity for a single probability thresh-
old.3,16,31 These measures strictly relate to classification of a binary outcome. Three-group
outcome classification is a much more difficult task. For dichotomous prediction, there
are only two possible ways for misclassification (false-positive and false-negative), whereas
for three-group classification, there are six possibilities for misclassification (off-
diagonal cells in table 4). For example, when we used the present model to predict a
binary outcome (death vs. survival), the predictive accuracy was 76%.

There are only few groups that have considered prediction of multiple outcomes
after severe head injury. Braakman et al. reported 58% accuracy for predicting three
outcome states, using data available on day 28.8 Choi et al. achieved 78% accuracy using
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prediction trees to assign patients to outcome categories that were not mutually exclu-
sive.11 In the same data, these authors had previously achieved a similar prediction rate
using discriminant analysis, using only age, motor response and pupil reactivity as pre-
dictors.9 However, these models have not been externally tested. The importance of this
is exemplified by a study in which the Leeds prognostic score for severe head injury was
validated. Originally reported to predict death with 99.97% certainty,32 the score proved
to be only 60-70% accurate when tested in other clinical settings.33 More recently, an
external validation study of the Glasgow outcome prediction program found a 69% over-
all accuracy for predictions made between 24 hours and 7 days after the onset of coma,10

which is remarkably similar to our rate of 66%.
Age was the strongest predictor of outcome in the present study. Although it has

repeatedly been suggested that advancing age impacts survival only above a threshold of
50–60 years,1,2 our study confirms recent findings that age is linearly associated with case
fatality and functional status in survivors after traumatic brain injury.34,35 GCS score,
pupil responses and CT findings were approximately equally strong predictors of out-
come (figure 4). Because it was reported that all three items of the initial GCS may not be

Figure 4. Nomogram for predicting three outcome states in patients who are comatose 24 hours following
severe head injury. For each of the variables, points are calculated by reading from the top scale. The total
score is then translated into a probability for each of the outcomes by using the bottom three scales. For
example, a 22-year old patient (17 points), with a best motor score of 4 on day one (4 points), normal pupils
(7 points), an evacuated mass lesion (2 points), and no hypotension (2 points), has a total score of 32 points,
which translates to an approximate 20% probability for death, 32% for survival with major disability, and 48% for
functional recovery. For variable definitions refer to the ‘predictors’ paragraph in the methods section of the text.
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reliably assessable in up to 44% of cases,1,21 we decided to use the best observed motor
response on day 1 as an alternative to the full score. As a result, the GCS motor score was
presently missing in just 1% of patients. In contrast to earlier reports,36 low blood pres-
sure was only a weak predictor of outcome in our study. Moreover, the incidence of
arterial hypotension (11%) was low compared with previous studies.36 Both observations
may be related to the fact that patients who died early were not represented in our study
sample. We suspect that arterial hypotension is primarily a predictor of early death,
possibly because it is a marker for the presence of severe systemic injury, and that its
relation with long-term functional outcome in this study was therefore weak. Nonethe-
less, the variable was kept in the final model because of substantial a priori knowledge.1

The introduction of prediction rules into clinical practice may alter patient manage-
ment to some extent,37 but it is unlikely that statistical models will ever dictate critical
decisions about withdrawal of treatment. To guide treatment, one would require well-
defined cut-off values below which the probability of an undesired outcome is consid-
ered so high that further life support is futile. Even if we assume that a completely accurate
prognostic model can be constructed, it is obvious that there are many cultural differ-
ences and ethical dilemmas related to the valuation of various states of impaired func-
tional outcome. In contrast, the ability to make quantitative predictions of meaningful
outcome states can be very useful during family counseling. The chances of death, major
disability or functional recovery are of major concern and may be well interpretable to
most relatives. Furthermore, researchers designing clinical trials for head-injured
patients may consider the use of prediction models. First, a prognostic model can be used
to target a trial to patients who may benefit most from the studied intervention. In that
case the prediction rule is used to select patients with a specific (intermediary) prognosis
on a multivariate scale, as an alternative to the traditional list of patient in- and
exclusion criteria. Second, if a patient’s observed state of recovery relative to his/her
predicted recovery were used as the primary outcome measure in a trial, this could po-
tentially result in a considerable increase in statistical power of the study, compared
with using a binary outcome.38,39

Conclusion
We have developed and validated a practical model for prediction of the outcomes ‘death’,
‘survival with major disability’, and ‘functional recovery’, in individuals who are coma-
tose 24 hours after traumatic brain injury. This model can be useful for clinicians and
scientists working with severely head-injured patients, but statements about expected
outcome should be made in a quantitative way. Prognosis is inherently uncertain, and
accurate prediction of three categories of final outcome by the end of day one is possible
in only approximately two-thirds of patients.
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Lack of evidence for goal-directed therapy

Over the past decades there has been no substantial change in the probability that a
patient suffering from severe traumatic brain injury will have a good outcome.1 During
this period, numerous drugs with promising neuroprotective effects in the laboratory
were evaluated in large randomized clinical trials, but failed to offer benefits to patients.
Yet reviews of the management of brain injury continue to emphasize the need to
develop novel pharmacological compounds. However, the efficacy of basic treatment
algorithms and physiological interventions that are routinely used in the management of
head injury has not been evaluated at large.2 Of the few studies that were done, perhaps
the most valuable were those that have demonstrated adverse effects or lack of effective-
ness of interventions that are commonly employed, including hyperventilation, cooling,
and cerebral perfusion pressure (CPP) augmentation.3-5

This frustrating lack of evidence in clinical studies for most physiological in-
terventions used in modern neurocritical care, is exemplified by the controversy
associated with the use of intracranial pressure (ICP) monitoring. Advocated by
experts, ICP monitoring is currently used in approximately 75% of specialist neu-
rosurgical centers in developed countries.6-8 Nonetheless, in a Canadian survey a
majority of neurosurgeons seriously doubted whether routine monitoring of ICP
would improve outcome from severe traumatic brain injury, and felt that a trial
addressing this issue is warranted.7 Novel cerebral monitoring techniques are cur-
rently being introduced in clinical practice, also without sound evidence of their
effectiveness. Proponents argue that these monitors permit targeted management of
physiological variables that improves patient outcomes. However, studies to date of
targeted therapy in head-injured patients have yielded inconsistent results, ranging
from decreased mortality to no effect or increased morbidity or mortality.9-14 The
results of the cohort study described in chapter 6 add further importance to this
issue, because we found that the use of an ICP/CPP targeted protocol for brain trauma
was associated with increased lengths of stay (and conceivable costs), but not with
improved neurological outcome.

These observations show a striking resemblance to recent findings concerning
the use of pulmonary-artery catheters in critically ill and high-risk surgical patients.
Although many experts firmly believed in their usefulness for optimizing goal-directed
treatment, observational studies cast doubt whether the use of these catheters could
actually improve outcome.15 A large randomized controlled trial has since been con-
ducted, comparing therapy directed by a pulmonary-artery catheter with standard
intensive care in elderly, high-risk surgical patients.16 Similar to our observations, this
trial found that goal-directed treatment was associated with difficulty to achieve the
desired physiological targets (despite more aggressive therapy) and did not result in
better clinical outcome. This suggests that aggressive goal-directed physiological man-
agement may not be optimal for all patients.
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Heterogeneity of head trauma
The concept that cerebral pathophysiological responses after severe traumatic brain injury
must always be retained within rigid and arbitrary limits may need reappraisal. Head trauma
represents a combination of mechanical, excitotoxic, hemodynamic, apoptotic, inflamma-
tory, and oxidative stresses that exist in a unique state at any one time for any one patient
(chapter 2). Given this large heterogeneity within the head-injured population, it is likely
that goal-directed therapy to maintain ICP, CPP, temperature, and other variables within
predefined target ranges is unnecessary or unrealistic for some patients at some times
(chapter 5). This is important, because aggressive management of these variables at strictly
controlled values carries risks, whereas there is little evidence that this improves overall
outcome in large groups of patients (chapter 6).5

Investigations show that the successful response of systemic or global cerebral vari-
ables to therapy does not always result in a similar improvement of cerebral microcircu-
latory and mitochondrial function.17 Even interventions that effectively reduce ICP are
not necessarily associated with improved outcome.4,18 Therefore, the benefits of therapy
that is aimed to manipulate any particular physiological variable should not be overesti-
mated. Most likely, a targeted intervention is at some time beneficial, while at another
time the same intervention may be useless or even harmful. Chapter 5 provides an exam-
ple of this principle. By daily trial manipulation of mean arterial pressure, we showed
that elevation of CPP improved indices of cerebral perfusion only when intracranial
hypertension was present, whereas in patients with normal ICP pharmacologically
elevated blood pressure provided no apparent benefit. More importantly, we also showed
that the effect of CPP augmentation on cerebral physiological variables could be repeat-
edly defined in individual patients. Possibly, the techniques described in chapter 5 can
be used to identify patients who may benefit from vasopressor therapy, while prevent-
ing others to be unnecessarily subjected to the risks of iatrogenic arterial hypertension.

Complications of targeted therapy
The risk of cardiorespiratory complications that is associated with the use of a strictly
targeted critical care approach may be higher than previously appreciated. Contant et
al. found that the risk of adult respiratory distress syndrome in severely head-injured
adults was increased 5-fold with the use of a CPP directed treatment algorithm that
included the administration of epinephrine and dopamine to increase mean arterial
pressure.19 In chapter 7, we focused on the use of high-dose propofol infusions that
were used in an attempt to reduce ICP and improve CPP, and found a dose-related
association between long-term propofol infusion and an increased risk of cardiac death
in head-injured adults. Although causation could not be established at the time, several
reports since 2001 have confirmed the existence of this ‘propofol infusion syndrome’ and
proposed plausible etiological mechanisms.20-30 These include a propofol-induced antago-
nism of beta-receptors and specific disruptions in the mitochondrial respiratory chain
that may cause a disturbance in lipid metabolism in cardiac and skeletal muscle cells.25-27,31

Interestingly, a priming or triggering role has been postulated for catecholamines,
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corticosteroids, inflammatory cytokines, and possibly other drugs or circumstances.32,33

This could explain the high incidence of the syndrome in our patients who received
vasopressors for CPP augmentation.

There are other potential complications related to the aggressive manipulation of
systemic and cerebral physiological variables after head trauma. These adverse effects
include iatrogenic cerebral ischemia due to inappropriate hyperventilation, infectious
pulmonary complications or neuromuscular dysfunction related to the use of metabolic
suppression therapy, and metabolic disturbances or renal toxicity resulting from the ad-
ministration of osmotic diuretics (chapter 2). Together, the iatrogenic consequences of
aggressive goal-directed treatment in the head injury population at large may offset a
possible benefit of such therapy in specific subgroups of patients.

Fever management
Stringent maintenance of normothermia, or even induction of mild hypothermia, is widely
advocated for patients in the neurosurgical intensive-care unit.34,35 This recommenda-
tion is based on a substantial body of laboratory data, indicating that even a small in-
crease in temperature directly after a traumatic, ischemic, or hypoxic insult to the brain
worsens the extent of neuronal injury.36-38 Nonetheless, there is no good clinical evi-
dence that the prevention or reversal of fever in patients recovering from neurologic
injury improves outcome (chapter 2).39 In chapter 6 we found no difference in neuro-
logical outcome from severe head injury between two Dutch trauma centers, despite the
fact that fever was much more aggressively treated in one of these hospitals. In a clinical
setting (as opposed to the laboratory), body temperature is independently associated with
the severity of the primary neurologic insult.40-42 Therefore, it is possible that in patients
pyrexia is primarily a prognostic marker, rather than a cause of poor outcome (chapter 2).
It can even be argued that fever is a necessary physiological response related to inflam-
mation and repair following traumatic brain injury.

In the normal human brain (during propofol anesthesia), we found that hyperther-
mia causes a dilation of the cerebral vessels and a decrease in cerebral oxygen extraction,
without an apparent change in the cerebral metabolic rate of oxygen (chapter 4). It is
possible that the latter finding resulted from an impaired coupling of mitochondrial
oxidative phosphorylation during profound hyperthermia,43 but it is also possible that
these observations imply that the cerebral vasodilatation during hyperthermia promotes
‘luxury perfusion’ in the absence of a true increase in cerebral metabolic demand. In the
latter case, it is uncertain whether a reversal of spontaneous fever would actually benefit
brain tissue perfusion.

Fever occurs in a majority of head-injured patients who are admitted to the inten-
sive-care unit.42 In contrast to the laboratory, antipyretic drugs and physical refrigera-
tion methods are poorly effective in reducing systemic fever in clinical practice.42

Furthermore, because brain temperature is typically underestimated by core temperature,
periods of cerebral hyperthermia may easily pass unnoticed.44,45 As a consequence, strictly
maintaining cerebral normothermia may be almost impossible clinically. Potential compli-
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cations of aggressive temperature management are commonly not considered. However,
many patients who develop pyrexia after the first 48 hours of intensive care will have
sepsis. In these circumstances, reducing the body’s inflammatory response to infection
may outweigh the advantage of cooling the brain. Furthermore, antipyretic drugs can be
deleterious for CPP,42 whereas physical cooling increases sympathetic outflow, causing
metabolic stress and shivering. The prevention of shivering often requires the infusion of
high-dose sedatives and muscle relaxants, with potential iatrogenic complications of their
own. Even though pyrexia after traumatic brain injury is a predictor of poor outcome,
there is no good evidence to suggest that treating it has any benefit.39 This lack of evidence
does not necessarily indicate a lack of effect, but it does imply that goal-directed antipy-
retic therapy should not be exempted from a thorough risk-to-benefit assessment.

Future directions
Because goal-directed physiological management of severe traumatic brain injury in-
volves medical interventions with possible benefits and definite risks, its use should be
subjected to the same standards of evidence-based medicine as generally demanded when
evaluating novel pharmacological agents. This implies that randomized controlled
‘management trials’ (as opposed to drug trials) will be necessary. However, these trials
will pose several complicated design issues.

Methodological challenges relate particularly to the heterogeneity within the head
injury population and a general lack of statistical power to detect small but clinically
relevant differences in outcome. Heterogeneity in a study sample adds ‘noise’ to the data
and reduces the chance of detecting a true treatment effect. In the case of traumatic
brain injury, heterogeneity pertains both to a wide range of pathologies associated with
head trauma and to large variations in baseline prognostic factors between patients. In
order to be successful, future trials will therefore need to be targeted on subgroups of
patients with a specific pathology and an intermediate prognosis.46 Prognostic targeting
of studies may be possible by using multivariate statistical models for patient inclusion.47

In chapter 8 we have developed such a model, which allows researchers to make an early
prediction for the probability of three outcome states after severe head injury.

Most (failed) drug trials to date have aimed to demonstrate a 10% absolute im-
provement in favorable outcome in patients with severe head injury.47 This may be
considered overoptimistic and unrealistic in relation to the heterogeneous patient popu-
lation. In addition, statistical power has frequently been sacrificed by using a binary
outcome, most often the dichotomized Glasgow Outcome Scale. Merging outcome cat-
egories, only to facilitate data analysis, is a waste of valuable information. In chapters
7 and 8 we have used an ordinal logistic regression model, which does not require a
dichotomous outcome, and thus has more statistical power then the more commonly
used binary logistic regression models for the analysis of ordinal responses. This in-
creased power comes at the expense of additional assumptions, but these can be tested.48

As alternative approach to optimizing statistical power in a trial, it has been proposed
to differentiate the point of dichotomization of the outcome according to the patient’s
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baseline risk.46,47 This method requires the use of a well-validated prediction rule, such
as the one described in chapter 8.

There are many other problems related to clinical trial design for severe traumatic
brain injury. There are at least 12 large phase III trials of pharmacological compounds
that have been completed to date, and from their overall negative result important les-
sons for future study design have been learned.46,47,49 However, there is much less experi-
ence with trials of various treatment algorithms for brain trauma. These ‘management
trials’ may pose some unique challenges, including poor feasibility of individual patient
randomization (randomization according to assigned time blocks may be an alterna-
tive),5 blinding of treatment allocation, prevention of protocol violations and treatment
crossovers, and acceptance of the reference therapy by ‘believers’ in a particular thera-
peutic concept. Nonetheless, trials that test the efficacy of single physiological interven-
tions or combined goal-directed treatment algorithms for severe head injury are necessary
and should be attempted, provided that a strong and sustained multidisciplinary effort
can be acquired in a multi-center setting.

Primam non nocere
The data presented in this thesis challenge the physiological rationale of some interven-
tions that are routinely used in the critical care of patients with severe traumatic brain
injury. Furthermore, this thesis focuses attention on the adverse effects of using a strictly
goal-directed treatment algorithm for head-injured patients, ranging from a prolonged
need for ventilator support and increased use of hospital resources, to a rare but lethal
complication of sedation. Therefore, doctors in the neurosurgical intensive-care unit are
compelled to critically evaluate the effects of each physiological intervention in individual
patients on a repetitive basis, so that optimal therapy can be offered with a reduced risk of
iatrogenic injury.

With the present state of knowledge, one should be extremely cautious about recom-
mending any one way of physiological management of severe traumatic brain injury over
another. However, the most rational approach is to select therapeutic interventions based
on an assessment of individual cerebrovascular responses and a thorough knowledge of the
temporary evolution of the cerebral pathophysiology after head trauma, instead of on an
arbitrary target value for any one particular monitored variable.

Greek mythology tells of an innkeeper named Procrustes (or “one who
stretches”), a robber in the myth of Theseus who preyed on travelers along
the road to Athens. He offered his victims hospitality on a magical bed that
would fit any guest. He then either stretched the guests or cut off their limbs
to make them fit perfectly into the bed. Our attempts to find a unitary treat-
ment that fits all parts of the brain in all patients at all times may represent a
Procrustean approach, the time for which has passed.

Adapted from Menon DK, 200350
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Chapter 1 – introduction
The main goal of neurosurgical intensive care is to prevent secondary neuronal damage
following a primary traumatic insult to the brain. Because ischemia and tissue hypoxia are
generally believed to contribute significantly to ongoing neuronal cell loss, clinicians in
many trauma centers routinely measure blood pressure, intracranial pressure, cerebral
perfusion pressure, temperature, and various indices of (tissue) oxygenation. They then
use a variety of therapeutic interventions to maintain these variables rigidly within
predefined target ranges. Unfortunately, there is no sound clinical evidence to suggest that
aggressive manipulation of the cerebral pathophysiological responses to head trauma can
improve neurological outcome, whereas such therapy may be associated with complica-
tions. In this thesis, we critically examine the rationale and risk-to-benefit ratio of some
frequently used physiological interventions in current goal-directed neurocritical care.

Chapter 2 – review
Several conceptually distinct approaches to the management of physiological variables
in severely head-injured patients have been proposed. These include intracranial pres-
sure targeted, cerebral perfusion pressure targeted, and brain volume targeted strategies.
Although the therapeutic goals in clinical practice are often more mixed, these distinct
conceptual approaches may help doctors to select from the various therapeutic options
available to them. In this chapter, we review the physiological rationale for the most-
commonly used interventions in neurocritical care, examine the underlying assump-
tions about the status of cerebrovascular reactivity, and discuss their potential
complications.

Chapter 3 – review
Pyrexia is extremely common after traumatic brain injury. There has been much recent
interest in its incidence, associations, pathogenesis, and effect on outcome and manage-
ment in the neurosurgical intensive-care unit. In this chapter we review the effects of
(deliberate) hyperthermia on cerebral hemodynamics and metabolism in the normal
human brain, and discuss the pathophysiology of (spontaneous) fever in patients with
neurologic injuries. Subsequently, we critically examine the evidence for causality in
the relation between pyrexia and poor outcome from various types of brain injury.

Chapter 4 – clinical experiment
To investigate the effect of temperature on cerebral flow–metabolism coupling and
pressure–flow autoregulation, we studied 19 patients with chronic hepatitis C virus
infection, who were subjected to a total of 23 sessions of experimental treatment with
extracorporeal whole body hyperthermia at 41.8 °C under propofol anesthesia. We found
that deliberate hyperthermia causes increased middle cerebral artery blood flow velocity,
decreased arterial to jugular venous oxygen extraction, and impaired cerebral pressure–
flow autoregulation, implying a state of transient cerebral vasoparalysis. Conversely, these
findings suggest that reversal of spontaneous high fever can possibly decrease raised



133

SUMMARY

intracranial pressure by restoring cerebrovascular tone and autoregulation (rather than
by reducing cerebral metabolic demand).

Chapter 5 – clinical experiment
Cerebral perfusion pressure management involves the use of fluid therapy and vasopressors
to increase mean arterial pressure. A controversial question in this respect is at what
pressure to set the treatment target in head injury. To address this issue, we
pharmacologically manipulated cerebral perfusion pressure in 13 patients on a daily ba-
sis and studied the effect on intracranial pressure, cerebral autoregulation capacity, and
brain tissue oxygenation. We found that blood pressure augmentation improved these
indices of cerebral well being only when intracranial hypertension was present, whereas
pharmacologically elevated blood pressure provided no apparent benefit in patients with
normal intracranial pressure. More importantly, we showed that the cerebral effects of
blood pressure augmentation could be repeatedly defined in individual patients through-
out the course of their convalescence in the intensive-care unit. Possibly, techniques
like this can be used to select patients for aggressive cerebral perfusion pressure manage-
ment, while preventing others who do not potentially benefit to be subjected to the risks
of iatrogenic arterial hypertension.

Chapter 6 – cohort study
There is a frustrating lack of evidence for the efficacy of most of the therapeutic interven-
tions and management algorithms that are currently used in the critical care of traumatic
brain injury. This is exemplified by the controversy that is associated with the use of
intracranial pressure monitoring. In this chapter, we report the results of a cohort study
that assessed the effects of intracranial pressure guided therapy on intensive-care unit
length of stay, therapy intensity levels, and long-term functional outcome following
severe head injury. We studied 333 patients who had survived and remained comatose
for more than 24 hours following brain trauma, and who were admitted to either one of
two participating Dutch trauma centers with very contrasting approaches treatment.
Center A provided supportive intensive care without the use of intracranial pressure moni-
toring, whereas center B provided intracranial pressure and cerebral perfusion pressure
targeted care. Patient characteristics and markers of injury severity were well balanced
between the centers. We found that the use of a strict goal-directed treatment protocol in
center B was associated with an increased use of hospital resources and prolonged lengths
of stay on the ventilator and in the intensive-care unit, but not with improved neuro-
logical outcome. This is an important finding, because aggressive management of physi-
ological variables at strictly controlled values carries risks, whereas there is little evidence
that this improves overall outcome in large groups of patients.

Chapter 7 – case series and cohort study
Sedatives are frequently used in the neurosurgical intensive-care unit to reduce stress
and facilitate mechanical ventilation. When administered at high doses, these drugs also
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decrease cerebral metabolic demand for oxygen and possibly intracranial pressure in
patients with traumatic brain injury. Propofol is increasingly used for these purposes.
However, following the introduction of a sedation formulation containing an increased
concentration of propofol in 1998, we observed a series of five unexplained cardiac deaths
in our intensive-care unit. To examine the possible relation further, we performed a
retrospective cohort analysis of 67 patients who were sedated and mechanically venti-
lated 24 hours after traumatic brain injury. We found a dose-related association between
long-term high-dose propofol infusion and the occurrence of a highly lethal clinical
syndrome of cardiac failure, metabolic acidosis, and rhabdomyolysis in adult patients. It
has since been suggested that development of this ‘propofol infusion syndrome’ may also
be related to the concomitant use of catecholamines, corticosteroids, and other drugs (or
circumstances) which may act as priming or triggering factors. Head-injured patients
who receive both high-dose propofol and vasopressor infusions for aggressive augmen-
tation of cerebral perfusion pressure may therefore be at an increased risk for develop-
ment of the syndrome.

Chapter 8 – prediction study
To minimize the risk of complications, aggressive goal-directed management of physi-
ological variables in the neurosurgical intensive-care unit should be aimed only at patients
who potentially benefit from such treatment. Statistical models for outcome prediction
after traumatic brain injury can possibly be used to select patients for specific treatment
algorithms. In addition, these models can be helpful for family counseling, clinical audit,
and scientific research. Although many prognostic models for head injury have previously
been constructed, most authors consider only binary outcome and ignore problems of
statistical overfitting and external model validation. In this chapter, we used ordinal
logistic regression analysis to derive a practical rule for prediction of three functional
outcome states in patients who remain comatose for more than 24 hours following blunt
head trauma. The model was developed in a cohort of 304 head-injured adults who were
admitted to a Dutch trauma center. We pre-selected five known predictors of outcome
and used bootstrapping techniques to avoid statistical overfitting. When tested in an
external cohort of 122 patients from an unrelated hospital the model performed well,
suggesting that the model can be used in clinical practice.

Chapter 9 – general discussion
There is a large heterogeneity within the head trauma population, and goal-directed
therapy to retain selected physiological variables within rigid, arbitrary limits may be
unnecessary or unrealistic for some patients at some times. This is an important notion,
because aggressive management of physiological variables at strictly controlled values
carries risks, whereas there is little evidence that this improves overall outcome in large
groups of patients. Future randomized, controlled ‘management trials’ (as opposed to
drug trials) will be necessary and should be targeted at subgroups of head-injured patients
with a specific cerebral pathology and an intermediate prognosis.
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Hoofdstuk 1 – inleiding
De intensive-care behandeling van patiënten met een ernstig traumatisch schedel-
hersenletsel bestaat voornamelijk uit het scheppen van fysiologische omstandigheden
die het neurologisch herstel bevorderen en verdere (secundaire) hersenschade
voorkomen. Algemeen wordt aangenomen dat inadequate weefselperfusie (ischemie)
een belangrijke oorzaak is van het secundair optredende verlies van neuronen na
trauma. Daarom zijn in veel intensive-care afdelingen protocollen gemaakt waarin
strikte afspraken zijn opgenomen voor de bewaking en behandeling van verschillende
variabelen die aan de cerebrale perfusie en oxygenatie gerelateerd zijn, zoals
bijvoorbeeld de bloeddruk, de intracraniële druk, de cerebrale perfusiedruk en de
temperatuur. Jammer genoeg is nooit overtuigend aangetoond dat manipulatie van
deze fysiologische variabelen na ernstig schedelhersentrauma de prognose kan
verbeteren, terwijl hieraan mogelijk wel complicaties zijn verbonden. In dit
proefschrift geven wij een kritische beschouwing van de fysiologische basis voor
enkele veeltoegepaste interventies in de neurochirurgische intensive care en wegen
wij de voor– en nadelen van geprotocoliseerde therapie die gericht is op het strikt
najagen van streefwaarden voor individuele fysiologische parameters.

Hoofdstuk 2 – literatuuroverzicht
Er bestaan tenminste drie verschillende behandelconcepten voor patiënten met ernstig
schedelhersentrauma. Deze concepten verschillen voor wat betreft de nadruk die ze
leggen op de behandeling van (1) de intracraniële druk, (2) de cerebrale perfusiedruk,
of (3) het hersenweefselvolume. Hoewel de behandelstrategieën in de klinische
praktijk soms wat door elkaar lopen, kunnen deze concepten nuttig zijn om op
rationele gronden een keuze te maken uit de verschillende therapeutische opties die
op de intensive care ter beschikking staan. In dit hoofdstuk bespreken we de
verschillende fysiologische concepten in detail, geven aan wat bij elke behandeling
de onderliggende hypotheses zijn met betrekking tot reactie van de bloedvaten in de
hersenen op fysiologische veranderingen (cerebrale vasoreactiviteit), en bespreken
de mogelijke complicaties van elke strategie.

Hoofdstuk 3 - literatuuroverzicht
Koorts is een veel voorkomende complicatie na schedelhersentrauma. De laatste tijd
is er veel aandacht voor de incidentie, de pathogenese, en de behandeling van koorts
in de neurochirurgische intensive care en voor het effect van temperatuur op het
neurologisch herstel na hersenletsel. In dit hoofdstuk bespreken we eerst de effecten
van (opzettelijke) hyperthermie op de cerebrale hemodynamiek en het hersenmeta-
bolisme in mensen, en relateren dit vervolgens aan de pathofysiologie en effecten
van (spontane) koorts bij patiënten met een neurologisch letsel. Vervolgens gaan we
systematisch na of er een oorzakelijk verband bestaat tussen het optreden van koorts
en een slecht neurologisch herstel, of dat er slechts sprake is van een non-causale
associatie waarbij koorts een uiting is van een ernstiger primair letsel.
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Hoofdstuk 4 - klinisch experiment
In dit hoofdstuk beschrijven we een studie bij 19 patiënten met een chronische hepa-
titis C infectie, die experimenteel behandeld werden met hyperthermie onder algehele
anesthesie met propofol. Hierbij werd onderzocht wat de effecten zijn van
temperatuursveranderingen op de koppeling tussen de cerebrale doorbloeding en het
hersenmetabolisme enerzijds, en de autoregulatie van de cerebrale doorbloeding bij
veranderingen van de perfusiedruk anderzijds. Tijdens (in totaal) 23 behandelsessies
werd met behulp van een extracorporele bloedverwarmer de lichaamstemperatuur
gedurende 2 uur op 41.8°C gebracht. We namen daarbij waar dat tijdens de
hyperthermiebehandeling de stroomsnelheid in de arteria cerebri media toenam, de
cerebrale zuurstofextractie afnam, en de cerebrale autoregulatie gestoord raakte, hetgeen
betekent dat er sprake was van een tijdelijke (partiële) cerebrale vasoparalyse.
Omgekeerd betekent dit dat het actief reduceren van spontane koorts bij neuro-
traumapatiënten de intracraniële druk mogelijk kan verlagen, doordat dit helpt de
cerebrale vaattonus en autoregulatie te herstellen (en niet doordat hiermee de cerebrale
zuurstofbehoefte wordt verlaagd, zoals vaak werd gedacht).

Hoofdstuk 5 - klinisch experiment
Bij patiënten met ernstig traumatisch schedelhersenletsel is het vaak nodig om grote
hoeveelheden vocht en vasopressoren toe te dienen om een adequate cerebrale
perfusiedruk te handhaven. Hoe hoog de minimale perfusiedruk is die hierbij
nagestreefd zou moeten worden is controversieel. In een poging om hierin meer
duidelijkheid te scheppen hebben wij 13 patiënten met ernstig schedelhersentrauma
bestudeerd. Bij deze patiënten werd dagelijks met behulp van vaatverwijders en
vaatvernauwers de cerebrale perfusiedruk gevarieerd en de effecten hiervan op de
intracraniële druk, het vermogen van de cerebrale bloedvaten tot autoregulatie en de
oxygenatie van het hersenweefsel werden geregistreerd. Hierbij bleek dat farmaco-
logische ondersteuning van de bloeddruk alleen een verbetering teweegbracht in deze
parameters bij patiënten met intracraniële hypertensie, terwijl er geen voordeel leek
te behalen met het verhogen van de bloeddruk bij patiënten met normale intracraniële
drukken. Belangrijker is echter dat wij aantoonden dat het praktisch mogelijk is om de
cerebrale fysiologische effecten van bloeddrukveranderingen dagelijks te meten, tijdens
verschillende fasen van klinisch herstel op de intensive-care afdeling. Mogelijk kunnen
interventies als deze gebruikt worden om in de toekomst op meer rationele gronden
patiënten te selecteren die in aanmerking komen voor intensieve ondersteuning van
de cerebrale perfusiedruk. Patiënten die hierbij dan geen baat lijken te hebben hoeven
zodoende niet onnodig blootgesteld te worden aan de risico’s van een medicamenteus
verhoogde bloeddruk.

Hoofdstuk 6 - cohortstudie
Voor de meeste interventies en behandelprotocollen die bij de intensieve zorg voor
patiënten met ernstig traumatisch schedelhersenletsel worden gebruikt, bestaat geen goed
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wetenschappelijk bewijs. Dit kennisgebrek wordt onder meer duidelijk uit de langdurige
controverse die blijft bestaan rond het nut van intracraniële drukmonitoring. In dit
hoofdstuk beschrijven wij de resultaten van een cohortonderzoek naar het effect van
geprotocoliseerde intensive-care therapie met gebruik van intracraniële drukmonitoring
op het functionele herstel na ernstig neurotrauma. Wij bestudeerden hiervoor 333
patiënten in twee Nederlandse traumacentra die 24 uur na schedelhersentrauma nog
comateus waren. In centrum A werden de vitale functies ondersteund en werd algemene
intensive care bedreven zonder gebruik te maken van intracraniële drukmeting. In
centrum B werden strikte streefwaarden gehanteerd voor zowel de intracraniële druk
als de cerebrale perfusiedruk. De beide studiepopulaties waren goed vergelijkbaar wat
betreft hun demografische kenmerken en ernst van de letsels. Het protocollaire beleid
in centrum B resulteerde in een forse toename van de intensiteit van (medicamenteuze)
therapie, een veel langer verblijf aan de beademing en op de intensive-care afdeling
(en dus ook toegenomen kosten), maar uiteindelijk niet in een beter neurologisch
herstel. Dit is een belangrijke bevinding, omdat strikt geprotocoliseerde therapie ook
risico’s met zich meebrengt, terwijl er maar weinig aanwijzingen zijn dat dit bijdraagt
aan een verbetering van de prognose van patiënten met ernstig neurotrauma. In het
hoofdstuk pleiten wij er dan ook voor om een gerandomiseerde studie te organiseren
om dit vraagstuk op te lossen.

Hoofdstuk 7 - casusbeschrijvingen en cohortstudie
Op neurochirurgische intensive-care afdelingen worden vaak sedativa gebruikt om
het comfort van de patiënt te vergroten en de beademing te vergemakkelijken. In hoge
doseringen worden deze farmaca ook gebruikt om de zuurstofbehoefte van de hersenen
te onderdrukken en daarmee zo mogelijk de intracraniële druk te verlagen. Propofol is
een anestheticum dat hiervoor steeds vaker wordt gebruikt. In 1998 echter, vlak nadat
er een nieuwe productformulering met een dubbele concentratie van propofol in
Nederland beschikbaar was gekomen, stierven er vijf patiënten op onze afdeling als
gevolg van een onverklaard hartfalen. Om een mogelijk verband verder te onderzoeken,
hebben wij een retrospectief cohortonderzoek verricht onder 67 patiënten die 24 uur
na neurotrauma nog beademd en gesedeerd werden. We vonden hierbij een dosis-
afhankelijk verband tussen langdurige, hooggedoseerde intraveneuze propofol
toediening en het optreden van een dodelijk syndroom bestaande uit hartfalen, metabole
acidose en spiercelverval (rhabdomyolyse) in volwassenen. Sinds deze bevinding is
door anderen wel gesuggereerd dat het ontstaan van dit syndroom, behalve met
propofol, ook verband houdt met het gelijktijdige gebruik van sympaticomimetica en
corticosteroïden, of mogelijk andere factoren die patiënten gevoelig maken voor de
toxische effecten van propofol en het ontstaan van het syndroom kunnen uitlokken.
Dit zou betekenen dat neurotrauma patiënten die propofol en vaatvernauwende
medicijnen samen in hoge doseringen intraveneus krijgen toegediend om de cerebrale
perfusiedruk te verhogen, een verhoogd risico lopen op het ontwikkelen van dit
‘propofol infusiesyndroom’.
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Hoofdstuk 8 - predictiestudie
Om de kans op complicaties op de intensive care zo beperkt mogelijk te houden is het
wenselijk dat intensieve therapie, die erop gericht is om verschillende fysiologische pa-
rameters binnen strikte streefwaarden te houden, alleen wordt toegepast bij patiënten
die daar ook mogelijk baat van ondervinden. Prognostische modellen voor schedel-
hersenletsel kunnen mogelijk gebruikt worden om patiënten te selecteren die voor
dergelijke therapie in aanmerking komen. Bovendien kunnen zulke modellen ook nuttig
zijn bij de voorlichting over de prognose aan familieleden, bij het vergelijken van de
prestaties van ziekenhuizen of afdelingen en bij wetenschappelijk onderzoek. Hoewel er
in het verleden wel meer statistische modellen voor het voorspellen van de prognose na
neurotrauma zijn ontwikkeld, bestaan er op dit gebied nog belangrijke hiaten. Meestal
zijn enkel dichotome uitkomstenmaten gebruikt (bijvoorbeeld mortaliteit) en zijn de
modellen zo gemaakt dat ze alleen goed werken in een bepaalde dataset, zonder dat hun
validiteit is getoetst in een externe klinische setting. In dit hoofdstuk beschrijven wij de
ontwikkeling van een eenvoudige nieuwe predictieregel, die het mogelijk maakt de
prognose in te schatten met betrekking tot drie functionele uitkomstcategorieën bij
patiënten die langer dan 24 uur comateus blijven na stomp traumatisch schedelhersen-
letsel. We gebruikten hiervoor ordinale logistische regressie. Het model werd ontwikkeld
in een cohort van 304 neurotraumapatiënten die werden behandeld in een groot
Nederlands traumacentrum, waarbij vijf reeds uit de literatuur bekende variabelen werden
gebruikt als voorspellende factoren.  Ook werden ‘bootstrapping’ technieken toegepast
om ervoor te zorgen dat de ontwikkeling van het wiskundige model niet te sterk onder
invloed zou staan van bepaalde toevalligheden in deze bepaalde dataset. Vervolgens werd
de prestatie van het model gemeten bij het voorspellen van de prognose in een cohort
van 122 patiënten uit een ander ziekenhuis, waarbij het model valide bleek.

Hoofdstuk 9 - algemene beschouwing
Binnen de populatie van patiënten met ernstig neurotrauma bestaat er een grote
verscheidenheid aan pathologie. Geprotocoliseerde intensive-care behandeling die er
primair op gericht is om bepaalde (arbitraire) streefwaarden te bereiken voor een beperkt
aantal fysiologische parameters is daarom waarschijnlijk onnodig of onrealistisch voor
bepaalde patiënten op bepaalde momenten. Dit is een belangrijk gegeven, omdat intensieve
therapeutische manipulatie van variabelen zoals intracraniële druk, cerebrale perfusiedruk
en temperatuur complicaties kan veroorzaken, terwijl er onvoldoende bewijs is dat dit de
prognose van de neurotraumapopulatie als geheel kan verbeteren. In plaats van (nog) meer
studies naar nieuwe medicijnen met vermeende neuroprotectieve eigenschappen in
diermodellen van hersentrauma, zullen in de toekomst vooral grote gerandomiseerde
klinische onderzoeken nodig zijn naar de effectiviteit van verschillende behandelstrategieën
voor traumatisch schedelhersenletsel. Deze studies zullen zich moeten toespitsen op
patiënten met een intermediaire prognose en zullen in hun ontwerp rekening moeten
houden met de grote verschillen in pathofysiologie die bestaan tussen patiënten met
neurotrauma en tussen verschillende tijdsperioden binnen eenzelfde patiënt.
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