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PREFACE

Neuroanaesthesia, perhaps more than any other field of anaesthesia has represented an area where the expertise and competence of 
the anaesthetist can influence patient outcome. Indeed, developments in neurosurgery, neurointensive care and neuroradiology have 
only been possible due to concomitant advances in neuroanaesthesia. These advances in clinical practice have always been 
underpinned by experimental research, and there has also been a tradition of high quality clinical research in our specialty. The 
development continues, and the availability of novel drugs and monitoring modalites represent both an opportunity and a challenge. 
They represent an opportunity because the use of modern imaging, novel monitoring modalities and multimodality integration of 
such data provide exciting insights into disease mechanisms and pathophysiology, and allow the specific selection of appropriate 
therapies. They also represent a challenge because there is a danger that we may confuse the aim of improved clinical management 
with the technological means of achieving it.

We hope therefore, that this book will provide not only an understanding of the science that underpins modern clinical practice in 
neuroanaesthesia and neurointensive care, but also the clinical context in which such concepts are best applied. Wherever possible, 
we have attempted to base our recommendations on high quality clinical research with outcome evaluation. Where paucity of such 
data or rapid advances in the understanding of disease makes this inappropriate, we have based our management on personal 
experience and data regarding clinical pathophysiology. While we expect that future studies addressing clinical pathophysiology and 
outcome will modify practice, this book is a distillation of current knowledge, experience and prejudices, as viewed from Cambridge.

BASIL F MATTA
DAVID K MENON
JOHN M TURNER
OCTOBER, 1999
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Introduction

There are a multitude of anatomical details which influence the way in which neurosurgeons approach specific problems and which 
are likely to impinge upon anaesthesia. This chapter provides an overview of some of the more important ones, but without 
burdening the reader with excessive detail that can be found in standard anatomical texts.

The Cranium

Anatomy of the CSF Pathways

The lateral ventricles are C-shaped cavities within the cerebral hemispheres. Each drains separately into the third ventricle via the 
foramen of Monro, which is situated just in front of the anterior pole of the thalamus. The third ventricle is a midline slit, bounded 
laterally by the thalami and inferiorly by the hypothalamus. It drains via the narrow aqueduct of Sylvius through the dorsal aspect of 
the midbrain to open out into the diamond-shaped fourth ventricle. This has the cerebellum as its roof and the dorsal aspect of the 
pons and medulla as its floor. The fourth ventricle opens into the basal cisterns via a midline foramen of Magendie, which sits 
posteriorly between the cerebellar tonsils, and laterally into the cerebellopontine angle via the foraminae of Luschka.

Approximatley 80% of the cerebrospinal fluid (CSF) is produced by the choroid plexus in the lateral, third and fourth ventricles. The 
remainder is formed around the cerebral vessels and from the ependymal lining of the ventricular system. The rate of CSF production 
(500–600ml per day in the adult) is independent of intraventricular pressure, until intracranial pressure (ICP) is elevated to the point 
at which cerebral blood flow (CBF) is compromised. Absorption, however, is largely by bulk flow and is therefore pressure-related. 
Most of the CSF is reabsorbed via the arachnoid villi into the superior sagittal sinus, while some is reabsorbed in the lumbar theca. 
CSF flow across the ventricular wall into the brain extracellular space is not an important mechanism under physiological conditions.

Hydrocephalus

Obstruction to CSF flow results in hydrocephalus. This is divided clinically into communicating and non-communicating types 
(otherwise known as obstructive/non-obstructive), depending upon whether the ventricular system communicates with the 
subarachnoid space in the basal cisterns. The distinction between the two is important when considering treatment (see below). 
Examples of communicating hydrocephalus include subarachnoid haemorrhage (either traumatic or spontaneous, both of which silt 
up the arachnoid villi), meningitis and sagittal sinus thrombosis. In contrast, aqueduct stenosis, intraventricular haemorrhage and 
intrinsic tumours are common causes of non-communicating hydrocephalus.

The diagnosis is usually made by the appearance on CT or MRI scan. The features which suggest active hydrocephalus rather than ex 
vacuo dilatation of the ventricular system secondary to brain atrophy are:

• dilatation of the temporal horns of the lateral ventricles (> 2mm width);

• rounding of the third ventricle or ballooning of the frontal horns of the lateral ventricles;

• low density surrounding the frontal horns of the ventricles. This is caused by transependymal flow of CSF and is known as 
periventricular lucency (PVL). However, in the elderly this sign may be misleading as it is also seen after multiple cerebral infarcts.

Management of Hydrocephalus

If the hydrocephalus is communicating then CSF can be drained from either the lateral ventricles or the lumbar theca. Generally, this 
will involve the insertion of a permanent indwelling shunt unless the cause for the hydrocephalus is likely to be transient, infection is 
present or blood within the CSF is likely to block the shunt. Under such circumstances, either an external ventricular or lumbar drain 
or serial lumbar punctures may be appropriate.

Obstructive hydrocephalus requires CSF drainage from the ventricular system. Lumbar puncture is potentially dangerous because of 
the risk of coning if a pressure differential is created between the cranial and spinal compartments. A single drainage catheter is 
adequate if the lateral ventricles communicate with each other (the majority of cases) but bilateral catheters are needed if the 
blockage lies at the foramen of Monro.

Many forms of non-communicating hydrocephalus can now be treated by endoscopic third ventriculostomy, obviating the need for a 
prosthetic shunt. An artificial outlet for CSF is created in the floor of the third ventricle between the mamillary bodies and the 
infundibulum, via an endoscope introduced through the frontal horn of the lateral ventricle and foramen of Monro. This allows CSF 
to drain directly from the third ventricle into the basal cisterns, where it emerges between the posterior clinoid processes and the 
basilar artery.
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Brain Structure and Function

Disorders of different lobes of the brain produce characteristic clinical syndromes, dependent not only on site but also side. Almost 
all right-handed patients (93%–99%) are left hemisphere dominant, as are the majority of left-handers and those who are 
ambidextrous (ranging from 50% to 92% in various studies; for review, see1).

Intracranial mass lesions generally present in one of three ways: focal neurological deficit, symptoms or signs of raised intracranial 
pressure, or with epilepsy. A very simple guide to the neurological deficits which may develop in association with disorders of the 
cerebral or cerebellar hemispheres is as follows.

The Frontal Lobe

The frontal lobe is the hemisphere anterior to the Rolandic fissure (central sulcus; Fig. 1.1). Important areas within it are the motor 
strip, Broca's speech area (in the dominant hemisphere) and the frontal eye fields. Patients with bilateral frontal lobe dysfunction 
typically present with personality disorders, dementia, apathy and disinhibition. The anterior 7 cm of one frontal lobe can be resected 
without significant neurological sequelae, providing that the contralateral hemisphere is normal. Resections more posterior than this 
in the dominant hemisphere are likely to damage the anterior speech area.

Temporal Lobe

The temporal lobe lies anteriorly below the Sylvian fissure and becomes the parietal lobe posteriorly at the angular gyrus (Fig. 1.1). 
The uncus forms its medial border and is of particular clinical importance because it overhangs the tentorial hiatus adjacent to the 
midbrain. When intracranial pressure rises in the supratentorial compartment, it is the uncus of the temporal lobe which transgresses 
the tentorial hiatus, compressing the third nerve, midbrain and posterior cerebral artery.

Figure 1.1 
Topography of the brain. A = Angular gyrus; 

C = Central sulcus (Rolandic fissure); 
PC = Pre-central sulcus; S = Sylvian fissure.

There are many functions to the temporal lobe including memory, the cortical representation of olfactory, auditory and vestibular 
information, some aspects of emotion and behaviour, Wernicke's speech area (in the dominant hemisphere) and parts of the visual 
field pathway.

Like the frontal lobe, lesions in the temporal lobe may present with memory impairment or personality change. Seizures are common, 
with prodromal symptoms linked typically to the function of the temporal lobe (e.g. olfactory, auditory or visual hallucinations, 
unpleasant visceral sensations, bizarre behaviour or déjà vu).

The anterior 5–6 cm of one temporal lobe (approximately at the junction of the Rolandic and Sylvian fissures) may be resected. 
Usually the upper part of the superior temporal gyrus is preserved to protect the branches of the middle cerebral artery lying in the 
Sylvian fissure. More posterior resection may damage the speech area in the dominant hemisphere. Care is needed if resecting the 
medial aspect of the uncus because of proximity to the optic tract. In some patients undergoing temporal lobectomy (the majority of 
epilepsy cases, for example), it may be appropriate to undertake a sodium amytal test preoperatively, to both confirm laterality of 
language and establish whether the patient is likely to suffer significant memory impairment as a result of the procedure. This 
investigation, otherwise known as the Wada test, involves selective catheterization of each internal carotid artery in turn. Whilst the 
hemisphere in question is anaesthetized with sodium amytal (effectiveness is confirmed by the onset of contralateral hemiplegia), the 
patient's ability to speak is evaluated. They are then presented with a series of words and images which they are asked to recall once 
the hemiparesis has recovered, thereby assessing the strength of verbal and non-verbal memory in the contralateral hemisphere.

Parietal Lobes

These extend from the Rolandic fissure to the parietooccipital sulcus posteriorly and to the temporal lobe inferiorly. The dominant 
hemisphere shares speech function with the adjacent temporal lobe, while both sides contain the sensory cortex and visual association 
areas.
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Parietal lobe dysfunction may produce cortical sensory loss or sensory inattention. In the dominant hemisphere the result is 
dysphasia and in the non-dominant, dyspraxia (e.g. difficulty dressing, using a knife and fork or difficulty with spatial 
orientation). Involvement of the visual association areas may give rise to visual agnosia (inability to recognize objects) or to 
alexia (inability to read).

Occipital Lobes

Lesions within the occipital lobe typically present with a homonymous field defect which does not spare the macula. Visual 
hallucinations (flashes of light, rather than the formed images which are typical of temporal lobe epilepsy) may develop.

Resection of the occipital lobe will result in a contralateral homonymous hemianopia. The extent of resection is restricted to 
3.5cm from the occipital pole in the dominant hemisphere because of the angular gyrus, where lesions can produce dyslexia, 
dysgraphia and acalculia. In the non-dominant hemisphere, up to 7cm may be resected.

Surgical resections may be undertaken in eloquent parts of the brain either by remaining within the confines of the disease 
process (intracapsular resection) or by employing some form of cortical mapping. This involves either cortical stimulation in 
awake patients under neuroleptanalgesia or preoperative functional MR which is then linked to an intraoperative image 
guidance system.

Cerebellum

The cerebellum consists of a group of midline structures, the lingula, vermis and flocculonodular lobe, and two laterally 
placed hemispheres.

Lesions affecting midline structures typically produce truncal ataxia, which may make it difficult for the patient to stand or 
even to sit. Vertigo may result from damage to the vestibular reflex pathways. Obstructive hydrocephalus is common. 
Nystagmus is typically the result of involvement of the flocculonodular lobe. Invasion of the floor of the fourth ventricle may 
give rise to effortless vomiting or cranial nerve dysfunction. In contrast, lesions within the hemispheres usually cause 
ipsilateral limb ataxia. Hypotonia, dysarthria and pendular reflexes are other features associated with disorders of the 
cerebellum.

Surface Markings of the Brain

The precise position of intracranial structures varies, but a rough guide to major landmarks is as follows.

Draw an imaginary line in the midline between the nasion and inion (external occipital protuberance). The Sylvian fissure 
runs in a line from the lateral canthus to three-quarters of the way from nasion to inion. The central sulcus (separating the 
motor from the sensory cortex) lies 2cm behind the midpoint from nasion to inion and joins the Sylvian fissure at a point 
vertically above the condyle of the mandible.

The Cerebral Circulation

Arterial

The arterial anastomosis in the suprasellar cistern is named after Thomas Willis (Fig. 1.2), who published his dissections in 
1664, with illustrations by the architect Sir Christopher Wren. The cerebral circulation is divided into two parts. The anterior 
circulation is fed by the internal carotid arteries, while the posterior circulation derives from the vertebral arteries (the 
vertebrobasilar circulation). A detailed account of the normal and abnormal anatomy of the cerebral vasculature can be found 
in Yasargil.2

The internal carotid artery has no branches in the neck but gives off two or three small vessels within the cavernous sinus 
before entering the cranium just medial to the anterior clinoid process. It gives off the ophthalmic and posterior 
communicating arteries before reaching its terminal bifurcation, where it divides to become the anterior and middle cerebral 
arteries (Fig. 1.3). The anterior choroidal artery, the blood supply to the internal capsule, generally arises



   

Figure 1.2 
CT angiogram of the circle of Willis. There is an 

aneurysm of the middle cerebral artery bifurcation (A).
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Figure 1.3 
Subtraction angiogram of the internal carotid circulation. 

(A) Lateral projection. (B) AP projection.

from the distal internal carotid artery just beyond the posterior communicating artery. The anterior cerebral artery passes over the 
optic nerve and is connected with the vessel of the opposite side in the interhemispheric fissure by the anterior communicating artery 
(ACoA). The segment of the anterior cerebral artery proximal to the ACoA is known as the A1 segment and that beyond it as the A2 
(until it branches again to form the pericallosal and callosal marginal arteries). The anterior cerebral artery supplies the orbital surface 
of the frontal lobe and the medial surface of the hemisphere above the corpus callosum back to the parietooccipital sulcus. It extends 
onto the lateral surface of the hemisphere superiorly, where it meets the territory supplied by the middle cerebral artery. The motor 
and sensory cortex to the lower limb are within its territory of supply.

The middle cerebral artery is the largest branch of the circle of Willis. It passes laterally behind the sphenoid ridge and up through the 
Sylvian fissure where it divides into frontal and temporal branches. These then turn sharply in a posterosuperior direction to reach the 
insula. The main trunk of the middle cerebral is known as the M1 segment and its first branches at the trifurcation are the M2 
segments. It supplies much of the lateral aspect of the hemisphere, with the exception of the superior frontal and inferior temporal 
gyrus and the occipital cortex (Fig. 1.4). Within its territory of supply are the internal capsule, speech and auditory areas and the 
motor and sensory areas for the opposite side, with the exception of the lower limbs.

The posterior circulation comprises the vertebral arteries, which join at the clivus to form the basilar artery. This gives off multiple 
branches to the brainstem and cerebellum before bifurcating near the level of the posterior clinoids to become the posterior cerebral 
arteries (Fig. 1.5). The first large branch of the posterior cerebral is the posterior communicating artery (PCoA), thus connecting the 
anterior and posterior circulations. The segment of the posterior cerebral artery proximal to the PCoA is known as the P1 and that 
which is distal to it as the P2. The P2 then curves posterolaterally around the cerebral peduncle to enter the ambient cistern and cross 
the tentorial hiatus. It is here that the artery may be occluded when intracranial pressure is high (Fig. 1.6). Its territory of supply is the 
inferior and inferolateral surface of the temporal lobe and the inferior and most of the lateral surface of the occipital lobe. The 
contralateral visual field lies entirely within its territory.

Arterial Anomalies

In postmortem series, a fully developed arterial circle of Willis exists in about 96% of cadavers, although the communicating arteries 
will be small in some.3 Because haemodynamic anomalies are associated with an increased risk of berry aneurysm formation, an 
incomplete circle of Willis is likely to be more common in neurosurgical patients than in the general population.

Hypoplasia or absence of one or more of the communicating arteries can be particularly important at times
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Figure 1.4 
CT head scan showing infarction of the right middle 

cerebral artery territory. Midline structures are slightly 
displaced towards the side of the lesion, indicating loss of 

brain volume and that the infarct is therefore long-standing.

when one of the major feeding arteries is temporarily occluded, for example during carotid endarterectomy or when gaining proximal 
control of a ruptured intracranial aneurysm. Under such conditions the anastomotic circle cannot be relied upon to maintain adequate 
perfusion to parts of the ipsilateral or contralateral hemisphere. This situation will be compounded by atherosclerotic narrowing of 
the vessels or by systemic hypotension. The areas particularly vulnerable to ischaemia are the watersheds between vascular 
territories. Some estimate of flow across the ACoA can be obtained angiographically by the cross-compression test. During contrast 
injection, the contralateral carotid is compressed in the neck, thereby reducing distal perfusion and encouraging flow of contrast from 
the ipsilateral side (Fig. 1.7). Transcranial Doppler provides a more quantitative assessment. Trial balloon occlusion in the conscious 
patient is a further method of evaluating crossflow and tolerance of permanent occlusion.

The A1 segments are frequently disparate in size (60–80% of patients). In approximately 5% of the population one A1 sement will be 
severely hypoplastic or aplastic. The ACoA is very variable in nature, having developed embryologically from a vascular network. It 
exists as a single channel in 75% of subjects but may be duplicated or occasionally absent (2%). The PCoA is less than 1mm 
diameter in approximately 20% of patients. In almost 25% of people the PCoA is larger than the P1 segment and the posterior 
cerebral arteries are therefore supplied primarily (or entirely) by the internal carotid rather than the vertebral arteries. Because the 
posterior cerebral artery derives embryologically from the internal carotid artery, this anatomical variant is known as a persistent 
foetal-type posterior circulation.

If both the ACoA and PCoA arteries are hypoplastic then the middle cerebral territory is supplied only by the ipsilateral internal 
carotid artery (the so-called 'isolated middle cerebral artery'; Fig. 1.8). Such a patient will be very vulnerable to ischaemia if the 
internal carotid is temporarily occluded during surgery. Should it be necessary to occlude the internal

Figure 1.5 
Subtraction vertebral angiogram. 

(A) AP projection. (B) Lateral projection.
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Figure 1.6 
CT head scan showing extensive infarction (low density) 

in the territory of the posterior cerebral artery (open arrow). 
This was the result of compression of the vessel where it 

crossed the tentorial hiatus due to raised intracranial pressure.

carotid artery permanently, for example in a patient with an intracavernous aneurysm, some form of bypass graft will be required. 
Usually this is between the superficial temporal artery and a branch of the middle cerebral artery (an extracranial–intracranial artery 
[EC-IC] bypass). The small perforating vessels which arise from the circle of Willis to enter the base of the brain are known as the 
central rami. Those from the anterior and middle cerebral arteries supply the lentiform and caudate nuclei and internal capsule, whilst 
those from the communicating arteries and posterior cerebrals supply the thalamus, hypothalamus and mesencephalon. Damage to 
any of these small perforators at surgery may result in significant neurological deficit.

Microscopic Anatomy

An understanding of the histology of cerebral arteries is particularly relevant to subarachnoid haemorrhage. Unlike systemic 
muscular arteries, cerebral vessels possess only a rudimentary tunica adventitia. Whereas clot surrounding a systemic artery will not 
result in the development of delayed vasospasm, it is likely that the lack of an adventitia allows blood breakdown products access to 
smooth muscle of the tunica media of cerebral vessels, thereby giving rise to late constriction.



   

Figure 1.7 
The cross-compression test. Contrast has been 

injected into the left internal carotid artery whilst 
the right is occluded by external compression in the 
neck. This shows that the distal vessels on the right 

will fill from the left if the right ICA is occluded and 
that the ACoA and A1 segments are therefore patent. 

However, this test alone is not a reliable way of 
determining that neurological deficit will not ensue if 

the contralateral carotid artery is permanently occluded.

The tunica media of both large and small cerebral arteries has its muscle fibres orientated circumferentially. This results in a point of 
potential weakness at the apex of vessel branches and may lead to aneurysm formation. Approximately 85% of berry aneurysms 
develop in the anterior circulation.

Venous

Unlike many other vascular beds, cephalic venous drainage does not follow the arterial pattern. There are superficial and deep venous 
systems which, like the internal jugular veins, are valveless (Fig. 1.9).

The basal ganglia and adjacent structures drain via the internal cerebral veins, which lie in the roof of the third ventricle, and the 
basal veins which pass around
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Figure 1.8 
Only the middle cerebral artery territory fills following 

right internal carotid angiography in this patient. 
The A1 segment (arrow) is very narrow (in this 
instance as a consequence of vasospasm from 

an anterior communicating artery aneurysm rather 
than hypoplasia). In this patient the circle of Willis 
would be unable to maintain right MCA blood flow 

if perfusion were to be reduced in the ipsilateral ICA.

the crebral peduncles. The internal cerebral and basal veins join to form the great cerebral vein of Galen beneath the splenium of the 
corpus calosum. This short vein joins the inferior sagittal sinus (which runs in the free edge of the falx) to form the straight sinus.

In general, the venous drainage of the hemispheres is into the nearest venous sinus. The superior sagittal sinus occupies the convex 
margin of the falx and is triangular in cross-section. Because of its semirigid walls, the sinus does not collapse when venous pressure 
is low, resulting in a high risk of air embolism during surgery if the sinus is opened with the head elevated. Venous lakes are 
sometimes present within the diploë of the skull adjacent to the sinus, and can result in excessive bleeding or air embolus when a 
craniotomy flap is being turned.

Figure 1.9 
Venous phase angiography, showing the major



   

superficial and deep venous drainage of the brain.

The lateral margin of the superior sagittal sinus contains arachnoid villi responsible for the reabsorption of CSF into the venous 
circulation. It begins at the floor of the anterior cranial fossa at the crista galli and extends back in the midline, increasing 
progressively in size, until it reaches the level of the internal occipital protuberence. Here it turns to one side, usually the right, as the 
transverse sinus. The straight sinus turns to form the opposite transverse sinus at this point. An anastomosis of variable size connects 
the two and is known as the confluence of the sinuses or torcular Herophili.

The superior cerebral veins (usually 8–12 in number) lie beneath the arachnoid on the surface of the cerebral cortex and drain the 
superior and medial surface of the hemisphere into the superior sagittal sinus. To do this, they must bridge the subdural space (hence 
the alternative name of 'bridging veins'). If the hemisphere is atrophic and therefore relatively mobile within the cranium, these veins 
are likely to be torn by even minor head injury, giving rise to chronic subdural haematoma. A large acute subdural haematoma may 
also displace the hemisphere sufficiently to avulse the bridging veins, provoking brisk venous bleeding from multiple points in the 
sinus when the clot is evacuated. Tearing of bridging veins may also occur during or early after neurosurgical procedures in which 
there has been excessive shrinkage of the brain or loss of CSF. This phenomenon is thought to account for some cases in which 
haemorrhages develop postoperatively in regions remote from the operative site.4,5

Although venous anastomoses exist on the lateral surface of the hemisphere, largely between the
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superior anastomotic vein (draining upwards in the central sulcus to the superior sagittal sinus – the vein of Trolard), the Sylvian vein 
(draining downwards in the Sylvian fissure to the sphenoparietal sinus) and the angular or inferior anastomotic vein (draining via the 
vein of Labbé into the transverse sinus), sudden occlusion of large veins or a patent venous sinus may result in brain swelling or even 
venous infarction. As a general rule, the anterior one-third of the superior sagittal sinus may be ligated, but only one bridging vein 
should be divided distal to this if complications are to be avoided. If the sinus has been occluded gradually, for example by a 
parasagittal meningioma, then there is time for venous collaterals to develop but it then becomes all the more important that these 
anastomotic veins are not divided during removal of the tumour. Venous phase angiography is particularly useful in planning the 
operative approach to tumours adjacent to the major venous sinuses or to the vein of Galen and thereby determining whether the 
sinus is completely occluded and can be resected en bloc with the tumour or whether the sinus is patent and requires reconstruction.

Anastomotic venous channels allow communication between intracranial and extracranial tissues via diploic veins in the skull. These 
may allow infection from the face or paranasal air sinuses to spread to the cranium, resulting in subdural empyema, cerebral abscess 
or a spreading cortical venous or sinus thrombosis.

Innervation of the Cerebral Vasculature. Neurogenic Influences on Cerebral Blood Flow

Sympathetic

The sympathetic innervation to the cerebral vasculature is largely from the superior cervical ganglion. In addition to the 
catecholamines, sympathetic nerve terminals contain another potent vasoconstrictor, neuropeptide Y. This 36 amino acid 
neuropeptide is found in abundance in both the central and peripheral nervous systems.

Only minor (5–10%) reductions in CBF accompany electrical stimulation of sympathetic nerves, far less than that seen in other 
vascular beds.6 Although feline pial arterioles vasoconstrict in response to topical noradrenaline and the response is blocked by the α-
blocker phenoxybenzamine, application of the latter alone at the same concentration has no effect on vessel calibre. This and other 
observations from denervation studies indicate that the sympathetic nervous system does not exert a significant tonic influence on 
cerebral vessels under physiological conditions. Neither does the sympathetic innervation contribute to CBF regulation under 
conditions of hypotension or hypoxia. However, Harper and colleagues7 observed that sympathetic stimulation does produce a 
profound fall in CBF if cerebral vessels have been dilated by hypercapnia. From this study came the 'dual control' hypothesis, 
proposing that the cerebral circulation comprises two resistances in series. Extraparenchymal vessels are thought to be regulated 
largely by the autonomic nervous system, whilst intraparenchymal vessels are responsible for the main resistance under physiological 
conditions and are governed primarily by intrinsic metabolic and myogenic factors.

As well as exerting a significant influence on cerebral blood volume, the sympathetic innervation has been shown to protect the brain 
from the effects of acute severe hypertension. When blood pressure rises above the limits of autoregulation, activation of the 
sympathetic nervous system attenuates the anticipated rise in CBF and reduces the plasma protein extravasation which follows 
breakdown of the blood–brain barrier. The autoregulatory curve is 'reset' such that both the upper and lower limits are raised. This is 
an important physiological mechanism by which the cerebral vasculature is protected from injury during surges in arterial blood 
pressure.8 Whilst cerebral vessels escape from the vasoconstrictor response to sympathetic stimulation under conditions of 
normotension, this does not occur during acute hypertension. It also follows from this that CBF is better preserved by drug-induced 
than haemorrhagic hypotension for the same perfusion pressure, because circulating catecholamine levels are high in the case of the 
latter.

Sympathetic nerves are also thought to exert trophic influences upon the vessels which they innervate. Sympathectomy reduces the 
hypertrophy of the arterial wall which develops in response to chronic hypertension. Denervation has been shown to increase the 
susceptibility of stroke-prone spontaneously hypertensive rats to bleed into the cerebral hemisphere which has been 
sympathectomized.9

Parasympathetic

The cerebrovascular parasympathetic innervation derives from multiple sources, which include the sphenopalatine and otic ganglia 
and small clusters of ganglion cells within the cavernous plexus, Vidian and lingual nerves. Vasoactive intestinal polypeptide (VIP), 
a potent 28 amino acid polypeptide vasodilator which is non-EDRF dependent, has been localized immunohistochemically within 
parasympathetic nerve endings, as has nitric oxide synthase, the enzyme which forms nitric oxide from L-arginine.
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Although stimulation of parasympathetic nerves does elicit a rise in cortical blood flow, there is, like the sympathetic nervous system, 
little to suggest that cholinergic mechanisms contribute significantly to CBF regulation under physiological conditions. Nor are 
parasympathetic nerves involved in the vasodilatory response to hypercapnia. However, chronic parasympathetic denervation 
increases infarct volume by 37% in rats subjected to permanent middle cerebral artery occlusion, primarily because of a reduction in 
CBF under situations when perfusion pressure is reduced.10 This suggests that parasympathetic nerves may help to maintain 
perfusion at times of reduced CBF and may in part explain why patients with autonomic neuropathy, such as diabetics, are at 
increased risk of stroke.

Sensory Nerves and Head Pain

The anatomy of the sensory innervation to the cranium is important for an understanding of the basis of certain types of headache. 
Furthermore, the sensory innervation to the cerebral vasculature has been shown to influence CBF under a variety of pathological 
conditions.

Anatomy

The pain-sensitive structures within the cranium are the dura mater, the dural venous sinuses and the larger cerebral arteries (>50 μm 
diameter). The structures that lie within the supratentorial compartment and rostral third of the posterior fossa are innervated 
predominantly by small myelinated and unmyelinated nerve fibres which emanate from the ophthalmic division of the trigeminal 
nerve (with a small contribution from the maxillary division). The caudal two-thirds of the posterior fossa is innervated by the C1 and 
C2 dorsal roots. With the exception of midline structures, the innervation is strictly unilateral. Although each individual neurone has 
divergent axon collaterals which innervate both the cerebral vessels and dura mater, the extracranial and intracranial trigeminal 
innervation are separate peripherally. Centrally, however, they synapse onto single interneurones in the trigeminal nucleus caudalis.

This arrangement accounts for the strictly unilateral nature of some types of headache. The pain is poorly localized because of large 
receptive fields, and is referred to somatic areas. In many respects, headache is little different from the pain experienced in 
association with inflammation of other viscera. Just as appendicitis is accompanied by referred pain to the umbilicus and abdominal 
muscle rigidity, so headache is generally referred to the frontal (ophthalmic) or cervicooccipital (C2) regions and is associated with 
tenderness in the temporalis and cervical musculature. It is because of this arrangement that tumours in the upper posterior fossa may 
present with frontal headache and why patients with raised pressure within the posterior fossa and impending herniation of the 
cerebellar tonsils through the foramen magnum may complain of neck pain and exhibit nuchal rigidity. Central projections of the 
trigeminal nerve to the nucleus of the tractus solitarius account for the autonomic responses (sweating, hypertension, tachycardia and 
vomiting) which may accompany headache (for review, see11).

Sensory nerves form a fine network on the adventitial surface of cerebral arteries. Several neuropeptides, including substance P (SP), 
neurokinin A (NKA) and calcitonin gene-related peptide (CGRP), are contained within vesicles in the naked nerve endings. All three 
are vasodilators, whilst SP and NKA promote plasma protein extravasation and an increase in vascular permeability. 
Neurotransmitter release can follow both orthodromic stimulation and axon reflex-like mechanisms. Trigeminal perivascular sensory 
nerve fibres have been found to contribute significantly to the hyperaemic responses which follow reperfusion after a period of 
cerebral ischaemia and which accompany acute severe hypertension, seizures and bacterial meningitis.12,13 There is now considerable 
evidence to support the notion that neurogenic inflammation in the dura mater resulting from the release of sensory neuropeptides is 
the fundamental basis for migraine.

Anatomical Considerations in Surgical Access to the Cranium

There are a number of factors that require consideration when planning an operative approach. The most direct route to the pathology 
via the smallest possible exposure is not necessarily the technique which offers the best outcome. As well as cosmetic considerations, 
other factors which require thought when planning a surgical approach include the following:-

Eloquent Areas of the Brain

It is self-evident that an approach should be chosen which minimizes the risk of creating additional neurological deficit. Where 
applicable, approaches to extra-axial midline structures are generally via the non-dominant hemisphere. Stereotactic or imageguided 
methods may be appropriate to assist the surgeon when planning the trajectory. On occasions, cranial surgery is performed on awake 
patients so that cortical mapping can be used to avoid eloquent areas. Where appropriate, cortical incisions are made through the sulci 
rather than gyri.
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Degree of Retraction

The brain is intolerant of retraction, particularly if it is prolonged or over a narrow area. Brain swelling and intraparenchymal 
haemorrhage are the consequences of injudicious use of brain retractors. Although a good anaesthetic is fundamental for providing 
satisfactory operating conditions which minimize the need for retraction, it is also important that the patient has been positioned 
correctly to reduce venous pressure and that adequate bone has been removed to allow the surgeon to displace the brain as little as 
possible. A number of skull base and craniofacial exposures have been developed to improve access without excessive brain 
retraction. Examples include excision of a large acoustic neuroma via the labyrinth to minimize displacement of the cerebellum, or 
osteotomy of the zygomatic arch in the subtemporal approach to a basilar apex aneurysm. Early cerebrospinal fluid drainage is 
another manoeuvre which may assist surgical exposure.

Brain Swelling

A large bone flap is generally appropriate if the brain is likely to be swollen at the time of surgery. Not only can the bone be omitted 
and the dura left open widely at the end of the procedure in order to provide a decompression which reduces intracranial pressure, but 
there is less risk with a large opening that brain herniation through the defect will obstruct the pial vessels at the dural margin and 
result in ischaemia or infarction of the prolapsing tissue. Preservation of the draining veins is another factor which should be 
considered when planning the approach in order to minimize postoperative swelling.

Epilepsy

Some areas of the brain are more epileptogenic than others and this may at times be a factor to consider. Access to the lateral 
ventricle via the frontal lobe is, for example, more likely to induce seizures than is an interhemispheric route through the corpus 
callosum.

The Spine

Assessing Stability of the Vertebral Column

A stable spine is one in which normal movements will not result in displacement of the vertebrae. In an unstable spine, be it from 
trauma, infection, tumour, degenerative changes or inflammatory disease, alterations in alignment may occur with movement. 
However, the degree of bone destruction or spinal instability does not always correlate with the extent of any associated spinal cord 
injury.

The concept of the 'three column' spine, as proposed by Holdsworth14 and refined by Denis,15 is widely accepted as a means of 
assessing stability. The anterior column of the spine is formed by the anterior longitudinal ligament, the anterior annulus fibrosus of 
the intervertebral disc and the anterior part of the vertebral body. The middle column is formed by the posterior longitudinal 
ligament, the posterior annulus fibrosus of the intervertebral disc and the posterior wall of the vertebral body. The posterior column is 
formed by the posterior arch, supraspinous and interspinous ligaments and the ligamentum flavum. If only one of the columns is 
disrupted then the spine remains stable but if two or more are involved then the spine is potentially unstable.

Plain radiographs showing normal vertebral alignment in a neutral position do not necessarily indicate stability and views in flexion 
and extension may be necessary to assess the degree of ligamentous or bony damage (Fig. 1.10). While an unstable spine should 
generally be maintained in a fixed position, not all movements will necessarily risk compromising neurological function. For 
example, if a vertebral body has collapsed because of infection or tumour but the posterior elements are preserved then the spine will 
be stable in extension, but flexion will increase the deformity and may force diseased tissue or the buckled posterior longitudinal 
ligament into the spinal canal.

The mechanism of the injury has an important bearing on spinal stability after trauma. As a general rule, wedge compression 
fractures to the spine are stable but flexion–rotation injuries cause extensive ligamentous damage posteriorly and are therefore 
unstable. In the cervical spine, hyperextension injuries are nearly always stable. Hyperextension is a very uncommon mechanism of 
injury in the thoracolumbar spine but is invariably unstable because there is disruption of the anterior longitudinal ligament and 
intervertebral disc and an associated fracture of the vertebral body.

The Spinal Cord

The adult spinal cord terminates at about the lower border of L1 as the conus medullaris. Below this the spinal canal contains 
peripheral nerves known as the cauda equina. Lesions above this level produce upper motor neurone signs and those below it, a lower 
motor neurone pattern. Lesions of the conus itself may produce a mixed picture.



   

Page 15

Figure 1.10 
Non-union of a fracture of the dens. (A) Vertebral alignment is satisfactory in extension (arrows). 

(B) Flexion of the neck causes subluxation of C1 on C2, thereby severely compromising the spinal canal

A detailed account of the ascending and descending pathways is beyond the scope of this chapter but can be found in all standard 
anatomical texts. However, like the cerebrum, there are several common patterns of involvement.

Extrinsic Spinal Cord Compression

Classically, this produces symmetrical corticospinal ('pyramidal') involvement, with upper motor neurone weakness below the level 
of the compression (increased tone, clonus, little or no muscle wasting, no fasciculation, exaggerated tendon reflexes and extensor 
plantar responses), together with a sensory loss. If, however, the mass is laterally placed then the pattern may initially be of 
hemisection of the cord – the Brown–Sequard syndrome. This produces ipsilateral pyramidal weakness, loss of fine touch and 
impaired proprioception but contralateral impairment of pain and temperature sensation.

Central Cord Syndromes

Syringomyelia or intramedullary tumours affecting the cervicothoracic region will first involve the pain and temperature fibres which 
decussate near the midline before ascending in the lateral spinothalamic tracts. The result of central cord involvement is therefore a 
'suspended' sensory loss, with a cape-type distribution of loss of sensitivity to pain in the upper limbs and trunk but with sparing of 
the lower limbs.

Cauda Equina Compression

This may result, for example, from a lumbar disc prolapse. Usually but not invariably, it is accompanied by sciatica, which may be 
bilateral or unilateral and there may be weakness or sensory loss in a radicular distribution. In addition, there is perineal sensory loss 
in a saddle distribution, painless retention of urine with dribbling overflow incontinence and loss of anal tone.
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Blood Supply

The blood supply to the spinal cord is tenuous. The anterior and posterior spinal arteries form a longitudinal anastomotic channel 
which is fed by spinal branches of the vertebral, deep cervical, intercostal and lumbar arteries. In the neck, there is usually a feeder 
which comes from the thyrocervical trunk and accompanies either the C3 or C4 root. The largest radicular artery arises from the 
lower thoracic or upper lumbar region and supplies the spinal cord below the level of about T4. Its position is variable but is 
generally on the left side (two-thirds of cases) and arises between T10 and T12 in 75% of patients. In 15% it lies between T5 and T8 
and in 10% at L1 or L2. As in the cervical region, it accompanies one of the nerve roots and is known as the artery of Adamkewicz. It 
has a characteristic hairpin appearance on angiography because it ascends up the nerve root and then splits into a large caudal and a 
small cranial branch when it reaches the cord.

This vessel is vulnerable to damage during operations on the thoracic spine, particularly during excision of neurofibromas or 
meningiomas or if an intercostal vessel is divided during excision of a thoracic disc. The artery is also vulnerable to injury during 
surgery to the descending thoracic aorta, during nephrectomy or even intercostal nerve blocks. Atherosclerotic disease of the 
radicular artery or prolonged hypotension may induce infarction of the anterior half of the cord up to mid-dorsal level, producing 
paraplegia, incontinence and spinothalamic sensory loss. However, joint position sense and light touch are preserved. Posterior spinal 
artery occlusion does not often produce a classic distribution of deficit because the vessel is part of a plexus and the territory of 
supply is variable. Because the arterial supply to the cord is not readily apparent at operation, surgery to the lower thoracic spine is 
often preceded by spinal angiography to determine the precise location of the artery of Adamkewicz. However, this procedure itself 
carries a very small risk of spinal cord infarction.
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Introduction

The brain receives 15% of the resting cardiac output (700 ml/min in the adult) and accounts for 20% of basal oxygen consumption. 
Mean resting cerebral blood flow (CBF) in young adults is about 50 ml/100 g brain/min. This mean value represents two very 
different categories of flow: 70 and 20 ml/100g/min for grey and white matter respectively. Regional CBF (rCBF) and glucose 
consumption decline with age, along with marked reductions in brain neurotransmitter content and less consistent decreases in 
neurotransmitter binding.1

Functional Anatomy of the Cerebral Circulation

Arterial Supply

Blood supply to the brain is provided by the two internal carotid arteries and the basilar artery. The anastomoses between these two 
sets of vessels give rise to the circle of Willis. While a classic 'normal' polygonal anastomotic ring is found in less than 50% of 
brains,2 certain patterns of regional blood supply from individual arteries are generally recognized. Global cerebral ischaemia, such 
as that associated with systemic hypotension, classically produces maximal lesions in areas where the zones of blood supply from 
two vessels meet, resulting in 'watershed' infarctions. However, the presence of anatomical variants may substantially modify 
patterns of infarction following large vessel occlusion. For example, in some individuals, the proximal part of one anterior cerebral 
artery is hypoplastic and flow to the ipsilateral frontal lobe is largely provided by the contralateral anterior cerebral, via the anterior 
communicating artery. Occlusion of the single dominant anterior cerebral in such a patient may result in massive infarction of both 
frontal lobes: the unpaired anterior cerebral artery syndrome.

Microcirculation

The cerebral circulation is protected from systemic blood pressure surges by a complex branching system and two resistance 
elements: the first of these lies in the large cerebral arteries and the second in vessels of diameter less than 100 μm. The 
cerebrovascular microarchitecture is highly organized and follows the columnar arrangement seen with neuronal groups and 
physiological functional units.3 Pial surface vessels give rise to arterioles that penetrate the brain at right angles to the surface and 
give rise to capillaries at all laminar levels. Each of these arterioles supplies a hexagonal column of cortical tissue, with intervening 
boundary zones, an arrangement that is responsible for columnar patterns of local blood flow, redox state4 and glucose metabolism 
seen in the cortex during hypoxia or ischaemia.5 Capillary density in the cortex is one-third of adult levels at birth, doubles in the first 
year and reaches adult levels at four years. At maturity capillary density is related to the number of synapses, rather than number of 
neurones or mass of cell bodies in a given region,6 and can be closely correlated with the regional level of oxidative metabolism.7,8

Conventionally, functional activation of the brain is thought to result in 'capillary recruitment', implying that some parts of the 
capillary network are non-functional during rest. However, recent evidence suggests that all capillaries may be persistently open8 and 
'recruitment' involves changes in capillary flow rates with homogenization of the perfusion rate in a network.9

Venous Drainage

The brain is drained by a system of intra- and extracerebral venous sinuses, which are endothelialized channels in folds of dura 
mater. These sinuses drain into the internal jugular veins which, at their origin, receive minimal contributions from extracerebral 
tissues. Measurement of oxygen saturation in the jugular bulb (SjvO2) thus provides a useful measure of cerebral oxygenation. It has 
been suggested that the supratentorial compartment is preferentially drained by the right internal jugular vein, while the infratentorial 
compartment is preferentially drained by the left internal jugular vein. However, more recent data suggest considerable 
interindividual variation in cerebral venous drainage.10

Cerebral Blood Volume: 
Physiology and Potential for Therapeutic Intervention

Most of the intracranial blood volume of about 200 ml is contained in the venous sinuses and pial veins, which constitute the 
capacitance vessels of the cerebral circulation. Reduction in this volume can buffer rises in the volume of other intracranial contents 
(the brain and CSF). Conversely, when compensatory mechanisms to control intracranial pressure (ICP) have been exhausted, even 
small increases in cerebral blood volume can result in steep rises in ICP (Fig. 2.1).

The position of the system on this curve can be expressed in terms of the pressure–volume index (PVI), which is defined as the 
change in intracranial volume that produces a 10-fold increase in ICP. This is
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Figure 2.1 
Intracranial pressure–volume curve (see text).

normally about 26 ml11 but may be markedly lower in patients with intracranial hypertension, who are on the steep part of the 
intacranial pressure–volume curve.

With the exception of oedema reduction by mannitol, the only intracranial constituent whose volume can be readily modified by the 
anaesthetist by physiological or pharmacological interventions is the CBV. Although the CBV forms only a small part of the 
intracranial volume and such interventions only produce small absolute changes (typically  10 ml or less), they may result in 
marked reductions in ICP in the presence of intracranial hypertension. Conversely, inappropriate anaesthetic management may cause 
the CBV to increase. Again, although the absolute magnitude of such increase may be small, it may result in steep rises in ICP in the 
presence of intracranial hypertension.

The appreciation that pharmacological and physiological modulators may have independent effects on CBV and CBF is important for 
two reasons. First, interventions aimed at reducing CBV in patients with intracranial hypertension may have prominent effects on 
CBF and result in cerebral ischaemia.12 Conversely, drugs that produce divergent effects on CBF may have similar effects on CBV 
and using CBF measurement to infer effects on CBV and hence ICP may result in erroneous conclusions.13

The Cerebral Perfusion Pressure

The inflow pressure to the brain is equal to the mean arterial pressure (MAP) measured at the level of the brain. The outflow pressure 
from the intracranial cavity depends on the ICP, since collapse of intracerebral veins is prevented by the maintainance of an 
intraluminal pressure 2–5 mmHg above ICP. The difference between the MAP and the ICP thus provides an estimate of the effective 
cerebral perfusion pressure (CPP):

Microcirculatory Transport and the Blood–Brain Barrier

Endothelial cells in cerebral capillaries contain few pinocytic vesicles and are sealed with tight junctions, with no anatomical gap. 
Consequently, unlike other capillary beds, the endothelial barrier of cerebral capillaries presents a high electrical resistance and is 
remarkably non-leaky, even to small molecules such as mannitol (molecular weight (MW) 180 daltons). This property of the cerebral 
vasculature is termed the blood–brain barrier (BBB) and resides in three cellular components (the endothelial cell, astrocyte and 
pericyte) and one non-cellular structure (the endothelial basement membrane). A fundamental difference between brain endothelial 
cells and the systemic circulation is the presence of interendothelial tight junctions termed the zona occludens.

The BBB is a function of the cerebral microenvironment rather than an intrinsic property of the vessels themselves and leaky 
capillaries from other vascular beds develop a BBB if they are transplanted to the brain or exposed to astrocytes in culture.14 Passage 
through the BBB is not simply a function of MW; lipophilic substances traverse the barrier relatively easily and several hydrophilic 
molecules (including glucose) cross the BBB via active transport systems to enter the brain interstitial space15 (Fig. 2.2). In addition, 
the BBB maintains a tight control of relative ionic distribution in the brain extracellular fluid.



   

Figure 2.2 
Correlation between brain uptake index and 
oil/water partition coefficients for different 

substrates. While BBB permeability, in general, 
increases with lipid solubility, note that several 
substances including glucose and amino acids 

show high penetration due to active transport or 
facilitated diffusion (after Oldendorf12).
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These activities require energy and thus the mitochondrial density is exceptionally high in these endothelial cells, accounting for 10% 
of cytoplasmic volume.16 Several endogenous substances, including catecholamines17 and vascular endothelial growth factor,18 can 
dynamically modulate BBB permeability. Although the BBB is disrupted by ischaemia, this process takes hours or days rather than 
minutes and much of the cerebral oedema seen in the initial period after ischaemic insults is cytotoxic rather than vasogenic. 
Consequently, mannitol retains its ability to reduce cerebral oedema in the early phases of acute brain injury.

Measurement of rCBF

All clinical and many laboratory methods of measuring CBF or rCBF are indirect and may not produce directly comparable 
measurements. It is also important to treat results from any one method with caution and attribute any observed phenomena to 
physiological effects only when demonstrated by two or more independent techniques. Methods of measuring CBF may be regional 
or global and applicable either to humans or primarily to experimental animals. All of these methods have advantages and 
disadvantages All methods that provide absolute estimates of rCBF use one of two principles: they either measure the distribution of 
a tracer or estimate rCBF from the wash-in or wash-out curve of an indicator. Other techniques do not directly estimate rCBF but can 
be used to either measure a related flow variable (such as arterial flow velocity) or infer changes in flow from changes in metabolic 
parameters. These issues are addressed in detail in Chapter 00.

Physiological Determinants of RCBF and RCBV

Flow–metabolism Coupling

Increases in local neuronal activity are accompanied by increases in regional cerebral metabolic rate (rCMR). Until recently, the 
increases in rCBF and oxygen consumption produced during such functional activation were thought to be closely coupled to the 
cerebral metabolic rate of utilization of O2 (CMRO2) and glucose (CMRglu). However, it has now been clearly shown that increases in 
rCBF during functional activation tend to track glucose utilization but may be far in excess of the increase in oxygen consumption.19 
This results in regional anaerobic glucose utilization and a consequent local decrease in oxygen extraction ratio and increase in local 
haemoglobin saturation. The resulting local decrease in deoxyhaemoglobin levels is used by functional MRI techniques to image the 
changes in rCBF produced by functional activation. Despite this revision of the proportionality between increased rCBF and CMRO2 
during functional activation in the brain, the relationship between rCBF and CMRglu is still accepted to be linear.

The cellular mechanisms underlying these observations are elucidated by recent publications which have highlighted the role played 
by astrocytes in the regulation of cerebral metabolism.20 These data suggest that astrocytes utilize glucose glycolytically and produce 
lactate which is transferred to neurones, where it serves as a fuel in the citric acid cycle.21 Astrocytic glucose utilization and lactate 
production appear to be, in large part, coupled by the astrocytic reuptake of glutamate released at excitatory synapses (Fig. 2.3).

The regulatory changes involved in flow–metabolism coupling have a short latency ( 1 s) and may be mediated by either metabolic 
or neurogenic pathways. The former category includes the increases in perivascular K+ or adenosine concentrations that follow 
neuronal depolarization. The cerebral vessels are richly supplied by nerve fibres and the mediators thought to play an important part 
in neurogenic flow–metabolism coupling are acetylcholine22 and nitric oxide,23 although roles have also been proposed for 5-
hydroxytryptamine, substance P and

Figure 2.3 
Relationship of astrocytes to oxygen and energy metabolism 

in the brain. Glucose taken up by astrocytes undergoes 
glycolysis for generation of ATP to meet astrocytic energy 
requirements (for glutamate reuptake, predominantly). The 
lactate that this process generates is shuttled to neurones, 

which utilize it aerobically in the citric acid cycle.
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neuropeptide Y. More recent publications implicate dopamineric neurones (see later).

Autoregulation

Autoregulation refers to the ability of the cerebral circulation to maintain CBF at a relatively constant level in the face of changes in 
CPP by altering cerebrovascular resistance (CVR) (Fig. 2.4). While autoregulation is maintained irrespective of whether changes in 
CPP arise from alterations in MAP or ICP, autoregulation tends to be preserved at lower levels when falls in CPP are due to increases 
in ICP rather than decreases in MAP due to hypovolaemia.24,25 One possible reason for this may be the cerebral vasoconstrictive 
effects of the massive levels of catecholamines secreted in haemorrhagic hypotension, since lower MAP levels are tolerated in 
hypotension if the fall in blood pressure is induced by sympatholytic agents26,27 or occurs in the setting of autonomic failure.28 
Autoregulatory changes in CVR probably arise from myogenic reflexes in the resistance vessels but these may be modulated by 
activity of the sympathetic system or the presence of chronic systemic hypertension.29 Thus, sympathetic blockade or cervical 
sympathectomy shifts the autoregulatory curve to the left while chronic hypertension or sympathetic activation shifts it to the right. 
These modulatory effects may arise from angiotensinmediated mechanisms. Primate studies suggest that nitric oxide is unlikely to be 
important in pressure autoregulation.30

In reality, the clearcut autoregulatory thresholds seen with varying CPP in Figure 2.4A are not observed; the autregulatory 'knees' 
tend to be more gradual and there may be wide variations in rCBF at a given value of CPP in experimental animals and even in 
neurologically normal individuals.31 It has been demonstrated that symptoms of cerebral ischaemia appear when the MAP falls below 
60% of an individual's lower autoregulatory threshold.32 However, generalized extrapolation from such individualized research data 
to the production of 'safe' lower limits of MAP for general clinical practice is hazardous for several reasons. First, there may be wide 
individual scatter in rCBF autoregulatory efficiency, even in normal subjects. Second, the coexistence of fixed vascular obstruction 
(e.g. carotid atheroma or vascular spasm) may vary the MAP level at which rCBF reaches critical levels in relevant territories. Third, 
the autoregulatory curve may be substantially modulated by the mechanisms used to produce hypotension. Earlier discussion made 
the distinction between reductions in CPP produced by haemorrhagic hypotension, intracranial hypertension and pharmacological 
hypotension. The effects on autoregulation may also vary with the pharmacological agent used to produce hypotension. Thus, 
neuronal function is better preserved at similar levels of hypotension produced by halothane, nitroprusside or isoflurane in 
comparison with trimetaphan.33 Finally, autoregulatory responses are not immediate: estimates of the latency for compensatory 
changes in rCVR range from 10 to 60 s.34

Figure 2.4 
Effect of changes in CPP, PaCO2 and PaO2 on CBF. (A) Note the increase in slope of the CBF/PaCO2

 

curve as basal CBF increases from 20 m/100g/min (white matter) to 50–70 ml/100g/min (grey matter). 
(B) Note that maintenance of CBF with reductions in CPP are achieved by cerebral vasodilatation which 

results in reductions in cerebrovascular resistance. This leads to an increase in CBV, which has no detrimental 
effects in healthy subjects. However, these CBV increases may cause critical ICP increases in patients with 

intracranial hypertension, who operate on the steep part of the intracranial pressure–volume curve.
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Some recent studies suggest that, especially in patients with impaired autoregulation, the cardiac output and pulsatility of large vessel 
flow may be more important determinants of rCBF than CPP itself.35

PaCO2

CBF is proportional to PaCO2, subject to a lower limit below which vasoconstriction results in tissue hypoxia and reflex 
vasodilatation and an upper limit of maximal vasodilatation (Fig. 2.4A). On average, in the middle of the physiological range, each 
kPa change in PaCO2 produces a change of about 15 ml/100g/min in CBF. However, the slope of the PaCO2/CBF relationship 
depends on the baseline normocapnic rCBF value, being maximal in areas where it is high (e.g. grey matter: cerebrum) and least in 
areas where it is low (e.g. white matter: cerebellum and spinal cord). Moderate hypocapnia (PaCO2  3.5 kPa) has long been used to 
reduce CBV in intracranial hypertension but this practice is under review for two reasons. The CO2 response is directly related to the 
change in perivascular pH; consequently, the effect of a change in PaCO2 tends to be attenuated over time (hours) as brain ECF 
bicarbonate levels fall to normalize interstitial pH.36 Second, it has now been shown that 'acceptable' levels of hypocapnia in head-
injured patients can result in dangerously low rCBF levels.12,37 Prostaglandins may mediate the vasodilatation produced by CO238 and 
more recent work suggests that nitric oxide may also be involved,39 perhaps in a permissive capacity.40

PaCO2: 
Effects on CBV and ICP (Fig. 2.5)

Grubb et al41 studied the CBF/PaCO2 response curve in primates and demonstrated that the CBF changed by approximately 1.8 
ml/100g/min for each mmHg change in PaCO2. However, in the same experiment, the CBV/PaCO2 curve was much flatter (about 
0.04 ml/100g/mmHg (0.3ml/100g/kPa) change in PaCO2). It follows from these figures that while a reduction in PaCO2 from 40 to 30 
mmHg (5.3 to 4 kPa) would result in about a 40% reduction in CBF (from a baseline of about 50 ml/100g/min), it would only result 
in a 0.4% reduction in intracranial volume. This may seem trivial but in the presence of intracranial hypertension, the resultant 5 ml 
decrease in intracranial volume in an adult brain could result in a halving of ICP since the system operates on the steep part of the 
intracranial compliance curve.42

PaO2 and CaO2

Classic teaching is that CBF is unchanged until PaO2 levels fall below approximately 7 kPa but rises sharply with further reductions43

(Fig. 2.4A). However, recent TCD data from humans suggest cerebral thresholds for cerebral vasodilatation as high as 8.5 kPa (  
89–90% SaO2).44 This non-linear behaviour is because tissue oxygen delivery governs CBF and the sigmoid shape of the 
haemoglobin–O2 dissociation curve means that the relationship between CaO2 (arterial O2 content) and CBF is inversely linear. These 
vasodilator responses to hypoxaemia appear to show little adaptation with time45 but may be substantially modulated by PaCO2 
levels.46,47 Nitric oxide does not appear to play a role in the vasodilatory response to hypoxia.39

Figure 2.5 
Relative effects of PaCO2 on CBF and CBV. Hyperventilation 

is aimed at reducing CBV in patients with intracranial 
hypertension but may be detrimental because of 
its effects on CBF. Note that the slope of CBF 

reactivity to PaCO2 is steeper than that for CBV 

( 25%/kPa PaCO2 vs 20%/kPa PaCO2 respectively).

Some studies suggest that hyperoxia may produce cerebral vasoconstriction, with a 10–14% reduction on CBF with inhalation of 85–
100% O2 and a 20% reduction in CBF with 100% O2 at 3.5 atmospheres.48 Human data suggest that this effect is not clinically 
significant.49

Haematocrit



   

As in other organs, optimal O2 delivery in the brain depends on a compromise between the oxygen-carrying capacity and flow 
characteristics of blood; previous experimental work suggests that this may be best achieved at a haematocrit of about 40%. Some 
recent studies in the setting of vasospasm following subarachnoid haemorrhage have suggested that modest haemodilution to a 
haematocrit of 30–35% may improve neurological outcome by improving rheological characteristics and increasing rCBF. However, 
this may result in a reduction in O2 delivery
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if maximal vasodilatation is already present and since clinical results in the setting of acute ischaemia have not been uniformly 
successful, this approach must be viewed with caution.

Autonomic Nervous System

The autonomic nervous system mainly affects the larger cerebral vessels, up to and including the proximal parts of the anterior, 
middle and posterior cerebral arteries. β1-adrenergic stimulation results in vasodilatation while α2-adrenergic stimulation 
vasoconstricts these vessels. The effect of systemically administered α or β-agonists is less significant. However, significant 
vasoconstriction can be produced by extremely high concentrations of catecholamines (e.g. in haemorrhage) or centrally acting α2-
agonists (e.g. dexmedetomidine).

Pharmacological Modulation of CBF

Inhaled Anaesthetics

All the potent fluorinated agents have significant effects on CBF and CMR. The initial popularity of halothane as a neurosurgical 
anaesthetic agent was reversed by the discovery that it was a potent cerebral vasodilator, producing decreases of 20–40% in 
cerebrovascular resistance in normocapnic individuals at 1.2–1.5 MAC.50,51 In another study, 1% halothane was shown to result in 
clinically significant elevations in ICP in patients with intracranial space-occupying lesions.52 Preliminary studies with enflurane and 
isoflurane suggested that these agents might produce smaller increases in cerebrovascular resistance (CVR) at equivalent doses.53 
Since enflurane may produce epileptogenic activity, its use in the context of neuroanaesthesia decreased.

However, several studies compared the effects of isoflurane and halothane on CBF, with conflicting results. While some studies 
showed that halothane produced larger decreases in CVR, others found no difference. Examination of the patterns of rCBF produced 
by these two agents provides some clues to the origin of this discrepancy. Halothane selectively increases cortical rCBF while 
markedly decreasing subcortical rCBF, while isoflurane produces a more generalized reduction in rCBF.54,55 A review of published 
comparisons of the CBF effects of the two agents suggests that studies that estimated CBF using techniques that preferentially looked 
at the cortex (e.g.133Xe wash-out) tended to show that halothane was a more potent vasodilator, while most studies that used more 
global measures of hemispheric CBF (e.g. the Kety–Schmidt technique) have found little difference between the two agents at levels 
of around 1 MAC (Fig. 2.6).

Both agents tend to reduce global CMR but the regional pattern of such an effect may vary, with isoflurane producing greater cortical 
metabolic suppression56 (reflected by its ability to produce EEG burst suppression at higher doses). Both the rCBF and rCMR effects 
of the two anaesthetics are markedly modified by baseline physiology and other pharmacological agents. Thus, CBF increases 
produced by both agents are attenuated by hypocapnia (more so with isoflurane57,58) and thiopentone attenuates the relative 
preservation of cortical rCBF seen with halothane. It is difficult to predict accurately what the effect of either agent would be on CBF 
in a given clinical situation but this would be a balance of its suppressant effects on rCMR (with autoregulatory vasoconstriction) and 
its direct vasodilator effect (which is partially mediated via both endothelial and neuronal nitric oxide39).

Although initial reports suggested that halothane could 'uncouple' flow and metabolism,59 more recent studies clearly show that at 
concentrations commonly used for neuroanaesthesia neither halothane,59 isoflurane60,61 or

Figure 2.6 
Comparison of mean + SD CBF in animals anaesthetized 

with 0.5–1.5 MAC isoflurane or halothane, either in the same 
study or in comparable studies from a single research group 

with identical methodology within a single publication.149–160 

In studies shown on the left, CBF was estimated using techniques 
likely to be biased towards cortical flow (e.g. 133Xe wash-out) and 
show that halothane produces greater increases in CBF. In studies 
on the right, CBF was estimated using techniques that measured 

global cerebral blood flow (e.g. Kety–Schmidt method); the difference 
in effects on CBF between the two agents is much less prominent.
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desflurane62 completely disrupts flow–metabolism coupling, although their vasodilator effects may alter the slope of this relationship, 
due to changes in the flow:metabolism ratio with increases in anaesthetic concentration. Thus, though increases in metabolism are 
matched by increases in flow at all levels of anaesthesia, flow is higher at higher volatile anaesthetic concentrations at the same level 
of metabolism. In practice, the metabolic suppressant effects of the anaesthetics are more prominent at lower concentrations and 
when no other metabolic suppressants are used. Conversely, these vasodilator effects may become more prominent at higher 
concentrations or when the volatile agents are introduced on a baseline of low or suppressed cerebral metabolism (such as that 
produced by intravenous anaesthesia).

In equi-MAC doses, nitrous oxide is probably a more powerful vasodilator than either halothane or isoflurane.63,64 Since N2O has 
been shown to produce cerebral stimulation with increases in CMRO2, glucose utilization and coupled increase in CBF,65 its 
pharmacodynamic profile is particularly unfavourable in patients with raised ICP.66,67 Further, the vasodilatation produced by nitrous 
oxide is not decreased by hypocapnia68 although the resulting increases in ICP can be attenuated by the administration of other CMR 
depressants such as the barbiturates.69

While initial studies suggested that desflurane70 and sevoflurane71 had effects on the cerebral vasculature that appear very similar to 
isoflurane, more recent studies have shown distinct differences between these agents.

While high-dose desflurane, like isoflurane, can produce EEG burst suppression, this effect may be attenuated over time.72 It is not 
known whether this adaptation represents a pharmacokinetic or pharmacodynamic effect. Initial clinical reports suggest that 
desflurane may cause a clinically significant rise in ICP in patients with supratentorial lesions,73 despite its proven ability to reduce 
CMRO2 as documented by EEG burst supression.72,74 These increases in ICP, which are presumably related to cerebral 
vasodilatation, appear to be independent of changes in systemic haemodynamics.75

In humans, sevoflurane produces some increase in TCD flow velocities at high doses (>1.5 MAC) but these appear to be less marked 
than desflurane and were reported to be unassociated with increases in ICP in patients with supratentorial space-occupying lesions.76 
In other studies 1.5 MAC sevoflurane caused no increase in middle cerebral artery flow velocities77 and did not affect CO2 reactivity 
or pressure autoregulation.78–80 This may be partially explained by sevoflurane's weak direct vasodilator effect, especially in 
humans.81–82

Intravenous Anaesthetics

Thiopentone,83 etomidate84 and propofol85,86 all reduce global CMR to a minimum of approximately 50% of baseline, with a coupled 
reduction in CBF, although animal studies suggest small differences in the distribution of rCBF changes with individual agents. 
Decreases in CBV have been demonstrated with barbiturates87 and probably occur with propofol and etomidate as well. Maximal 
reductions in CMR are reflected in an isoelectric EEG, although burst suppression is associated with only slightly less CMR 
depression.83 Initial doubts that CBF reductions produced by propofol were secondary to falls in MAP have proved to be 
unfounded.85,86 Even high doses of thiopentone87 or propofol88 do not appear to affect autoregulation, CO2 responsiveness or flow–
metabolism coupling.

Opiates

Although high doses (3 mg/kg) of morphine and moderate doses of fentanyl (15 μg/kg) have little effect on CBF and CMR, high 
doses of fentanyl (50–100 μg/kg)89 and sufentanil90 depress CMR and CBF. Results with alfentanil, in doses of 0.32 mg/kg, show no 
reduction in rCBF.91 These effects are variable and may only be prominent in the presence of nitrous oxide, where CMR may be 
reduced by 40% from baseline.92 Bolus administration of large doses of fentanyl or alfentanil may be associated with increases in 
ICP in patients with intracranial hypertension,93 probably due to reflex increases in CBF that follow an initial decrease in CBF (due 
to reductions in MAP and cardiac output produced by large bolus doses of these agents). These effects are unlikely to be clinically 
significant if detrimental haemodynamic and blood gas changes can be avoided. Opioids do not appear to affect autoregulation.

Other Drugs

Ketamine can produce increases in global CBF and ICP,94 with specific increases in rCMR and rCBF in limbic structures, which may 
be partially attenuated by hypocapnia, benzodiazepines or halothane.95 The ICP and CBF increases produced by ketamine are also 
attenuated by general anaesthetic agents.96 Sedative doses of benzodiazepines tend to produce small decreases in CMR and CBF;97 
however, there is a ceiling effect and increasing doses do not produce greater reductions in these variables.98 α2-agonists such as 
dexmedetomidine reduce CBF in man.99 There are
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good data, in animal models at least,100 that CBF reductions produced by intraventricular dexmedetomidine are probably direct 
vascular effects of the agent and not exclusively the consequence of either systemic hypotension or coupled falls in rCBF arising 
from reductions in neuronal metabolism.

Most non-depolarizing neuromuscular blockers have little effect on CBF or CMR, although large doses of d-tubocurarine may 
increase CBV and ICP secondary to histamine release and vasodilatation. In contrast, succinylcholine can produce increases in ICP, 
probably secondary to increases in CBF mediated via muscle spindle activation. However, these effects are transient and mild101,102 
and can be blocked by prior precurarization103 if necessary; they provide no basis for avoiding succinylcholine in patients with raised 
ICP when its rapid onset of action is desirable for clinical reasons.

CBF in Disease

Ischaemia

Graded reductions in CBF are associated with specific electrophysiological and metabolic consequences (Table 2.1). Some of these 
thresholds for metabolic events are well recognized but others, such as the development of acidosis, cessation of protein synthesis 
and the failure of osmotic regulation, have only recently received attention.104 Ischaemia is thus a continuum between normal cellular 
function and cell death; cell death, however, is not merely a function of the severity of ischaemia but is also dependent on its duration 
and several other circumstances that modify its effects. Thus, the effects of ischaemia may be ameliorated by the CMR depression 
produced by hypothermia or drugs, exacerbated by increased metabolic demand associated with excitatory neurotransmitter release 
or compounded by other mechanisms of secondary neuronal injury (such as cellular calcium overload or reperfusion injury) (Fig. 
2.7).

Head Injury

Severe head injury is accompanied by both direct and indirect effects on cerebral blood flow and metabolism, which show both 
temporal and spatial variations. CBF may be high, normal or low soon after the ictus but is typically reduced.105 Thirty percent of 
patients undergoing CBF studies within 6–8 h of a head injury have significant cerebral ischaemia.106 Global hypoperfusion in these 
studies was associated with a 100% mortality at 48 h and regional ischaemia with significant deficits. CBF patterns also vary with 
relation to the time after injury107 (Fig. 2.8). Initial reductions are replaced, especially in patients who achieve good outcomes, by a 
period of relative increase in CBF which, towards the end of the first week post ictus, may be replaced by reductions in CBF which 
are the consequence of vasospasm associated with subarachnoid haemorrhage.108 CBF changes are non-uniform in the injured brain 
(Fig. 2.9). Blood flow tends to be reduced in the immediate vicinity of intracranial contusions109,110 and cerebral ischaemia associated 
with hyperventilation may be extremely regional and not reflected in global monitors of cerebrovascular adequacy111 (Fig. 2.10).

Elevations in intracranial pressure result in reductions in CPP and cerebral ischaemia, which lead to secondary neuronal injury. There 
is strong evidence that maintenance of a CPP above 60 mmHg improves outcome in patients with head injury and raised ICP.112 
Traditionally, patients with intracranial hypertension have been nursed head up in an effort to reduce ICP. It is important to realize, 
however, that such manoeuvres will also reduce the effective MAP at the level of the head and run the risk of reducing CPP. Feldman 
et

Table 2.1 Electrophysiological and metabolic consequences of graded reductions in CBF

CBF 
(ml/100g/min)

Electrophysiological/metabolic consequence

> 50 Normal neuronal function

? Immediate early gene activation

? Cessation of protein synthesis

? Cellular acidosis

20–23 Reduction in electrical activity

12–18 Cessation of electrical activity

8–10 ATP rundown, loss of ionic homeostasis

<8 Cell death (also depends on other modifiers: duration, CMR, etc.)
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Figure 2.7 
Relationship of cerebral blood flow to the presence of 

ischaemia under conditions of varying metabolism. 
Changes in CBF levels compared to physiological levels 

may be misleading, since a diagnosis of ischaemia or 
hyperaemia demands that CBF levels be assessed 

in the context of metabolic requirements.

al113 suggest that a 30° head-up elevation may provide the optimal balance by reducing ICP without decreasing CPP.

Hypertensive Encephalopathy

Current concepts of the causation of hypertensive encephalopathy are based on the forced vasodilatation hypothesis.114 Severe acute 
or sustained elevations in mean arterial pressure overcome autoregulatory vasoconstriction in the resistance vessels and result in 
forced vasodilatation. These vasodilated vessels, exposed to high intraluminal pressures, leak fluid and protein and result in cerebral 
oedema, which is multifocal and later diffuse.

Figure 2.8 
Spectrum of CBF patterns following severe head injury. 
Following an initial period of ischaemia lasting <24 h, 
CBF begins to rise and may exceed normal values on 

day 2–4. CBF may fall to subnormal levels at later 
time points, chiefly due to the presence of vasospasm 

secondary to traumatic subarachnoid haemorrhage. CBF 
levels may never rise in some patients, especially those 
who have a poor outcome. (Redrawn from Bullock R. 
Injury on cell function. In Reilly P, Bullock R (Eds). 

Head injury. London Chapman & Hall 1997.)



   

Figure 2.9 
PET images of cerebral blood flow in a patient 
with a left temporoparietal contusion following 
head injury. Note the marked heterogeneity in 

CBF values in the region of the contusion.

Subarachnoid Haemorrhage

Cerebral autoregulation and CO2 responsiveness are grossly distorted after SAH, more so in patients in worse clinical grades115 (Fig. 
2.11). Such patients may be unable to compensate for reductions in MAP produced by anaesthetic agents and develop clinically

Figure 2.10 
PET CBF image showing the effect of hyperventilation 

within the first 24 h after head injury. Despite the 
maintenance of SiO2 values at acceptable levels, 

hyperventilation results in increases in the 
volume of brain tissue where CBF falls below 

recognized thresholds of ischaemia.
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Figure 2.11 
Effect of Hunt and Hess grade of aneurysmal subarachnoid 

haemorrhage on (A) CBF reactivity to changes in PaCO2 and 
(B) pressure autoregulation. (Drawn from data in Ref. 115)

significant deficits.116 Clinically significant vasospasm after SAH occurs in up to 30–40%117 of patients, typically several days after 
the initial bleed, and may be due to one or more of several mechanisms. Nitric oxide (NO) may be taken up by haemoglobin in the 
extravasated blood or be inactivated to peroxynitrite (ONOO–) by superoxide radicals (O–•) produced during ischaemia and 
reperfusion. Alternatively, spasm may be secondary to lipid peroxidation of the vessel wall by various oxidant species including 
superoxide and peroxynitrite. Other authors have proposed a role for endothelin.118,119 Vasospasm tends to be worst in patients with 
the largest amounts of subarachnoid blood,120 suggesting that the blood in itself contributes to the phenomenon. Vasospasm is 
associated with parallel reductions in rCBF and CMRO2 in the regions affected.

The clinical impact of late vasospasm has been substantially modified by the routine use of Ca++ channel blockers such as 
nimodipine121 and by the routine use of hypertensive hypervolaemic haemodilution122 (triple H therapy). Triple H (3H) therapy 
involves the use of colloid administration (with venesection if needed) to increase filling pressures and reduce haematocrit to 30–
35%. If moderate hypertension is not achieved with volume loading, vasopressors and inotropes are used to maintain systolic blood 
pressures as high as 120–140 mmHg. The hypertensive element of this therapy protects non-autoregulating portions of the cerebral 
vasculature from hypoperfusion, while the haemodilution improves rheological characteristics of blood and facilitates flow through 
vessels whose calibre is reduced by spasm. Such interventions have been shown to produce clinically useful improvements in rCBF 
in regions of ischaemia123 in the setting of SAH, but not in stroke.

Mechanisms in CBF Control

Some of the mechanisms involved in cerebrovascular control are shown in Figure 2.12. Several of these have been referred to earlier. 
In addition, the level of free Ca2+ is important in determining vascular tone and arachidonate metabolism can produce prostanoids 
that are either vasodialators (e.g. PGI2) or vasoconstrictive (e.g. TXA2). Endothelin (ET), produced by endothelin-converting enzyme 
(ECE) in endothelial cells, balances the vasodilator effects of nitric oxide in a tonic matter by exerting its influences at ETA receptors 
in the vascular smooth muscle.

Nitric Oxide in the Regulation of Cerebral Haemodynamics37

Recent interest has focused on the role of nitric oxide (NO) in the control of cerebral haemodynamics. NO is synthesized in the brain 
from the amino acid L-arginine by the constitutive form of enzyme nitric oxide synthase (NOS). This form of the enzyme is 
calmodulin dependent and requires Ca++ and tetrahydrobiopterin for its activity and differs from the inducible form of the enzyme 
which is present in mononuclear blood cells and is activated by cytokines. Under basal conditions, endothelial cells synthesize NO 
which diffuses into the muscular layer and, via a cGMP-mediated mechanism, produces relaxation of vessels. There is strong 
evidence to suggest that NO exerts a tonic dilatory influence on cerebral vessels. It is important to emphasize that data on NO 
obtained
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Figure 2.12 
Mechanisms involved in the regulation of rCBF 

in health and disease. The diagram shows a 
resistance vessel in the brain in the vicinity of a 

neurone and an astrocyte. E = endothelium; 
M = muscular layer; PGs = prostaglandins; 
TXA2 = thromboxane A2; ET = endothelin; 

ECE = endothelin-converting enzyme; 
ETA = ETA receptor; NO = nitric oxide; 

CO = carbon monoxide; DA = dopmaine. 
The inset box shows the detail of the vessel wall 

and adjacent glial cell process. See text for details.

from peripheral vessels cannot always be translated to the cerebral vasculature; for example, some of the endothelium-derived 
relaxant factor (EDRF) activity in cerebral vessels may be due to compounds other than NO. There is growing evidence that carbon 
monoxide (CO) produced by heme oxygenase may be responsible for significant cerebral vasodilatation, especially when NO 
production is reduced.124

NO plays an important role in cerebrovascular responses to functional activation, excitatory amino acids, hypercapnia, ischaemia and 
subarachnoid haemorrhage. Further, it may play an important part in mediating the vasodilatation produced by volatile anaesthetic 
agents37 although other mechanisms, including a direct effect on the vessel wall, cannot be excluded.

Neurogenic Flow–metabolism Coupling

While the last 10 years have focused on flow–metabolism coupling being effected by a diffusible extracellular mediator, there is now 
accumulating evidence to suggest that dopaminergic neurones may play a major part in such events125 and, additionally, may control 
blood–brain barrier permeability.17
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Mechanisms of neural injury, cerebral protection and cerebral resuscitation have been an area of intensive research over the last 20 
years and the pathophysiological and biochemical processes responsible for the development and propagation of neural injury are 
becoming clearer. Despite this explosion of research, current approaches to reducing permanent injury have remained largely 
unchanged over the past few decades. The pathophysiological processes that lead to neuronal cell death and loss of function are 
similar whether the CNS insult is the consequence of intraoperative injury, stroke or trauma. In its correct terminology, cerebral 
protection refers to interventions aimed at reducing neural injury that are instituted before a possible ischaemic event, while cerebral 
resuscitation refers to interventions that occur after such an event.1 In practice, many of the mechanisms involved in both phases of 
the process are identical and the following discussion will deal with both forms of intervention as one.

Mechanisms of Injury

All brain injury can be thought of as being constituted of basic primary, secondary and molecular and biochemical processes. 
Whatever the primary insult, there will always be secondary and molecular damage, not only in the core of the lesion but also in the 
penumbral region. Central to all mechanisms of injury are cerebral ischaemia and hypoxia. Global ischaemia refers to events which 
result in complete hypoperfusion of the entire organ or where no potential for recruitment of collateral flow exists. Focal ischaemia 
refers to the occlusion of an artery distal to the circle of Willis, which permits some collateral flow, thus resulting in a dense 
ischaemic core with a partially perfused surrounding penumbral zone.1 Tissues in the penumbral zone may be more salvageable and 
hence provide a realistic target for neuroprotection.

Basic Mechanisms of Injury

All the principal types of brain damage that occur clinically can now be reproduced in experimental models.2,3 These can be 
classified as traumatic, ischaemic or hypoxic. Traumatic brain injury may be due to the trauma associated with accidents or personal 
violence. Alternatively, the trauma may be iatrogenic and accompany a variety of operative procedures, including retraction, shear 
forces, direct tissue destruction, haemorrhage and vessel disruption with subsequent infarction. These injuries are typically followed 
by brain swelling, leading to an increase in intracranial volume and intracranial pressure and a consequent reduction in cerebral blood 
flow. In addition to direct tissue injury, acceleration-deceleration forces may result in shearing of nerve fibres and microvascular 
structures in the process termed diffuse axonal injury.4,5 While this was originally thought to occur at the time of injury, there is 
accumulating evidence that the event of axonal shearing is the culmination of processes that mature over hours.

Secondary insults are initiated as a consequence of the primary injury but may not be apparent for an interval following the injury. 
Intracranial haemorrhage is the most common local structural cause of clinical deterioration and death in patients who have 
experienced a lucid interval after traumatic injury.6,7,8 The pathophysiology associated with this process may reflect simple 
physiological consequences of ischaemia arising from pressure effects to underlying and distant brain regions, shift of vital structures 
and axonal disruption, reductions in cerebral blood flow and metabolism, hydrocephalus and herniation. However, metabolic 
processes may cause more subtle changes and ischaemia may not just be due to local microcirculatory compression but also the 
consequence of vasoactive substances released from the haematoma. In addition, glucose utilization has also been found to be 
markedly increased in pericontusional and perihaemorrhagic regions, possibly due to activation of excitatory neuronal systems.2,9 In 
addition, extravasated subarachnoid blood can cause vasospasm both locally and at distant sites with aggravation of ischaemia.

Systemic physiological insults may occur as a consequence of the primary lesion but can contribute to worsening neural injury. These 
include hypoxia, hypotension, hypercarbia, hyperthermia, anaemia and electrolyte disturbances. Hypoxia may be the result of airway 
obstruction, aspiration, thoracic injury, primary hypoventilation or pulmonary shunting.3 Hypotension has been found to occur in 32–
35% of patients in emergency departments, which may be due to systemic causes.7 This causes a decrease in cerebral perfusion 
pressure, which may be aggravated by a high ICP, disruption of cerebrovascular autoregulation, vasospasm and change in cerebral 
blood flow patterns. Hyperthermia may be due to infection, thrombophlebitis, drug reactions or a defect in the thermoregulatory 
system. This results in excessive excitotoxic neurotransmitter release, altered protein kinase C activity and augmented 
pathophysiological effects of ischaemia. Hypercarbia causes vasodilatation of cerebral blood vessels, with increased ICP, and 
exacerbation of any mass or oedema effect. It may also be associated with cerebral metabolic acidosis.
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Imbalances between cerebral oxygen delivery and demand that arise as a consequence of the systemic and local secondary insults 
may result in focal or global ischaemia. Even global ischaemia can result in discrete lesions in specific areas due to either 
haemodynamic patterns or selective neuronal vulnerability10 in those regions. These include arterial watershed areas, terminal 
perfusion beds, the hippocampi (especially the CA1 area), Purkinje cells and the small and medium-sized neurones of striatum and 
layers three, five and six of the cortex.

Molecular and Biochemical Aspects of Cerebral Injury

Central to cerebral injury are ischaemia and the concept of cellular energy failure. While initial ischaemia may be directly responsible 
for some of this, the situation is complicated by delayed postischaemic hypoperfusion. After restoration of cerebral blood flow, there 
is an initial period of reactive hyperaemia because of decreased viscosity of the blood relative to the stagnant blood and because of 
vasoactive substance release during the ischaemia causing decreased vascular tone.10 Hypoperfusion develops after the period of 
reactive hyperaemia. The mechanism of this is unclear but it may be due to increased intracellular calcium levels causing smooth 
muscle contraction,11 or increased production of thromboxane A2, a potent vasoconstrictor.

Hypoxia and ischaemia result in impaired oxidative ATP synthesis with threats to cellular function and survival as a consequence of 
three processes:

1. anaerobic glycolysis, with resultant intra- and extracellular acidosis and free radical production;

2. disruption of ion homoeostasis with abnormal Na+, Cl-, K+, and Ca+ + fluxes;

3. structural integrity of the cell is threatened via mitochondrial membrane damage and inhibition of protein synthesis.

Excitatory Amino Acid Receptor Activation

Glutamate and aspartate are the major physiological excitatory neurotransmitters in the brain and at pathological concentrations can 
function as potent neurotoxins. These excitatory amino acids (EAA) are normally present at millimolar levels in the intracellular 
compartment throughout CNS grey matter. They are normally released in small amounts into the extracellular space for synaptic 
transmission and are then rapidly cleared by energy-dependent cellular uptake mechanisms. In cellular ischaemia-hypoxia, uptake 
mechanisms fail and toxic levels of EEA accumulate in the extracellular space.12

Indeed, it has been demonstrated that there is a massive increase in the amount of glutamate in the selectively vulnerable areas during 
ischaemia and the reperfusion phase that precedes a cascade of pathogenetic processes.13,14 This causes a surge of neuronal activity 
and membrane depolarization of membranes via activation of agonist gated ion channels.

The predominant mechanism for excitation in the brain normally encompasses ion channels gated by glutamate receptors of which 
there are four subtypes:

1. NMDA;

2. a-amino-3-hydroxy-5-methyl-4 isoxazole propionic acid (AMPA);

3. high-affinity kainate receptors;

4. metabotropic glutamate receptors.15

Of these, the NMDA receptor appears to be the main route of Ca++ influx into the cytosol. This process is normally blocked by Mg++ 
ions which reside in the ion channel; this block is alleviated by receptor binding to glutamate and glycine. The glycine is a co-factor 
in the synaptic cleft rather than a neurotransmitter. Cellular depolarization produced by this process is associated with primary Na+ 
and Ca++ influx and subsequently results in secondary influx of Ca++ via voltage-gated channels.1 Kainate and AMPA receptors 
probably work by allowing the displacement of Mg++ by Na+ shifts. Excessive activation of these receptors can trigger an avalanche 
of Ca++ influx via multiple Ca++ conductances with concomitant increases in permeability for other ions.16

Acidosis and Hyperglycaemia

The brain is almost totally dependent on exogenous glucose for its cellular energy requirements. During normal metabolism, glucose 
is anaerobically metabolized via the glycolytic Embden-Myerhof pathway in the cytoplasm to pyruvate, which is then metabolized in 
the mitochondrion to yield ATP via the tricarboxylic acid (TCA) cycle.17 During ischaemia, the cell relies on anaerobic glycolysis 
and reserves of high-energy phosphate bonds. During glycolysis, pyruvate is converted to lactate. The amount of lactate formed 
depends on the severity and duration of ischaemia and on preexisting stores of glycogen and glucose. The higher the amount of 
glucose, the more lactate produced. Since lactate appears to be neurotoxic per se, this sequence of events underlies the most 
commonly proposed mechanism by which hyperglycaemia aggravates cerebral injury. Lactate levels must increase to levels greater 
than 20 μmol/l to produce irreversible damage.18 If ischaemia is less than complete then supply of glucose can continue and lactate 
can rise to excessive levels without contributing to neural
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injury.19 While the general consensus is that preischaemic hyperglycaemia is deleterious, in some studies it has been shown to delay 
the onset of ischaemic Ca++ influx from the ECF and potentiate reextrusion of Ca++ following recirculation. These findings may 
reflect the modulatory effects of the type of ischaemia (focal versus global), its duration and extent and the completeness of the 
ischaemic insult.10,20 It is thought that acidosis enhances production of reactive free radicals, causes oedema, aggravated tissue 
damage and delayed seizures and prevents recovery of mitochondrial metabolism.14,19 However, it still remains to be fully 
established whether exaggerated intra-ischaemic acidosis enhances postischaemic production of reactive oxygen species (ROS).

Ionic Pump Failure

A variety of membrane ionic pumps, including Na+K+, Na+–Ca++, and Ca++–H+, as well as Cl– and HCO3– leakage fluxes, maintain 
electrical and concentration gradients for various ions across the cell membrane and hence generate the resting membrane potential.21 Since these 
are energy-consuming processes, ischaemia-induced decreases in ATP production result in loss of ionic pump function, with changes in 
transmembrane concentrations of ions and electrical fluxes. Na+ and Cl– influxes result in cellular swelling and osmolytic damage, whilst increased 
cytosolic Ca++ sets off a cascade of events that are discussed later in this chapter. K+ also rapidly leaves cells. Not only must one consider ATP 
pump failure but in the 'milieu' of ischaemic tissue, local depolarization leads to activation of ionic conductances. The increased energy demands of 
depolarization may trigger overt energy failure and consequently prolong transient ionic fluxes.22

Siësjo and Siësjo describe three major cascades of reactions:19

1. sustained perturbation of cell Ca++ metabolism;

2. persistent depression of protein synthesis;

3. programmed cell death.

Calcium

Ca ions play an important role in normal membrane excitation and cellular processes.21 Normally extracellular concentrations are 
maintained at a higher concentration than free cytosolic concentrations by an ionic ATP-dependent pump. Failure of ATP energy 
metabolism will have a deleterious effect on this homoeostasis.23 It is postulated that the primary defect in cells mortally injured by a 
transient period of ischaemia is an inability to regulate Ca++.24 The slow gradual rise in Ca++ is caused by the release of glutamate 
from the presynaptic nerve endings, primarily via activation of receptors of the NMDA type. This leads to excessively high cytosolic 
Ca++ levels. Activation of the AMPA receptors also results in a Na+– dependent depolarization which causes further Ca++ influx via 
voltage-gated channels. The secondary loss of cell Ca++ homoeostasis may also affect the relationship between Ca++ leaks and Ca++ 
extrusion across membranes of the sarcoplasmic reticulum. Exposure of mitochondria to excess Ca++ causes them to swell and 
release intramitochondrial components. This reflects a sudden increase in the permeability of the mitochondrial inner membrane 
which allows the release of H+, Ca++, Mg++, and other low molecular weight components. There is strong evidence that mitochondrial 
dysfunction is an early recirculation event following long periods of ischaemia or ischaemia complicated by hyperglycaemia, 
qualifying as a direct cause of bioenergetic failure.19 The effects of Ca++ are summarized in Figure 3.1.

Depression of Protein Synthesis

Normal protein synthesis is an early casualty of the ischaemic cascade. Normally the glutamate-induced Ca influx would result in 
transcription and translation of the immediate early genes (IEGs) c-fos and c-jun. These IEGs regulate the transcription of genes that 
code for proteins of repair.19,23 These include the heat shock protein family, nerve growth factors, brain-derived neurotrophic factor, 
neurotropin-3 and enhanced expression of genes for glucose transports.25 A block in translation due to focal or global ischaemia may 
thus affect the production of these stress proteins, trophic factors or enzymes and enhance ischaemic damage (Fig. 3.2).

Programmed Cell Death (PCD)

PCD, or apoptosis when it occurs during development, is a process that weeds out approximately half of all neurones produced 
during neurogenesis, leaving only those that make useful functional connections to other neurones and end-organs.25 It is a cell death 
characterized by membrane blebbing, cell shrinkage, nuclear condensation and fragmentation. There are considerable data that 
indicate that the mechanisms leading to apoptotic and necrotic forms of cell injury are very similar.19 In apoptosis, cells and nuclei 
shrink, condense and fragment and are rapidly phagocytosed by macrophages. There is no leakage of cellular contents and thus no 
reactive response. During cell injury, cells swell, burst and necrose. The rupture of
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Figure 3.1 
Role of Ca++ in neuronal injury (redrawn from Andrews RJ. Mechanisms of injury 
to the central nervous system. Williams and Wilkins, Baltimore, 1996, pp 7–19).

intracellular contents into the ECF space provides a stimulus for a reactive response.26 PCD is an active process which requires 
protein synthesis and is executed by the activation of 'death genes',27 probably triggered by stimuli such as free radicals, Ca++ 
accumulation, excitatory amino acids (glutamate), cytokines, antigens, hormones and apoptotic receptor signalling.16,19 The apoptotic 
process also involves changes in cell surface chemistry to enable recognition by macrophages. Much of the delayed neuronal necrosis 
that accounts for cell death hours or days subsequent to reperfusion after ischaemic injury appears to be caused by PCD,25 and signs 
of apoptosis are often encountered in the penumbral zone of a focal ischaemic area.19

Lipid Peroxidation and Free Radical Formation

Free radicals are reactive chemical species that damage DNA, denature structural and functional proteins and result in peroxidation 
of membrane lipids. Free radicals are formed as a consequence of several processes including phospholipase activation by cytosolic 
Ca++, transitional metal reactions which involve free iron, arachidonate metabolism and oxidant production by inflammatory cells. 
These processes result in the formation of superoxide radicals, which are protonated in the ischaemic environment of the ischaemic 
brain to produce highly reactive hydroxyl radicals. Normally aerobic cells produce free radicals, which are then consumed by free 
radical scavengers, e.g. a-tocopherol and ascorbic acid, or appropriate enzymes, e.g. superoxide dismutase. In states where enzymatic 
processes are disrupted (ischaemia) or hyperoxia occurs (reperfusion), there may be excessive production of oxidants, in particular 
superoxide, hydrogen peroxide and the hydroxyl radical. These highly reactive oxidant species cause peroxidation of membrane 
phospholipids, oxidation of cellular proteins and nucleic acids and can attack both neuronal membranes as well as cerebral 
vasculature.10 It appears that free radicals target cerebral microvasculature and that with other inflammatory mediators, e.g. platelet-
activating factor, cause microvascular dysfunction and blood–brain–barrier disruption.19 The brain is particularly vulnerable to 
oxidant attack due to intrinsically low levels of tissue antioxidant activity.

Endothelial nitric oxide (NO) is normally associated with relaxation of vascular endothelium and in this setting may aid recovery 
from acute ischaemic insults. However, generation of neuronal NO, often triggered by EAAs, may result in cellular injury. One of the 
mechanisms of such injury involves the combination of NO with hydroxyl radicals to generate the highly reactive peroxynitrite 
species, which can result in molecular oxidant injury.

Adhesion Molecule Expression

Acute brain injury is known to be associated with an inflammatory response29 and there is evidence that leucocytes are involved in 
the production of brain swelling up to 10 days postinjury. Gupta et al have demonstrated that normal brain endothelial cells express 
low levels of leucocyte cell adhesion molecules (CAMs), and that these molecules are upregu-
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Figure 3.2 
(1) Ischaemia causes axon terminals to release excitoxic glutamate, which opens 

N-methyl-D-aspartate (NMDA) channels, which allow calcium (Ca2+) into the neurone. 
(2) Excess calcium, sodium and other indicators of ischaemia activate protein kinases 
which (3) phosphorylate immediate early gene (IEG) transcription factors. (4) These 
travel from the cytoplasm into the nucleus where they induce the transcription of IEG 
DNA (e.g. c-fos and c-jun), making IEG mRNA. (5) IEG mRNA leaves the nucleus 
and is translated at ribosomes into IEG protein (e.g. Fos and Jun families). (6) These 

gene-specific IEG products travel from the cytoplasm into the nucleus where they 
initiate transcription of DNA that codes for proteins of repair or the endonucleases 
that cause programmed cell death (PCD). (7) Repair or PCD mRNA then goes out 

to ribosomes in the cytoplasm where it is translated into proteins of repair (e.g. 
heat shock proteins) or PCD endonucleases. (8) Neurones that are distant from 

the ischaemic area are signalled to induce IEG transcription and translation 
(redrawn from reference25).

lated in a time-dependent manner following head injury in humans.30 Activation of these CAMs recruits neutrophils to the damaged 
area, thereby occluding capillaries and enhancing free radical production. This has important implications for the potential strategies 
using antibodies that have been found experimentally.31,32

Brain Oedema

Two types of oedema occur: cytotoxic and vasogenic. Cytotoxic oedema is due to failure of ionic pumps with resultant ionic and 
fluid shifts. Vasogenic oedema is due to the release of mediators that damage endothelial cells, basement membrane matrix and/or 
glial cells, resulting in blood–brain barrier breakdown. Specific mediators that have been involved in this process include arachidonic 
acid metabolites, free radicals, bradykinin and platelet-activating factor. The resulting oedema can cause increases in intracranial 
pressure, with reduction in cerebral perfusion pressure (and cerebral ischaemia) and herniation of brain structures.

Cerebral Protection

Cerebral protection implies interventions designed to prevent pathophysiolgical processes from occurring, whilst cerebral 
resuscitation refers to intervention instituted after onset of the ischaemic insult, in order
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to interrupt the process.1 It goes without saying that any form of cerebral or neuroprotection begins with the fundamentals of any 
resuscitative treatment, i.e. basic airway, respiratory and cardiovascular support. Unless normoxia and normotension are maintained, 
the application of drugs that antagonize the processes listed above is bound to be ineffective. These basics of clinical management are 
dealt with in appropriate sections elsewhere.

While this discussion will focus on agents that achieve neuroprotection by reversing one or more of the secondary injury processes 
listed above, other therapeutic interventions can reduce neuronal injury by optimizing cerebrovascular physiology. Drugs such as 
mannitol and dexamethasone can reduce posttraumatic and peritumoral oedema respectively and thus augment cerebral perfusion 
pressure and oxygen delivery. Similarly, the use of haemodynamic augmentation with hypervolaemia and hypertension can enhance 
cerebral blood flow in the setting of intracranial hypertension or cerebral vasospasm.

Anaesthetic Agents

Barbiturates

As early as 1966 it was recognized that barbiturates had a neuroprotective effect and they have served as the prototype for anaesthetic 
protection against cerebral ischaemia. The primary CNS protective mechanism of the barbiturates is attributed to their ability to 
decrease the cerebral metabolic rate, thus improving the ratio of oxygen supply to oxygen demand.33 More specifically, these agents 
appear to selectively reduce the energy expenditure required for synaptic transmission, whilst maintaining the energy required for 
basic cellular functions.34 Mechanisms by which these effects may be exerted are listed in Box 3.1.

Maximal metabolic suppression by anaesthetic agents can reduce oxygen demands to approximately 50% of baseline values, since 
the remaining oxygen utilization is required to support cellular integrity rather than suppressible electrical activity.36 Barbiturates 
appear to be particularly protective in conditions of focal ischaemia as even though blood flow may be reduced, some synaptic 
transmission continues and its suppression can improve oxygen demand/supply relationships.25 Such electrical activity is absent 
during global ischaemia and studies to date have failed to demonstrate any improved clinical outcome with anaesthetic 
neuroprotection following cardiac arrest.37,38 There is currently considerable caution in assigning neuroprotective properties to agents 
based on studies conducted before the confounding effects of mild hypothermia were well documented.

1. Reduction in synaptic transmission. 
2. Reduction in calcium influx. 
3. Ability to block sodium channels and membrane stabilization. 
4. Improvement in distribution of regional cerebral blood flow. 
5. Suppression of cortical EEG activity. 
6. Reduction in cerebral oedema. 
7. Free radical scavenging. 
8. Potentiate GABA-ergic activity. 
9. Alteration of fatty acid metabolism. 
10. Suppression of catecholamine-induced hyperactivity. 
11. Reduction in CSF secretion. 
12. Anaesthesia, deafferentation, and immobilization. 
13. Uptake of glutamate in synapses. 

Box 3.1 Mechanisms by which anaesthetic agents may exert their neuroprotective 
effects

However, recent studies do confirm that these agents do have neuroprotective properties.39,40

Propofol

Propofol has been widely used for anaesthesia for a number of years now and it is known to decrease neuronal activity on the 
electroencephalogram (EEG), with an accompanying decrease in cerebral oxygen utilization and cerebral blood flow.41 As yet, there 
are few published human clinical trials to show its clinical effectiveness as a neuroprotective agent. There are, however, a number of 
animal studies that show that this may be the case.42,43,44 These studies showed that in conditions of incomplete global ischaemia, 
with hypotension or hypoxia, outcome was improved when animals were treated with doses of propofol that induced burst 
suppression. These animals maintained better cerebral perfusion, ECF biochemical and electrolyte levels and aerobic metabolism 
when compared with controls. While it is likely that propofol produces at least some of these neuroprotective effects via metabolic 
suppression, it has been documented that the agent is a potent free radical scavenger.44

Etomidate

Etomidate has been reported to possess similar cerebral metabolic protective effects to the barbiturates, but is disadvantaged by its 
adrenal suppressant effects and ability to cause myoclonic movements.45–48 As is the case with barbiturates, no further reduction of
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CMR occurs when additional drug is administered beyond a dose sufficient to produce isoelectricity.49 Again there appears to be no 
benefit in complete global ischaemic states.50

Opioids, Ketamine and Benzodiazepines

Opioids are not thought generally to have neuroprotective properties but they do blunt stress-induced responses. Ketamine is an 
NMDA antagonist and has been shown to be protective in animal models of ischaemia.51 While the benzodiazepines decrease 
cerebral blood flow and cerebral metabolic rate, these effects are less impressive than with the intravenous anaesthetic agents. 
Despite occasional reports of neuroprotective benefit,52 these drugs are not generally thought to be useful neuroprotective agents.

Inhalation Anaesthetic Agents

The primary mechanisms by which the inhalation agents, like the barbiturates, exert their cerebral protective effects may be their 
ability to suppress cortical electrical activity, and thus reduce the oxygen demands associated with synaptic transmission.53,54,55 The 
reality of these effects is that they may be far more complex than once believed.54,55 Halothane, not usually regarded as a cerebral 
protectant, provides a similar degree of protection to sevoflurane although it results in less metabolic suppression.56,57 It appears that 
as inhalation agents only suppress cortical activity and not membrane/organelle function, the degree of suppression would only 
translate into a very short time of additional preserved organelle homoeostasis and would not provide a major clinical benefit.55 
However, the idea that inhalation agents provide cerebral protection is well established. Mechanisms by which these may occur are 
given in Box 3.1. Nitrous oxide is still used as part of a balanced technique for many procedures, without obvious adverse effect. 
However, it is unique amongst inhalation agents in that if any effect on neuronal protection, that effect may be detrimental to 
neuronal survival.59

Non-Anaesthetic Agents

Channel Blockers

As enhanced calcium influx and accumulation is assumed to be a major cause of the pathophysiologic sequelae that arise during 
ischaemia, much interest has focused on drugs that reduce calcium influx through agonist-operated and voltage-sensitive calcium 
channels. The exact mechanism of cerebral protective action of these drugs has not been fully elucidated but it is presumed to be their 
ability to reduce calcium influx across plasma and mitochondrial membranes.33 Only a few studies have, however, been performed 
that actually document alterations in regional brain Ca++ accumulation following CNS damage.60

Calcium channel antagonists have been successful in treating patients with subarachnoid haemorrhage and though they were thought 
to produce their effects by ameliorating vasospasm,63 it now appears that direct cytoprotective effects may be important. However, 
despite some initial enthusiasm,62 studies in traumatic brain injury and stroke have generally shown no clinical benefit. One possible 
explanation for these failures is that the calcium channel antagonists are only effective in blocking L-type channels, leaving T and N 
channels functional.33 However, magnesium and cobalt are non-selective antagonists at all types of voltage-sensitive and NMDA-
activated channels that are involved in calcium influx into neurones and this may account for their documented neuroprotective 
effect.61 Other calcium antagonists have been reported to ameliorate ischaemic lesions, namely isradipine, Semopamil and RS-87476 
(a Na+/Ca+ channel modulator), but their neuroprotective efficacy and mechanisms of action are as yet not fully extablished.28

Sodium channel blockers have also been used as neuroprotective agents. Lignocaine-induced anaesthesia involves the selective 
blockade of Na channels in neuronal membranes, with resultant decrease in neuronal transmission. This reduces the CMRO2 by that 
component of cellular metabolism responsible for synaptic transmission. In addition, it also reduces ionic leaks, i.e. Na+ influx and 
K+ efflux, and this reduces Na+–K+–ATPase pump energy requirements. While experimental studies are encouraging, human trials are 
awaited.1,64 Other Na+ channel blockers are the local anaesthetic agents QX-314 and QX-222 which have shown good in vitro results 
but again, human studies are awaited.33 Enadoline is a new opioid with Na+ channel-blocking properties under investigation.

The only ion channel blocker currently recommended for clinical use by the National Stroke Association in the USA is nimodipine in 
the setting of subarachnoid haemorrhage but recent papers have challenged even this use.33,65 While nicardipine is reputed to cause 
less systemic hypotension than nimodipine and is marketed in the USA for similar clinical indications, no other channel blockers are 
currently available in the UK.

Excitatory Amino Acid Antagonists

To date, approximately 19 agents that block EAA receptors have been shown to be effective in a variety of experimental brain injury 
models.60 Non-
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competitive NMDA channel antagonists such as dizolcipine (MK-801) have a theoretical advantage over competitive agents such as 
CGS 19755, in that competitive antagonism may be overcome by the pathologically high concentrations of glutamate associated with 
cerebral ischaemia.66 These two agents have proved particularly encouraging as neuroprotectants.67–71 Again, as with so many 
neuroprotective agents, these seem to be more effective in focal ischaemia72,73 than global ischaemia, although this may be open to 
debate.74 One possible explanation for this is the occurrence of spontaneous depolarizations and repolarizations in the penumbral 
tissues of an infarct. These processes produce a heavy metabolic demand on the tissues and it may be here that NMDA antagonists 
act.75 In global ischaemia no such processes occur and thus the antagonists may have no target on which to act. Unfortunately the 
non-selective blockers have been associated with the development of neuronal vacuolation in the posterior cingulate region in 
experimental models,29 and have hence not been rapidly brought into clinical use.

Other NMDA antagonists have been shown to have experimental neuroprotective properties,76 including agents which have been 
used in man. Ketamine has been shown to improve cognitive function77,78,79 and dextromethorphan has been shown to improve 
neurologic motor function and decrease regional oedema formation80,81,82 in experimental models. The degree of physiological 
blockade of the NMDA receptor by Mg2+ ions may also be important and administration has been reported to be protective against 
cerebral ischaemia.83,84

AMPA receptor antagonists may well be more effective for both global and focal ischaemia,85,86 and they appear not to have the 
same psychomimetic effects as the NMDA agents. Other agents that have been used in experimental neuroprotective research include 
felbamate (acting at glycine sites) and nitroso compounds, such as nitroprusside and glyceryl trinitrate, that act at redox modulator 
sites and prevent EAA-induced neuronal death in in vitro models.66 Riluzole, a novel compound that inhibits presynaptic release of 
glutamate, has neuroprotective effects in rodent models.87

Free Radical Scavengers

The efficacy of the administration of protective enzymes or free radical scavengers in ameliorating neurologic injury after cerebral 
ischaemia is the subject of much investigation.10 The beneficial effect depends on the involvement of free radicals in the pathological 
process, the biologic compatibility of the scavengers, appropriate dose selection and the ability to deliver the agent to the cellular site 
where the free radical is active. Pretreatment with α-tocopherol has been found to have beneficial effects in cerebral ischaemia,88,89 
subarachnoid haemorrhage,90 spinal cord injury91 and CNS trauma.92,93 Other agents that have been tested include the iron chelator 
deferoxamine,94 superoxide dismutase,95,96 dimethyl superoxide,97 superoxide dismutase conjugated to polyethylene glycol98,99,100 
and tirilazad mesylate.101 Although all these agents have been shown to exhibit neuroprotective efficacy in animal models, there have 
been no successful clinical trials to date. Indeed, initial optimism regarding pegorgotein (PEG conjugated superoxide dismutase) and 
tirilazad mesylate has recently been proven to be unfounded.29

Free Fatty Acids and Prostaglandin Inhibitors

Calcium-induced phospholipase activation during ischaemia releases free fatty acids from membrane phospholipids. These FFAs can 
uncouple oxidative phosphorylation in mitochondria and cause efflux of Ca2+ and K+ into the cytosol and increases in levels of 
arachidonic acid, which is the rate-limiting substrate for prostanoid synthesis. Increase of arachidonic acid (the commonest FFA), 
during cerebral insults, results in increased concentrations of the endoperoxides PGG2 and PGH2, which are the precursors of 
prostacyclin (PC/PGI2), and thromboxane A2 made in vascular endothelial cells and platelets respectively. This results in inactivation 
of prostacyclin synthetase and relative overproduction of thromboxane A2.102,103 This relative imbalance between vasoconstrictor and 
vasodilator prostaglandins may contribute to postischaemic hypoperfusion. Arachidonic acid is also converted to leukotrienes which 
act as inflammatory mediators and may be associated with further free radical generation.104 It is debatable at this stage whether 
inhibitors of the arachidonic cascade might be effective in ischaemia as although these compounds (indomethacin, ibuprofen) have 
been found to show variable neuroprotective efficacy in some studies of global ischaemia,105,106 there were inconsistent effects on 
hypoperfusion and neurologic outcome.107,108

Hypothermia

Hypothermia treatment (mechanical cooling) was first described in 1943 and there have been sporadic attempts over the last 50 years 
to use it as a treatment modality.60 Recent trials have suggested that it may be useful in patients with head injury.109,110 The most 
recent trial 109 concludes that treatment with moderate
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hypothermia (33–34°C) for 24 h, initiated soon after head injury, significantly improved outcome at three and six months in those 
with a GCS of 5–7 (i.e. without flaccidity or decerebrate rigidity) and suggested improved outcome at 12 months. Mild hypothermia 
is not associated with the cardiovascular and metabolic derangements commonly observed at lower temperatures. However, the 
mechanisms by which hypothermia limits secondary brain injury are ill defined. Possible mechanisms are given in Box 3.2.

Hypothermia may be induced pharmacologically with chlorpromazine or other central nervous system cholinergic agonists.111,112,113 
Application of these methods requires further work. The question of whether hypothermia is clinically useful for stroke therapy 
remains unanswered. Zivin114 suggests that physical considerations of heat transfer rates make it unlikely that pharmacological 
agents will be effective at reducing body temperature. The protective effects of the volatile agents may be as a result of the 
prevention of a cerebral hyperthermic response to ischaemia.54,57 In studies where brain temperature has been increased compared 
with those with hypothermia, infarct size is increased. This highlights the importance of meticulous monitoring and control of 
cerebral temperature in studies of pharmacological neuroprotection.

Clinical Practice29

The success of experimental neuroprotection is undeniable and new publications continue to explore novel and exciting therapeutic 
targets. However, the major challenge facing clinical neuroscientists is the general failure to translate these successes into positive 
results from outcome trials, possible reasons for which are listed in Box 3.3.

1. Reduction of rate of energy use for electrophysiological cortical activity and the 
homoeostatic functions required to maintain cellular integrity. 
2. Reduction of extracellular concentrations of excitatory amino acids. 
3. Suppressing the posttraumatic inflammatory response. 
4. Attenuating free radical production. 
5. Maintenance of high energy phosphate. 

Box 3.2 Possible mechanisms for the neuroprotective effects of hypothermia.55,100

• Experimental demonstration of neuroprotection incomplete (functional endpoints?) 
• Inappropriate agent: mechanism of action not relevant in humans 
• Inappropriate dose of agent (plasma levels suboptimal either globally or in 
subgroups) 
• Poor brain penetration by agent 
• Efficacy limited by side effects that worsen outcome (e.g. hypotension) 
• Inappropriate timing: mechanism of action not active at time of administration 
• Inappropriate or inadequate duration of therapy 
• Study population too sick to benefit 
• Study population too heterogeneous: efficacy only in an unidentifiable subgroup 
• Study cohort too small to remove effect of confounding factors 
• Failure of randomization to evenly distribute confounding factors 
• Insensitive, inadequate or poorly implemented outcome measures 

Box 3.3 Possible causes of failure of trials of clinical neuroprotection.29

Two radically different approaches have been suggested to overcoming the problems inherent in patient heterogeneity and lack of 
sensitivity of outcome measures. The first of these is to accept that these problems are unavoidable and mount larger outcome trials 
of 10–20,000 patients which will address benefits of a magnitude less than the 10% improvement in outcome that most drug trials are 
designed to detect. The alternative strategy is to mount smaller but much more detailed studies in homogeneous subgroups of patients 
whose physiology is characterized by modern monitoring and imaging techniques. Repeated application of these techniques during 
the course of a trial can provide evidence of reversal of pathophysiology and hence mechanistic efficacy. Such surrogate endpoints 
could then be used to select drugs or combinations of drugs for larger outcome trials. It is likely that both approaches will find a 
place, depending on the setting.
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Introduction

The skull is a rigid, closed box and contains the brain, cerebrospinal fluid (CSF), arterial blood and venous blood. Brain function 
depends on the maintenance of the cerebral circulation within that closed space and arterial pressure forces blood into the skull with 
each heartbeat. CSF is being formed and absorbed and the result of these forces is a distinct pressure, the intracranial pressure (ICP). 
The difference between the mean arterial pressure (MAP) and the mean ICP is the pressure forcing blood through the brain, the 
cerebral perfusion pressure (CPP).

ICP is normal up to about 15 mmHg but it is not a static pressure and varies with arterial pulsation, with breathing and during 
coughing and straining. Each of the intracranial constituents occupies a certain volume and, being essentially liquid, is 
incompressible. In the closed box of the skull, if one of the intracranial constituents increases in size, then either one of the other 
constituents must decrease in size or the ICP will rise. Two of the constituents, CSF and venous blood, are contained in systems that 
connect to low-pressure spaces outside the skull, so displacement of these two constituents from the intracranial to the extracranial 
space may occur. This mechanism, then, compensates for a volume increase affecting any one of the intracranial constituents. The 
displacement of CSF is an important compensatory mechanism and is illustrated in the CT scan in Figure 4.1 where in response to 
the generalized development of cerebral oedema following head injury, the ventricles have been so compressed by the brain swelling 
that they are visible only as a slit. CSF absorption may increase as ICP rises and the CSF volume will be reduced.

Figure 4.1 
CT scan of a patient after head injury 

showing compression of the ventricles.

The compensatory mechanism for intracranial space occupation obviously has limits. When the amount of CSF and venous blood 
that can be extruded from the skull has been exhausted the ICP becomes unstable and waves of pressure (plateau waves and B waves) 
develop.1 As the process of space occupation continues, the ICP can rise to very high levels and the brain can become displaced from 
its normal position. High intracranial pressure can force the medulla out of the posterior fossa into the narrow confines of the 
foramen magnum, where compression of the vital centres is associated with bradycardia, hypertension and respiratory irregularity 
followed by apnoea.2

Brain

The brain weighs about 1400 g and occupies most of the intracranial space. The soft cerebral tissue is very susceptible to injury, 
although some protection is afforded by the skull and the CSF bathing the brain. Expanding mass lesions, such as a tumour, abscess 
or haematoma, increase the volume occupied by the brain. When such a space-occupying lesion develops, the brain can distort in a 
plastic fashion, allowing some compensation for the abnormal mass, but the distortion may produce neurological signs or CSF 
obstruction. Figure 4.2 shows a CT scan of patient with an extradural haematoma and also shows a considerable shift of the midline 
structures.

The symptoms and signs produced by a supratentorial tumour depend on its rate of growth and whether it is



   

Figure 4.2 
CT scan of a patient showing an extradural 

haematoma with considerable shift of the midline.
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developing in a relatively silent area of the brain or in one of the eloquent areas, such as the motor cortex. A tumour developing in a 
silent area can achieve large size before presenting with symptoms and signs of raised ICP (Fig. 4.3). In this situation a major 
disruption of ICP dynamics may be present, with significant brain shift. A tumour may present rapidly if it is in an eloquent area, if it 
is a fast-growing tumour or if it causes CSF obstruction. Chapter 1 describes some of the common syndromes associated with tumour 
development.

Haematomas are usually fairly rapidly growing lesions and although they set in train the compensating mechanisms for intracranial 
space occupation, they will produce signs of raised ICP at an earlier stage.3

Space occupation in the posterior fossa has some characteristic features. The posterior fossa is a much smaller space than the anterior 
and middle cranial fossae and as tumours developing in the posterior fossa are growing in a more confined space, they tend not to 
grow to large size. The relatively small volume of the posterior fossa means that tumours tend to produce a rise in ICP early and this 
is accentuated by the fact that they frequently produce CSF obstruction. Distortion of the mid brain and compression of the lower 
cranial nerves may also be produced by posterior fossa tumours.

The bulk of the brain can also be increased by the development of cerebral oedema and frequently cerebral oedema is seen in 
association with a tumour (Fig. 4.4). The degree of space occupation produced by the oedema can be so great as to turn a relatively 
minor degree of space occupation from a small tumour into a major problem requiring urgent treatment. Klatzo4,5 provided a simple 
classification of cerebral oedema into two types: vasogenic and cytotoxic. In vasogenic brain oedema (VBO), the development of 
oedema results from damage to the blood–brain barrier, so that there is an increase in permeability of the cerebral capillaries and 
serum proteins leak into the brain parenchyma. The hydrostatic forces generated by the Starling balance at the capillary provide the 
impetus for the oedema fluid to spread through the brain; white matter, which has a less dense structure than grey, tends to offer less 
resistance. VBO may develop around neoplasms, haematomas and cerebral abcesses and in traumatized areas of the brain.

Figure 4.3 
CT scan of a patient with a large, 

calcified frontal meningioma.

Figure 4.4 
CT scan with contrast of a patient with a moderate 

sized glioma showing the extent of oedema formation.

Once the primary lesion has allowed the initial formation of the protein-rich oedema fluid, several factors combine to spread the 
oedema and may be the result of arteriolar dilatation, increased systemic arterial pressure or a combination of both.6 Increased 



   

intravascular pressure accelerates the rate of oedema spread. Eventually the fluid reaches the ependymal surface of the ventricles, 
where it passes into the CSF to be transported and absorbed by the mechanisms that regulate CSF outflow.7 The production and 
maintenance of a low sagittal sinus venous pressure is important in allowing the resolution of cerebral oedema.

Cytotoxic brain oedema occurs after hypoxic or ischaemic episodes. The reduced state of oxygen delivery results in failure of the 
intracellular ATP-dependent sodium pump and therefore intracellular sodium accumulates followed by rapid increases in
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intracellular water. In a pure form of cytotoxic oedema, the blood–brain barrier remains intact.

Other workers describe other types of oedema including hydrostatic, interstitial and hypo-osmolar. Hydrostatic oedema8 is due to an 
increase in the intravascular pressure transmitted to the capillary bed. The combination of cerebral arteriolar vasodilatation and raised 
arterial pressure may lead to an outpouring of water, even though the blood–brain barrier is not necessarily damaged. Hypo-osmolar 
oedema can occur when the serum osmolality is less than that in the brain. Clinically it may develop following excessive intravenous 
infusions of glucose-water solution with associated hyponatraemia. Glucose penetrates freely into the brain and an osmotic gradient 
may develop, leading to an increase in brain water content. Hypoosmolar oedema may also be associated with inappropriate secretion 
of antidiuretic hormone. Interstitial oedema is seen in patients with obstructive high-pressure hydrocephalus, occurring when CSF 
seeps through the ependyma, increasing the water content of the periventricular structures. Shunting reduces the ventricular pressure 
and the water content returns to normal.9

The ability of the brain to distort in a plastic fashion allows some accommodation for intracranial space occupation and it is not 
uncommon to see shift of the midline structures due to a supratentorial lesion on angiography or CT scan. If unrelieved, this 
displacement can cause part of the cerebral hemisphere, usually the temporal lobe, to become impacted beneath the falx cerebri or the 
tentorial hiatus. Jefferson10 described the tentorial pressure cone and though it is classically associated with an extradural temporal 
haematoma, due to haemorrhage from the middle meningeal artery, it may be produced by any expanding supratentorial lesion. The 
development of a pressure gradient across the tentorium allows downward impaction of the medial part of the temporal lobe, the 
uncus, into the tentorial hiatus. Compression of the cerebral peduncles and occulomotor nerve at first causes pupillary changes and a 
contralateral hemiparesis but at a later stage respiratory irregularity and apnoea may ensue. Upward herniation of the cerebellum into 
the tentorial hiatus may also take place and be due to an expanding lesion in the posterior fossa.11

The serious nature of the medullary pressure coning has been mentioned earlier (p.000) and the Cushing response2 described. The 
mechanism of the response appears to be generated by brainstem ischaemia and Doba and Reis12 demonstrated the existence of a 
receptive area for the Cushing response in the lower brainstem.

Cerebrospinal Fluid

There is about 140 ml of CSF in the adult, half in the skull and half in the spinal subarachnoid space. CSF is formed at about 0.4 
ml/min, so that an amount of CSF equal to the CSF volume is produced in 4 h.13 This is an energy-dependent active process requiring 
carbonic anhydrase and a sodium-potassium activated ATPase. Cutler et al14 showed that the rate of CSF production was constant in 
the face of a raised ICP up to 200 mmHg. After formation from the choroid plexus in the lateral ventricles, CSF flows through the 
third ventricle, along the aqueduct and into the fourth ventricle, where it reaches the subarachnoid space through the foramina of 
Luschka and Magendie. CSF is also formed by the passage of brain tissue water across the ependymal lining of the ventricles and 
along perivascular channels into the subarachnoid space, so that the composition of CSF changes as it circulates through the 
ventricular system. Shapira et al15 studied the rate of CSF production during hypotension with either adenosine or haemorrhage. They 
found that adenosine-induced hypotension did not affect the rate of CSF production, whereas haemorrhage-induced hypotension 
reduced CSF production. Adenosine is a cerebral vasodilator and haemorrhage will constrict the vessels of the choroid plexus, so 
CSF production falls as the choroid plexus perfusion falls.

Reabsorption of CSF takes place through the arachnoid villi into the sagittal sinus and requires a pressure gradient between the CSF 
and the sagittal sinus venous pressure. If the venous pressure is raised, then CSF reabsorption is slowed.16 Normally CSF production 
is in balance with reabsorption and the CSF system is at equilibrium as regards both pressure and volume. If ICP increases, the rate 
of absorption of CSF also increases and ultimately the new CSF volume at equilibrium will be smaller. The stiffness of the brain will 
also affect the plot of CSF pressure against CSF volume, because when the tissues around the CSF are stiff, the plot of CSF pressure 
against volume will be steep and the equilibrium volume of CSF small. A slack brain will be associated with a flat pressure/volume 
curve (see Fig. 4.5) and a larger CSF equilibrium volume.

The circulation of CSF may be obstructed in a number of ways and this may result in raised intracranial pressure. Aqueduct blockage 
may follow head injury or subarachnoid haemorrhage, producing hydrocephalus. Tumours and other mass lesions may also distort or 
compress CSF pathways and, by causing ventricular dilatation, will increase the degree of intracranial space occupation. The passage 
of CSF from the fourth
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Figure 4.5 
(A) Diagram of a volume/pressure curve. As the 

breakpoint is passed at 15 mmHg the curve becomes 
increasingly steep so that uniform increments of 
volume (dV) produce increasingly large rises in 
ICP (dp) (redrawn from reference30, courtesy of 

the Editor). (B) ICP versus mass volume predicted 
by the Monroe–Kellie hypothesis for the curve observed 
during progressive epidural balloon inflation in animals. 

The observed curve is significantly different from the 
predicted curve in that its initial segment is not flat but 

increases slowly to a breakpoint. Beyond this breakpoint, 
the observed curve is not vertical but instead increases to 
a second plateau near the level of arterial blood pressure 

(redrawn from reference55, courtesy of the Editor).

ventricle and through the foramen magnum may be impeded by congenital malformations.

Some elderly patients develop normal-pressure hydrocephalus, in which they present with dementia and incontinence and CT scans 
show the appearance of hydrocephalus, though ICP measurement may be normal. Continuous measurement of ICP reveals periods of 
raised ICP, especially during sleep.17 These patients often benefit from CSF shunting.

Reabsorption of CSF is reduced in benign intracranial hypertension,18 resulting in a greatly increased subarachnoid space. The 
condition tends to affect young women, particularly if they are obese. They present with headaches and the clinical picture includes 
marked papilloedema, which may be so marked as to affect vision. The ICP can reach very high values but without affecting 
consciousness. Once space occupation as a cause for the high ICP has been eliminated, lumbar puncture is safe.

Arterial Blood Volume

The role of the arterial pulse in generating the ICP, along with the CSF, has been mentioned earlier (p. 000). Each arterial pulse 
produces a change in the level of ICP, with a rise in ICP during systole and a fall in diastole. Plum and Siesjö13 suggested that CSF is 
able to absorb some of the energy in the arterial pulse wave because it transmits the pressure pulse out of the cranial cavity and into 
the more elastic spinal CSF space. Many workers have observed that as ICP rises, the pulse pressure of the ICP also increases.19,20,21 
Pickard and Czosnyka20 suggest that two mechanisms may be active: first, the brain becomes stiffer (less compliant) as ICP rises and 
a given pulse volume load provokes a bigger pressure response; and second, the pulsatile component of cerebral blood flow (CBF) 
increases as the CPP is reduced.

The control of CBF is discussed in Chapter 00. If CBF rises, there will usually be an increase in ICP, produced by cerebral 
vasodilatation. Major changes in CBF and therefore ICP can be produced by PaCO2 changes. There is a straight line relationship 
between CBF and PaCO2: between the limits of 2.6 and 10.6 kPa (20–80 mmHg) PaCO2, CBF changes 2 ml/100 g brain for every 
mmHg change in PaCO2. The resultant change in cerebral blood volume (CBV) is 0.04 ml/100 g brain for every mmHg change in 



   

PaCO2.22

When autoregulation is intact an increase in MAP will not normally be associated with an increase in CBF or ICP. If, however, the 
rise in MAP is so rapid or so great (as in the pressor response to intubation) as to exceed the capacity of the cerebral vessels to react, 
then an increase in CBF and ICP may occur. When autoregulation is impaired, as in diseased or damaged brain where local tissue 
acidosis produces local vasodilatation, then any change in MAP will produce a change in CBF and therefore ICP.23 The blood supply 
of a vascular tumour is not under autoregulatory control and the tumour blood flow and therefore the size of the tumour will alter 
passively with changes in blood pressure.

The cerebral vasodilatation produced by disease or injury may be associated with blood–brain barrier
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(BBB) damage, so that local cerebral oedema results in and increases the tendency to raised ICP. In the experimental animal in which 
brain injury has been produced, arterial hypertension can cause cerebral oedema and tentorial herniation in a few minutes.24

Venous Blood Volume

The volume of venous blood in the skull offers one of the compensating mechanisms for abnormal intracranial space occupation, 
because the thin-walled cerebral veins can be compressed as the space occupation proceeds and blood therefore lost from the skull to 
the great veins in the chest. Obstruction of the cerebral venous drainage, then, not only removes one of the compensating 
mechanisms but will also tend to increase ICP by holding venous blood back in the skull, distending the cerebral veins. The volume 
of the venous compartment of the skull also increases when there is cerebral arterial dilatation, because of the increased intravascular 
hydrostatic pressure.

Cerebral venous obstruction also tends to promote oedema formation. The increase in ICP resulting from the venous obstruction 
therefore will not be completely corrected when the obstruction is relieved, because the oedema will not resolve immediately.

Cerebral venous obstruction may be caused in a number of ways, including the use of the supine or head-down position and an 
incorrectly set lung ventilator, as well as coughing, straining or incomplete muscle relaxation in a ventilated patient. The effects on 
ICP of intubating an incompletely relaxed patient are demonstrated by studies which show an increase in anterior fontanelle pressure 
resulting from awake intubation.25 Millar and Bissonette26 reported no change in cerebral blood flow velocity during awake 
intubation and conclude that the observed increase in anterior fontanelle pressure could be attributed to a reduction in the venous 
outflow from the cranium.

The effect of positive end-expired pressure (PEEP) on ICP appears to depend on the degree of intracranial compression. Aidinis et 
al27 described two responses to PEEP in cats: one in which the ICP rose less than the amout of PEEP which was applied and another 
in which the ICP increase was greater than the PEEP applied. In patients, it has been shown that most of those with significant 
intracranial compression display increased ICP when PEEP is applied.28 Continuous positive airway pressure (CPAP) has been 
investigated by Hörman et al29 in volunteers demonstrating a mean increase of 4 mmHg when CPAP of 12 mmHg was applied. They 
suggest that the changes were of only minor clinical significance.

Quantifying the Degree of Intracranial Space Occupation

The choice of an anaesthetic technique is helped if the anaesthetist is able to make an estimate of the degree of intracranial space 
occupation. The symptoms and signs of raised ICP may coexist with those due to the lesion producing the raised ICP and with those 
resulting from brain shift and cerebral ischaemia. Headache, vomiting, papilloedema and drowsiness are said to be the signs 
produced by raised ICP,30 whereas other signs such as pupillary changes, bradycardia and hypertension result from brainstem 
distortion or cerebral ischaemia.

The headache may be paroxysmal in nature, sometimes relieved by sitting and worsened on straining or coughing. Some patients find 
that the headache is worsened by flexion of the neck and they lie in a position of hyperextension.

Bilateral papilloedema is the one sign that appears to be directly related to raised ICP but it takes a little time to develop. Pickard and 
Czosnyka20 point out that optic disc swelling was found in only 4% of head injury patients, even though 50% had raised ICP on 
monitoring. They comment that many of the later signs of raised ICP are the result of herniation and that monitoring of ICP should 
detect raised ICP at an earlier stage so that treatment is started before irreversible damage occurs.

Volume/Pressure Relationship

The degree of intracranial space occupation can be difficult to estimate from the clinical history and examination and much work has 
been done to quantify the relationship between intracranial space occupation and ICP. The simplest understanding of the relationship 
arises from the Monroe–Kellie hypothesis that within the closed space of the skull, a change in the volume of one intracranial 
constituent will be balanced by a compensatory change in another, the four constituents being incompressible. As space occupation 
develops, ICP shows little tendency to increase as long as compensation for the space occupation is available. CSF, for example, may 
be moved into the spinal subarachnoid space and venous blood displaced towards the great veins in the chest. ICP will only rise when 
no further CSF or venous blood can be lost from the skull. When ICP does rise, CSF production will continue at its normal rate but 
reabsorption of CSF will be accelerated31 and the CSF volume will be further reduced. As the space occupation develops further, 
then CSF pathways will
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become obstructed by the mass or by the brain shift it produces and distortion of veins, even collapse of veins around a mass, will 
begin to impede local venous drainage. Johnston and Rowan32 showed that in such circumstances of high ICP, cerebral arteriolar 
dilatation occurs in an attempt to preserve CBF, adding to the already high ICP.

The exhaustion of the compensating mechanisms for intracranial space occupation implies that any further abnormal volume added 
to the tightly compressed intracranial state will produce a massive rise in ICP and clinically this may be associated with herniation of 
the brain through the tentorial hiatus or into the foramen magnum.

The process by which the intracranial space occupation gradually exhausts the compensating mechanisms is illustrated by the 
volume/pressure curve of the intracranial contents (Fig. 4.5).21,33 At first the abnormal volume increase caused by a developing mass 
lesion produces little change in ICP. At a later stage, the same increase in volume produces a distinct rise in pressure. The steepest 
part of the curve represents the situation when the compensating mechanisms are virtually exhausted. The same volume increase at 
this point would produce a massive rise in ICP.

The addition of small volumes to the lateral ventricle while measuring ICP has been used to elucidate the patient's position on the 
volume/pressure response curve, the rise in pressure produced by the injected volume being called the volume/pressure response 
(VPR).34,35 Leech and Miller34,36 studied the relationship between the VPR and ICP in several conditions. At normal blood pressure 
they found that the VPR was unchanged by alterations in systemic arterial pressure but at raised arterial pressure, there was an 
increased VPR and a linear correlation between VPR and both arterial blood pressure and cerebral blood flow. They suggest that the 
clinical implication of this is that arterial hypertension in patients with raised ICP is likely to have a deleterious effect by increasing 
brain stiffness. They also studied the effect on the VPR of reducing ICP with hyperventilation or mannitol37 and found that 
hyperventilation reduced ICP and VPR equally, whereas mannitol produced a greater reduction in VPR than ICP. They suggested 
that mannitol produced a more beneficial effect on intracranial compression than hyperventilation.

Measurement of the ICP, examination of the trace and measuring the VPR will yield useful information about the degree of 
intracranial space occupation but it is possible to obtain more information by infusion testing.38 Pickard and Czosnyka20 have 
suggested that close analysis of the ICP trace is able to reveal the mechanism responsible for the raised ICP and whether 
autoregulation remains intact.

Intracranial Pressure Waves

Episodes of very high ICP may occur when intracranial compression is advanced and the control of CBF has become unstable. These 
were first noted by Lundberg1 who described A (or plateau waves), B and C waves occurring in patients in whom ventricular 
pressure was being continuously measured.

A waves represent considerable increases in ICP (up to 80 mmHg) and may persist for 15–20 min. Their appearance indicates the 
patient who is nearing the limits of compensation for intracranial space occupation. They are associated with cerebrovascular 
dilatation. During the plateau wave, the CPP may be greatly reduced, even though the systemic arterial pressure rises. In such periods 
of high ICP, the level of response may worsen with possible loss of control of the airway, exposing the patient to the further dangers 
of hypoxia and hypercarbia. A waves were observed in 18 out of 76 patients in one study of head-injured patients and 11 of the 18 
died.39 Tindall et al40 showed that a transient rise in PaCO2 often preceded the development of an A wave and Lassen and 
Christensen41 suggested that painful stimulation could also produce an increase in CBF and initiate pressure waves. The increase in 
CBV42 may in some cases be the result of inappropriate vasodilatation in response to a fall in CPP.

B waves are smaller in amplitude with an increase in ICP of 20–25 mmHg and a frequency of one per minute. They are of less 
serious import than A waves but do appear on occasion to be precursors of A waves. Cyclic variations in vascular resistance have 
been suggested as the cause of B waves43 and transcranial Doppler (TCD) measurements of middle cerebral artery flow velocity have 
shown that MCA flow velocity increases during B waves.44 The appearance of B waves during sleep in patients with normal-pressure 
hydrocephalus is said to be a helpful sign for a good outcome after shunting.45 C waves occur six times per minute and are only just 
discernible on the pressure trace.

CT Scans

CT scans give a valuable image revealing the size of a mass lesion and whether or not it is causing CSF obstruction, cerebral oedema 
or brain shift. Diffuse brain swelling can be evaluated by examining the size of both lateral and third ventricles and the 
perimesencephalic cisterns.
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The Effect of Raised ICP on Cerebral Blood Flow

Cerebral blood flow is controlled normally by cerebral metabolism. Autoregulation ensures that CBF remains constant even though 
the CPP may vary between 40 and 120 mmHg. Autoregulation is effective whatever the cause of the reduction in CPP, which can be 
either a reduction in the arterial pressure or an increase in ICP, or both. If CSF pressure is raised in experimental animals, CBF is 
maintained until CPP has been reduced to 30–40 mmHg; below this level, CBF falls rapidly.46,47,48 Cortical electrical activity has 
been shown to remain normal in the face of experimentally induced intracranial hypertension to 40–50 mmHg.49,50 The diseased or 
injured brain, where ischaemia may be part of the disease process, is less tolerant of high ICP.51 There is frequently impairment of 
autoregulation, so that CBF becomes pressure dependent,52 with the result that there may be a significant fall in CBF caused by a 
relatively small fall in CPP.

Other factors need to be taken into account. In the damaged brain there is frequently failure to observe an increase in cerebral 
perfusion despite an increase in CPP; that is, the hyperaemic brain may be suffering ischaemic damage. Langfitt et al53 found that an 
induced rise in ICP produced arterial hypertension, followed by a secondary rise in ICP. Fitch et al,54 studying the effects of 
expanding an artificial space-occupying lesion, showed that the arterial hypertension which was produced was not associated with 
any improvement in either CPP or CBF. Explanations include the fact that elevated blood pressure produces an increase in cerebral 
oedema which, by increasing tissue pressure, reduces perfusion at the capillary level.55 In such circumstances, autoregulation is likely 
to be impaired or abolished and though an increase in CPP may not result in an improvement in cerebral perfusion, a fall in CPP will 
invariably cause a fall in CBF.56

Drug Effects

Anaesthetic agents alter cerebral function dramatically and it is possible to use some of their effects to benefit the patient undergoing 
neurosurgery. Some drugs have cerebral actions that may worsen the intracranial operating conditions, making the operation difficult 
or even impossible. The actions or side effects of drugs need always to be assessed in the light of the patient's clinical state. In the 
initial evaluation of Althesin, an intravenous anaesthetic, now withdrawn, which reduced CMRO2 and CBF, Turner et al57 showed 
that the fall in ICP produced by althesin in a group of patients with intracranial space occupation was proportional to the initial height 
of the ICP. That is, the patients most at risk from the space occupation showed the greatest fall in ICP with althesin.

Induction Agents

The effects of thiopentone on CMRO2 and CBF are well studied. There is a dose-dependent fall in CMRO2 and a parallel fall in CBF 
until the electroencephalogram (EEG) is isoelectric.58 At this point the CMRO2 is about 50% of control values and no further fall in 
CMRO2 occurs if the thiopentone dosage is increased. ICP falls with the CBF.

Propofol has similar effects to thiopentone on CMRO2 and CBF.59,60 1.5mg/kg propofol has been reported to produce a 32% fall in 
CSF pressure 2 min after induction of anaesthesia.61

Volatile Agents

To a variable extent, all volatile anaesthetic agents cause an increase in CBF and therefore ICP. The magnitude of the effect is 
important but so is the patient's position on the volume/pressure curve. If serious degrees of intracranial space occupation exist, then 
even a small increase in CBF may produce a significant rise in ICP.62

Isoflurane

Isoflurane is frequently used as part of a neurosurgical anaesthetic and has been extensively investigated.63,64 Though it can cause an 
increase in CBF and therefore ICP,65,66 the effect is not large and Muzzi et al63 suggest that at 1 MAC isoflurane did not affect CSF 
pressure. The effect of higher concentrations on ICP can be modified by the use of hyper-ventilation; indeed, Jung et al67 comment 
that when an increase in CSF pressure has been reported during isoflurane anaesthesia, it was in the presence of normocapnia or 
moderate hyperventilation in patients with major intracranial space occupation. Matta et al68 produced in humans an isolectric EEG 
by infusion of propofol and then added first 0.5 MAC and then 1.5 MAC of either halothane, isoflurane or desflurane. They showed 
that all the agents have intrinsic, dose-related effects producing cerebral vasodilatation and that at 1.5 MAC, isoflurane and 
desflurane have a greater effect than halothane. They point out that these effects are normally modified by the metabolic suppression 
produced by the drug resulting in an indirectly caused cerebral vasoconstriction. When metabolic activity is minimal
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(here under the influence of the propofol infusion), the intrinsic vasodilatory action of the drug is revealed.

Desflurane

Desflurane has been shown to produce cerebral vasodilatation.69 Clinical studies68 have shown that the use of 1 MAC desflurane 
produced a rise in CSF pressure in patients with supratentorial mass lesions, whereas a group of patients receiving 1 MAC isoflurane 
showed no such rise. This last study showed that there was a gradual progressive increase in CSF pressure once desflurane was 
started and the authors suggested that the gradual increase in ICP could be due to either an increase in CSF production or a decrease 
in CSF reabsorption or a combination of both. Ornstein et al70 measured CBF in patients with mass lesions, with both isoflurane and 
desflurane, and asserted that the two drugs are similar in terms of their effects on CBF.

Sevoflurane

Sevoflurane has been reported as causing an increase in ICP at high inspired concentrations, though the effect is much less at 0.5–1.0 
MAC.71 In a study72 where 0.5, 1.0 and 1.5 MAC end-tidal concentrations of sevoflurane were compared with MAC-equivalent 
concentrations of enflurane and halothane, significant increases in ICP were found only with enflurane and halothane. Sevoflurane 
did not cause a rise in ICP but did produce a fall in MAP.

Enflurane73,74

Enflurane, like desflurane, appears to be associated with not only cerebral vasodilatation but also an increase in CSF production.

Nitrous Oxide

The effect of nitrous oxide on CBF and ICP has been of interest for some time, not least because so many anaesthetics have been 
given for neurosurgery using nitrous oxide. As long ago as 1968, Theye and Michenfelder reported an increase in CMRO2with 
nitrous oxide75 and Henriksen and Jørgensen76 showed an increase in ICP when nitrous oxide was administered to normocarbic 
patients with intracranial tumours. More recently, Hansen et al77 have demonstrated in rats that adding 0.5 MAC nitrous oxide to a 
background of 0.5 MAC halothane or isoflurane produced a greater rise in CBF than would be expected by increasing the 
concentration of the original agent to 1 MAC. Others have also shown a rise in CBF with nitrous oxide.78

Analgesics

The opioid analgesics have been extensively studied and some confusion exists. If ventilation is controlled, then morphine and 
pethidine have little effect on CMRO2 and CBF.79 Fentanyl used in combination with droperidol has been shown to have no 
significant effect on CMRO2 and CBF80 in man and, in a study measuring ICP in patients with space-occupying lesions, was shown 
either to have little effect on ICP or to produce a slight fall.81 Other opioids seem to have different effects and there are many reports 
of opioid drugs increasing ICP.82 Sufentanil was investigated in a study of brain-injured patients83 in which great care was taken to 
analyse any ICP changes, relating them to changes in MAP. If there was a fall in MAP greater than 10 mmHg from baseline after 
sufentanil administration, then ICP was significantly increased. When MAP was constant, there was no increase in ICP. The authors 
suggest that sufentanil has no significant effect on ICP and that transient increases in ICP occur concomitantly with decreases in 
MAP, which they attribute to autoregulatory decreases in cerebral vascular resistance secondary to systemic hypotension. Sufentanil 
and fentanyl were compared in a similar study, which also showed no increase in ICP if MAP was controlled.84 Alfentanil and 
remifentanil have been compared in hyperventilated patients with supratentorial space-occupying lesions receiving nitrous oxide and 
isoflurane; neither drug was associated with a significant increase in ICP, though both caused a fall in MAP.85

Muscle Relaxants

Non-Depolarizing Relaxants

The non-depolarizing relaxants generally have no effect on ICP (being highly polar molecules, they do not cross the blood–brain 
barrier) and this includes atracurium,86,87 though it does have the potential to cause histamine release, and vecuronium.88,89 The 
effects of rocuronium on ICP have been studied90 because its relatively fast onset of action may be an advantage if a rapid-sequence 
induction is indicated. It was found to have no effect on ICP and not to cause histamine release. D-tubocurarine may increase ICP 
through its ganglion-blocking action91 and also has the ability to cause histamine release.

Suxamethonium

Suxamethonium tends to cause an increase in ICP.92,93 This is partly due to the muscle fasciculations which, by producing an 
increase in the intraabdominal and intrathoracic pressures, cause an



Page 61

increase in the cerebral venous pressure. Some workers63,94 have suggested that the increased afferent neuronal traffic resulting from 
the fasciculations produces a cerebral activation and therefore a local increase in CMRO2 and CBF, so that CBV is increased.

Hypotensive Agents

Labetalol is used during neuroanaesthesia95 as an aid to the production of hypotension. It appears not to affect CBF or CMRO2 or to 
impair autoregulation.96,97 Trimetaphan has no major effect on ICP but if there is a serious degree of intracranial space occupation, 
the ganglionic blockade produced by trimetaphan will cause a minor rise in CBF and CBV, which may be associated with a 
significant rise in ICP.98 Sodium nitroprusside, a direct-acting vasodilator, causes a rise in ICP,78 especially if the reduction in MAP 
is only moderate; when MAP is reduced to less than 70% of the patient's normal MAP, the effect on ICP is hidden. Nitroglycerine 
has also been used for hypotension but does produce an increase in ICP.99 In one series, in which dogs had an artificial intracranial 
space-occupying lesion implanted, starting the infusion of trinitroglycerine produced not only a further increase in ICP but also 
pupillary dilatation, suggesting the development of transtentorial pressure gradients and coning.100

Conclusion

Intracranial pressure is only the result of many factors. Although an understanding of the ways in which ICP can be altered and 
controlled is essential for neuroanaesthesia and intensive care, it is important to remember that the primary cause for a high ICP must 
be sought and treated. Outcome studies for any treatment are necessary to improve standards of patient care.

References

1. Lundberg N. Continuous recording and control of ventricular fluid pressure in neurosurgical practice. Acta Psychiat Neurol Scand 
1960; 36(suppl): 149.

2. Gushing H. Some experimental and clinical observations concerning states of increased intracranial pressure. Am J Med Sci 1902; 
124: 375–400.

3. Fitch W, McDowall DG. Gradients of intracranial pressure produced by halothane in experimental space-occupying lesions. 1971. 
Br J Anaesth 1971; 40: 883.

4. Klatzo I. Neuropathological aspects of brain oedema. J Neuropath Exp Neurol 1967; 26: 1.

5. Klatzo, I. Brain oedema following brain ischaemia and the influence of therapy. Br J Anaesth 1985; 57: 18.

6. Hirano A, Becker NH, Zimmerman HM. The use of peroxidase as a tracer in studies of alteration of the blood brain barrier. J 
Neurol Sci 1970; 10: 205.

7. Reulen HJ, Tsoyumu M, Tack A, Fenske AR, Prioleau GR. Clearance of edema fluid into cerebrospinal fluid. J Neurosurg 1978; 
48: 754.

8. Marshall WJS, Jackson JLF, Langfitt TW. Brain swelling caused by trauma and arterial hypertension. Arch Neurol Chicago 1969; 
21: 545.

9. Granholm L. An explanation of the reversible memory defect in hydrocephalus. In: Beks JWF, Bosch DA, Brock M (eds) 
Intracranial Pressure III. Springer Verlag, Berlin, 1976; p. 173.

10. Jefferson G. The tentorial pressure cone. Arch Neurol Psychiat Lond 1938; 40: 857.

11. Jefferson G, Johnson RT. The cause of loss of consciousness in posterior fossa compressions. Folia Psychiat Neurol Neurochir 
Neerl 1950; 53: 306.

12. Doba N, Reis D. Localization within the lower brain stem of a receptive area mediating the pressor response to increased 
intracranial pressure (the Cushing response). Brain Res 1972; 47: 487–491.

13. Plum F, Siesjö BK. Recent advances in CSF physiology. Anesthesiology 1975; 42: 708.

14. Cutler RWP, Pale L, Galicich J, Watters GV. Formation and absorption of the cerebrospinal fluid in man. Brain 1968; 91: 707.

15. Shapira Y, Artrun A, Lam AM. Changes in the rate of formation and resistance to reabsorption of cerebrospinal fluid during 
deliberate hypotension induced with adenosine or hemorrhage. Anesthesiology 1992; 76: 432–439.

16. Potts DG, Gomez DG. Arachnoid villi and granulations. In: Lundberg N, Pontèn U, Brock M (eds) Intracranial pressure II. 
Springer Verlag, Berlin, 1975; p. 42.

17. Symon L, Dorsch NWC, Stephens RJ. Pressure waves in so-called low pressure hydrocephalus. Lancet 1972; 2: 1291–1292.



   

18. Johnston IH, Gilday DL, Paterson A, Hendrike EB. The definition of a reduced CSF absorption syndrome. Clinical and 
experimental studies. In: Lundberg N, Pontèn U, Brock M (eds) Intracranial pressure II. Springer Verlag, Berlin, 1975; p. 50.

19. Avezaat CJJ, Von Eijndhoven JHM, Wyper DJ. Cerebrospinal fluid pulse pressure and intracranial volume-pressure 
relationships. J Neurol Neurosurg Psychiat 1979; 42: 687–700.

20. Pickard JD, Czosnyka M. Management of raised intracranial pressure. J Neurol Neurosurg Psychiat 1993; 56: 845–858.

21. Turner JM, McDowall DG, Gibson RM, Khalili H. Computer analysis of intracranial pressure measurements: clinical value and 
nursing response. In: Beks JWF, Bosch DA, Brock M (eds) Intracranial Pressure III. Springer Verlag, Berlin, 1976; p. 293.



Page 62

22. Grubb RL, Raichle ME, Eichling JD. The effects of changes in PaCO2on cerebral blood volume, blood flow and vascular mean 
transit time. Stroke 1974; 5: 630.

23. Alexander SC, Lassen NA. Cerebral circulatory response to acute brain disease. Anesthesiology 1970; 32: 60.

24. Schutta HE, Kassell NF, Langfitt TW. Brain swelling produced by injury and aggravated by arterial hypertension. Brain 1968; 
91: 28.

25. Friesen RH, Honda AT, Thieme RE. Changes in anterior fontanelle pressure in pre-term neonates during tracheal intubation. 
Anesth Analg 1987; 66: 874–878.

26. Millar C, Bissonette J. Awake intubation increases intracranial pressure without affecting cerebral blood flow velocity in infants. 
Can J Anaesth 1994; 41: 281–287.

27. Aidinis SJ, Lafferty J, Shapiro HM. Intracranial responses to PEEP. Anesthesiology 1976; 45: 275.

28. Apuzzo MLJ, Weiss MH, Petersons V. Effect of positive end expiratory pressure ventilation on intracranial pressure in man. J 
Neurosurg 1977; 46: 227.

29. Hörman C, Mohsenipour I, Gottardis M, Benzer A. Response of cerebrospinal fluid pressure to continuous positive airway 
pressure in volunteers. Anesth Analg 1994; 78: 54–57.

30. Miller JD. Intracranial pressure monitoring. Br J Hosp Med 1978; 19: 497.

31. Heisey SR, Held D, Pappenheimer JR. Bulk flow and diffusion in the cerebrospinal fluid system of the goat. Am J Physiol 1962; 
203: 775.

32. Johnston IH, Rowan JO. Raised intracranial pressure and cerebral blood flow. 3. Venous outflow tract pressure and vascular 
resistances in experimental intracranial hypertension. J Neurol Neurosurg Psychiat 1974; 37: 394.

33. Löfgren, J. The mechanical basis of the cerebrospinal fluid volume pressure curve. In: Lundberg N, Pontèn U, Brock M (eds) 
Intracranial pressure II. Springer Verlag, Berlin, 1975; p. 79.

34. Leech P, Miller JD. Intracranial volume/pressure relationships during experimental brain compression in primates. 1. Pressure 
response to change in ventricular volume. J Neurol Neurosurg Psychiat 1974; 37: 1093.

35. Miller JD, Garibi J. Intracranial volume pressure relationships during continuous monitoring of ventricular fluid pressure. In: 
Brock M, Dietz H (eds) Intracranial pressure I. Springer Verlag, Berlin, 1972; p. 27.

36. Leech P, Miller JD. Intracranial volume/pressure relationships during experimental brain compression in primates. 2. Effect of 
induced changes in systemic arterial pressure and cerebral blood flow. J Neurol Neurosurg Psychiat 1974; 37: 1099.

37. Leech P, Miller JD. Intracranial volume/pressure relationships during experimental brain compression in primates. 3. The effect 
of mannitol and hypocapnia. J Neurol Neurosurg Psychiat 1974; 37: 1105.

38. Miller JD, Garibi J, Pickard JD. Induced changes in cerebrospinal fluid volume. Effects during continuous monitoring of 
ventricular fluid pressure. Arch Neurol 1973; 28: 265–269.

39. Moss E, Gibson JS, McDowall DG, Gibson RM. Intensive management of severe head injuries. Anaesthesia, 1983; 38: 214.

40. Tindall GT, McGraw CP, Vanderveer RW, Iwata K. Cardiorespiratory changes associated with plateau waves in patients with 
head injury. In: Brock M, Dietz H (eds) Intracranial pressure I. Springer Verlag, Berlin, 1972, p. 397.

41. Lassen N, Christensen MS. The physiology of cerebral blood flow. Br J Anaesth 1976; 48: 719.

42. Rosner MJ, Becker DP. Origins and evolution of pleateau waves. Experimental observations and theoretical model. J Neurosurg 
1984; 60: 312–324.

43. Sørensen SC, Gjerris F, Børgesen SE. Etiology of B-waves. In: Shulman K, Marmarou A, Miller JD, Becker DP, Hochwald GM, 
Brock M (eds) Intracranial pressure IV. Springer Verlag, Berlin, 1980, p. 123.

44. Newell DW, Aaslid R, Stooss R, Reulen HJ. The relationship of blood flow velocity fluctuations to intracranial pressure B 
waves. J Neurosurg 1992; 76: 415–421.

45. Pickard JD, Teasdale GM, Matheson M, Wyper DJ. Intracranial pressure waves – the best predictive test for shunting in normal 
pressure hydrocephalus. In: Shulman K, Marmarou A, Miller JD, Becker DP, Hochwald GM, Brock M (eds) Intracranial pressure 
IV. Springer Verlag, Berlin, 1980, 498–500.



   

46. Häggendahl E, Löfgren J, Nilsson NJ, Zwetnow NN. Effects of raised cerebrospinal fluid pressure on cerebral blood flow in 
dogs. Acta Physiol Scand 1970; 79: 262.

47. Siesjö BK, Zwetnow NN. Effects of increased cerebrospinal fluid pressure upon adenine nucleotides and upon lactate and 
pyruvate in rat brain tissue. Acta Neurol Scand 1970; 46: 187.

48. Jennett WB, Harper AM, Miller JD, Rowan JO. Relation between cerebral blood flow and cerebral perfusion pressure. Br J Surg 
1970; 57: 390

49. Grossman RG, Turner JW, Miller JD. The relationship between cortical electrical activity, cerebral perfusion pressure and 
cerebral blood flow during increased intracranial pressure. In: Langfitt TW, McHenry LC, Reivich M (eds) Cerebral circulation and 
metabolism. Springer Verlag, Berlin, 1975, p. 232.

50. Teasdale G, Rowan JO,Turner JW. Cerebral perfusion failure and cortical electrical activity. In: Cerebral function, metabolism 
and circulation (supplement). Ingvar DH and Lassen NA (eds). Acta Neurol Scand 1977; 56(suppl 64): 430.

51. Miller JD. Head injury and brain ischaemia – implications for therapy. Br J Anaesth 1985; 45: 486.



Page 63

52. Miller JD, Stanek AE, Langfitt TW. Concepts of cerebral perfusion pressure and vascular compression during intracranial 
hypertension. Prog Brain Res 1972; 35: 411.

53. Langfitt TW, Kassell NF, Weinstein JD. Cerebral blood flow with intracranial hypertension. Neurology (Minneap), 1965; 15: 
761.

54. Fitch WL, McDowall DG, Keaney NP, Pickerodt VWA. Systemic vascular responses to increased intracranial pressure. J Neurol 
Neurosurg Psychiat 1977; 40: 843.

55. Miller JD, Sullivan HG. Severe intracranial hypertension. In: Trubovich RB (ed) Management of acute intracranial disasters. Int 
Anesth Clin 1979; 17: 19.

56. Reilly PL, Farrrar JK, Miller JD. Apparent autoregulation in damaged brain. In: Harper AM, Jennett WB, Miller JD (eds) Blood 
flow and metabolism in the brain. Churchill Livingstone, Edinburgh, 1975, p. 621.

57. Turner JM, Coroneos N, Gibson RM, Powell D, Ness MA, McDowall DG. The effect of Althesin on intracranial pressure in man. 
Br J Anaesth 1973; 45: 168.

58. Michenfelder JD The interdependency of cerebral function and and metabolic effects following maximum doses of thiopentone 
in the dog. Anesthesiology 1974; 41: 231.

59. Newman MF, Murkin JM, Roach G et al. Cerebral physiologic effects of burst suppression doses of propofol during nonpulsatile 
cardiopulmonary bypass. Anesth Analg 1995; 81: 452–457.

60. Stephan S, Sonntag H, Schenk HD, Kohlhausen S. Effect of Disoprivan (propofol) on the circulation and oxygen consumption of 
the brain and CO2reactivity of brain vessels in the human. Anaesthetist 1987; 36: 60–65.

61. Ravussin P, Guinard JP, Ralley F, Thorin D. Effect of propofol on cerebrospinal fluid pressure and cerebral perfusion pressure in 
patients undergoing craniotomy. Anaesthesia 1988; 43(suppl): 32.

62. Grosslight K, Foster R, Colchan AR Bedford RF. Isoflurane for neuroanaesthesia; risk factors for increases in intracranial 
pressure. Anesthesiology 1985; 63: 533–536.

63. Muzzi DA, Losasso TJ, Dietz N.M, Faust RJ, Cucchiara RF, Milde LN. The effect of desflurane and isoflurane on cerebrospinal 
fluid pressure in humans with mass lesions. Anesthesiology 1992; 76: 720–724.

64. Adams RW, Cucchiara RF, Gronert GA, Messick JM, Michenfelder JD. Isoflurane and cerebrospinal fluid pressure in 
neurosurgical patients. Anesthesiology 1981; 54: 97–99.

65. Newberg LA, Milde JH, Michenfelder JD. The cerebral metabolic effects of isoflurane at and above concentrations that suppress 
cortical electrical activity. Anesthesiology 1983; 59: 23–28.

66. Newberg LA, Milde JH, Michenfelder JD. Systemic and cerebral effects of hypotension induced with isoflurane in dogs. 
Anesthesiology 1984; 60: 541–546.

67. Jung R, Reisel R, Marx W, Galicich J, Bedford RF Isoflurane and nitrous oxide: comparative impact on cerebrospinal fluid 
pressure in patients with brain tumours. Anesth Analg 1992; 75: 724–728.

68. Matta BF, Mayberg TS, Lam AM. Direct cerebrovasodilatory effects of halothane, isoflurane and desflurane during propofol 
induced isoelectric electroencephalogram in humans. Anesthesiology 1995; 83: 980–985.

69. Lutz LJ, Milde JH, Milde LN. The cerebral functional, metabolic and hemodynamic effects of desflurane in dogs. 
Anesthesiology 1990; 75: 125–131.

70. Ornstein E, Young WL, Fleischer LH, Ostapkovich N. Desflurane and isoflurane have similar effects on cerebral blood flow in 
patients with intracranial mass lesions. Anesthesiology 1993; 79: 498–502.

71. Scheller MS, Teteishi A, Drummond JC, Zornow MH. The effects of sevoflurane on cerebral blood flow, cerebral metabolic rate 
for oxygen, intracranial pressure, and the electroencephalogram are similar to those of isoflurane in the rabbit. Anesthesiology 1988; 
68: 548–551.

72. Takahashi H, Murata K, Ikeda K. Sevoflurane does not increase intracranial pressure in hyperventilated dogs. Br J Anaesth 1993; 
71: 551–555.

73. Artru AA, Nugent M, Michenfelder JD. Enflurane causes a prolonged and reversible increase in the rate of CSF production in the 
dog. Anesthesiology 1982; 57: 255–260.

74. Artru AA. Effects of enflurane and isoflurane on resistance to reabsorption of cerebrospinal fluid in dogs. Anesthesiology 1984; 



   

61: 529–533.

75. Theye RA, Michenfelder JD. The effect of nitrous oxide on canine cerebral metabolism. Anesthesiology, 1968; 29: 1119.

76. Henriksen HT, Jørgensen PB. The effect of nitrous oxide on intracranial pressure in patients with intracranial disorders. Br J 
Anaesth 1973; 45: 486–491.

77. Hansen TD, Warner DS, Todd MM. Nitrous oxide is a more potent vasodilator than either halothane or isoflurane. 
Anesthesiology 1988; 69: A537.

78. Field LM, Dorrance DE, Krzeminska EK, Barsaum LZ. Effect of nitrous oxide on cerebral blood flow in normal humans. Br J 
Anaesth 1993; 70: 154–159.

79. Jobes DR, Kennell E, Bitner R, Swenson E, Wollman H. Effects of morphine-nitrous oxide anaesthesia on cerebral 
autoregulation. Anesthesiology 1975; 42: 30.

80. Sari A, OkudaY, Takeshita H. The effects of thalamonal on cerebral circulation and oxygen consumption in man. Br J Anaesth 
1972; 44: 330.

81. Fitch W, Barker J, Jennett WB, McDowall DG. The influence of neuroleptanalgesic drugs on cerebrospinal fluid pressure. Br J 
Anaesth 1969; 41: 800.

82. Sperry RJ, Bailey PL, Reichman MV, Peterson JC, Peterson PB, Pace NL. Fentanyl and sufentanil increase intracranial pressure 
in head trauma patients. Anesthesiology 1992; 77: 416–420.



   

Page 64

83. Werner C, Kochs E, Bause H, Hoffman WE, Schulte am Esch, J. Effects of sufentanil on cerebral hemodynamics and intracranial 
pressure in patients with brain injury. Anesthesiology 1995; 83: 721–726.

84. Jamali S, Ravussin P, Archer D, Goutallier D, Parker F, Ecoffey C. The effects of bolus administration of opioids on 
cerebrospinal fluid pressure in patients with supratentorial lesions. Anesth Analg 1996; 82: 600–606.

85. Warner DS, Hindman BJ, Todd MM et al. Intracranial pressure and hemodynamic effects of remifentanil versus alfentanil in 
patients undergoing supratentorial craniotomy. Anesth Analg 1996; 83: 348–353.

86. Minton MD, Stirt JA, Bedford RF, Haworth C. Intracranial pressure after atracurium in neurosurgical patients. Anesth Analg 
1985; 64: 1113–1116.

87. Rosa G, Orfei P, Sanfilippo M, Vilardi V, Gasparetto A. The effects of atracurium besylate (Tracrium) on intracranial pressure 
and cerebral perfusion pressure. Anesth Analg 1986; 65: 381–384.

88. Rosa G, Sanfilippo M, Vilardi V, Orfei P, Gasparetto A. Effects of vecuronium bromide on intracranial pressure and cerebral 
perfusion pressure. A preliminary report. Br J Anaesth 1986; 58: 437–440.

89. Stirt JA, Maggio W, Haworth C, Minton MD, Bedford RF. Vecuronium: effect on intracranial pressure and hemodynamics in 
neurosurgical patients. Anesthesiology 1987; 67: 570–573.

90. Schramm WM, Strasser K, Bartunek A, Spiss CK. Effects of rocuronium and vecuronium on intracranial pressure, mean arterial 
pressure and heart rate in neurosurgical patients. Br J Anaesth 1996; 77: 607–611.

91. Tarkkanen L, Laitinen L, Johanssohn G. Effects of dtubocurarine on intracranial pressure and thalamic electrical impedance. 
Anesthesiology 1974; 40: 247.

92. Lanier WL, Milde JH, Michenfelder JD. Cerebral stimulation following succinylcholine in dogs. Anesthesiology, 1986; 64: 551–
559.

93. Ducey JP, Deppe SA, Foley KT. A comparison of the effects of suxamethonium, atracurium and vecuronium on intracranial 
hemodynamics in swine. Anaesth Intens Care 1989; 17: 448–455.

94. Cottrell JE, Hartung J, Giffin JP, Shwiny B. Intracranial and hemodynamic changes after succinylcholine administration in cats. 
Anesth Analg 1983; 62: 1006–1009.

95. O'Mahony BJ, Bolsin SNC. Anaesthesia for closed embolisation of cerebral arterial malformations. Anaesth Intens Care 1988; 
16: 318–323.

96. Olsen KS, Svendsen LB, Larsen FS, Pulson OB. Effect of labetalol on cerebral blood flow, oxygen metabolism and 
autoregulation in healthy humans. Br J Anaesth 1995; 75: 51–54.

97. Schroeder T, Schierbeck J, Howardy P, Knudsen L, Skafte-Holm P, Gefke E. Effect of labetalol on cerebral blood flow and 
middle cerebral arterial flow velocity in healthy volunteers. Neurol Res 1991; 13: 10–12.

98. Turner JM, Powell D, Gibson RM, McDowall DG. Intracranial pressure changes in neurosurgical patients during hypotension 
induced with sodium nitroprusside or trimetaphan. Br J Anaesth 1977; 49: 419.

99. Morris PJ, Todd M, Philbin D. Changes in canine intracranial pressure in response to infusion of sodium nitroprusside and 
trinitroglycerin. Br J Anaesth 1982; 54: 991.

100. Burt DER, Verniquet AJW, Homi J. The response of canine intracranial pressure to hypotension induced with nitroglycerin. Br 
J Anaesth 1982; 54: 665.



   

Page 65

SECTION 2— 
MONITORING THE CENTRAL NERVOUS SYSTEM



   

 

Page 67

5— 
Electrophysiological Monitoring of the Central Nervous System

Brian McNamara & Simon J. Boniface

Introduction 69

Physiology 69

Practical Aspects 69

The EEG in Normal Patients 69

Evoked Potentials in Normal Subjects 71

Processing of the EEG 72

The EEG and General Anaesthetics 73

Preoperative Assessment in Epilepsy Surgery 75

Neurophysiological Monitoring and Intraoperative Care 76

Electrophysiological Monitoring in the Intensive Care Unit 77

EEG and Specific Diagnoses 77

Continuous Monitoring 77

The EEG in Status Epilepticus 79

Neurophysiology and Predicting Outcome 80

Summary 83

References 83



   

Page 69

Introduction

The techniques of clinical neurophysiology provide a non-invasive and inexpensive means of assessing brain function. The EEG and 
evoked potentials respond rapidly to changes in cerebral physiology and are therefore a useful means of monitoring cerebral function 
during surgery and in the postoperative period.

Physiology

The electroencephalogram represents the electrical activity of the brain as recorded from the scalp surface. Most of the activity 
recorded from the scalp surface is generated by cortical neurones. Pyramidal neurones are particularly important in generating the 
EEG as they are vertically orientated with regard to the cortex. Potentials arising in subcortical nucleii or in cells orientated 
horizontal to the cortex contribute little to the EEG.1,2 The scalp potentials recorded during EEG are probably due to the summation 
of excitatory or inhibitory postsynaptic potentials from many pyramidal neurones.3,4 The generation of the rhythmicity of the EEG is 
not well understood but is believed to be due to a combination of the inherent rhythmicity of some pyramidal neurones and the effect 
of pacemaker nucleii, with the reticular thalamus and thalamus thought to be particularly important in this respect.5,6

Evoked potentials (EPs) are the potentials elicited by physiological stimulation of receptors or electrical stimulation of peripheral 
nerves. EPs are generated in the cerebral cortex, subcortical nucleii, brainstem and spinal cord.7 The potential recorded from the scalp 
is probably due to the summation of excitatory postsynaptic potentials from many neurones. Visual evoked potentials (VEP) are the 
cortical response to visual stimulation with either a flashing light or reversing checkerboard pattern. Brainstem auditory evoked 
potentials (BAEP) are the potentials produced by brainstem structures in response to an auditory stimulus. Somatosensory evoked 
potentials (SEP) are the response from the brain or spinal cord in response to electrical stimulation of a peripheral sensory nerve.7

Practical Aspects

The EEG is normally recorded from the scalp surface using metal disc electrodes (usually silver) attached using a viscous conductive 
paste, usually containing silver chloride.8 The electrodes are arranged on the scalp surface using an internationally recognized system 
of electrode placement; most EEG laboratories use the 10: 20 electrode placement system9 (Fig. 5.1). The recorded signal is 
amplified and filtered to remove unwanted electrical activity. Most modern EEG machines can record from eight to 24 channels of 
electrical activity. These channels record the distribution of electrical potential on the scalp surface by interconnecting the electrodes 
in two different ways. The potential difference between pairs of electrodes can be recorded (the bipolar derivation) or the potential 
difference between each electrode and a common reference point can be recorded (the referential derivation). Using the bipolar 
montage, the EEG can be recorded from chains of electrodes which run from anterior to posterior or transversely along the scalp 
surface. The electrical signal is then recorded over time using either a pen and paper system or digitally converted and the EEG 
stored and reviewed using a personal computer.8

Evoked potentials are quite small when compared with background EEG activity. To eliminate background EEG and allow the 
evoked potentials to be studied in greater detail, the evoked potential is averaged by recording the response to successive sensory or 
electrical stimuli. The degree of averaging depends on the modality of the evoked potential: for VEPs, 100 stimuli are normally 
sufficient; for brainstem responses over 1000 stimuli may be required.7

The EEG in Normal Patients

The EEG is normally interpreted according to the following criteria.

• Frequency of the background rhythm. For convenience, the rhythm is classified into one of the following frequency bands: δ 1–4 
Hz, θ 4–7 Hz, α 8–13 Hz and β <13 Hz.

Figure 5.1 
The international 10: 20 

system of electrode placement.
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• Amplitude of the EEG. Most normal EEG activity is between 20 and 200 μV.

• Paroxysmal activity. This refers to any bursts of transient activity.

• Location. Some indication of the source of EEG or evoked potentials can be gained by studying the distribution of the electrical 
activity over the scalp surface.10

The EEG in normal patients depends on the age and state of arousal. In normal awake adults, the dominant rhythm has a frequency of 
about 9 Hz (α rhythm), is symmetrical, is located in the posterior two quadrants, is inhibited by eye opening and has an amplitude of 
50–100 μV (Fig. 5.2). In young adults, an α frequency rhythm known as a μ-rhythm may be seen over central and parietal regions. 
Sharp transients called λ waves may be seen over occipital regions when subjects have their eyes open. As subjects become drowsy 
the α rhythm becomes intermittent and the amount of θ and δ activity increases. In light sleep the α rhythm disappears. In stage 2 
sleep sharp transients known as vertex sharp waves are seen over the vertex in the midline. In addition, complex waveforms known 
as K-complexes appear (Fig. 5.3). Bursts of rhythmical activity known as sleep spindles may also be seen. In stage 3 and stage 4 
sleep the K-complexes and spindles become less evident and the EEG becomes dominated by high-amplitude θ and δ activity. REM 
sleep is usually associated with a mixed frequency recording containing variable amounts of β ,α, θ, and α activity.11

The EEG evolves considerably during childhood. At one year of age the dominant rhythm has a frequency of 5–6 Hz, increasing to 8 
Hz at three years and reaching adult frequency by 15 years. In addition, a varying amount of θ and δ activity may be seen over the 
frontocentral and occipital regions as the child matures (Fig. 5.4).12

Figure 5.2 
EEG from a normal awake adult. The EEG is dominated by an α rhythm 

(approximately 10Hz) located in the posterior quadrants–channels 4, 8, 12 and 16.
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Figure 5.3 
EEG in stage 2 sleep. Both vertex sharp waves (V) and K-complexes (K) can be seen.

Evoked Potentials in Normal Subjects

Evoked potential waveforms are named according to whether they are positive (designated P) or negative (designated N) with 
reference to a reference zero voltage and according to the latency with which they are generated after application of the sensory 
stimulus (normally indicated by a subscript). For example, the positive waveform seen approximately 100ms after application of the 
visual stimulus in VEP testing is called the P100.

SEPs are produced by electrical stimulation of a peripheral nerve. The electrical stimulus used activates fast-conducting group Ia and 
group II sensory afferents. The different components of the SEP are generated by sequential activation of neural generators by the 
ascending volley. An example of the SEP recorded from the scalp surface is shown in Figure 5.5. The first component (N9 or P9 with 
median nerve stimulation, P18 with posterior tibial nerve stimulation) is produced by the volley of action potentials reaching the 
brachial or sacral plexus. The next component (with a latency of about 12ms following median nerve stimulation) is produced by the 
sensory volley passing through the dorsal column. A slightly later wave can sometimes be detected due to the activation of the dorsal 
grey matter of the spinal cord. These early spinal components are most easily recorded by electrodes placed over the neck or 
thoracolumbar spine. The later components are for the most part cortically generated and are recorded best at the scalp surface. The 
most important of these is the N20/P22 complex (N38/P38 complex after posterior tibial nerve stimulation). These are generated by 
the somatosensory cortex (N20 and N38/P38) and motor and premotor cortex (P22). There are also later components (P27, N30, P45 
and N60). The P27 is generated by the parietal cortex, the N30 is generated by the supplementary motor area and the exact source of 
the P45 and N60 has not been clearly described.13

BAEPs are produced by applying a simple auditory stimulus, which is normally a click. A typical BAEP is shown in Figure 5.6. 
Wave I originates from the
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Figure 5.4 
EEG from a normal six-year-old. As in the adult, there is an α rhythm 
located in the posterior quadrants. However, there is also underlying 

θ and δ activity in the frontal and central regions.

peripheral portion of the cochlear nerve. Wave II represents stimulation of the proximal portion of the cochlear nerve and 
postsynaptic responses from cochlear nucleus cells. Wave III is generated by the pontine portion of the auditory pathway. The source 
of wave IV is not clearly established but it is probably due to propagation of action potentials in the lateral lemniscus. Wave V is 
probably generated by a combination of the action potentials in the lateral lemniscus and postsynaptic responses in the midbrain 
auditory nucleii.14

Most VEP paradigms used in clinical practice employ a checkerboard with alternating black and white squares as a stimulus. The 
VEP waveform contains three peaks: N75, P100 and N145. The most consistent of these is P100, which is generated in the visual 
cortex.15

Processing of the EEG

The routine EEG results in a large amount of data requiring specialist interpretation. To facilitate the continuous EEG monitoring, a 
number of techniques have been developed to simplify and summarize the data. The most commonly used methods are based on 
analysis of the frequency of the EEG signal over time or amplitude over time.

One of the most commonly used frequency-based methods is power spectral analysis. A fixed period or epoch of EEG signal is 
digitized and mathematically manipulated using a fast Fourier transform. The distribution of EEG frequencies in each epoch is then 
plotted in a spectral array. An EEG with a normal α rhythm would therefore be summarized as a single plot with a peak at 9–10 Hz. 
To simplify the data even further, the frequency spectrum can be presented as a single number which summarizes the distribution of 
frequencies in that spectrum. Two descriptors commonly used in clinical practice are the spectral edge frequency (SEF) and the 
median frequency (MF). The spectral edge frequency is defined as the frequency below which 95% of the power in the EEG lies 
(SEF95). The median frequency is the frequency below which 50% of the power in the EEG spectrum is
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Figure 5.5 
An example of the SEP (following left median nerve 

stimulation) recorded from left Erb's point (B) and right 
central region (A). Components generated by the brachial 

plexus (N9), spinal cord (N13) and cerebral cortex (N20, P22 
and N30) can be clearly seen with left median nerve stimulation.

found. Each time period or epoch analysed in this way generates a spectrum and spectra for succeeding epochs can be stacked on top 
of one another to show how the distribution of frequencies varies with time in a montage termed a compressed spectral array.16

Aperiodic analysis is utilized by commercially available monitors. It maps each waveform in terms of its frequency amplitude and 
time of occurrence. The EEG signal is subdivided into three components: 1–8 Hz, 9–30 Hz and a composite signal which can detect 
spikes. The computer can then display a summary of wave amplitude and frequency on a graphical display.17

One of the simplest methods of processing the EEG is the cerebral function monitor (CFM) first developed by Maynard et al.18 This 
processes only one channel of EEG data, normally from a pair of parietal electrodes. This signal is filtered, compressed and rectified 
to produce a single trace which is dependent on both the amplitude and frequency of the underlying EEG (Fig. 5.7). Although a great 
deal f information is lost in summarizing complex data in this manner, this single trace on the CFM monitor trace can be easily 
interpreted with a minimum of training. A more sophisticated version of the CFM monitor is the cerebral function analysing monitor 
(CFAM) which displays three amplitude traces, showing the 10th centile, mean and 90th centile of the amplitude of the processed 
EEG signal. There is also a frequency display which shows the percentage of EEG power in each of the four major frequency 
bands.19

The EEG and General Anaesthetics

As a general rule, the EEG alters in a predictable manner as the depth of anaesthesia increases. The initial phase is dominated by the 
appearance of β activity over the frontal regions, followed by gradual disappearance of the α rhythm. As anaesthesia deepens, the 
amount of δ and θ activity increases. Eventually a burst suppression pattern is attained consisting of periods where the EEG is 
isoelectric or of low voltage alternating with periods of highamplitude activity (Fig. 5.8).20 Some anaesthetic agents can alter the 



   

amplitude and latency of evoked potentials.

Inhaled Agents

Nitrous Oxide

Nitrous oxide can produce characteristic fast (34Hz) oscillatory activity in humans. It can also reduce the amplitude of auditory and 
visual evoked potentials without affecting the latency.

Halothane

Halothane produces a progressive slowing of the EEG frequency. It also decreases SEP amplitude in a dosedependent fashion. It also 
increases VEP latency and reduces amplitude.
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Figure 5.6 
BAEP recording showing waves I–V.

Enflurane

Enflurane causes progressive slowing of the EEG and eventual burst suppression. It can also reduce SEP amplitude with slight effects 
on latency.

Isoflurane

This initially produces fast activity, followed at higher levels of anaesthesia by an increasing amount of highamplitude δ activity, 
eventually culminating in burst suppression at approximately 2 MAC. Isoflurane decreases SEP amplitude and high concentrations 
can completely suppress the scalp SEP.21

Intravenous Agents

Barbiturates at low doses cause an increase in β activity while higher doses successively produce EEG slowing and burst suppression 
and very high doses cause elec-



   

Figure 5.7 
CFM tracing. The EEG data from a single channel is summarized as a tracing which 
is dependent on the frequency and amplitude of the EEG signal. The top tracing (A) 
was obtained from a patient post-head injury. The bottom tracing was obtained in the 

same patient after barbiturate established burst suppression.
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Figure 5.8 
EEG obtained from a patient in deep barbiturate anaesthesia. The record shows a typical burstsuppression 

pattern with high-amplitude activity interrupted by episodes when the EEG is almost isoelectric.

trocortical silence. Thiopentone causes a dosedependent increase in SEP latency with moderate amplitude decrease. Etomidate is 
known to produce myoclonic movements but this is not associated with any increase in epileptogenic activity on the EEG. Etomidate 
increases θ wave amplitude and slows the α rhythm at increasing doses. Methohexitone causes similar changes to barbiturates and 
has also been reported to increase epileptiform activity on the EEG of patients known to have epilepsy. Propofol produces a gradual 
increase in δ activity as the depth of anaesthesia increases. Like methohexitone, propofol can increase epileptiform activity in 
patients known to have seizures. Opioids produce gradual slowing of the EEG with increasing concentrations but, even at high doses, 
cannot elicit burst suppression. They can also cause a slight increase in the SEP latency without increasing the amplitude.21

Preoperative Assessment in Epilepsy Surgery

Probably the most important area where neurophysiology is used in the preoperative assessment of patients is in epilepsy surgery. 
EEG is essential to identify the epileptogenic zone, to confirm that the seizures originate from the part of the brain to be resected at 
surgery and to exclude non-epileptic attacks or psychogenic seizures. In almost all cases the routine interictal EEG is supplemented 
with 24-h video telemetry which allows simultaneous video and EEG recording of the patient's seizures. It may also be necessary to 
improve localization of the epileptogenic zone by recording from sphenoidal or foramen ovale electrodes.

In most cases a Wada test is performed before surgery to determine hemispheric language dominance before surgery. This is 
performed by injecting 100–200mg of sodium amytal into the internal carotid and rendering the ipsilateral hemisphere non-
functional. Neuropsychological testing can demonstrate impairment of speech, verbal memory and non-verbal memory. The test is 
performed using EEG monitoring which shows a build-up of high-amplitude δ over the impaired hemisphere. Electrocorticographic 
recording (i.e. an EEG over the exposed cortex) may be performed intraoperatively for seizures for which no standard en bloc 
resection procedure exists. This is
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particularly true for surgery with multiple subpial resections.22

Neurophysiological Monitoring and Intraoperative Care

The primary role of neurophysiological monitoring during surgery is to detect and remedy brain or spinal cord damage. EEG and 
evoked potential monitors are non-invasive and respond rapidly to alterations in brain or spinal cord function and are therefore 
particularly suited to intraoperative monitoring.

Monitoring the Depth of Anaesthesia

Because there is a consistent evolution of the EEG as the depth of anaesthesia increases, the EEG could theoretically be used to 
perform surgery at a constant level of anaesthesia. The spectral edge frequency correlates with the depth of anaesthesia so this simply 
interpreted EEG variable could be used to assess the level of anaesthesia.23 The CFAM also shows easily recognized changes as the 
depth of anaesthesia increases.24 Evoked potentials also show changes in amplitude and latency as the depth of anaesthesia 
increases.25,26

Neurophysiological monitoring has yet to gain widespread acceptance as a means of assessing the depth of anaesthesia because the 
changes in EEG and evoked potentials are agent specific and show a great deal of variation between patients. However, when 
performing intraoperative monitoring it is important to remember that alterations in EEG may be caused by changes in the level of 
anaesthesia. Consequently, it is best to start monitoring before induction of anaesthesia, to monitor before and after surgical 
positioning and maintain a constant level of anaesthetic agents during monitoring where possible.

The Bispectral Index (BIS)

One major criticism of the above techniques of EEG analysis is that they tend to ignore the phase information in the EEG and also 
the phase relationships between different EEG frequencies. It has been suggested that since the different frequencies in the EEG are 
closely related and influenced by common inputs, such phase relationships may provide important information.88 Such phase 
relationships are quantified as the EEG bispectrum, which is normalized as a percentage of the maximal achievable phase coupling 
(measured as the real triple product) to produce a percentage variable that accounts for changes in amplitude and is termed the 
bicoherence index. The bispectral index (BIS) is a multivariate measure containing features that include the EEG bicoherence, 
bispectrum and real triple product, along with time domain features such as the burst suppression ratio.88 The BIS provides a single 
number that is a measure of CNS depression but is probably incapable of distinguishing different causes of such depression (e.g. 
natural sleep vs anaesthesia). The BIS in awake subjects is reported at 95 and varies between 50 and 70 during sedation/anaesthesia. 
A given BIS value may provide an assessment of the probability that an anaesthetized subject is unaware and unlikely to retain 
postoperative memories of intraoperative events.89 Recent articles provide an excellent review of the basis of bispectral analysis.90,91

Neurophysiological Monitoring and Carotid Endarterectomy

Carotid endarterectomy has a morbidity of approximately 2% and about half of the complications occur during the intraoperative 
period.27 During carotid surgery, ischaemia can occur for a number of reasons. When the carotid artery clamp is applied, ischaemia 
can result if the collateral circulation is not adequate or if embolization occurs from the operative site. Placement of an intraoperative 
shunt can also cause increased morbidity as a result of increased operating time or embolism from two sites of artery puncture.

The most effective surgical strategy would therefore appear to be selective shunting guided by monitoring. The EEG has many 
theoretical advantages as a monitoring modality for this purpose. It responds rapidly to developing ischaemia, it is sensitive and will 
show significant alterations when the blood flow falls below 15ml/100g/min and it is relatively inexpensive.27,28 Unfortunately, there 
are no controlled trials of EEG monitoring during carotid surgery; in particular, there are no trials looking at the reduction in 
morbidity produced by monitoring. While most evidence is based on historical controls, a significant correlation between ischaemic 
EEG events and postoperative neurological deficit has been found in a number of series.29,30 There appears to be some dispute about 
the sensitivity of EEG monitoring and some series claim that all perioperative strokes were predicted by the EEG (i.e. 100% 
sensitivity)30 while others have found a significant number of false negatives (as high as 50% in one series).31 EEG monitoring has 
also been shown to result in a significant fall in perioperative strokes when the monitored groups are compared with historical 
controls.32
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A similar correlation has been found between SEP amplitude and cerebral blood flow. SEP monitoring can be easier to maintain as 
monitoring SEP amplitude produces only a single number which is more easily interpreted than the complex waveform seen with 
EEG. Metaanalysis of a number of series of SEP monitoring during surgery shows that SEP has a sensitivity of about 96%.33

A number of centres monitor some index of cerebral blood flow as opposed to neurophysiological monitoring. Two of the more 
commonly applied methods are carotid stump pressure and transcranial Doppler. There are no controlled trials directly comparing 
outcome between neurophysiological monitoring and transcranial Doppler. EEG would appear to be at least as sensitive though 
possibly less specific than transcranial Doppler.34 Comparison of stump pressure monitoring with EEG in the same patients would 
suggest that stump pressure monitoring is possibly more sensitive with similar specificity.31

Spinal Surgery

Operations which compromise the spinal cord or its blood flow can also be monitored using evoked potentials. Examples of such 
surgery include removal of spinal cord tumours and vascular malformations. There is also a small but significant risk of spinal cord 
damage associated with the surgical management of scoliosis. This occurs particularly with sublaminar wiring. The integrity of the 
spinal cord can be assessed by continuous monitoring of the SEP throughout the surgery. This can be done by recording the cortical 
SEP or spinal SEP with epidural electrodes. Monitoring of the spinal SEP has the advantage of being more robust and resistant to 
changes in anaesthetic concentration and blood pressure.

There is no direct evidence from controlled clinical trials that monitoring reduces the incidence of complications. However, the 
occurrence and degree of preoperative changes correlate with the postoperative deficit and the risk of postoperative deficit is reduced 
if the electrophysiological changes can be reversed.35,33 A multicentre survey has shown a lower incidence of complications in those 
centres where scoliosis surgery is performed with spinal monitoring performed by experienced staff.36

Other Procedures

In many neurosurgical procedures neurophysiological monitoring may be useful in minimizing the surgical morbidity. In pituitary 
gland surgery VEPs may be useful in monitoring for optic chiasm damage.37 SEP and BAEP are useful means of monitoring 
brainstem function during surgery in posterior cranial fossa.38,39 SEP and EEG monitoring allow detection of developing cerebral 
ischaemia in aneurysm surgery.40,41

Electrophysiological Monitoring in the Intensive Care Unit

The techniques of neurophysiology provide a useful extension of clinical examination in the assessment of patients in the intensive 
care unit. In particular, there are four areas where neurophysiological methods are beneficial:

1. making specific diagnoses;

2. continuous EEG or evoked potential monitoring of critically ill patients;

3. management of status epilepticus;

4. using EEG and evoked potentials to predict outcome.

EEG and Specific Diagnoses

While many neurological conditions are associated with changes on the EEG, the number of conditions with specific diagnostic EEG 
changes is limited.42 Examples of these include herpes simplex encephalitis, post measles encephalitis and Creutzfeldt-Jakob disease 
(Fig. 5.9). There is also a subgroup of patients who may not be able to have an MRI scan for clinical reasons, in whom the EEG may 
point towards lateralized pathology such as ischaemia or space-occupying lesions before changes appear on CT scanning.

Continuous Monitoring

The possibility of continuous EEG monitoring is very attractive. The goal of such monitoring would be to allow the clinician to 
detect cerebral dysfunction before it has become irreversible. In particular, the EEG demonstrates cerebral ischaemia, which may not 
be immediately obvious in the sedated patient, and subclinical seizures43. While the EEG reflects changes in intracranial pressure, 
this may not be relevant in centres with continuous intracranial pressure monitoring.

However, there are considerable difficulties involved in establishing continuous EEG monitoring in the ICU setting. First, it is 
technically difficult to maintain a continuous low-noise, low-impedance connection between the patient and the EEG machine. To 
maintain a continuous connection therefore requires
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Figure 5.9 
EEG in generalized status epilepticus. The EEG shows 

continuous high-amplitude epileptiform activity.

special training of the nursing staff and several daily visits by the technician. Monitoring is also impeded by multiple generators of 
artefact in the ICU setting. High-frequency electrical noise is generated by other computerized equipment in the ICU. Mechanical 
ventilators generate both mechanical and electrical rhythmical artefact. Nursing procedures and chest physiotherapy can generate a 
large amount of mechanical artefact that is in the frequency range of the EEG.44 Because of the large amount of data generated by 
continuous monitoring, the EEG is often supplemented by some form of automated EEG processing (Lifescan, CFAM or compressed 
spectral array).

Given the considerable investment of time and resources required for continuous EEG monitoring in the ICU, it is pertinent to 
question the benefits of continuous monitoring. One study of patients with a variety of different neurological diagnoses showed that 
the EEG had a significant impact on patient management in 50% of cases.45 In a study of 18 patients with carotid stenosis the EEG 
showed alteration when the patients were subjected to hypotensive or hypertensive stress and this information was a factor in 
considering patients for surgery.46 Recent studies in acute stroke have shown that certain EEG patterns are predictive of a poor 
outcome and allow diagnosis of cerebral infarction before changes are seen on CT scanning.47 Further, continuous monitoring allows 
detection of cerebral ischaemia and vasospasm in patients with subarachnoid haemorrhage, allowing treatment to begin earlier.48 In 
one study alterations in the processed EEG predicted vasospasm before transcranial Doppler in 70% of cases.49 In severe head trauma 
and postneurosurgical patients continuous EEG monitoring allows the immediate diagnosis and treatment of non-convulsive status 
epilepticus. Unfortunately, there are no controlled trials assessing the objective benefit to morbidity and mortality of continuous 
EEG. The indirect evidence that continuous EEG monitoring allows the detection of subclinical seizures and ischaemia suggests that 
when available, EEG monitoring is a useful adjunct to other forms of CNS monitoring in the management of the unconscious patient.
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The EEG in Status Epilepticus

The EEG is an important tool in the management of both convulsive status epilepticus and non-convulsive status epilepticus (Fig. 
5.10). While status epilepticus is a medical emergency and treatment should not be delayed if an EEG is not available, clinical 
examination alone may result in misdiagnosis of status epilepticus for two reasons. First psychogenic status is a common cause of 
diagnostic confusion. In one study 20% of patients presenting to an accident and emergency department of a tertiary referral centre 
with intractable convulsive movements had psychogenic seizures.49 Second non-convulsive status is underrecognized and patients 
with non-convulsive status are often mislabelled as being confused or postictal.43

Once treatment for convulsive status is established, the role for the EEG is not clear. Certainly in sedated patients treated with 
general anaesthesia, continuous EEG monitoring allows immediate recognition and treatment of seizures. Seizure activity increases 
cerebral metabolic rate of oxygen and causes excitotoxic cell damage.50,51 Continuous EEG monitoring facilitates adequate seizure 
control without overtreatment in status epilepticus and reduces this risk of excitotoxic cell damage. While there are no controlled 
trials to support this conclusion, there is some indirect evidence. Mortality in status epilepticus increases with the duration of 
seizures.52 It is therefore reasonable to assume that early detection of subclinical seizures in the ICU reduces mortality and mortality.

Where continuous EEG monitoring is not available it is reasonable to obtain an EEG daily while the patient remains unconscious and 
to consider performing an

Figure 5.10 
EEG in Creutzfeldt–Jakob disease. The EEG shows a 

characteristic pattern of periodic positive sharp wave complexes.
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EEG before making significant alterations to therapy.

Neurophysiology and Predicting Outcome

There is a great need to develop reliable techniques for predicting outcome in both traumatic and non-traumatic coma. Early 
prediction of outcome is important for a number of reasons, including clinical decision making, the allocation of resources and 
counselling of relatives. Of the many sources of predictive information available, the most commonly utilized is the Glasgow Coma 
Scale (GCS). The GCS is a clinical assessment based upon eye opening, best verbal and best motor response.53 Other scales use 
patients' age, injury severity score, pupil score and the presence or absence of haematoma on CT scan.54 However, an accurate 
clinical assessment of patients in the ICU is frequently obscured by sedative medication, intubation, peripheral injuries, facial 
injuries, hypoxia, behavioural fluctuation and the subjective interpretation of the observer.55 As a result workers have begun to 
explore the use of objective laboratory investigations to supplement clinical observations such as the GCS.

To be an effective prognostic test, the laboratory investigation should fulfil four criteria:

1. it should be useful in predicting the outcome in the majority of patients who enter the ICU and therefore be universally applicable;

2. it should be accurate;

3. it should have quantifiable sensitivity, specificity and predictive value;

4. it should be safe, inexpensive and reproducible.

Among the many objective laboratory investigations that fulfil such criteria, those of neurophysiology have received considerable 
interest. Neurophysiological assessments provide non-invasive objective measurements of brain activity, which are relatively 
inexpensive and can easily be performed in the intensive care environment without moving the patient.

The Electroencephalogram (EEG)

There appears a good argument for the use of the EEG in predicting outcome from coma. In essence, the EEG is a non-invasive 
assessment of cortical function which, by definition, should provide important indices for studying coma. Indeed, early work 
documented numerous EEG patterns in coma, with several patterns associated with poor outcome.56 However, initial clinical utility 
was marred by the lack of a clear distinction between the EEG patterns associated with good and poor outcome. More recently, 
workers have attempted to remedy this failing by devising objective grading systems which attempt to group EEG patterns with a 
similar prognosis together.

The two grading systems that are commonly used are summarized in Boxes 5.1 and 5.2.56,57 In addition, there are more complex 
rating scales which involve scoring the EEG according to the presence or absence of specific EEG waveforms.58 Other techniques 
have also been proposed, including those looking for EEG reactivity to external stimuli, variability in the EEG and sleep-related 
activity.59–62

There have been a number of studies considering the accuracy of one or several of the grading systems. One retrospective study is 
that of Synek,63 testing the prognostic validity of his own grading system in traumatic coma.

The results (summarized in Table 5.1) are promising. Patients having a 'malignant' pattern on EEG would appear to have a high 
probability of a poor outcome. However, EEG patterns regarded as 'uncertain' provide no prognostic information. Indeed, approxi-

Benign Normal α 
θ dominant 
Frontal rhythmic δ

Uncertain Diffuse δ 
Epileptiform changes

Malignant Low-amplitude δ–non reactive
Burst suppression 
α coma 
Isoelectric

Box 5.1 EEG grading scale

Grade I Dominant α, reactive



   

 

Grade II Dominant θ–δ reactive

Grade 
III

Dominant δ–θ, no α

Grade 
IV

Burst suppression Low-voltage δ, unreactive periodic 
general phenomena

Grade 
V

Very low voltage EEG Isoelectric EEG

Box 5.2 EEG grading scale
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Table 5.1 Prognostic validity of Synek's grading system63

EEG pattern Survived Died

Benign 15.9% 1.6%

Uncertain 14.3% 13.2%

Malignant   0 55%

mately half of the 'uncertain' group died. Since about 30% of patients fell into this category, the grading system fails to fulfil the 
criteria of being a universally applicable prognostic test. In essence, it only provides prognostic information for 70% of the patient 
group studied.

A convenient model for studying non-traumatic coma is that of coma following cardiac arrest in hospital. In this patient group the 
onset of coma is clearly documented and the timing of the EEG can be easily controlled. Four recently published studies adopting 
this model are summarized in Table 5.2.64–67 In essence, they confirm the trend seen in the retrospective studies: an EEG pattern 
regarded as 'malignant' is a useful predictor of poor outcome but patterns regarded as 'benign' or 'uncertain' do not appear to predict a 
good outcome.

Furthermore, a prospective study in traumatic coma,68 although difficult to compare with the findings in non-traumatic coma (the 
data are presented as a correlation between EEG score and Glasgow Outcome Score), found a correlation between EEG score and 
outcome. However, the EEG did not add any further information to that provided by clinical assessment alone. The EEG is therefore 
a useful extension of clinical examination and is particularly helpful when clinical assessment is impeded. However, it is not always 
possible to make an accurate prediction of outcome on the basis of the EEG alone.

The Somatosensory Evoked Potential (SEP)

The SEP has several advantages over the EEG in assessing outcome. In the EEG there are many patterns which have to be 
subjectively graded whereas the SEP is either present or absent, delayed or not delayed, with a normal or abnormal waveform. Many 
studies have looked at using the SEP to predict outcome in both traumatic and hypoxic coma. These are summarized in Table 5.3.64–
66,69–74 To compare studies, we divided SEP findings into three groups:

1. normal SEP where the latency and the waveform of the SEP were within acceptable limits;

2. unilaterally abnormal SEP where the SEP is either delayed, absent from one hemisphere or has an abnormal waveform;

3. bilaterally absent SEP.

As with the EEG, the SEP accurately identifies a group of patients who do badly. Patients with bilaterally absent SEP will invariably 
have a bad outcome. These findings are supported by a systematic review of prediction of poor outcome in anoxic ischaemic coma. 
Pooled data from 11 studies showed that a bilaterally absent SEP is the most accurate predictor of a poor outcome.75 However, if the 
SEP is present patients may still do badly, so in this group of patients the SEP does not provide any additional prognostic 
information. Unlike the EEG, which is generated by the brain alone, the SEP may be influenced by injuries

Table 5.2 Summary of four prospective studies looking at EEG grade and outcome in hypoxic/ischaemic coma 
(from references64–67)

Authors No. of 
patients

No. with benign, 
uncertain or 
grades I–III

No. with good 
outcome 
(GOS 3–5)

No. with malignant or 
grades IV 
or V

No. with bad 
outcome Death 
or PVS

Chen et al 34 12   5 22 20

Rothstein et al 40 29 14 11 11

Scollo et al 26 12   5 14 12

Bassetti et al 60 40 12 20 20

Total 160 93 36 66 61
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Table 5.3 Using SEP to predict outcome in coma (from references64–66,69–74)

Author No. of 
patients

Normal 
SEP

No. with 
good 
outcome

Abnormal 
SEP

No. with 
good 
outcome

Absent 
SEP

No. with 
good 
outcome

Cant et al   40(T) 21 17   5   3 14 2

Judson et al 100(T) 38 33 26 19 36 3

Bassetti et al   60(H) 20 10 12   1 23 0

Brunko et al   50(H) 20   5 Not given Not given 30 0

Chen et al   34(H) 16   7   6   2 12 0

Goldie et al   36(T) 16   9   8   2 12 6

Rothstein et al   40(H) 14 11   7   3 19 0

Goldberg   24(H+T)   4   4 15   9   5 0

Goodwin   37(H+T)   8   6   2   0 29 0

 
H = hypoxic/ischaemic coma

T = traumatic coma

elsewhere in the nervous system, including the peripheral nerves and spinal cord. There are a number of studies where the SEP grade 
or central conduction time is correlated with final outcome or disability score, in all of which the SEP was more effective than 
clinical examination alone.58,76,77

Brainstem Auditory Evoked Potential (BAEP)

The BAEP has a number of theoretical advantages over the SEP for assessing prognosis. It is less likely to be influenced by injury 
elsewhere in the nervous system. It would appear logical to assume that the brainstem is the most critical point in determining 
survival so assessing brainstem function should give a good guide as to prognosis. Again, the value of BAEP in assessing prognosis 
has been investigated in a number of studies.60,78,79 Some of these are reviewed in Table 5.4. A significant relationship between 
interpeak latency and mortality has also been shown.80

An abnormal BAEP does not always imply a poor outcome and in three of the four studies reviewed, a significant number of 
survivors had an abnormal BAEP. BAEP would appear to be less useful than the SEP in prediction of outcome.

Event-Related Potentials

These are scalp potentials produced in response to a simple discrimination task and are probably the electrophysiological 
representation of cognitive processing. They are probably generated by subcortical/cortical and cortico/cortical circuits and therefore 
have a potential theoretical application in predicting coma outcome since they depend on an extensive network of connections. One 
such potential, the P300, was used to predict outcome in a group of 20 patients81 in non-traumatic coma. The relationship to outcome 
in this study is summarized in Table 5.5.

The P300 is useful to identify a subgroup of patients who will improve but unfortunately does not identify those patients who will do 
badly. Another auditory event-related potential is the mismatch negativity (MMN) in oddball paradigms of AEP recording. The 
relationship of MMN to outcome was examined in a group of head-injured patients82 and is summarized in Table 5.6.

The other interesting finding in this study was the role of MMN in predicting awakening. They found a subgroup of 13 patients in 
whom the MMN was initially absent but later returned. The return of the MMN always preceded clinical awakening (by 24 h to 21 
days).

Role of Functional Imaging

Functional imaging techniques such as positron emission tomography (PET), single photon emission computed tomography (SPECT) 
and functional magnetic resonance imaging (fMRI) allow an accurate determination of regional cerebral blood flow and metabolism. 
Studies with SPECT in acutely brain-injured patients can potentially be used to estimate the severity of brain injury and to predict 
clinical outcome.83,84,85 In addition, early studies have shown a strong correlation between alteration in the EEG and changes in 
cerebral blood flow elucidated with PET.86
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Table 5.4 Summary of studies looking at outcome and BAEP (from references60,78,79)

Author No. of 
patients

No. with 
normal BAEP

No.of 
survivors

No. with 
abnormal 
BAEP

No. of 
dead or 
PVS

Cant et al 40 32 19 8 7

Karnaze et al 26 19 17 7 4

Karnaze et al 45 29 28 16 8

Goldberg 32 16 16 16 5

Studies which combine functional imaging with EEG and evoked potentials will allow a greater insight into the changes in cerebral 
blood flow and metabolism which underlie the changes which are seen on the EEG in acute brain injury. This knowledge may allow 
EEG to be even more widely applied in determining the severity of brain injury and predicting clinical outcome.

Conclusion

There are significant correlations between parameters measured by many of the neurophysiological techniques and outcome. 
However, none of the techniques listed above is sufficiently accurate to predict outcome in all cases. Can the accuracy of these 
neurophysiological techniques be improved? A number of studies have examined the predictive value of combinations of either EEG 
and SEP 63,65 or SEP and BAEP.87 As the EEG or BAEP is less effective at predicting outcome than SEP, the combinations are not 
much more effective than SEP alone. However, a combination of bilateral SEP and EEG is easily obtained and interpreted. The EEG 
may give other useful information such as the detection of epileptiform activity or burst suppression. Using these techniques, a group 
of patients in whom there is a high probability of a bad outcome can be identified. More specialized techniques such as event-related 
potentials may have a role in patients with prolonged coma, particularly in predicting awakening. In the future it is predicted that 
functional imaging in combination with neurophysiology will widen the scope for the clinical assessment of brain-injured patients.

Table 5.5 P300 and outcome in non-traumatic 
coma (from reference81)

 Awake No awakening

P300 present 5   1

P300 absent 4 10

Summary

EEG, nerve conduction studies and evoked potentials provide a safe and inexpensive means of monitoring brain function in the 
operating theatre and the intensive care unit. We hope that the newer techniques will shed light on the causes of the evolution in the 
EEG that occurs in anaesthesia and cerebral injury. An increasing understanding of the alterations in cerebral physiology which 
underlie electrophysiological changes in unconscious patients is likely to improve our ability to draw firm clinical conclusions based 
on the EEG.
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Table 5.6 MMN and outcome in traumatic coma 
(from reference82)

 Alive Dead

MMN present 35   1

MMN absent   4 14
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Introduction

Although alterations in cerebral blood flow (CBF) often accompany brain injury and exacerbate secondary neuronal injury,1–3 the 
management of neurologically critically ill patients does not routinely involve the monitoring of CBF.4 This, in part at least, is due to 
the lack of non-invasive, easy-to-use, reliable equipment that can measure CBF with well-defined thresholds.

However, the benefits of monitoring CBF in the brain-injured patient are becoming more apparent. In addition to avoiding the 
dangers of transferring critically ill patients for 'single time point' measurements in the CT or PET scanner, continuous bedside 
monitoring may detect transient ischaemic events. Furthermore, continuous assessment of CBF permits rapid diagnoses and early 
therapeutic interventions, which may improve outcome. Unfortunately, many of the techniques available for the bedside 
measurement of CBF are either cumbersome, have a large interobserver bias or depend on various assumptions for calculating CBF 
and hence are indirect or open to criticism. This chapter will outline the methods most commonly employed for the measurement of 
CBF in theatre and intensive care.

Kety–Schmidt Method

The first practical quantitative method of measuring cerebral blood flow, now regarded as the gold standard, is the technique 
described by Kety and Schmidt in 1945.5,6 All CBF measurement techniques in use today are either derived from this method or have 
been validated against it. This method, adapted from the original technique for the measurement of pulmonary blood flow, is based 
on the Fick principle. Briefly, this states that the amount of a substance taken up or eliminated by an organ is equal to the difference 
between the amount in the arterial blood and the amount in the venous blood supplying that organ, in the same time period.

Thus for the brain:

where QBt is the quantity of tracer taken up by the brain in time t, QAt is the quantity of tracer delivered to the brain by arterial blood 
in time t and QVt is the amount of tracer removed by cerebral venous blood in time t.

For the measurement of CBF using N2O, the subject inhales 10% nitrous oxide (N2O) in air for 10 min during which time arterial and 
jugular bulb blood samples are taken and analysed for N2O content. The initial difference between the arterial and venous 
concentrations of N2O decreases as the tracer is taken up by the brain. The brain tissue is fully saturated when jugular bulb and 
arterial blood concentrations of N2O are almost equal.

The amount of N2O delivered to or removed by the brain thus equals CBF multiplied by the arterial or venous concentrations 
respectively. As the arterial and venous concentrations of N2O vary with time, the equation can be rearranged:

where TF is cerebral blood flow (ml/min), A is arterial N2O concentration (ml/l) and V is venous N2O concentration. Thus:

CBF per gram weight of brain is then:

where W is the brain weight in grams (g).

It is not easy to measure the brain concentration of N2O (QB) clinically. However, if enough time is allowed for equilibration to 
occur, then the brain N2O concentration will equal the partition coefficient of N2O (the amount of gas dissolved in the blood



   

Figure 6.1 
The Kety–Schmidt technique for measuring cerebral 

blood flow using the freely diffusible tracer N2O. 
After 10 min of N2O inhalation, the brain is theoretically 

saturated with the arterial and venous concentrations 
of N2O almost equal. The shaded area between the 

two curves is proportional to hemispheric blood flow.
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relative to brain) multiplied by the cerebral venous concentration:7

where λ is the partition coefficient, 1.06 in the case of nitrous oxide, and Vt is the cerebral venous concentration of nitrous oxide at 
equilibrium. This yields the final expression:

It is then possible to calculate CBF once the arterial and cerebral venous concentrations of N2O are measured.

Once CBF is determined, additional values such as cerebral metabolic requirement for oxygen and vascular resistance may be 
derived. N2O offers significant advantages over other agents used for the measurement of CBF in that it is safe, stable, cheap, readily 
available and, most importantly, has a partition coefficient unaffected by varying levels of lipid and water and hence is unlikely to 
change with age or cerebral oedema.8,9 However, the original KetySchmidt technique for measuring CBF has a number of 
limitations.10–12 Timely arterial and jugular bulb blood samples are required. In order to reduce extracranial contamination, the 
position of the jugular bulb catheter must be confirmed radiographically with the tip at the level of and just medial to the mastoid 
bone. The Van Slyke manometric technique for measuring N2O concentration in blood, used in the original experiments, required 
large volumes of blood and an experienced operator has now been replaced by more efficient, less operator-dependent methods for 
measuring N2O concentration. These include gas chromatography and infrared spectroscopy.13,14

Finally, CBF calculated by this technique represents the mean blood flow from the area of the brain (plus some extracranial tissues) 
draining into the particular jugular venous bulb being sampled: the ipsilateral cerebral hemisphere. Therefore, the Kety–Schmidt 
method of CBF measurement is unable to discriminate between grey and white matter and is insensitive to regional changes in 
flow.15

Radioactive Tracer Clearance Techniques

As an extension to Kety's work, the introduction of radioisotope techniques for the measurement of CBF allowed the progression 
from global CBF measurements to two-dimensional maps of cortical blood flow.2,16,17 The radioactive isotope (initially 85krypton, 
now replaced with 133xenon) dissolved in saline is injected into the internal carotid artery and the radioactivity is measured using a 
number of scintillation counters placed externally over the scalp.18 By using tracers which are relatively insoluble in blood and so are 
eliminated in one passage through the lungs, the arterial concentration is zero during the period of measurement. The 133Xe is taken 
up into the brain and, like nitrous oxide, this radioactive inert gas enters and leaves depending on its physical properties (diffusion 
and solubility). Hence, following injection, it will distribute and rapidly equilibrate throughout the brain tissue. After completion of 
injection, CBF can then be measured by the exponential pattern of clearance of the gas from the brain and hence from the body. 
Scintillation crystals placed externally over the scalp, so that each counter looks at a defined volume of brain, record the γ-emissions 
of 133Xe. The signals from the crystals are fed through pulse height analysers and clearance curves are created. Mean blood flow 
through the volume of brain 'seen' by each crystal is thus:

where λ = brain-blood partition coefficient, Hmax = maximal height of the clearance curve, H10 = height at 10 min, A = area under 
clearance curve.

In humans, when clearance curves are plotted on a semilogarithmic scale, two rates of exponential decay representing flow through 
grey and white matter are



   

Figure 6.2 
Measurement of CBF using intracarotid injection of 133Xe. 

Blood flow is calculated from the maximal height (Hmax) 
and integration of the area under the curve (A).



   

Page 91

identified. Using a process termed 'exponential stripping', it is possible to identify the individual components of blood flow.

The inert gas clearance method can be applied quite easily to the bedside measurement of CBF and portable units are available. The 
technique is relatively simple and is reliable and reproducible. Patient and operator radiation exposure is low, enabling repeated 
studies on a patient, and since 133Xe has a low solubility in blood and hence is rapidly cleared from it, further studies can be 
performed within approximately 30 min.18 An obvious advantage of this method over the Kety–Schmidt technique is the absence of 
repeated blood sampling. Other advantages include the ability to calculate either the 'mean' flow value from height/area under the 
curve analysis or more specific regional flow rates by exponential stripping. The accuracy and specificity of this method depend on 
the number and size of externally placed detectors.19 With a larger number of detectors (up to 254 detectors have been used), it is 
possible to measure flow in discrete lesions and detection of even small changes in blood flow associated with functional brain 
activation is possible.

Disadvantages of the clearance technique for bedside CBF measurement include the necessity for carotid artery puncture, potential 
inaccuracies from variations in the partition coefficient of 133Xe in normal or abnormal brain tissue,20–22 and the 'look-through' 
artefact phenomenon,23 where the external detectors pick up highly perfused brain tissue but not ischaemic areas.

Figure 6.3 
Compartmental analysis of CBF using a semilogarithmic 

plot. The curve shows flow through grey and white 
matter or fast and slow components respectively.

The inert gas clearance techniques have been modified over the years to reduce the disadvantages and enhance their applicability in 
the bedside measurement of CBF. The radioactive isotope commonly used is 133Xe because of its short half-life and its γ-emissions, 
which are easily detected by scintillation counters. The method of administration of the radioactive isotope has also been altered to 
either the less hazardous intravenous route24 or the non-invasive inhalation route.25 Both approaches use the same external detectors 
as with the intraarterial approach, applying the same principles and theory. These routes of administration of xenon have reduced 
morbidity over the intraarterial route and certainly the inhalation technique is relatively non-invasive. In addition, with the advance of 
technology, the reduction in size of apparatus and microprocessor-based computers, equipment has become far more portable and 
user friendly for application in the intensive care unit or the ward.

However, the non-invasive techniques are not without their disadvantages. As well as exposing the whole body to radiation, 
inhalation of radioactive xenon distorts the clearance curves because of isotope recirculation. This necessitates the measurement of 
endtidal 133Xe and performing a correction computation which accounts for this recirculation. The presence of radioactive isotope in 
the scalp and extracranial tissues requires a further correction before accurate estimations of CBF are possible.

Jugular Venous Bulb Oximetry

Jugular venous bulb oximetry, first described in 1927 and frequently used in the intensive care of patients with brain injury,26 can 
also be utilized as a bedside tool to estimate CBF.27–29 Cerebral blood flow and metabolism are closely coupled. Therefore, during 
periods of constant cerebral metabolism, CBF can be determined from the arteriovenous oxygen content difference across the 
cerebral circulation (AVDO2).30,31 The AVDO2 can be measured using a Co-oximeter or it can be calculated using the equation:

where CaO2 is the arterial oxygen content, CjvO2 the jugular venous content, Hb the haemoglobin concentration, SaO2 the arterial 
oxygen saturation, PaO2 the arterial partial pressure of oxygen, SjvO2 the jugular venous oxygen saturation and PjvO2 the jugular 
venous partial pressure of oxygen.
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Although this simple, relatively non-invasive method for estimating CBF can act as an 'early warning device' for cerebral ischaemia, 
particularly in head-injured patients undergoing mechanical ventilation, the technique has several limitations. AVDO2 is a global 
measure that cannot reliably detect regional ischaemia. Although sampling from the right jugular bulb has been commonly assumed 
to provide the best estimate of hemispheric blood flow (the cortex is preferentially drained via the right jugular bulb),32 this may not 
apply in all patients or conditions. For example, significant differences in oxygen content between the left and right jugular bulb 
blood have been demonstrated in head-injured patients.33 Other factors that can affect the accuracy of CBF estimation using jugular 
bulb oximetry include contamination of jugular bulb blood with extracerebral blood, malpositioning of the catheter tip, speed of 
blood withdrawal from the catheter and the position of the patient's head.34,39 Therefore, for best results, radiographic confirmation of 
catheter tip position (at the level of and just medial to the mastoid bone), withdrawal of blood at a rate < 2 ml/min and careful 
attention to head position are mandatory.

Jugular Thermodilution Technique

This technique, first used to measure coronary sinus flow by Ganz et al,40 has been successfully adapted to measure CBF with 
reasonable accuracy.41–43 A catheter is placed in the jugular bulb and the position of its tip confirmed radiographically. Cold fluid is 
then injected at a constant rate and the resulting change in temperature measured a short distance downstream with a built-in 
thermistor.

Jugular venous flow, and hence CBF, are then calculated using the equation:

where Tb, Ti and Tm are the temperature of blood, indicator and mixture of blood and indicator respectively, Vb and Vi the volumes 
(ml) of blood and indicator, λb and λi the specific heat of blood and indicator, and ρb and ρi the density of blood and indicator.

If time is brought into the equation, the volumes become flows and:

Figure 6.4 
(Top trace) Diagrammatic representation of a 
thermodilution catheter using two thermistors 
which can be inserted in the jugular bulb for 

the measurement of CBF. (Bottom trace) 
This shows temperatures recorded by internal 

and external thermistors over a period of 30 min 
(Redrawn with permission from reference43).



   

If saline is used as the indicator:

When a preset pump determines the rate of saline infused, flow can be calculated.

This technique is simple, safe, reproducible and easy to apply at the bedside. Measurements can be repeated at frequent intervals and 
as the 'indicator' is non-cumulative, there is no associated morbidity for the patient or clinician.

In addition to the limitations of jugular bulb catheters for the measurement of CBF, adequate mixing of the blood and injectate at the 
thermistor, accurate injectate temperature recording and heat loss from the system may also affect the accurate measurement of CBF.
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Laser Doppler Flowmetry

Laser Doppler flowmetry (LDF) is a relatively new technique for the measurement of local microcirculatory cerebral and spinal 
blood flow. The flow estimate by this technique, first described by Williams et al in 1980,44 is based on the assessment of the 
Doppler shift of low-power laser light, which is scattered by the moving red blood cells (RBCs).45,46

Briefly, monochromatic laser light, with a wavelength above maximal absorption of haemoglobin and below maximal absorption of 
water (600–780 nm), is delivered to and detected from a 1mm3 volume of brain tissue by a flexible fibreoptic light guide. The laser 
light is scattered randomly by both static structures and moving tissue particles, mainly RBCs. Laser light reflected from stationary 
tissues remains unchanged in frequency, whereas light reflected by moving particles is both scattered and undergoes a frequency 
shift. Multiple scattering at various angles of incidence complicates and precludes the exact measurement of velocity of the moving 
RBCs. However, as the bandwidth of the Doppler shift frequencies increases linearly in proportion to the RBCs' velocities when 
tissue geometry remains constant, the mean frequency shift and the power are directly proportional to the velocity and the number of 
moving RBCs respectively.

Figure 6.5 
A graphic depiction of the principle of laser Doppler 

flowmetry (Redrawn with permission from reference55).

As the blood cell flux is equal to the velocity of the cells multiplied by their concentration, if the concentration of the RBCs remains 
constant, the power of the frequency-weighted Doppler spectrum is proportional to the RBC flux through the capillary bed and, 
hence, CBF.47

The Doppler shift back-scattered light is sampled by the detecting probe, which is present in the same flexible tubing. The signal is 
then amplified, frequency analysed, squared, integrated and directed as a voltage signal. The laser Doppler flowmeter produces a 
continuous, real-time flow output which is linearly related to CBF.48–50 Currently available instruments cannot accurately quantify 
absolute CBF and so relative changes are more meaningful.

Although LDF is a fast, continuous, non-radioactive bedside monitoring of CBF that can detect changes at the cellular level, there are 
still many practical as well as theoretical limitations to overcome. The device is invasive, requiring insertion at operation or via a burr 
hole. Changes in tissue perfusion are often accompanied by changes in the tissue geometry and may affect flow measurements.

Tissue density and geometry may also be altered after brain injury. Therefore, site selection is critical to the measurements due to the 
high degree of spatial and temporal resolution. The probes are designed to



   

Figure 6.6 
The theory behind laser Doppler flowmetry for 
the measurement of CBF. Doppler frequency 

and power depend on the speed of RBCs. 
Bandwidth broadens as RBC speed increases 

but amplitude and shape remain constant.
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measure capillary blood flow and so macroscopic vessels will strongly bias readings. Similarly, as the probes will measure flow 
within approximately 1.5mm of the tips, the measurement area is extremely precise and localized. Therefore, caution must be 
exercised in making assumptions about global cerebral blood flow. Other limitations to the technique include the problems of 
movement artefacts: those of the patient, the probe relative to the tissue and also the individual optical fibres themselves. A further 
source of false readings is the presence of arterioles and venules which elevate LDF signals, so overrepresenting microvascular blood 
flow.51–55

Thermal Clearance

Thermal diffusion flowmetry is used to estimate cortical blood flow by measuring changes in a temperature gradient which exists 
between two gold plates within a probe applied to the cortex,56,57 Although there are several systems available, the basic 
measurement technique relies on detection of the temperature gradient between the large plate generating heat and the second smaller 
detector plate. The difference in temperature between the two plates is inversely proportional to the thermal conductivity of the brain 
tissue. The temperature gradient decreases as the flow increases so that:

where CBF is cortical blood flow, K is a constant, V is the voltage difference between the two plates at time of measurement and V0 
is the voltage difference at no flow.58

The thermal diffusion CBF technique has been used to assess changes in cortical perfusion in many situations.57,59–61 It has many 
advantages in that it is simple, continuous and does not use ionizing radiation. However, in common with LDF, this technique also 
suffers many limitations. Commercial devices available at present are not reliable enough for clinical use. Measurement of absolute 
flow is not possible, as voltage difference at no flow cannot be determined in the clinical setting.

Near Infrared Spectroscopy

Near infrared spectroscopy (NIRS) is a non-invasive method of estimating cerebral oxygenation. In common with pulse oximetry, 
NIRS takes advantage of the relatively translucent nature of tissue and bone to light in the near infrared (NIR) region of the spectrum 
(700–1000 nm). When NIR light enters a tissue it is both scattered and absorbed. Provided the geometry of the tissue remains 
constant (and there is little evidence to suggest that this is the case in many situations where NIRS may be useful), the absorption of 
NIR light is proportional to the concentration of the chromophores (oxyhaemoglobin (HbO2), deoxyhaemoglobin (Hb) and oxidized 
cytochrome aa3 (CytO2)), according to the modified Beer–Lambert Law which describes optical attenuation in a highly scattering 
medium. 'Transmission spectroscopy', although possible in neonates, is not feasible in adults because of the large head and thick 
skull. By placing the optodes a few centimetres apart on the same side of the head, it is possible to measure changes in cerebral 
oxygenation in adults using 'reflectance spectroscopy'.62 Despite the initial enthusiasm for this promising technology, there remain 
many practical as well as theoretical limitations to overcome. It is important to understand both the assumptions on which NIRS is 
based and the limitations of this technology in order to interpret the results correctly.

NIRS has been used as a non-invasive method of measuring changes in CBF and cerebral blood volume (CBV). Detailed explanation 
of the principles involved have been described elsewhere (Ch. 9). Briefly, CBF can be measured using a modification of the Fick 
principle. A sudden increase in SaO2 produces a bolus of HbO2, which acts as an arterial tracer, which is measured in the arterial 
system by the pulse oximeter and in the brain by NIRS. Similarly, CBV can be calculated by inducing small but slow changes in 
SaO2 and measuring changes in HbO2 and Hb by NIRS. The potential advantages of being able to measure CBF and CBV non-
invasively are obvious but 30% of the data are rejected because of variations in the baseline NIR signal, MAP or end-tidal CO2. 
Furthermore, data published by Owen-Reece et al suggest that the technique considerably underestimates CBF because of the optical 
effects of extracranial tissue.63 Hence further validation of these techniques is required before they can be adopted as part of normal 
clinical practice.

Transcranial Doppler Ultrasonography

The transcranial Doppler ultrasonography (TCD) is a non-invasive monitor which calculates red blood cells (FV) in the large vessels 
at the base of the brain using the Doppler shift principle.64 The most commonly insonated vessel is the middle cerebral artery (MCA)
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which carries about 75–80% of the ipsilateral carotid artery blood flow and thus is representative of hemispheric CBF. TCD 
measures velocity and not flow and therefore, changes in FV only represent true changes in CBF when both the angle of insonation 
and the diameter of the vessel insonated remain constant. The angle of insonation can be kept constant by fixing the probe in position 
using a head strap or frame. There is also ample evidence suggesting that the diameter of the MCA does not change significantly with 
changes in arterial pressure, carbon dioxide partial pressure or the use of anaesthetic or vasoactive agents.65–70 Hence, it is generally 
accepted that during steady-state anaesthesia, changes in FV reflect corresponding changes in cortical CBF.

TCD is covered elsewhere in this book (Ch. 8), so the details will not be repeated. TCD can be used with ease at the bedside to 
monitor changes in FV safely, non-invasively and without detriment to the patient or clinician. It has no associated morbidity and is a 
reliable, real-time monitor. However, it must be remembered that CBF indices are derived from measurements made on velocity, so 
that TCD findings should not be used in isolation, as with any clinical measurement, but more to complement other monitoring 
available in neurointensive care.
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Introduction

Intracranial pressure (ICP) monitoring is now widely accepted as central to the management of patients with head trauma because 
cerebral perfusion pressure (CPP) targeted therapy improves outcome after brain injury.1 ICP measurements are used to estimate CPP 
using the formula:

CPP represents the pressure gradient acting across the cerebrovascular bed and is a factor in the regulation of cerebral blood flow 
(CBF).2,3 In order to avoid overestimation of CPP, the arterial pressure transducer should be positioned at the level of the external 
auditory meatus and not at the level of the heart, particularly when the patient's head is elevated.

Measurement Techniques

In adults, the normal ICP under resting conditions is between 0 and 10 mmHg, with 15 mmHg being the upper limit of normal. 
Active treatment is instituted if ICP exceeds 25 mmHg for more than 5 min, although a treatment threshold 15 mmHg has been 
suggested to improve outcome.5

The gold standard of ICP monitoring remains the measurement of intraventricular fluid pressure either directly or via a CSF 
reservoir, with the opportunity to exclude zero drift.6 Subdural and epidural fluid-filled catheters are less accurate when ICP exceeds 
30 mmHg, but are associated with a lower risk of infection, epilepsy and haemorrhage than ventricular catheters.7,8 The more 
recently introduced microtransducers are either silicon chips with diffused pressure-sensitive resistors forming a bridge or are 
dependent on fibreoptic technology.9 These transducers, which include the Camino OLM ICP Monitor (Heyer-Schulte Neuro Care), 
the Codman Microsensor ICP Transducer (Codman and Shurtlef Inc., USA) and the Ventrix ICP Monitoring Catheter Kit (Heyer-
Schulte Neuro Care), can be placed in the ventricle, brain parenchyma, subarachnoid and epidural spaces and have been shown to be 
comparable to fluid-filled catheters for the measurement of ICP.10,11 In addition to the very low zero drift over long periods of 
monitoring, very good frequency response and stable linearity, microtransducers are associated with a lower risk of infection.12–16 
Because of its superior performance in terms of zero and temperature drift, ICP waveform analysis and ease of integration into other 
bedside monitoring devices, the Codman Microsensor ICP Transducer is preferred in our unit.

Determinants of ICP

The mechanisms responsible for ICP within the skull vault are complex.4 The components that make up the intracranial contents are: 
the brain bulk (80%), blood volume (5%) and the cerebrospinal fluid (CSF) (15%). As the skull is a rigid box, any increase in volume 
in any of the components will lead to a rise in the intracranial pressure. This pressure–volume relationship is commonly referred to as 
the intracranial compliance curve.20,22,23 Small increases in intracranial volume can be partially compensated for by translocation of 
CSF into the spinal subarachnoid space and compression of the venous blood volume, but this compensatory mechanism is easily 
exhausted and further increases in intracranial content will lead to a rise in ICP and, hence, concomitant reductions in CPP. When 
rises in ICP are sustained, secondary neuronal injury ensues.

Although intracranial pressure is often assumed to be uniform within the skull, pressure gradients, which may be clinically 
significant, may exit between different parts of the injured brain. Furthermore, changes in intracranial compliance affect not only the 
mean value of ICP but also the frequency response for the intracranial cavity, defined as the intracranial transfer factor. Therefore, 
the presence of mass lesions or increased ICP changes the response of the ICP waveform to a given arterial pressure waveform 
input.19,38

ICP Monitoring

Interpretation of Raw Data

In the absence of disease, ICP may rise by 50 mmHg during coughing or sneezing without noticeable neurologic impairment. 
Therefore, it is the interaction of raised ICP with other intracranial pathology which produces the pathologic consequences, as 
opposed to the rise in ICP per se. Different ICP patterns are associated with different pathologic processes. These include patterns 
describing tends in mean ICP over minutes (Lundberg waves A, B and C),17 and changes in ICP waveforms. The patterns of ICP 
most commonly observed are described below.

Low and Stable Pressure

This pattern is characterized by low ICP (mean value 15 mmHg) and low pulse amplitude with a relatively stable mean ICP value 
over time (Fig. 7.1). This pattern
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Figure 7.1 
Example of recording of intracranial pressure (ICP) 

and arterial blood pressure (ABP) in patient following 
head injury with low and well-stabilized ICP.

is commonly seen in the first 6–8 h after head injury in those with CT scan showing no space-occupying lesions with little or no 
swelling and is usually associated with good outcome.

Elevated and Stable Pressure

Mean ICP >20 mmHg that is stable with very limited expression of the slow vasogenic waves are the hallmarks of this pattern (Fig. 
7.2). The presence of this pattern after head injury may be indicative of posttraumatic acute hydrocephalus (moderate amplitude of 
pulse waveform of specific triangle shape; Fig. 7.2A) or generalized brain swelling (in this case a pulse wave is usually lower with a 
rather blunt peak; Fig. 7.2B).

Figure 7.2 
Example of recording of intracranial pressure (ICP) 

and arterial blood pressure (ABP) in patient who had 
predominantly well-stabilized ICP with increased 

mean value (35 mmHg). (Right) Two patterns of ICP 
pulse waveform: triangle shape, specific for acute 
hydrocephalus (A); blunt top, specific for brain 

swelling or space-occupying lesion (B)

CSF Pressure Waves

Lundberg described three types of cyclic CSF pressure waves: A, B and C.17 Cyclical relatively regular waves with frequency from 
20 s to 2 min are often classified as 'B' waves. These waves of limited amplitude (up to 3 mmHg) can be seen in normal subjects. 
When the amplitude increases above 5–8 mmHg they clearly manifest intracranial pathology, either diffused or focal, reducing 
pressure–volume compensatory reserve15 Systems exhibiting dominant fast vasogenic waves are undoubtedly unstable. Pulse 
amplitude of ICP increases on the tops of these waves (Fig. 7.3).

The most famous 'A' wave, or what has been known as the plateau wave, is a slow vasogenic wave which may produce gross 
intracranial hypertension above 40–80 mmHg, dramatically reducing CPP and causing cerebral ischaemic insults in a matter of 
minutes (Fig. 7.4). These waves may be the result of a 'vasodilatory cascade' initiated by a reduction in CPP.18,19 The initial reduction 
in CPP is the result of spontaneous decrease in arterial blood pressure which leads to cerebral vasodilatation and an increase in 
cerebral blood volume, ICP and a further decrease in CPP. The cascade then continues to produce more vasodilatation and reduction 
in CPP until maximal cerebral vasodilatation with an ICP plateau. This positive feedback may be reversed by increasing arterial 
blood pressure, leading to cerebral vasoconstriction, reduction in cerebral blood volume and a decrease in ICP. However, despite the 
attractiveness of this theory, these so-called 'spontaneous' reductions in arterial blood pressure are not always easy to detect (see



   

Figure 7.3 
Example of fast (period around 1 min) and 
very deep (amplitude 35 mmHg) vasogenic 

waves recorded in Intracranial Pressure (ICP). 
The same frequency and similar amplitude of 

waves can be seen in recording of arterial 
blood pressure (ABP). Waves in both 
signals are obviously phase shifted.
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Figure 7.4 
Example of plateau wave of intracranial pressure (ICP). 
Note fast vasogenic waves (as in Fig. 7.3 but of smaller 

amplitude) preceding the plateau increase in ICP.

example on Fig. 7.4). Nevertheless, regardless of the underlying mechanism, plateau waves result in severe intracranial hypertension 
which increases secondary ischaemic insults. Plateau waves can last several minutes (or even hours) with pulse amplitude usually 
rising steeply in line with an increase in mean ICP.

Refractory Intracranial Hypertension

This uncontrollable increase in ICP often results in structural brain shifts and herniation within the cranium. Mean ICP may increase 
to well above 80 mmHg as a result of rapid brain swelling over a period of few hours. This increase in ICP is commonly 
accompanied by a reduction in pulse amplitude and a gradual increase in arterial blood pressure (Cushing's response). The moment of 
brainstem herniation is commonly marked by a rapid decrease in arterial blood pressure, a rise in a heart rate and a terminal decrease 
in CPP to negative values (Fig. 7.5).

C waves occur at the rate of 4–5 per min with the ICP and systemic variations completely in sync, with minimal variations in CPP 
with these waves. These waves are of limited duration and amplitude and therefore are probably of limited clinical importance.

Analysis of Pulse Waveforms

In 1953, Ryder et al reported that an increase in ICP pulse waveform accompanied elevations in mean ICP.20,21 Based on these 
observations, Langfitt et al, Lofgren et a122 and Marmarou et a123 introduced the monoexponential model of cerebrospinal pressure–
volume relationship (the pressure–volume curve). Briefly, this model predicts that the intracranial pressure change in response to an 
increase in cerebral blood volume as a result of one heart contraction is dependent on the resting ICP, with higher resting ICP 
producing greater pressure increases for a given volume of blood. In other words, the intracranial compliance is reduced as the 
resting ICP increases. Although this model, modified slightly in 1986 by Van Eijndhoven and Avezaat,24 has been widely adopted, it 
remains unclear which variable should be expressed on the x-axis of the pressure–volume curve: net intracranial volume, its absolute 
change in intracranial volume, as Lofgren et a122 and Marmarou et a123 suggested, or the volume of one selected compartment.

The intracranial amplitude–pressure relationship is further complicated when the Monro–Kellie doctrine is considered.25 Briefly, this 
hypothesis states that changes in any of the three components of the intracranial space – brain, CSF or blood – will necessitate 
compensatory

Figure 7.5 
Example of two-day monitoring of patient who had a course of refractory intracranial hypertension. Patient 

died on day 2. This was marked by a final decrease in CPP below 30 mmHg and an increase in heart rate (HR).
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changes in the volume of one or more of the other compartments if the ICP is to remain constant. This would imply that each 
pulsatile increase in cerebral arterial blood volume be compensated for by a reciprocal change in CSF volume or brain tissue. The 
mean time for such a change to be accomplished ranges from a few to over 30 min, depending on whether this involves simple 
translocation of CSF or extra- or intracellular brain tissue change.19,26 Limited compensatory reserve is provided by the pulsatile CSF 
flow through the foramen magnum to the more compliant lumbar subarachnoid space. However, when this pathway is obstructed, in 
patients suffering from non-communicating hydrocephalus or head injuries with compressed ventricles, it is interesting that this only 
alters the gradient and not the linear character of the amplitude–pressure relationship.26 Therefore, the rapid, pulse-related inflow of 
the arterial blood can be compensated for by an equivalent outflow of the venous blood.25 Because of the different time profiles of 
arterial pulsatile inflow and the venous outflow, the temporal increase in total blood volume produces the pressure response observed 
as the amplitude of the ICP pulse waves. Therefore, delays in venous outflow produce rises in intracerebral blood volume, thus 
increasing the amplitude of ICP pulse waves. These findings have been reaffirmed by Chan et al27 and Nelson et al28 who reported 
increases in the amplitude of pulsatile blood inflow as the CPP decreases.

Therefore, the exponential shape of the pressure–volume relationship is not the only factor influencing the magnitude of ICP pulse 
waves in head injured patients.29 The four simultaneously acting mechanisms are:

1. the gradient of the pressure–volume curve equivalent to the brain elasticity, which increases with mean ICP;

2. the pulsatile inflow of arterial blood that increases with falling CPP or changing arterial pulse pressure;

3. the delay between arterial inflow and venous outflow profiles that varies with ICP;

4. the delay between arterial blood inflow and CSF outflow through the foramen magnum to the lumbar CSF space.

In order to examine the short-term relationship between mean ICP and pulse amplitude (AMP), we developed a computer program 
which linearly correlates the mean ICP and AMP.30,31 The linear correlation coefficient RAP (R=symbol of correlation, 
A=amplitude, P=pressure) describes the relationship between pulse amplitude of ICP and mean ICP value over short periods of time 
(1–3 min).30 When RAP is positive, changes in AMP are in the same direction as changes in mean ICP. When the RAP is negative, 
the change in AMP is reciprocal to those in mean ICP value. Lack of synchronization between fast changes in amplitude and mean 
ICP is depicted by a RAP of 0.

There are several advantages to using this method to describe the relationship between amplitude and mean value of ICP. The 
coefficient has a normalized value from –1 to +1 so comparison between patients is straightforward. Because the RAP coefficient is 
calculated using the fundamental harmonic of ICP pulse wave, a wide bandwidth pressure transducer is not necessary and a relatively 
inexpensive subdural catheter connected to an external membrane transducer can be used.

Another potential application of this model is in predicting outcome after severe head injury. When RAP is examined in individual 
patients, it can be clearly seen that as the mean ICP increases, the linear correlation between AMP and mean ICP becomes distorted 
by an upper breakpoint, as seen in Figure 7.6. This breakpoint is always associated with a decrease in RAP coefficient from around 
+1 to negative values.

Figure 7.6 
Pulse amplitude of ICP (AMP=fundamental 
harmonic component) increases with mean 

ICP until critical threshold is reached, above 
which it starts to decrease (upper graph). The



   

correlation coefficient between AMP and ICP 
(RAP – bottom graph) marks this threshold by 
decreasing from positive to negative values. 

(Redrawn from reference31 with permission.)
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A similar relationship between AMP and ICP has been demonstrated in a group of severely head-injured patients.31 In patients who 
had a favourable outcome, AMP usually increased when ICP increased from 5 to 25 mmHg (Fig. 7.7A), above which the AMP 
increased even faster with increases in ICP. In patients with poor outcome (dead or in persistent vegetative state), AMP also 
increased when ICP increased from 5 to 30 mmHg, but further increase in ICP >40 mmHg resulted in no more increase or a fall in 
AMP (Fig. 7.7B).

Another interesting relationship is delineated when RAP is plotted against ICP in this group of patients. In those patients with good 
and moderate outcome, the RAP is usually low with a tendency to increase towards +1 when ICP increases >10 mmHg (Fig. 7.8A). 
In patients who died, the RAP reached a maximum at ICP about 20 mmHg and then decreased rapidly, reaching a negative value as 
the ICP increased towards 50 mmHg (Fig. 7.8B). Furthermore, in all patients who died after a course of gross intracranial 
hypertension, RAP either decreased from around +1 to 0 or negative values before brainstem herniation (Fig. 7.9A) or was 
permanently low in spite of ICP >20 mmHg (Fig. 7.9B).

Figure 7.7 
Scatterplots of AMP versus ICP from 52 head-injured 

patients studied in reference31. Straight lines show 
sections of consistent linear model. (A) Patients with 

good/moderate outcome. (B) Patients with fatal 
outcome (dead or persistently vegetative)  

(Reproduced from reference31 with permission.)

The correlation between the amplitude of the pulse wave and mean ICP is a time-dependent phenomenon and an inverse correlation 
is almost always seen on top of plateau waves.30,32,33 This has been suggested as the point of maximal vasodilatation. Rosner and 
Coley19 postulated that plateau waves were the result of maximal vasodilatation by the so-called 'vasodilatory cascade'. However, it is 
not always possible to detect this phenomenon by plotting an amplitude versus mean ICP curve. During plateau waves, when cerebral 
vasodilatation is responsible for the rise in ICP,21 the upper breakpoint of the AMP–ICP curve is hardly detectable as ICP rises only 
up to the level of maximal vasodilatation but never crosses this threshold.



   

Figure 7.8 
Scatterplots of RAP versus ICP. Dark lines show empirical 

regression curve. (A) Patients with good/moderate 
outcome. (B) Patients with fatal outcome 

(Reproduced from reference31 with permission.)



   

Page 106

Figure 7.9 
(A) Patient aged 18. Time average RAP decreased towards 0 on the second day after 
injury, despite mean CPP >65 mmHg. On the third day ICP increased, demonstrating 

strong vasogenic waves (plateau). Time average RAP became negative. Brainstem 
herniation was confirmed on day 4 after injury. (B) Boy aged 15, Glasgow Coma Scale 3 
on admission. The RAP coefficient was oscillating around 0 from the very beginning of 

monitoring, despite gross intracranial hypertension. Patient died around 1.00 am 
(Reproduced from reference31 with permission.)
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Therefore, the amplitude of ICP seldom starts to decrease significantly at the plateau of the wave. In contrast, RAP always decreases 
significantly at this point, indicating the state of maximal vasodilatation (see Figs 7.6 and 7.9).

Therefore, in conclusion, when ICP increases to very high values, the decrease in RAP from + 1 to zero or negative often precedes 
the final decrease in ICP pulse amplitude and is a sign of impending brainstem herniation.

Analysis of Variation of ICP Caused by Central Vasocycling

Arterial blood pressure fluctuations are frequently transmitted to the intracranial pressure.34,35,36 However, the time relationship 
between blood pressure and ICP waves is complex and influenced by compliance of the arterial walls, muscular basal tone and 
cerebrovascular resistance.37,38

Cerebrovascular pressure reactivity describes the ability of the cerebral circulation to change the basal tone of smooth muscle in 
arterial walls in response to changes in transmural pressure. This mechanism is responsible for cerebral autoregulation. When 
cerebral autoregulatory reserve is exhausted and cerebral blood flow is no longer stable, vessels may continue to react to further 
reductions in perfusion pressure.39,40 Hence, vascular pressure reactivity may extend beyond the range of the normal cerebral blood 
flow autoregulatory range.41

Vascular pressure reactivity can be derived continuously by analysing the transmission of the heart pulse from the arterial blood 
pressure to the ICP waveform.14,38 Because the time constant of the autoregulatory response is much longer than a heart cycle, very 
precise signal processing is necessary if this is to be achieved in clinical practice.3 Deriving this information from transmission of the 
respiratory wave, almost always present in the arterial blood pressure signal in ventilated patients, is very complex since both arterial 
and venous factors contribute to the respiratory wave seen in ICP. Slow fluctuations lasting from 30 s to a few minutes are almost 
always present in arterial blood pressure36,37,41 and their rate of change is usually sufficiently long to provoke a noticeable vasomotor 
response. Hypothetically, providing the cerebrovascular pressure reactivity is intact, an increase in arterial blood pressure should 
produce vasoconstriction, a decrease in cerebral blood volume and, if brain compliance is limited, a decrease in ICP.42 If reactivity is 
disturbed an increase in arterial blood pressure would passively increase the cerebral blood volume and subsequently ICP. A detailed 
description of the methodology and its clinical utility has been given elsewhere.34,35,43 System analysis using a crosscorrelation 
function, which characterizes the time sequence between coherent slow waves in blood pressure and ICP, has recently been 
proposed.44 We used the simplified Pressure Reactivity Index (PRx) to investigate time responses to intracranial hypertension or 
changes in mean arterial blood pressure in head-injured patients.45

Pearson's moving correlation coefficients between 40 consecutive past samples of averaged (over 6 s periods) values of ICP and ABP 
can be computed. Positive PRx signifies a positive gradient of the regression line between the slow components of ABP and ICP, 
which we hypothesize to be associated with passive behaviour of a non-reactive vascular bed (Fig. 7.10A). A negative value of PRx 
reflects a normally reactive vascular bed, as blood pressure waves provoke inversely correlated waves in ICP (Fig. 7.10B). As the 
correlation coefficient has a standardized value (range from –1 to + 1), PRx becomes a convenient index which is more suitable for 
comparison between patients than the gradients of the ICP–blood pressure regression lines would be. The PRx may be presented and 
analysed as a time-dependent variable, responding to dynamic events such as ICP plateau waves or incidents of arterial hypo- and 
hypertension.

During ICP plateau waves, PRx consistently increased from negative or near-zero values to positive values, which were maximal at 
the top of the plateau waves (Fig. 7.11A). During episodes of arterial hypotension, PRx similarly increases to positive values (Fig. 
7.11B). During arterial hypertension, increases in mean ABP >110 mmHg provoked increases in PRx to positive values.

Disturbed pressure reactivity (i.e. positive PRx) correlated with lower admission GCS, poorer outcome, greater ICP and disturbed 
TCD-derived index of autoregulation.44 ANOVA plots of PRx versus mean ICP and CPP presented in Figure 7.12 indicated that 
critical mean value of CPP for cerebrovascular pressure reactivity was around 60 mmHg in our patients. Below this breakpoint, the 
mean value of PRx started to increase rapidly when CPP decreased. PRx did not show any significant breakpoint versus ICP. It 
increased from the baseline to positive values when ICP increased above 20 mmHg.

Analysis of variance for PRx versus time following head injury demonstrated a non-specific time profile of changes in the 
cerebrovascular pressure reactivity in patients with favourable outcome (Fig. 7.13). By contrast, in patients with unfavourable 
outcome, PRx demonstrated a significantly non-uniform time
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Figure 7.10 
PRx index is calculated as linear correlation coefficient 

between averaged (over 6 s periods) ABP and ICP 
from the time window of the length of 3–4 min. 

Good cerebrovascular reactivity is associated with 
negative PRx (A), poor reactivity with positive PRx (B) 

(Reproduced from reference44 with permission.)



   

Figure 7.11 
Observations of time-related changes in ICP, ABP, 

transcranial Doppler blood flow velocity (FV) 
and PRx index during (A) plateau wave of ICP 

and (B) incidental arterial hypotension 
(Reproduced with permission from reference44.)

profile. In these patients PRx was significantly positive during the first two days following injury. Furthermore, PRx indicated 
secondarily disturbed autoregulation after five days following head injury.

ICP and Outcome Following Head Injury

Reports from almost all centres involved in head injury clinical research confirm that mean intracranial pressure correlates with 
outcome following head injury. The critical threshold is, by consensus, regarded as 25 mmHg. CPP was demonstrated to have an 
important contribution to overall outcome in the late 1980s.4 CPP-
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Figure 7.12 
(A) Statistical relationship between PRx and CPP. 

(B) ICP measured in group of 82 head-injured patients 
(Reproduced from reference44 with permission.)

Figure 7.13 
Statistical presentation of distribution of PRx in 

time following head injury in patients with favourable 
(dashed line) and unfavourable (solid line) outcome. 
Stars denote statistically significant positive value of 

PRx, seen only in patients with unfavourable outcome.

oriented therapy was introduced and popularized with a target to keep mean CPP above 70 mmHg. In recent published series,45,46 
CPP does not correlate with a poor outcome, which is a measure of success in reaching this target rather than an overall improvement 
in neurointensive care. ICP-derived indices such as PRx and RAP proved to correlate with outcome much better than mean ICP or 
CPP. This reflects an important role of additional ICP analysis in assessment of the efficacy of neurointensive care (Fig. 7.14 on p 
110).
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Figure 7.14 
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Introduction

Transcranial Doppler ultrasonography (TCD), introduced in 1982 by Aaslid et al, has become one of the most useful methods of non-
invasively examining cerebral haemodynamics.1 Providing the limitations of this technology are recognized, it is possible to obtain 
information about the cerebral circulation which can be used in the perioperative and intensive care of the brain-injured patient (head 
injury) and in those at risk of cerebral ischaemia (carotid endarterectomy).

Principles of TCD

Transcranial Doppler ultrasonography calculates the velocity of red blood cells (FV) flowing through the large vessels at the base of 
the brain using the Doppler principle. This principle, first described by Christian Doppler in 1843, relates the shift in the frequency of 
a sound wave when either the transmitter or the receiver is moving with respect to the wave-propagating medium. The change in the 
frequency perceived depends on the velocity of the red blood cells and is described by the formulae:

where f1 is the frequency encountered, f0 is the transmitted frequency, c is the propagation velocity of ultrasound, f2 is the frequency 
received by the stationary transducer and FV is the velocity of the reflector or the moving red cells. In order to penetrate the skull, a 
pulsed Doppler instrument is used with the same transducer both transmitting and receiving wave energy at regular intervals. By 
convention, the shift in Doppler frequency is expressed in cm/s as this allows the comparison of readings from instruments which 
operate at different emission frequencies. The frequency best suited for transcranial Doppler applications is in the order of 2 MHz.2

A constant vessel diameter and constant angle of insonation are the two main assumptions that govern the use of TCD as an indirect 
measure of cerebral blood flow (CBF). The velocity detected by the TCD probe as a fraction of the real velocity is dependent on the 
cosine of the angle of red cell insonation (TCD-measured velocity = real velocity × cosine of angle of incidence). Therefore, at 0° the 
TCD-calculated and true red cell velocities are equal (cosine of 0 = 1), while at 90° TCD-calculated velocity is zero irrespective of 
true velocity. Fortunately, the anatomic limitations of transtemporal insonation of the middle cerebral artery (MCA) are such that 
signal capture is only possible at narrow angles (<30°). Thus, the detected velocity is a very close approximation of the true velocity 
(87–100%). Furthermore, as long as the angle of insonation is kept constant by fixing the probe in position, changes in the detected 
velocity closely reflect changes in the true velocity.

The volume passing through a particular segment of a vessel depends on the velocity of red cells and the diameter of the vessel. 
Therefore, for FV to be a true reflection of CBF, the diameter of the vessel insonated must not change significantly during the 
measurement period. Arterial carbon dioxide tension (PaCO2), blood pressure (BP), anaesthetic agents and vasoactive drugs may 
affect the diameter of vessel insonated. However, the basal cerebral arteries are conductance vessels and thus do not dilate or 
constrict as the vascular resistance changes. It has been shown angiographically that change in PaCO2, one of the most important 
determinants of cerebrovascular resistance, has no effect on the diameter of the basal arteries.3 Moreover, CO2 reactivity studies 
using TCD have demonstrated similar values to those obtained with conventional CBF measurements.4–6 Similarly, changes in BP 
have negligible influence on the diameter of the proximal segments of the basal arteries.6,7 The effect of vasoactive drugs on cerebral 
conductance vessels is variable. While sodium nitroprusside and phenylephrine do not significantly affect the proximal segments of 
the MCA,8,9 significant vasodilatation occurs when nitroglycerine is administered to healthy volunteers.10

The effect of anaesthetic agents on the diameter of the basal vessels remains controversial. The intravenous agents are devoid of 
direct cerebral vascular effects and it is generally accepted that these agents do not affect the diameter of the conductance vessels.11 
However, most but not all the evidence available suggests that the inhaled anaesthetics have negligible effects on the basal arteries.12–
15 Nevertheless, it is generally accepted that during steady-state anaesthesia, changes in FV reflect corresponding changes in cortical 
CBF.16–20

Intracranial pathology may affect the reliability of TCD as a measure of CBF. Cerebral vasospasm, space-occupying lesions and 
increases in intracranial pressure (ICP) may affect the accuracy of FV measurements.20,21

TCD in Clinical Practice

Clinical Examination

A complete diagnostic examination of the cerebral circulation will usually utilize the transtemporal approach through the thin bone 
above the zygomatic
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Figure 8.1 
A plot of the % increase in flow velocity in the middle 
cerebral artery (Vmca) versus the % increase in cerebral 
blood flow equivalent (CBFE = 1/AVDO2, = AVDO2 = 

arteriovenous oxygen content difference across the 
cerebral circulation) in 21 anaesthetized patients. Data were 

pooled and then subjected to linear correlation analysis. 
The best-fit line and 95% confidence limits are shown. 

(Redrawn with permission from reference15.)

arch to the anterior, middle and posterior cerebral arteries, the transorbital approach to the carotid siphon and the suboccipital route to 
the basilar and vertebral arteries. However, because the probe can be easily secured in position once a signal is obtained, 
intraoperative monitoring usually utilizes the transtemporal route. In expert hands it is possible to transtemporally insonate the 
proximal segment (M1) of the MCA in over 90% of people.2,22–24 The MCA carries about 75% of the ipsilateral carotid artery blood 
flow and thus is representative of hemispheric CBF. However, as the successful transmission of ultrasound through the skull is 
dependent on the thickness of the skull, which varies with gender, race and age, the failure rate can be as high as 20–30% in elderly 
black females.25–27 The incidence of failure can be decreased by increasing the power and, in some instances, by the use of 1 MHz 
probes.28 The theoretical risk of eye damage limits the use of the transorbital route and the lack of suitable means to secure the probe 
in position makes the suboccipital route impractical.

Figure 8.2 
Skull ultrasonic windows: the transtemporal 

approach through the thin bone above the 
zygomatic arch to the anterior, middle and 
posterior cerebral arteries, the transorbital 

(and submandibular) approach to the carotid 
siphon and the suboccipital route to the 

basilar and vertebral arteries.

Transtemporal insonation will allow examination of the middle (MCA), anterior (ACA) and posterior (PCA) cerebral arteries. In 
each patient, the same insonation window should be used throughout the entire study period. This could be accomplished by putting a 
small marker at the patient's temporal region. The Doppler examination begins with the identification of the bifurcation of the 
intracranial portion of the internal carotid artery into the MCA and ACA according to the method described by Aaslid.2 This 
bifurcation can usually be identified at a depth of 60–65 mm. The typical Doppler signal from the carotid bifurcation, which consists 
of images above and below the zero line of reference, represents the flow directions towards and away from the ultrasound probe of 
the MCA and ACA respectively. The depth of insonation is then reduced to follow the upward deflection image of the MCA flow 



   

velocity as the vessel runs towards the skull. The MCA can usually be traced up to a depth of 30 mm, which is beyond the bifurcation 
of the MCA into the peripheral branches. The proximal portion of the main trunk of the MCA (the M1 segment) can be located at a 
depth of around 45–55 mm. The depth which gives the highest velocity is usually chosen for measurement. In children, this depth is 
usually 10 mm less than that of adults, but the same principles apply. This method of obtaining the MCA signal eliminates the 
possibility of mistaking the PCA for the MCA because the PCA signal cannot be obtained at a depth less than 55 mm for anatomical 
reasons.

After the MCA signal is obtained, the depth of insonation is increased so that the image of the carotid bifurcation can be seen again; 
the depth is increased further with the probe directed slightly anteriorly so that the ACA image can be found. The first part of the 
ACA (the Al segment) is recognized by a direction of flow that is away from the probe. With the identifi-
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cation of the ACA, the depth of insonation is decreased until the carotid bifurcation signal is obtained. The probe is then angled 
slightly posteriorly until the signal of the PCA is seen. The PCA can be distinguished from the MCA signal by a lower flow velocity 
and failure to obtain the PCA signal when the depth of insonation is decreased below 55 mm. A more detailed description of the TCD 
examination can be found in a standard textbook.24

Data Collection and Analysis

Velocity Measurements

Because the volume of blood flowing through a vessel depends on the velocity of the moving cells and the diameter of vessel 
concerned, for a given blood flow, the velocity increases with decreases in diameter. Although CBF in ml/min per 100g of brain 
tissue is relatively constant, FV in the MCA ranges from 35 to 90 cm/s in the awake resting state, reflecting the variations in vessel 
diameter and angles of insonation between individuals examined.2 This probably accounts for the poor correlation between absolute 
FV and CBF in any given population. However, during steady states, relative changes in FV accurately reflect variations in CBF.5–19

FV varies with age. MCA red cell velocity is lowest at birth (24 cm/s), peaks at the age of 4–6 years (100 cm/s),25,26 and thereafter 
decreases steadily to about 40 cm/s during the seventh decade of life.1,22,29 This reduction is partly due to the increase in the diameter 
of basal arteries which occurs with age,30 but is mostly due to the genuine decrease in hemispheric CBF with age.31,32

A reduction in haematocrit has been shown to increase CBF in a linear fashion and probably accounts for the increased velocities 
reported in haemodilutional states.33–35 When used in isolation, the increased FV observed in haemodilutional states may be mistaken 
for vessel narrowing in patients with potential arterial stenotic lesions, such as subarachnoid haemorrhage.

Hemispheric CBF and FV are 3–5% higher in females.35,36 Although a convincing explanation for these differences in CBF and FV 
has not yet been found, a lower haematocrit and slightly higher arterial CO2 tension found in premenopausal women may partly 
explain these increases.29,37

The weighted mean velocity (FVmean) takes into consideration the different velocities of the formed elements in the blood vessel 
insonated and hence is the most physiological correlate with actual CBF. However, because of the higher signal-to-noise ratio, the 
maximal flow velocity (FVmax as depicted by the spectral outline) is generally used. Furthermore, because the flow is usually laminar 
as in the basal cerebral arteries, there is good correlation between the FVmax and FVmean. The time-mean FV, displayed in most 
commercially available instruments, usually refers to the mean velocity of FVmax. The time-averaged FVmax is determined from the 
area under the spectral curve or approximated by the equation:

Waveform Pulsatility

Pulsatility describes the shape of the envelope (maximal shift) of the Doppler spectrum from peak systolic to end diastolic with each 
cardiac cycle.38 Arterial blood pressure waveform, the viscoelastic properties of the cerebral vascular bed and blood rheology 
determine the FV waveform. Thus, in the absence of vessel stenosis or vasospasm and changes in arterial blood pressure and blood 
rheology, the pulsatility reflects the distal cerebrovascular resistance.38,39. This resistance has been quantified by two indices: the 
Pulsatility Index (PI or Gosling Index) = (FVsys – FVdias)/ FVmean;39 and the Resistance Index (RI or Pourcelot Index) = (FVsys – 
FVdias)/FVsys.40 In a highly pulsatile spectrum, FVsys is peaked and much greater than end FVdias, while FVdias greater than 50% of FVsys 
gives a 'damped' waveform. Normal PI ranges from 0.6 to 1.1 with no significant side-to-side or cerebral interarterial differences.41

Although in general both PI and RI can provide information about cerebral vascular resistance, neither index provides meaningful 
information regarding the cause of the change, e.g. increase in PI can be due to cerebral vasoconstriction (intrinsic, as in 
hyperventilation), or high intracranial pressure (extrinsic from obstruction). Furthermore, PI is very sensitive to changes in heart rate 
and is best compared during periods of similar heart rates. The main advantage of PI is that it is dimensionless and therefore is not 
affected by the angle of insonation because the equation used to calculate PI has the cosine of the angle of incidence in both the 
numerator and denominator.

Cerebral Vascular Reactivity

The Effect of PaCO2

Cerebral vascular reactivity to CO2 describes the near linear relationship between arterial CO2 tension and CBF. This can be tested by 
observing the change in CBF in response to a change in PaCO2. TCD is particularly suitable for such investigations since multiple 
paired measurements are taken and linear regression
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lines can be constructed more accurately than with a limited number of conventional blood flow measurements.4,44,46 Moreover, both 
the absolute and the relative FV-PaCO2 (% change in FV from baseline) relationships can be examined. The absolute CO2 reactivity 
will depend on the baseline FV. Therefore, when the baseline FV is low, such as during intravenous anaesthesia, the change per kPa 
change in PaCO2 is similarly reduced. However, when this is normalized to a FV at PaCO2 of 5.3 kPa, the relative slope expressed in 
percentage approximates the awake value.44 Compared to the absolute change, the percentage change in FV with change in PaCO2 
shows less dependence on baseline value and is therefore a more valid indicator of CO2 reactivity and a more appropriate variable for 
comparison between experimental conditions.43–46

In normal individuals CBF (or FV) changes by approximately 20% for every kPa change in PaCO2. TCD can therefore be used in 
many clinical situations to assess cerebral vascular reserve such as in those patients with carotid artery stenosis and after head injury. 
The effect of anaesthetics and vasoactive drugs on CO2 reactivity can also be easily examined using TCD.5,9,44,46,47

Cerebral vasoreactivity to CO2 can also be examined using carbonic anhydrase inhibitors. Intravenous administration of 1g of 
acetazolamide produces an increase in CO2 tension and therefore should result in a concomitant increase in FV. Although this method 
obviates the need for hyperventilation in those patients with cardiac and respiratory disease, it only provides a unidirectional crude 
estimate of the cerebral vasomotor reactivity. Increasing and decreasing CO2 tension tests both the vasodilatory and vasoconstrictive 
capabilities of the cerebral circulation and thus is a more 'complete' test of CO2 reactivity.

The Effect of Perfusion Pressure

Cerebral autoregulation, a sensitive mechanism impaired by pathologic process and inhalational anaesthesia, minimizes deviations in 
CBF when cerebral perfusion pressure (CPP) changes between 50 and 170 mmHg.48–54 Cerebral autoregulation has been traditionally 
assessed by repeated static measurements of CBF during a period of hypotension or hypertension. In addition to the bulky equipment 
and/or radioactive material necessary for these measurements, the process is labour intensive and assumes that cerebral 
autoregulation is a uniform and slow-acting process. Furthermore, drugs used to induce hypertension or hypotension may influence 
autoregulation.49

It is now generally accepted that cerebral autoregulation is a complex process composed of at least two mechanisms operating at 
different rates: a rapid response sensitive to pressure pulsations followed by a slow response to changes in mean pressure.55,56

Conventional CBF measurement techniques, with the inability to record instantaneous changes, probably would miss these initial fast 
components and therefore at best can be characterized as an incomplete assessment of the cerebral autoregulatory response. Hence, 
TCD allows continuous measurement of the autoregulatory response and can provide insight into both the rapid and delayed 
components of cerebral autoregulatory mechanisms. Many methods for the assessment of cerebral autoregulation have been 
described and the methods most commonly employed are outlined below.

Static Autoregulation

As already mentioned above, cerebral autoregulation has traditionally been assessed by repeated static measurements of CBF during 
a period of hypotension or hypertension. Static autoregulation can be easily tested using TCD by inducing an approximately 20 
mmHg increase in mean BP (MBP) using a 0.01% phenylephrine infusion and simultaneously recording the FV. The FV and MBP 
recorded are then used for subsequent calculation of the estimated cerebral vascular resistance (CVRe = MBP/FV). The static rate of 
autoregulation or the index of autoregulation (IOR) is the ratio of percentage change in estimated CVRe to percentage change in 
MBP.44 Theoretically, no change in the FV would occur if the percentage change in CVRe was equal to the percentage change in 
MBP. Thus, an IOR of one implies perfect autoregulation and an IOR of zero complete disruption of autoregulation. When 
intracranial pressure is available, cerebral perfusion pressure is substituted for MBP. Static autoregulation describes the 'slow 
response' in cerebral vascular resistance to changes in mean pressure.

Dynamic Autoregulation

Dynamic autoregulation is tested by measuring the recovery in FV after a rapid transient decrease in MBP induced by deflation of 
large thigh cuffs. These large blood pressure cuffs modified with larger tubings are placed around one or both thighs and inflated to 
50 mmHg above systolic pressure for 3 min, then deflated to produce an approximately 20 mmHg drop in MBP. By using an 
algorithm previously validated,56,57 the FV response to the drop in blood pressure is fitted to a series of curves to determine the rate 
of dynamic cerebral autoregulation (dRoR). These curves are generated by a computer model of cerebral autoregulation that predicts 
the autoregulatory response on the
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Figure 8.3 
(A) Testing static autoregulation during midazolam/ 
fentanyl sedation and propofol anaesthesia in a head- 
injured patient receiving intensive care. (Top tracing) 

Mean arterial pressure (ABP) in mmHg. (Middle 
tracing) Intracranial pressure (ICP in mmHg). (Bottom 

tracing) Blood velocity (FV) in cm/s. There is no change 
in FV despite the increase in ABP as a result of 0.01% 

phenylephrine infusion during propofol anaesthesia 
(right trace) autoregulation intact. The increase in ABP 
during midazolam-fentanyl sedation is accompanied by 
a similar increase in FV and ICP, indicating impaired 

autoregulation. (B) The recovery in blood velocity (FV 
cm/s) after thigh cuff deflation is 'steeper' in patients 

with intact (left) dynamic autoregulation (dROR). 
In contrast, the FV remains depressed after cuff 
deflation in those with impaired autoregulation 

during desflurane anaesthesia (right trace).

basis of the continuous blood pressure record and compares its predictions with the measured response.55 The dRoR describes the 
rate of restoration of FV (%/s) with respect to the drop in MBP: in other words, the rate of change in cerebral vascular resistance or 
'the fast process'.

The normal dRoR is 20%/s (i.e. process is complete within approximately 5 s).56 The time for autoregulation to normalize FV during 
normocapnia occurs well within the period of hypotension achieved with cuff deflation before the MAP returns to baseline (10–20 
s).56,57 Collection of autoregulation data in the first 10 s avoids the influence of CO2-rich blood from the legs following thigh cuff 
deflation. Hypercapnia increases CBF by vasodilatation of cerebral blood vessels and reduces autoregulatory capacity.23

Transient Hyperaemic Response Test

This test is performed by compressing the common carotid artery for a period of 5–8 s and observing the change in FV in the 
ipsilateral circle of Willis. When the carotid artery is compressed, FV decreases and the distal cerebrovascular bed dilates in response 
to the drop in perfusion pressure. When the compression is released, an increase in FVmca is observed as a result of this dilatation, 
which persists until the distal cerebrovascular bed constricts to its former diameter. The compression results in this 'transient 
hyperaemia' only when autoregulation is intact. When autoregulation is impaired, no dilatation of the distal cerebral vascular beds 
occurs in response to the compression and hence, no transient hyperaemia is detected.

Although this test is reproducible and easily performed, the results depend heavily on the compression technique. The magnitude of 
FV drop during compression and the hyperaemia following release are dependent on the degree of occlusion and the patency of the 
collateral circulation at the circle of Willis.58–60 Furthermore, in patients with carotid disease there are theoretical risks associated 
with the



   

Figure 8.4 
Autoregulation testing using the transient hyperaemic 
response test in two patients receiving intensive care. 

Transient hyperaemia of the MCA FV following a 
short-term compression of the common carotid artery 
indicates intact autoregulation (left) and the lack of 
response suggests impaired autoregulation (right). 

(Figure courtesy of M Czosnyka.)
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manoeuvre, including the possibility of dislodging atheroma. Nevertheless, preliminary results indicate that the test may be useful in 
the assessment of outcome after head injury.60

Estimation of Cerebral Perfusion Pressure

FV flow pattern is highly dependent on cerebral perfusion pressure. When intracranial pressure increases and cerebral perfusion 
pressure correspondingly decreases, a highly pulsatile FV pattern is seen. As the intracranial resistance to flow continues to increase, 
a progressive loss of diastolic flow to systolic spike and eventually to an oscillating flow pattern is observed. This oscillating flow 
pattern signifies the onset of intracranial circulatory arrest and, if not reversed, is terminal.61–64

The Pulsatility Index (defined either as Gosling PI (GPI), i.e. peak-to-peak amplitude of FV pulsations divided by time average FV, 
or 'spectral' PI (SPI), i.e. first harmonic component of FV pulsations divided by mean FV) is inversely proportional to reductions in 
CPP.65,66 This inverse relationship between CPP and PI has been used to non-invasively estimate CPP.67 By relating the first 
harmonic component of arterial blood pressure pulse waveform to SPI, Aaslid et al demonstrated the ability to estimate CPP ± 27 
mmHg from arterial blood pressure and TCD recording.67 An improved method of estimating CPP using mean arterial pressure, 
diastolic and mean blood velocities was recently published from our institution.68 We were able to estimate CPP non-invasively with 
errors of estimation <10 mmHg in over 71% of the measurements compared with 52% using the formula proposed by Aaslid et 
al.67,68 The accuracy of this method has been further improved with better signal acquisition (prototype tests, unpublished data, 
BFM). Furthermore, when used as a continuous monitor, it was able to detect real-time changes in 'true' CPP. Bilateral monitoring 
may also provide useful information about side-to-side variations in perfusion that in turn may allow clinical decisions to be made 
earlier.

There are obvious advantages in being able to estimate CPP non-invasively. This form of monitoring is particularly useful in centres 
where ICP monitoring is not routinely used or in patients in whom ICP monitoring is deemed not indicated and yet the patient may 
have decreased intracranial compliance (e.g. after a concussion or mild closed head injury). Patients awaiting transfer to a 
neurosurgical centre from the referring district general hospital may also benefit from the availability of this device. The role of TCD 
in non-invasively estimating cerebral perfusion is promising.

Figure 8.5 
(A) Relationship between our estimation of CPP 

(non-invasive CPP) and measured CPP (ABP-ICP). 
Non-invasive CPP = ABP * FVdias/ FVmean. Dashed 

lines are 95% confidence limits. (B) A representative 
trace of arterial blood pressure (ABP), ICP, FV and 
eCPP during an episode of hypotension in a head- 

injured patient. ABP = mean arterial blood pressure 
(mmHg); ICP = intracranial pressure (mmHg); FV = 

flow velocity in the middle cerebral artery (cm/s); 
eCPP = non-invasive cerebral perfusion pressure.



   

TCD as a Component in Multimodality Monitoring

TCD is an integral component of multimodality monitoring.69 When it is used in conjunction with intracranial pressure measurement, 
jugular venous bulb oximetry (SjO2), near infrared spectroscopy, laser Doppler flowmetry (LDF) and brain microelectrodes, 
important minute-by-minute information can be obtained in the brain-injured patient. Multimodal data are captured and examined at 
the bedside or subsequently in the light of available clinical information. The effect of interventions or pathological processes on 
cerebral haemodynamics can be viewed from several angles. The main factor controlling the ability
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to process such information is data acquisition. Up to 50% of data collected are often discarded because of poor quality (unpublished 
data, BFM). Nevertheless, time trends of multiple parameters get us one step closer to observing the 'whole picture' of secondary 
ischaemic brain insults. More detailed information on multimodality monitoring can be found in Chapter 11.

TCD in Anaesthesia and Intensive Care

Carotid Artery Disease

Carotid endarterectomy (CEA) can only be justified if the risk of perioperative stroke does not exceed the risk of stroke from the 
disease process. Therefore, maximum benefit of this procedure can only be realized if perioperative cerebral perfusion is optimized 
and embolic phenomena are minimized. Although the majority of perioperative strokes are embolic, hypoperfusion and or 
hyperperfusion may be responsible for over 40% of perioperative strokes.70,71 Because it is continuous and non-invasive and the 
transducer can be fixed in position without impinging on the surgical field, TCD has become one of the most important monitors of 
cerebral perfusion during cross-clamping of the carotid artery. TCD is also an important tool in the preoperative assessment and 
postoperative care of patients with carotid disease because it allows assessment of cerebral vascular reserve by examining CO2 
reactivity, the detection of pre- and postoperative emboli and testing cerebral autoregulation.70–89

Cerebral ischaemia during clamping of the internal carotid artery (ICA) is considered absent if FVmca is >40%, mild if 16–40% and 
severe if 0–15% of the preclamping value.78 This correlates well with subsequent ischaemic electroencephalographic (EEG) changes 
and may be used as an indication for shunt placement.73–78 An intravascular shunt used to bypass the clamped ICA is effective in 
restoring blood flow but does carry its own inherent problems: potential dislodgement of embolus from the distal ICA, traumatic 
dissection of the vessel wall resulting in an occluding intimal flap and a technically more difficult endarterectomy. Furthermore, there 
is some evidence to suggest that the placement of shunts in patients with post-ICA clamping velocities >40% of preclamping value 
increases the risk of embolic stroke.78 Although there is no universal consensus on the magnitude of FVmca change that necessitates 
shunt placement, a reduction in FVmca to <40% of baseline prior to clamping is the most commonly accepted indication. Unnecessary 
shunting is best avoided. TCD can also instantly detect malfunctioning shunts due to kinking or thrombosis.80

Emboli are detected on TCD as short-duration, highintensity 'chirps' and waveform analysis can help differentiate air from particulate 
emboli.90 Nevertheless, there are currently no automatic detection systems that have the required sensitivity and specificity for 
clinical use.91 Emboli can occur throughout the operation but are more frequent during dissection of the carotid arteries, upon release 
of ICA crossclamp and during wound closure.81,82,92 Although the clinical significance of TCD-detected emboli is not yet fully 
understood, they probably represent adverse embolic events during surgery.81,86,91,93 The rate of microembolus generation can 
indicate incipient carotid artery thrombosis and has been related to intraoperative infarcts and correlated to postoperative 
neuropsychological morbidity.82,86,93

At operation, emboli are clearly audible and, interestingly, surgeons will tend to adapt their operative technique to minimize embolus 
generation. Following the introduction of intraoperative TCD monitoring, some centres have reported a reduction in operative stroke 
rates.71,77 While it is tempting to attribute this reduction to the introduction of TCD monitoring, many other factors have also changed 
over this period of time.

Following closure of the arteriotomy and release of carotid clamps, FV will typically increases immediately to levels above baseline 
and gradually correct back to the preclamping baseline over the course of a few minutes.86 This hyperaemic response is to be 
expected as the dilated vascular bed vasoconstricts in autoregulatory response to an increased perfusion pressure. However, 
approximately 10% of patients are at increased risk of cerebral oedema or haemorrhage because of gross hyperaemia with velocities 
230% of baseline value lasting from several hours to days.83–85,88,94 This persistent postoperative hyperaemia, most likely in patients 
with high-grade stenosis, is probably the result of defective autoregulation in the ipsilateral hemisphere as a reduction in blood 
pressure is effective in normalizing FV and alleviating the symptoms.87 TCD provides the means of early detection and effective 
treatment of this potentially fatal complication.

Finally, the development of sudden postoperative symptoms should prompt an immediate TCD examination with reexploration of the 
endarterectomy if there is a progressive fall in velocity to below preclamping values indicating postoperative occlusion of the 
ipsilateral carotid artery.88
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Figure 8.6 
Monitoring during carotid endarterectomy. 

When a test clamp was performed, there 
was a rapid fall in blood velocity (FV cm/s) 

which was accompanied by a sustained 
fall in the cerebral function monitor 

(CFM μV). Signals recovered with the 
insertion of an intravascular shunt (shunt 

in place), with a second fall seen 
during shunt removal. Hyperaemia is 

observed when the crossclamp is released 
at end of procedure. Fv = blood velocity 
in middle cerebral artery (cm/s); BP = 
mean arterial blood pressure (mmHg); 

CFM = cerebral function monitor (μV).

Intracranial Vascular Disease

Subarachnoid Haemorrhage

Cerebral vasospasm is the leading cause of morbidity and mortality in patients who survive a subarachnoid haemorrhage (SAH). 
Although radiological evidence of vasospasm has been reported in up to 70% of angiograms performed within the first week of 
aneurysmal rupture, the incidence of clinically significant vasospasm approximates 20%.95,96 The aetiology remains uncertain but 
appears to be related to the amount and distribution of blood in the subarachnoid space. Recent work suggests that nitric oxide (NO) 
levels are reduced by extravascular oxyhaemoglobin and/or the presence of the potent vasoconstrictor endothelin.97 In the patient 
with SAH, the appearance of new focal neurological signs or a decrease in the level of consciousness may be an early sign of 
vasospasm. This is normally confirmed by CT scan and angiography. Wardlaw et al showed, in a prospective observational study, 
that routine TCD examinations made a positive contribution to the diagnosis of ischaemic neurological deficits in 72% of patients 
with this complication and led to altered management for the benefit of the patient in 43%. More importantly, TCD results did not 
have any adverse influence on management or outcome.98

Although TCD is unreliable as a measure of CBF in patients with SAH because of vasospasm-associated changes in vessel diameter, 
it has become valuable for diagnosing vasospasm non-invasively prior to the onset of clinical symptoms. As the vessel diameter is 
reduced, for a given blood flow, FV increases. Hence, cerebral vasospasm is considered present when FVmca >120 cm/s or the ratio 
between the FVmca and the FV in the ICA exceeds 3.99,100 In the sedated patient, the diagnosis of cerebral vasospasm relies on gross 
neurological signs, CT scan, cerebral angiography and TCD. Cerebral angiography and CT scan can only be performed 
intermittently, leaving TCD as the only way of diagnosing, judging the severity and the efficacy of treatment of cerebral vasospasm. 
The ratio of FV in the MCA to ICA should decrease with effective treatment. Needless to say, in order to rule out cerebral vasospasm 
by TCD, a thorough examination of the basal arteries is mandatory. Unfortunately, it is not possible to detect 'small' vessel spasm. 
Our policy is to perform daily TCD examination in all patients with SAH. Initial impressions suggest that the incidence of TCD-
diagnosed vasospasm is much higher than clinically significant vasospasm and therefore we rarely escalate therapy purely on TCD 
findings.

In addition to the detection and treatment of vasospasm, TCD has been successfully used in the perioperative management of patients 
with cerebral aneurysms in a variety of other situations. Eng et al reported the advantages of TCD monitoring for the perioperative 
management of a patient in whom the aneurysm ruptured before dural incision.101 Giller et al recently highlighted the relatively rare 
but very important incidence of embolic cerebral ischaemia after aneurysm surgery. Over a two-year period, nine out of 11 patients 



   

observed to have emboli on TCD after aneurysm surgery developed low-density areas on their CT scans, with credible sources of 
emboli identified in all patients studied.102 The advantages of detecting embolic sources are self-evident.

The treatment of giant aneurysms and certain vascular masses often necessitates ligation of the carotid artery. The ability to predict 
tolerance to carotid artery occlusion is therefore of benefit when planning such procedures. Although a trial angiographic balloon 
occlusion of the carotid artery, when awake, with concurrent blood flow studies is an accepted method for testing tolerance, it is 
invasive and cannot be
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performed at the bedside. TCD has been used to observe change in Vmca during manual compression of the ICA at the bedside. 
When the fall in FVmca does not exceed 65% of baseline value, ICA occlusion is generally well tolerated. However, when the FVmca 
falls below 65% of baseline, focal neurologic deficit can be expected in over 85% of patients tested.103 The use of TCD for 
extracranial-intracranial bypass surgery is further discussed in Chapter 15.

Arteriovenous Malformations

Arteries leading to an arteriovenous malformation (AVM) shunt blood to the venous side with flow rates out of proportion to the low 
metabolism within this abnormal vascular network. These 'feeder' vessels are characterized by high blood velocity, low pulsatility, 
low perfusion pressure and decreased CO2 reactivity.104–109 It is possible to diagnose AVMs from characteristic findings of blood 
velocity, waveform pulsatility and CO2 reactivity.106 Embolization or resection of AVMs results in normalization of FV, pulsatility 
and CO2 reactivity.110–113 Provided the feeding vessel can be monitored, intraoperative TCD can be used for estimating the 
completeness of AVM resection and for the diagnosis and treatment of the hyperperfusion syndrome.114,115 The difference in velocity 
and pulsatility of the feeding vessel and the contralateral non-feeding vessel should decrease as the AVM is resected or embolized.

Closed Head Injury

Although many factors affect outcome after head injury, episodes of hypoxaemia, hypotension and reduced cerebral perfusion due to 
high ICP are predictive of poor outcome.116,117 As they may only last a few minutes, the reliable detection and quantification of such 
episodes requires real-time measurement. The recent increase in the availability of multimodal monitoring (ICP, CPP, SjO2 and TCD) 
has made the detection of such pathophysiological episodes possible. Furthermore, as more of the 'picture' is seen with several 
monitors observing the changes at the same time, appropriate therapeutic interventions are made early. For example, Kirkpatrick et al 
were able to demonstrate that it is possible to distinguish between rises in ICP as a result of low CPP and those that result from 
hyperaemia by using TCD as part of a multimodal set-up (see Ch. 8 for more detail).118

TCD monitoring can be used to observe changes in FV and waveform pulsatility as well as for testing cerebral vascular reserve. 
Cerebral autoregulation is often impaired after head injury with an increased susceptibility to secondary ischaemic insults and 
possible correlation with poor outcome.116,119–121 The transient hyperaemic response test,60 cuff deflation-induced drop in MBP 
(dynamic tests) and vasopressor-induced increase in MBP (static tests) have all been used to test autoregulation after head injury.120–
123 However, the most non-invasive and most continuous assessment of autoregulation relies on correlating the spontaneous 
fluctuations in FVmca waveform and CPP. When autoregulation is present, little change is observed in FVmca during changes in CPP. 
Conversely, in those with impaired autoregulation, a positive linear correlation between FVmca and CPP is observed.122 In addition, by 
continuously recording the FVmca, the autoregulatory 'threshold' or breakpoint, the CPP at which autoregulation fails, can be easily 
detected, thus providing a target CPP value for treatment.

Czosnyka et al have recently published a sophisticated way of estimating cerebral autoregulatory reserve by the continuous 
assessment of the FV wave profile.122 As CPP falls, increases in pulse amplitude and PI are seen as a result of the divergence of 
systolic and diastolic FV. Thus, a decline in FVdias with a concomitant increase in PI gives an early warning of impending 
autoregulatory failure. If FVsys also falls with the drop in CPP, then all components of the FV waveform have reached the 
autoregulatory threshold, indicating severely depleted cerebrovascular reserve and worse outcome.

Cerebral vasospasm causing ischaemia or non-contusion related infarction remains an important cause of morbidity and mortality 
after head injury.124–126 The appearance of new focal neurological signs or a decrease in the level of consciousness after head injury 
may be an early sign of vasospasm. TCD can be used to diagnose and treat cerebral vasospasm using the same criteria as for patients 
with SAH. Increased FV in combination with high SjO2 values and MCA/ICA ratio <2 indicates hyperaemia, while high FV in the 
presence of low or normal SjO2 values and an MCA/ICA ratio >3 suggests cerebral vasospasm.124–126

Although clinical decisions on outcome after head injury cannot be based solely on TCD findings, the information obtained may 
provide guidance for further therapy and likely outcome. Cerebral autoregulation and CO2 vasoreactivity can be repeatedly tested in 
the intensive care unit. The loss of these hallmarks of a normal cerebral vasculature suggests poor prognosis.122,128 Similarly, the 
oscillating FV pattern typically seen prior to complete circulatory arrest can be used to confirm the diagnosis of brain death.129,130 
The use of TCD for non-invasively estimating CPP has already been addressed.
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Stroke

As well as helping to identify the source of emboli in acute ischaemic stroke, TCD can be used to identify cerebral arterial 
occlusion,l30 recanalization132–134 and the risk of haemorrhagic transformations of large-volume ischaemic lesions.135 It is possible to 
identify those patients at risk for further ischaemic episodes by repeated TCD examinations within 6, at 24 and 48 h after admission 
with acute stroke.136 Furthermore, the effect of anticoagulation on reperfusion, recanalization and outcome can also be evaluated.137 
Unilateral emboli most commonly originate from the carotid arteries, while bilateral emboli most commonly arise from cardiac sites.

Non-Neurosurgical Applications

Because it is non-invasive, TCD has found many applications outside neurosurgery and neurointensive care, mainly in those patients 
at risk of brain injury secondary to primary pathology outside the central nervous system.

Cardiac Surgery

Detection of microemboli and the estimation of cerebral perfusion during cardiac surgery are probably the most important 
applications outside neurosurgery and neurointensive care. While the incidence of stroke after cardiac surgery is estimated at 5%, 
subtler cognitive dysfunction has been reported in over 60% of patients.138 Although it may not always be a reliable monitor of CBF 
during cardiopulmonary bypass (CPB),139,140 TCD has been successfully used for emboli detection during and after cardiopulmonary 
bypass,141–145,147,148 for testing cerebral autoregulation and CO2 reactivity,146 for comparing the effects of different techniques of 
blood gas management,147 and for detecting hyperperfusion during cardiac surgery.148 Furthermore, with the increase in minimally 
invasive cardiac surgery, TCD has been used to ensure correct positioning of the endovascular aortic balloon clamp.149

Miscellaneous Uses

Alterations in CBF are implicated in the aetiology of portosystemic encephalopathy, a major complication of acute and chronic liver 
disease, with possible cerebral vasodilatation resulting in cerebral oedema and reduced CPP.150

TCD has been used to assess CO2 reactivity and cerebral autoregulation in patients with liver failure. Although cerebral 
autoregulation is often impaired in acute hepatic failure and may be restored by hypocapnic hyperventilation, CO2 reactivity remains 
unaffected.151,152 Early indications suggest that by using TCD waveform analysis (as described for head-injured patients), it is 
possible to non-invasively estimate CPP in patients with liver failure (unpublished data, BFM). The advantages of not inserting ICP 
measuring devices into patients who are often coagulopathic are self-evident.

TCD has been used to measure FV in normal pregnancy and in mothers with preeclampsia. Up to 70% of abnormal pregnancies were 
associated with elevated FV when compared to normal pregnancies.153 Furthermore, the degree of toxaemia correlated with the 
increase in FV, with progressive increases in FV often preceding neurologic symptoms.153,154 Although the significance of cerebral 
vasospasm in preeclampsia remains controversial, the cause of this increase in FV requires further investigation.

TCD has been used to detect intraoperative microemboli during major head and neck surgery.155 It has been used as a simple bedside 
test for assessment of shunt function and also for early identification of potential organ transplant donors.156,157

Conclusion

Transcranial Doppler ultrasonography is a useful non-invasive monitor of cerebral haemodynamics, benefits of which have been 
demonstrated in many specific instances. This 'window' on the brain has been severely disadvantaged by the inability to fix the probe 
in position. The majority of fixation devices require constant adjustment and often interfere with the surgical field or the intensive 
care of the patient. Although the 'Lam Frames', holders that attach to the ear canals and the bridge of the nose, seem to provide the 
most reliable intraoperative recordings (DWL, Sipplingen, Germany), ear plugs do not allow proper patient care and therefore make 
these frames unsuitable for long-term monitoring in intensive care. Recently, various non-invasive, neuromonitoring parameters 
including TCD robotic probes, near infrared spectroscopy and 'active electrodes ' for measuring bioelectric neural activity have been 
integrated in a helmet construction for recording and processing over longer periods.158,159 As manufacturers and clinicians continue 
to address the problem, more successful solutions will increase the use of this exciting technology, thereby improving our 
understanding of cerebral pathophysiology and, hence, patient care.
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The potential advantages of monitoring cerebral oxygenation in patients at risk for cerebral ischaemia are self-evident. The most 
acceptable and reliable method so far has been jugular venous bulb oximetry. The search for non-invasive methods of detecting 
cerebral desaturation has increased interest in near infrared spectroscopy (NIRS). In highly specialized centres, multiparameter 
probes are frequently used for detecting changes in brain tissue and cerebrospinal fluid PO2, PCO2 and pH.

Jugular Bulb Oximetry

Anatomy

The jugular bulb, a dilatation in the upper end of the internal jugular vein, is the final common pathway for venous blood draining 
from the cerebral hemispheres, cerebellum and brainstem. Therefore, jugular bulb oxygen saturation (SJO2) reflects the balance 
between brain supply and consumption of oxygen.

The veins draining blood from the brain join to form six major cranial sinuses (superior and inferior sagittal, the straight, occipital, 
right and left transverse). These venous channels, located between the dura mater and the periosteum lining the cranium, have no 
valves or muscle in their walls. The final common pathway for the majority of blood returning from the brain is through the right and 
left sigmoid sinuses, which curve down through the posterior fossa, over the mastoid portion of the temporal bone and then run 
forward to form the right and left internal jugular veins in the posterior part of the jugular foramen. Exceptions to this are the inferior 
petrosal sinus which joins the internal jugular vein directly and the occipital sinus which communicates with the internal vertebral 
venous plexus.1

The internal jugular vein (IJV) begins at the jugular foramen and runs down through the neck in the carotid sheath to form the 
brachiocephalic vein by joining the subclavian vein behind the medial end of the clavicle. Within the carotid sheath, the vein is 
lateral to the vagus nerve and the carotid artery. The vein is related anterolaterally to the superficial cervical fascia, the platysma, the 
transverse cutaneous nerve, the deep cervical fascia and the sternocleidomastoid muscle. Posterior to the vein lies the transverse 
processes of the cervical vertebrae, cervical plexus, phrenic nerve, vertebral vein, the first part of the subclavian artery and, on the 
left side, the thoracic duct. The lower end of the IJV dilates to form the inferior jugular bulb, above which is a bicuspid valve.

Insertion Technique

Jugular venous bulb catheters can be placed in a matter of minutes, with a complication rate similar to that seen with the placement of 
antegrade jugular venous lines.6 As with any form of invasive monitoring, maximum benefit can only be realized when 
complications of the technique are minimized. Therefore, catheters are best avoided in those with coagulation abnormalities, sepsis or 
local neck trauma.

SJO2 monitoring accurately reflects global and hemispheric cerebral oxygenation only when the dominant jugular bulb is 
cannulated.24 However, selecting the optimal side for monitoring remains difficult. Cortical blood from the sagittal sinus flows into 
the right lateral sinus while subcortical blood from the straight sinus usually goes to the left lateral sinus. Overall, flow is greater to 
the right jugular venous bulb2,3 but up to 15% difference between right and left SJO2 has been

Figure 9.1 
The technique used in our unit for inserting jugular bulb 

catheters. The junction between the sternal and clavicular 
heads of the sternocleidomastoid muscle is localized and 

the skin is punctured with a 16 gauge 5.25 inch Angiocath 
catheter (Becton and Dickinson) mounted with a 5 ml syringe.



   

During gentle aspiration, the needle is passed in a cranial 
direction for 1–2 cm, at an angle of 15–20° in the sagittal 
plane. Once the vein is entered, the catheter is advanced 
over the needle until a slight elastic resistance is felt or 

until the tip of the catheter is estimated to be just behind 
the mastoid process. SCM = sternocleidomastoid muscle; 

IJV = internal jugular vein; carotid A = carotid artery.
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demonstrated in patients with head trauma.4 It is possible to determine the dominant side of venous drainage by sequential temporary 
manual occlusion of the right and then left IJV and observing the resultant rise in intracranial pressure (ICP).5 Compressing the 
dominant jugular vein will lead to venous obstruction and a greater increase in ICP. Therefore, SJO2 should be monitored on the side 
producing the largest rise in ICP when the IJV is manually compressed. When the rise in ICP is similar during right and left IJV 
compression, the side with the greatest degree of pathology as determined by computed tomographic scan is used or in the case of 
diffuse injury, the right side is used.6 In our unit, right-sided jugular venous oximetry is used almost exclusively.

There are two main approaches for retrograde cannulation of the IJV. The vessel can be located by inserting the needle lateral to the 
carotid artery at the level of the inferior border of the thyroid cartilage, aiming towards the external auditory meatus.5 We prefer to 
locate the vessel at the junction of the sternal and clavicular heads of the sternocleidomastoid muscle.

Once the site is selected, it is prepared with antiseptic solution, draped with sterile towels and infiltrated with local anaesthetic. The 
patient is then placed in the horizontal position, with the neck in the neutral position or slightly turned to the contralateral side. The 
junction between the sternal and clavicular heads of the sternocleidomastoid muscle is localized and the skin is punctured with a 16 
gauge 5.25 inch Angiocath catheter (Becton and Dickinson) mounted with a 5 ml syringe. During gentle aspiration, the needle is 
passed in a cranial direction for 1–2 cm, at an angle of 15–20° in the sagittal plane. Once the vein is entered, the catheter is advanced 
over the needle until a slight elastic resistance is felt or until the tip of the catheter is estimated to be just behind the mastoid process. 
If difficulty in localizing the vein is encountered, the patient is tilted 15° head down until the vein is located, after which the head is 
elevated. A guidewire (Seldinger technique) is used when difficulty in passing the catheter is encountered despite a head-down tilt. If 
a central venous line is also required, it is possible to use the same side as the SJO2 catheter.

The Seldinger technique is used to insert the antegrade line and after placement of the guidewire, the retrograde catheter is inserted as 
described above. The central venous catheter is then threaded over the guidewire. This sequence prevents the accidental shearing of 
the central venous catheter when the SJO2 catheter is inserted. The area is then covered by a sterile dressing, the catheter is connected 
to a three-way stopcock and a slow continuous infusion of 0.9% saline is started to prevent catheter blockage.

When a continuous catheter is required, the Seldinger technique is used to insert the 16 gauge cannula through which the fibreoptic 
catheter is threaded and then secured. A pressurized heparanized flush system is used to maintain patency of the catheter and reduce 
the incidence of wall artefacts.7

The position of the catheter should be confirmed by lateral cervical spine X-ray or an anteroposterior chest X-ray that includes a view 
of the neck.10 The end of the catheter should lie at the level of and just medial to the mastoid bone above the lower border of C1.

SJO2 can be measured intermittently by sampling blood or continuously using a fibreoptic oximetry. Serial sampling is cheaper and 
allows calculation of arteriovenous content difference in oxygen (AVDO2), glucose and lactate. The early problems encountered with 
the use of fibreoptic oximetric catheters seem to have been reduced by the development of new, 'stiffer' catheters, less prone to 
kinking and curling back, and by careful positioning and calibration of the catheter. This has been recently confirmed by Gunn et al7 
during intracranial surgery and Souter et all8 and Coplin et al26 in the intensive care setting. Nonetheless, suspected jugular bulb 
desaturation should be verified by cooximetry before taking therapeutic actions.

Two catheters are currently available for jugular bulb oximetry: the Oximetrix (Abbott Laboratories, North Chicago, Illinois, USA) 
and the Edslab II (Baxter Healthcare Corporation, Irvine, California, USA).14 Both are size 4 French gauge double-lumen catheters.

Figure 9.2 
A lateral cervical spine X-ray following the insertion 

of a jugular bulb catheter. The arrow points to the 
tip of the catheter at the level of the mastoid bone.
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The distal lumen is used to aspirate blood for in vivo calibration while the other lumen contains two optical fibres, one to transmit 
and the other to receive light transmitted to and then returned from the jugular bulb. The Oximetrix catheter has three light-emitting 
diodes while the Edslab II has two. These diodes send red and near infra-red light, at 1 ms intervals to blood passing through the 
jugular bulb where it is absorbed, reflected and refracted. The reflected light from haemoglobin is detected by a photoelectric sensor 
and averaged for the previous 5 s to calculate haemoglobin oxygen saturation, which is then updated every second. If the light source 
at the catheter tip abuts the vessel wall a low light intensity or signal quality alarm is displayed. The Edslab II system requires the 
insertion of the patient's haemoglobin concentration for in vivo calibration, which may cast doubt on its accuracy in situations where 
the haemoglobin concentration is unstable, such as with rapid large blood loss. This and any other comparison of the two different 
systems are difficult to make as no clinical data comparing the two have been published.

Continuous fibreoptic oximetric catheters can be calibrated prior to (in vitro) or after insertion (in vivo). In vivo calibration is more 
accurate and subject to less drift.5,7,11 Drift can be further reduced by recalibration at 12-hourly intervals. The sampling port of the 
catheter should be continuously flushed with heparinized saline (1 IU/ml) at a rate of 2–4 ml/h to maintain its patency. 
Contamination of jugular bulb blood with extracranial blood depends on the speed of blood withdrawal from the catheter, with up to 
25% higher jugular venous oxygen saturation (SJO2) values seen with faster rates of blood withdrawal(>2 ml/min).9

Complications from jugular bulb catheterization are similar to those seen during the placement of antegrade internal jugular venous 
lines and are dependent on the experience of the operator.6,12 The commonest are carotid artery puncture and haematoma formation 
which occur in about 1–4% of insertions and are self-limiting. Other complications, which include damage to adjacent structures such 
as the carotid artery, vagus and phrenic nerves and the thoracic duct, are rare. Pneumothorax, venous air embolism and venous 
thrombosis are also infrequent. There is an increased risk of local and systemic infection with long-term placement.

Figure 9.3 
A single-use Angiocath catheter (Becton and Dickinson) 

and a continuous fibreoptic jugular bulb catheter (the Edslab II 
by Baxter Healthcare Corporation, Irvine, California, USA).

Clinical Applications

The first measurements of SJO2 in humans were made in the 1920s by Myerson et al.15 They sampled the jugular bulb directly with a 
needle placed near the base of the skull just below and anterior to the tip of the mastoid process. In 1953, Seldinger described the 
insertion of a wire into an artery via a needle, followed by the insertion of a catheter over the wire. This led the way to intermittent 
indirect sampling of the jugular bulb via catheters inserted into the proximal IJV and then passed distally up into the jugular bulb. In 
the late 1980s, fibreoptic catheters which could continuously measure oxygen saturation of haemoglobin were introduced into 
clinical practice.16

Cerebral Oxygenation

Normal SJO2 ranges between 55% and 85%. Levels below 55% suggest cerebral hypoperfusion with oxygen demand exceeding 
supply, while levels above 85% indicate relative hyperaemia. SJO2 is a global hemispheric measurement with obvious limitations in 
that regional ischaemia cannot be detected. This is exemplified by the case reported by Chieregato et al, where jugular bulb oximetry 
without intracranial pressure monitoring was suboptimal for managing a patient with subarachnoid haemorrhage and raised 
intracranial pressure.18 Nevertheless, while a normal SJO2 does not rule out regional ischaemia, a low SJO2 indicates that there is an 
increase in oxygen extraction or a reduction in oxygen delivery which may be an early warning sign of ischaemia.27

Episodes of cerebral venous oxygen desaturation are common in comatose patients as a result of head trauma or subarachnoid 
haemorrhage even when receiving intensive care with invasive haemodynamic and intracranial pressure monitoring.17,19,32 The 
observation that these patients have a higher mortality than those without such episodes (SJO2 <50% for more than 15 min) highlights 
the potential benefit of detecting and treating cerebral venous oxygen desaturation.17 Many of these episodes can be attributed to
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Figure 9.4 
The speed of blood withdrawal from jugular bulb catheters affects accuracy of 

reading. SJO2 values are higher with faster rates of blood withdrawal due to 
contamination with extracranial blood. Optimal rate appears to be 2 ml/min.
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hyperventilation (even moderate), reduced cerebral perfusion pressure or cerebral arterial vasospasm.

Analysis of very early jugular bulb oximetry data from severely head-injured patients revealed a high incidence of disturbed and 
inadequate cerebral perfusion in the first hours after the injury.25 These findings have important implications for the emergency 
management of such patients, as outcome may be improved by better management in the early hours after traumatic brain injury.

Matta et al demonstrated a 50% incidence of jugular venous desaturation in patients undergoing neurosurgical procedures, although 
the incidence of severe desaturation (SJO2 <45%) was much lower at 17%.6 These desaturations could not have been predicted by the 
PaCO2 level alone. In other words, without this monitor many of the episodes would have gone unnoticed.

Moss et al studied the effects of changing mean arterial pressure (MAP) on SJO2 and lactate oxygen index (LOI) in 26 patients 
undergoing anaesthesia for clipping of cerebral aneurysm.20 When considering an SJO2 value less than 54% indicative of cerebral 
hypoperfusion, they were able to identify a critical MAP of between 80 and 110 mmHg in nine patients. Patients with an LOI <0.08 
at any time during the procedure had a worse clinical outcome within the first day. Although an increase in MAP resulted in a similar 
increase in SJO2 in 19 of the patients studied, this was not always accompanied by an improved LOI. The study further highlights the 
benefits of jugular bulb cannulation to assess cerebral hypoperfusion during the intra- and postoperative management of patient with 
subarachnoid haemorrhage.

Jugular bulb oxygen desaturations have also been correlated with poor outcome in patients undergoing cardiac surgery. Croughwell 
et al used jugular bulb oximetry to calculate AVDO2 in 255 patients undergoing cardiopulmonary bypass.21 They found that cerebral 
venous desaturations (SJO2 <50%) occurred in up to 23% of the patients and correlated with worse postoperative cognitive 
function.21 The desaturations observed were the result of inadequate cerebral blood flow (CBF) in proportion to oxygen 
consumption, as indicated by a decreased CBF to AVDO2 ratio. Other suggested causes include microembolic events and 
disturbances in cerebral autoregulation. The episodes of desaturation were observed during both normothermic and hypothermic 
cardiopulmonary bypass. In a follow-up study, the same group highlighted the importance of continuously monitoring cerebral 
oxygenation during cardiac surgery as neither mixed venous oximetry nor systemic pump venous saturation is able to detect the 
adequacy of cerebral perfusion in these patients.22

Takasu et al continuously monitored systemic and jugular venous oxygenation during the 24 h after resuscitation from cardiac arrest 
in eight patients.23 The three patients that survived had significantly lower jugular venous oxygen saturation (67%) than non-
survivors (80%), whereas mixed venous saturations were higher in the survivors than in the non-survivors (74% and 64% 
respectively). The authors suggest that damaged neurons are unable to utilize oxygen adequately, resulting in the high SJO2 value and 
the poor neurologic outcome in resuscitated patients after cardiac arrest. Unfortunately, because normal SJO2 values vary between 
55% and 85%, it is unlikely that this information will be of benefit in the immediate management of these patients.

Cerebral Blood Flow and Metabolism

Jugular bulb oximetry has evolved from a combination of old and new technology. The first measurements taken from the jugular 
bulb were used to calculate cerebral blood flow (CBF) using the Fick principle.13 Cerebral metabolic rate for oxygen (CMRO2) can 
be calculated from the CBF and the difference between the arteriovenous oxygen content difference (AVDO2) using the equation:

The oxygen content can be determined using cooximetry or calculated using the equations:

where Hb = haemoglobin in g/dl, SaO2 = arterial saturation, SJO2 = jugular venous bulb saturation, PaO2 = oxygen partial pressure in 
arterial blood in mmHg, and PvO2 = oxygen partial pressure in venous blood in mmHg.

As the haemoglobin concentration is the same in arterial and venous blood and the amount of dissolved oxygen is minimal, cerebral 
metabolic rate for oxygen can be estimated from CBF and the difference in the arteriojugular bulb oxygen saturation.

Therefore, the arteriovenous oxygen content (or saturation) difference can be used to relate changes in metabolism to alterations in 
CBF. Ischaemia results in an increased AVDO2, while hyperaemia will lead to a
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reduction in the AVDO2. The same principle can be applied to other metabolites such as glucose and lactate.

Defining Critical Thresholds

Over the last 10 years the use of jugular bulb oximetry has moved from being a research tool to a standard of care in many units. In a 
survey of the intensive care management of severe head injuries in the United Kingdom published in 1996, 12% of the units 
questioned used a jugular bulb catheter for routine monitoring in more than 50% of their patients with a traumatic brain injury.28

Although prolonged marked hyperventilation is associated with poor neurological outcome after head injury, acute hyperventilation 
may be life saving.33 Hypocapnia induces cerebral vasoconstriction and although the resultant decrease in CBF and ICP may improve 
cerebral perfusion. However, excessive cerebral vasoconstriction has been shown to cause cerebral ischaemia. In addition, 
hyperventilation shifts the oxygen-haemoglobin dissociation curve to the left, thus reducing the amount of oxygen released from 
haemoglobin to brain tissue. Therefore, hyperventilation must be used with great care and should not be used to lower intracranial 
pressure without some measure of cerebral oxygenation.29,30 If hyperoxia can be used as a temporary measure to improve cerebral 
oxygen delivery during marked hyperventilation.34,35 SJO2 monitoring allows fine tuning of ventilation so that optimal brain 
oxygenation is achieved.

Brain injury is often associated with impaired cerebral pressure autoregulation. The critical perfusion threshold can be established by 
close examination of changes in SJO2 in response to changes in perfusion pressure. Lewis et al were able to demonstrate that a 
critically low level of SJO2 is a late indicator of failed autoregulation and, when used in combination with transcranial Doppler, may 
be useful in determining the level of cerebral perfusion pressure at which therapy should be aimed in the early resuscitation of head 
trauma.31

Near Infrared Spectroscopy

Near infrared spectroscopy (NIRS) is an application of a technology that has been available for a number of years. It can be used to 
provide information about changes in regional cerebral oxygenation, cerebral blood flow and volume and oxygen utilization in the 
brain.

Figure 9.5 
Suggested algorithm for treatment 

of jugular venous desaturation.

Principles

The principle behind NIRS is based upon the fact that light in the near infrared range (700–1000 nm) can pass through the skin, bone 
and other tissues relatively easily. When a beam of light is passed through brain tissue, it is both scattered and absorbed. The 
absorption of near infrared light is proportional to the concentration of certain chromophores, notably iron in haemoglobin and 
copper in cytochrome aa3. Oxygenated (HbO2) and deoxygenated haemoglobin (Hb) and cytochrome aa3 have different absorption 
spectra, depending on the substances' oxygenation status. The isobestic point of oxygenated and deoxygenated haemoglobin is at 



   

about 810 nm. Oxyhaemoglobin has a greater light absorption above this wavelength and deoxyhaemoglobin has greater light 
absorption below 810 nm. The maximum oxidation/reduction proportion for cytochrome oxidase or cytochrome aa3, which is the 
terminal member of the mitochondrial respiratory chain, is at 830 nm. This allows for the measurement of oxidation status.
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Changes of concentration of the near infrared light as it passes through these compounds can be quantified using a modified Beer–
Lambert Law which describes optical attenuation. It is expressed as:

OD = optical densities 
Ia = incident light intensity 
I = detected light intensity 
α = absorption coefficient of chromophore (mM–1 cm–1) 
C = concentration of chromophore (mM) 
L = physical distance between the points 
where light enters and leaves the tissue (cm) 
B = pathlength factor 
G = factor related to the measurement geometry and type of tissue.

In this way, changes in concentration of each of the chromophores (HbO2, Hb Cyto2) can be determined and thus the regional cerebral 
oxygenation obtained.36

'Transmission spectroscopy', although possible in neonates, is not feasible in adults because of the large head and thick skull. By 
placing the optodes a few centimeters apart on the same side of the head, it is possible to measure changes in cerebral oxygenation in 
adults using 'reflectance spectroscopy'.

Near infrared instruments are made for clinical use by a number of manufacturers. They generally consist of small optical probes 
connected to a monitoring device by a wire bundle. This enables the monitor to be placed at a distance from the patient which will 
facilitate its use in intensive care and during surgery. The rubber optical probes contain light sources consisting of small tungsten 
light filaments of less than 3 watts and two photo diodes filtered at 760 nm and 850 nm. The light sources are recessed so as to 
prevent direct skin contact. A photodiode detector converts the reflected light to a current and then to a voltage for amplification and 
signal detection.

The probes illuminate up to a volume of 10 ml of hemispherical tissue. The radial depth will depend on the interoptode distance. The 
optodes are placed on one side of the forehead away from the midline, cerebral venous sinuses and temporalis muscle and at an acute 
angle to each other with an interrupted spacing of 4–7 cm.

Using a derived algorithm, the measured changes in attenuation at each wavelength (for each chromophore) can be converted into 
equivalent changes in the concentration of HbO2, Hb and cytochrome aa3. All measurements are expressed as absolute concentration 
changes from an arbitrary zero at the start of the measurement period. Normal values of HbO2 are reported to be 60–80% and the 
ischaemic threshold is estimated to be 47% saturation.37

Clinical Applications

Near infrared spectroscopy was first used to monitor cerebral and myocardial insufficiency by Jobsis in 1977.38 Since then, it has 
been used to measure cerebral oxygenation particularly in the paediatric population to detect changes in secondary brain injury due to 
hypoxaemia and during deep hypothermic cardiopulmonary bypass.39

One of the major problems with NIRS is the inability to reliably distinguish between extracranial and intracranial changes in blood 
flow and oxygenation which may affect its rehability as a monitor of brain oxygenation in clinical practice.40–43 This is highly 
dependent on where the optodes are placed and on the distance between them. The amount of extracranial contamination decreases 
with increased optode separation, but is still noticeable at 7 cm separation.43 It is now accepted that optode separation less than 4 cm 
predominantly reflects extracranial tissue changes.44

More recently, NIRS has been used in adults to monitor patients with head injury and intracranial haemorrhage and those undergoing 
carotid endarterectomy. Kirkpatrick et al45 used the NIRO 500 cerebral oximeter (Hamamatsu Photonics, Japan) to monitor cerebral 
saturations (ScO2) in patients undergoing carotid endarterectomy under general anaesthesia. A transcranial Doppler ultrasound to 
measure middle cerebral artery flow velocity (Vmca) and cerebral function analysing monitor were also used. The NIRS was able to 
detect rapid changes in cerebral oxygenation without significant contamination from extracranial vessels. The authors were able to 
identify three categories of NIRS response during carotid endarterectomy:

1. no change in HbO2 on internal carotid clamping;

2. decrease in HbO2 that recovers during clamping;

3. decrease in HbO2 that only recovered with the release of the clamp.

In those patients in whom spontaneous recovery of the signal did not occur, a hyperaemic response with an increase in HbO2 and 
Vmca above baseline was observed.



   

By using bilateral cerebral oximetry, Samra et al were able to demonstrate a significant but variable drop in the ipsilateral ScO2 
without neurologic dysfunction in patients undergoing carotid endarterectomy under regional anaesthesia. However, they were 
unable to
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identify the critical ScO2 or change in ScO2 that requires the insertion of a shunt.46

In patients with head injury, changes in HbO2 correlate well with changes in jugular bulb oximetry, transcranial Doppler and laser 
Doppler flowmetry.47,48 However, there were instances where observed changes in Hb and HbO2 were not matched by similar 
changes in SJO2.47 Although the significance of these findings is not clear, it may be that mixing of venous blood draining from the 
sinuses reduces the sensitivity of SJO2 monitoring. In contrast, the positioning of the NIRS probe in the frontal region allows 
monitoring of oxygenation in a small region of the cortex. Whatever the case, these discrepancies require further investigation.

Although NIRS has been used to examine changes in cerebral saturation in patients undergoing cardiac surgery,49–51 because we do 
not fully understand how extracorporeal circulation affects the assumptions upon which NIRS technology is based, it is not yet 
possible to say with certainty how useful NIRS will be in patients undergoing cardiac surgery.

By using a modification of the Fick principle, NIRS can detect changes in CBF and cerebral blood volume (CBV).52–54 A sudden 
increase in SaO2 produces a bolus of HbO2, which acts as an arterial tracer which is measured in the arterial system by the pulse 
oximeter and in the brain by NIRS. Similarly, CBV can be calculated by inducing small but slow changes in SaO2 and measuring 
changes in HbO2 and Hb by NIRS. Gupta et al reported that CBV reactivities in volunteers ranged between 1.25 and 1.05 ml/100 
g/kPa of CO2.53

The potential advantages of being able to measure CBF and CBV non-invasively are obvious but, 30% of the data are rejected 
because of variations in the baseline NIRS signal, MAP or end-tidal CO2. Furthermore, recently published data by Owen-Reece et al 
suggest that the technique considerably underestimates CBF because of the optical effects of extracranial tissue.55 Hence further 
validation of these techniques is required before they can be adopted as part of normal clinical practice.

Regardless of these problems NIRS is able to monitor trends in oxygenation in the individual patient and may be useful as an adjunct 
to the multimodal monitoring system described elsewhere.

Tissue Oxygen Measurement

The ability to measure oxygen tension in tissue was first reported by Clark in 1956. Polarographic multiwire surface and depth 
electrodes have since been used to measure oxygenation and various experiments have been performed to assess brain tissue PO2 and 
its regulatory mechanisms.56–67 There are now a number of reports on in vivo measurements of tissue PO2 in human brain cortex.56,61 
At present, two commercially available sensors are used for measuring brain tissue oxygenation. One is the Licox sensor (GMS, 
Germany), which measures brain tissue oxygen only, and the other is the Neurotrend sensor (Diametrics Medical, High Wycombe, 
UK), which measures brain tissue oxygen, carbon dioxide and pH. Both devices can be used to measure brain temperature. The 
increased interest in the use of these sensors has come from the inability of jugular bulb oximetry to accurately detect regional 
ischaemia and the contamination of the NIRS signal with extracranial blood.

Brain Tissue Oxygen Monitoring (LICOX)

This consists of a polarographic electrochemical microsensor and a thermocouple which measure oxygen and temperature 
respectively. The polarographic cell, 0.47 mm and 200–300 mm in length depending on the type of probe is contained in a closed 
flexible polythene tube. The PO2 sensor is 4.5 mm long and lies 7 mm from the tip. The probe is usually inserted into the brain via a 
single or triple-lumen bolt fixed into the skull. The probe requires a 20-min period of stabilization. Oxygen diffuses from the tissue 
through the polyethylene wall of the catheter into its inner electrolyte chamber. A current is generated by the transformation of 
oxygen by the polarographic cathode, a negatively polarized precious metal electrode, to hydroxide ions, which is then displayed as 
PO2 and temperature values. The sensor is calibrated prior to insertion into the tissue either by inserting the catheter in an O2 free 
nitrogen solution and subsequently in room air, which takes approximately 1 h and has the potential risk of compromising sterility, or 
by using the manufacturer's catheter-specific calibration settings on the monitor.

Clinical Application

The Licox sensor has been used to measure PO2 in a variety of tissues that include skeletal muscle, liver, cutaneous tissue, 
myocardium and brain. Data available suggest that, at least in animals, arterial PO2 and PCO2 exert a major influence on CSF PO2 
which ranges from 61 to 64 mm Hg. Not surprisingly, CSF PO2 values are also dependent on changes in cerebral perfusion, 
intracranial and mean arterial pressures.68 In an experimental model of cerebral ischaemia, in addition to confirming the relationship 
between
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arterial PO2 and CSF PO2, Mass et al were able to demonstrate that during reperfusion, brain tissue PO2 may remain low or even 
decrease further despite increases in CSF PO2.69

Although normal brain tissue PO2 values in humans are similar to those in animals (25–30 mmHg), some investigators have reported 
higher levels in patients with brain tumours, especially in the peritumoural tissue.56,61 Increases in intracranial pressure and brain 
swelling decrease brain tissue PO2, with levels as low as 5 mmHg preceding the clinical manifestation of cerebral herniation leading 
to brain death.69,70 Meixensberger et al demonstrated that changes in arterial PO2 correlate with changes in normal but not abnormal 
brain tissue PO2.70 Hypoventilation, however, leads to a reduction in both normal and abnormal brain tissue PO2.70

The effects of reducing cerebral perfusion pressure on CSF and brain tissue PO2 are demonstrated in Figure 9.5.

Brain tissue PO2 values < 20 mmHg have been reported in the first 24 h after head injury.71 Levels below 6 mmHg after brain trauma 
are associated with increased risk of death.83

The Licox sensor uderestimates brain tissue PO2 by up to 8.5% especially in the first four days of monitoring.72 Overall, both the 
sensitivity drift (–8.5%) and the zero drift (1.5 mmHg) are found to be acceptable in clinical practice. Despite its highly invasive 
nature, early reports suggest this type of monitoring is safe, with no increased incidence of infection and only a very small risk of 
haematoma formation.72

Multiparameter Monitoring of Brain Tissue (Neurotrend)

Measurement of brain tissue PO2, PCO2, pH and temperature was first performed using a Paratrend 7 sensor soon after the 
introduction of the Licox probe as a brain tissue PO2 sensor. The sensor was originally designed for continuous intra-arterial blood 

gas monitoring and has been recently adapted for continuous intracerebral monitoring (renamed Neurotrend ).

The pH sensor is a 175 μm polymethyl methacrolate fibre with three radial holes drilled in it using a laser. A stainless steel mirror is 
encapsulated in the end of the fibre. This arrangement represents a miniature spectrophotometer. Into the holes is placed 
polyacrylamide gel containing immobilized phenol red dye. The dye changes colour in response to the concentration of hydrogen 
ions. The change is reversible so that both increases and decreases in pH can be detected by irradiating the dye cell with green light. 
By measuring the absorbence of green light by the phenol red dye, a measurement of the pH can be made.73

The PCO2 sensor is similar to the pH fibre but has a gaspermeable membrane enclosing the holes in the fibre. The membranes and the 
holes in the fibre are filled with a bicarbonate solution containing phenol red dye as indicator. Carbon dioxide is diffused through the 
membrane into the reservoir and changes the pH of the solution.

The oxygen sensor in the recently introduced Neurotrend sensor is based on fluorescent technology and contains entrapped 
ruthenium-based dye, which absorbs the blue light at 450–470 nm passed down the fibre. The dye then emits a proportion of the 
energy it has absorbed as light of another wavelength (620 nm). The difference between the two wavelengths, the absorption and 
emission, is called the Stoke's shift. Oxygen reduces the amount of fluorescent light, socalled 'oxygen quenching'. The amount of 
quenching is proportional to the concentration of oxygen and thus, changes in fluorescent light are used to estimate PO2. Preliminary 
data from using this probe are promising.

The thermocouple is constructed by the welding of copper and constantan wires into a ball weld of 0.0036 inches. The weld is then 
potted in silicone rubber to prevent corrosion. The four sensors are place inside a polyethylene sheath, the front region of which is 
microporous and covers the sensing ends of the sensors. The microporous region is filled with polyacrylamide gel which contains 
phenol red. The outer surface of the sensor is coated with a covalently bonded polyethylene. The outer diameter of the whole sensor 
is approximately 0.5 mm. In order to achieve this compact configuration, the individual sensing elements are staggered from the tip. 
The probe is packaged with the sensor sealed within a tonometer containing buffer solution, through which standard precision gases 
are bubbled for calibration of the sensor. It is supplied as a sterile, single-use, disposable device designed to be inserted through an 18 
or 20 gauge arterial cannula.

Prior to insertion, the sensor is calibrated with the three precision gases supplied. The first gas contains 2% CO2, 15% O2 and a 
balance of nitrogen; the second gas comprises 5% CO2, 15% O2 and a balance of nitrogen; the third gas is 10% CO2, 15% O2 and a 
balance of nitrogen. Each gas is bubbled into the calibrating solution for 10 min. The oxygen calibration curve is constructed using 
an electric zero and 15% oxygen gas, assuming linear properties of the electrode. The CO2 and pH calibration curves are constructed 
within the range 10–80 mmHg using the three CO2 gas concentrations: 2%, 14 mmHg (pH 7.83); 5%, 36 mmHg (pH 7.43); and 10%, 
71 mmHg
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(pH 7.13). The range of 95 % confidence limits for each sensor has been determined by in vitro testing.73

These sensors have been mainly evaluated for continuous intra-arterial use,73–75 continuous monitoring of gastrointestinal mucosal 
PCO276 and are increasingly being implanted into brain tissue to continuously monitor tissue CO2

, pH, PO2 and temperature.77,78 The effects of 
temporary focal ischaemia, hypoventilation and anaesthetic drugs on brain parenchyma PO2 PCO2 and pH are being evaluated. Initial 
reports suggest the changes to be reliable and reproducible.79,80 Reported brain tissue PO2 values in patients who have suffered a 
severe head injury are similar to those obtained using the Licox sensor. Furthermore, it appears that focal changes in oxygenation 
may not be always reflected by global measurements such as SJO2.81,82,84

Figure 9.6 
Demonstration that the correlation between changes 

in jugular venous oxygen saturation (∂SJO2) and brain 
tissue PO2 (∂PbO2) is dependent on the position 

of the sensor. Good correlation when the sensor is in 
normal brain tissue (A) and poor correlation when 

the sensor is in an area of focal pathology (B) 
(reproduced with permission from reference83).

Figure 9.7 
The effect of hyperventilation on brain tissue oxygenation 

in areas of focal pathology and with no focal pathology 
(reproduced with permission from reference83).

A variety of bolts for inserting brain tissue sensors into brain tissue are currently available. Although there have been no reports of 
adverse effects associated with the insertion of these sensors, the true risks associated with the use of brain tissue probes will only 



   

become apparent once a large number of sensors have been used. Furthermore, as these measurements have not been correlated 
against a 'gold standard' of brain oxygenation such as positron emission tomography, further studies are required to confirm the 
reliability and accuracy of these sensors as estimates of brain tissue PO2, PCO2 and pH.

Conclusion

By providing an indication of cerebral ischaemia, cerebral oximetry may allow appropriate therapy to be given before neurologic 
damage becomes permanent. There is no 'gold standard' for measuring cerebral oxygenation. Jugular venous bulb oximetry is a 
global hemispheric measure with low sensitivity for detecting regional ischaemia. Although the non-invasive NIRS is promising, the 
assumption that NIRS always reflect cerebral changes is unwarranted at present. The microprobe electrode is highly sensitive but, 
because of its highly invasive nature, is unlikely to be widely used outside specialized neurosurgical units. At present, none of the 
methods available is sufficiently reliable or well tested to enable us to influence the clinical management of neurologically injured 
patient with absolute certainty. However, further research and improvement in technology and the ability to incorporate these 
methods into multimodal monitoring may allow early interventions with an improvement in outcome.
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Figure 9.8 
A summary diagram showing the currently available methods 

for cerebral oximetry. NIRS = near infrared spectroscopy.
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Introduction

The cellular mechanisms which accompany injury to the brain following ischaemia or trauma are complex and poorly understood. 
They include direct damage as a result of the mechanical event, chemical damage mediated by neurotransmitters, damage resulting 
from abnormal fluxes of ions across membranes, free radical-induced damage and various inflammatory responses.1–4 These events 
do not occur in isolation but interact to form a cascade which ultimately results in cell death (see Ch. 4). Attempts to block these 
mechanisms have progressed to clinical trials in head injury.5–6 However, despite success in pre clinical research studies, 
experimental therapies have not been proven in human head injury and stroke.

The ability to investigate the chemistry at a cellular level is likely to assist in the understanding of the pathophysiology following 
brain injury. Several methods exist to monitor brain metabolism including imaging techniques such as positron emission tomography 
(PET), magnetic resonance spectroscopy (MRS) and analysis of the venous blood from the jugular bulb and CSF sampling from 
ventricular drains and lumbar puncture. However, the ability to directly measure the chemistry continuously in the brain following 
injury has only recently become possible using the technique of microdialysis.

Monitoring Brain Chemistry

The methods available for measuring substances in the brain can be divided into imaging techniques and direct sampling procedures.

Imaging Techniques

Imaging techniques enable cerebral chemistry to be investigated non-invasively and provide global images of the whole brain. PET 
measures the local rates of chemical processes in humans in vivo using similar principles to quantitative autoradiography in 
animals.7–9 Tissue take-up of radiolabel from a labelled compound circulating in the blood is imaged. PET can measure cerebral 
blood flow, local oxygen consumption, local glucose utilization and protein synthesis.

Brain chemistry can also be investigated using MRS, the application of magnetic resonance imaging (MRI) to assess the metabolism 
of tissues.10–13 Conventional MRI assesses the concentration of water in molar terms. MRS provides information on brain chemistry 
by focusing on metabolites, e.g. N-acetyl-aspartate, choline, creatinine, lactate and glutamate, in milli- and micromolar terms.

Imaging techniques have the advantage of assessing substance concentration non-invasively, enabling regional and global 
measurements of metabolism. However, the number of substances that can be measured compared to focal invasive techniques such 
as microdialysis is limited and continuous monitoring over hours and days is not possible. Imaging techniques also do not typically 
differentiate between the intra- and extracellular components of the tissue. They therefore provide measures of activity within tissues 
but do not measure the concentration of substances in the interstitial fluid where interactions between cells occur.

Direct Sampling Techniques

The application of fine probes to monitor neurosurgical patients is well established. Fibreoptic sensors and pressure transducers are 
routinely used to measure intracranial pressure.14–16 Laser Doppler probes have been used to measure local cerebral blood flow.17–18 
More recently, modified Clark electrodes have been developed to measure brain tissue oxygen. Miniature spectrophotometers 
measure the tissue concentration of carbon dioxide and hydrogen ions.19–23 These techniques are described in Chapter 9.

Measurement of substrate and metabolite concentration of the brain as opposed to physiological parameters such as pressure and 
tissue gas concentration is now possible using microdialysis.24–27 Pioneered by Ungerstedt in animal studies, this technique has now 
been applied to monitor the biochemistry of the human brain.28–32

Principles of Microdialysis

The principle of microdialysis is based on the passive transfer of substances across a dialysis membrane (Fig. 10.1). A fine concentric 
catheter lined with dialysis membrane is placed within the tissue, for example cerebral parenchyma, and perfused continuously with a 
physiological solution such as normal saline or Ringer's solution at very low flow rates (typically 0.5–1.5 ml/day) using a precision 
pump. Ions, metabolite/substrates (e.g. glucose, lactate, pyruvate), amino acids, neurotransmitters and drugs are able to cross the 
dialysis membrane, which typically has a molecular weight cut-off of 20kD, into the dialysate. Membranes with higher molecular 
weight cut-offs, e.g. 100kD, can be used to monitor polypeptides and
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Figure 10.1 
Diagram of concentric microdialysis catheter. 
The catheter consists of two tubes. The outer 

tube consists of dialysis membrane. Physiological 
solution is pumped through the space between the 
dialysis membrane and the inner tube. Molecules 

diffuse across the membrane from the extracellular 
fluid into the physiological solution which, on 
reaching the tip of the catheter, passes up the 
inner tube into collecting vials for analysis.

proteins such as cytokines. The dialysate is collected from the catheter into vials which are changed as required, for example every 
10–60 min, for analysis using a bedside spectrophotometry analyser or liquid chromatography system.

The level of substance detected in the dialysis fluid does not equate with the true extracellular fluid concentration.27–28 The term 
'recovery' is applied to the proportion of substance in the extracellular fluid that is detected in the dialysate. It depends on the length 
of the dialysis membrane, the rate of flow of the perfusion liquid, the speed of diffusion of the substance and the properties of the 
membrane. The ability of the microdialysis catheter to extract substances from the extracellular fluid can be described in two ways. 
Relative (concentration) recovery is defined as the ratio of the concentration of the substance in the dialysate to that in the medium 
surrounding the probe and is expressed as a percentage (Fig. 10.2). It approaches 100% when flow rate approaches zero. Absolute 
(mass) recovery is defined as the amount of substance in the dialysate output during a defined time period, usually the sampling 
period. It approaches a maximum value at higher flow rates because the concentration gradients between the environment and the 
perfusate/dialysate are then maximal. In practice, long membranes (4–30mm) and slow flow rates (0.3–2 μl/min) are used to increase 
recovery rates. However, long membranes are more difficult to implant and may monitor heterogeneous brain areas, while slow flow 
rates cause greater delay in sample analysis and produce lower volumes.

Figure 10.2 
Schematic representation of the effect of changing 
flow rate on relative and absolute recovery of an 

analyte for a standard concentric microdialysis catheter.

Although in vitro recovery studies can be useful in defining the performance of a microdialysis catheter, these data cannot be used to 
calculate the true extracellular in vivo concentration of a substance due to site-to-site variation in mass transfer properties, such as the 
contribution of active processes from local blood vessels.33–35

A number of models have been proposed to enable in vivo calibration to be performed. These include the extrapolation to zero flow 
model, no net flux model and dialysable reference model.36 The application of probes to monitor brain metabolism is associated with 
a number of potential complications which require critical appraisal. Concern that probe insertion causes cellular injury has been 
investigated in animal studies. Early studies conducted in animals reported evidence of reversible uncoupling of local cerebral blood 
flow from glucose metabolism following probe insertion.25,37 However, this was probably a consequence of the damage caused using 
the relatively large devices available at the time. After several days reticular formation and gliosis were commonly observed in these 
early studies.38 This is almost certainly a consequence of a lack of sterility of the catheter. Histological studies show only occasional 
microhaemorrhages.38 Increasing experience in human cerebral microdialysis has demonstrated that the technique can be applied 
safely. Substance recovery rates may take longer to stabilize than in animal studies which may be related to membrane length. 
However, probe performance is maintained without loss of recovery rates for several days. Postmortem studies of sheep and human 
brain have revealed no or minimal disruption of the cerebral parenchyma as a result of microdialysis catheter implantation.39–40

The diffusion properties of substances in simple solution in vitro differ from those of the complex envi-
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ronment of the brain.31 In vivo calibration studies as described above are therefore required to determine the true extracellular 
concentration of substances. The expansion of the extracellular space in vasogenic oedema will potentially lead to a greater volume 
of distribution of substances and a higher diffusion coefficient than in normal brain. The extent to which this potential problem 
applies to clinical cerebral microdialysis monitoring is unknown.

The differentiation between the detection of true synaptic neurotransmitter release and non-specific overflow from synaptic and non-
synaptic sources is also unclear.27 Currently the smallest catheters available are about 200 μm external diameter. The synaptic cleft is 
approximately 0.02 μm across. Consequently, it is not possible to monitor neurotransmitter release in this region. However, 
considerable evidence suggests that many systems function via overflow mechanisms as well as classic vesicular release from the 
presynaptic membrane, diffusion across the synaptic cleft and binding to postsynaptic membrane receptors. For many 
neurotransmitter systems (e.g. noradrenaline, dopamine, serotonin, glutamate), reuptake mechanisms ensure termination of effect by 
removal of the transmitter from the synaptic cleft.

Despite these concerns, clinical cerebral microdialysis has been successfully introduced into several neurosurgical units.

Clinical Applications of Cerebral Microdialysis

Clinical microdialysis has been applied in the ward, in intensive care, in the operating theatre and to ambulatory patients. 
Microdialysis catheters may be secured in position by tunnelling and suturing to the scalp or inserted via a fixation bolt in 
combination with other monitoring probes such as intracranial pressure transducers and brain oxygen sensors.22,41,42 In addition to 
cerebral monitoring, the technique has been used in other sites including skin,43 subcutaneous adipose tissue,44–45 myocardium and 
skeletal muscle.46 Peripheral microdialysis has been used to measure subcutaneous glucose concentrations in diabetic patients47 and 
to monitor the metabolism of flaps in plastic surgery.48

Glucose, lactate, the lactate:pyruvate (LP) ratio, glutamate and glycerol have been identified as useful markers of disturbances in 
brain energy metabolism. The level of glucose indicates the amount of glucose available to the cells, the lactate and LP ratio indicate 
the amount of oxygen and glucose used by the cells, the level of glutamate indicates the extent of possible cytotoxic damage to the 
cells and the level of glycerol indicates the extent of cell membrane disintegration.

The first report of human intracerebral microdialysis investigated biochemical changes during thalamotomy for Parkinson's disease.49

Subsequent studies have focused on ischaemia/trauma, epilepsy and tumours.

Ischaemia/Trauma

The application of microdialysis for monitoring patients on neurosurgical intensive care was pioneered in Uppsala, Sweden. Changes 
in the microdialysis concentration of lactate, pyruvate and glutamate in four patients corresponded with clinical events such as 
periods of raised intracranial pressure.50 Further studies by the same group demonstrated correlation between levels of excitatory 
amino acids and outcome in subarachnoid haemorrhage51 and increased levels in energy-related metabolites in areas of ischaemia as 
defined by PET.52 Glycerol was recognized as a marker of cell membrane breakdown in ischaemia.53

In Richmond, Virginia, Bullock and Marmarou have investigated in detail patterns of excitatory amino acid release following severe 
head injury in a series of 80 patients, demonstrating that in patients without secondary brain injury, excitatory amino acid release is a 
transient phenomenon but in patients with secondary insults and particularly patients with contusions, very high levels of glutamate 
are detected.54–55 Glutamate release has also been shown to relate to intracranial hypertension, seizure activity56 and outcome. Other 
investigators have shown a relationship between lactate levels and outcome following head injury and increased lactate levels in 
response to periods of physiological deterioration.57–59 Figure 10.3 shows improving metabolism in a patient following severe head 
injury.

In addition to monitoring patients on the intensive care unit, peroperative microdialysis has been applied to monitor metabolism 
during cerebrovascular surgery. The effects of ischaemia during aneurysm surgery have been related to low levels of glucose and 
raised levels of ascorbic acid, glutathione, lactate, glutamate and glial fibrillary acidic protein.60–65 We have demonstrated increases 
in the LP ratio and decreases in glucose in association with reduced brain tissue oxygen during and following aneurysm surgery (Fig. 
10.4).66

Epilepsy

Evidence that glutamate is implicated in the pathogenesis of epileptic seizures has prompted studies of
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Figure 10.3 
Cerebral hemisphere microdialysis and oxygen 

levels in a patient with a brainstem haemorrhage 
showing decrease in lactate:pyruvate ratio and 

glutamate concentration and fluctuation in glucose 
concentration. Spikes in the oxygen tracing 

represent periods of bagging with 100% oxygen.

microdialysis during epilepsy surgery.67–69 Bilateral hippocampal microdialysis has been performed to test the hypothesis that an 
increase in extracellular glutamate may trigger spontaneous seizures.70 Immediately prior to seizure activity, high concentrations of 
glutamate were measured in the epileptogenic hippocampus.67 During seizure activity, rises in glutamate concentrations to potentially 
neurotoxic concentrations were documented. Rises in aspartate, lactate, adenosine, glycine, serine, alanine and phosphoethanolamine 
have also been reported in epileptic foci.68,69,71–73

Tumours

In comparison to the investigation of patients with head injury, subarachnoid haemorrhage and epilepsy, tumour chemistry has not 
been extensively investigated. However, microdialysis has been used to administer exogenous substances to the brain. L-2,4 
diaminobutyric acid, an amino acid with potent antitumour activity delivered using microdialysis into gliomas, has demonstrated 
tumour necrosis.74

Figure 10.4 
Cerebral microdialysis monitoring in patient 

with cerebral ischaemia following subarachnoid 
haemorrhage showing increase in lactate: 

pyruvate ratio and decrease in glucose.

Summary

Microdialysis is an in vivo sampling technique which measures the level of extracellular molecules. It is based on the transfer of 
molecules across a dialysis membrane and enables the biochemical monitoring of metabolic events. It can be performed in many 
types of tissue. Human cerebral microdialysis has been used to determine the metabolic state of the brain in patients with head injury 
and subarachnoid haemorrhage. Studies to determine whether microdialysis has a role in assisting in therapeutic decision making are 
currently in progress.
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Introduction

One of the key principles behind the establishment of specialist neurointensive care units is that following acute brain injury (be it 
from head trauma, spontaneous subarachnoid or intracerebral haemorrhage or embolic stroke), continuing cerebral ischaemia is a 
significant factor in determining outcome.

Up to 90% of patients who die from severe head injury have histological evidence of ischaemic brain necrosis at postmortem.1,2 
Analysis of the National Institute of Neurological Disease and Stroke Traumatic Coma Data Bank indicates that mortality after 
severe head injury doubles from 30% in patients who remain normotensive and adequately oxygenated to 60% in those who suffer 
hypoxaemia or hypotension.3 Similarly, approximately one-third of all patients with subarachnoid haemorrhage develop clinical 
signs of delayed ischaemic neurologic deficit, probably as a result of cerebral arterial vasospasm.4 Vasospasm is the most important 
factor that prevents a good outcome in a patient with good-grade subarachnoid haemorrhage undergoing early clipping of a ruptured 
cerebral aneurysm. In addition to the high risk of delayed ischaemic neurologic deficit, patients with poor-grade subarachnoid 
haemorrhage often suffer ischaemia from the outset due to increased intracranial pressure, reduced cerebral perfusion pressure and 
blood pressure abnormalities. Contrary to the widely held view that poor-grade subarachnoid haemorrhage patients are unlikely to 
benefit from aggressive treatment and surgical intervention, Le Roux et al were able to demonstrate that 30% of these patients will 
have good outcome with either no or non-debilitating neurologic deficit if treated aggressively from the outset.5

By examining changes in cerebral blood flow (CBF) and rate of oxygen metabolism (CMRO2), positron emission tomography (PET) 
studies have demonstrated that following embolic stroke, there are often large regions of ischaemic but potentially viable cerebral 
tissue.6,7

In all the conditions described above, the pathophysiology producing cerebral ischaemia is complex and heterogeneous and can 
change rapidly. Without the ability to immediately detect subtle changes in cerebral haemodynamics and oxygenation, cerebral 
ischaemia cannot be prevented or treated effectively. This requires continuous monitoring modalities, with welldefined thresholds, 
which can be easily applied at the patient's bedside. By simultaneous monitoring of several parameters sensitive to brain ischaemia, 
the multimodal approach provides the 'picture' from several angles, thus increasing our understanding of the pathophysiology of brain 
injury and our ability to prevent secondary cerebral ischaemia.

This chapter is an overview of the multimodal monitoring system currently used within the Addenbrooke's Neurosciences Critical 
Care Unit in Cambridge.

General Considerations Regarding Multimodal Monitoring

Identifying the Different Causes of Common Endpoints

By using multimodal monitoring, it is possible to identify different causes for a particular change in a monitored parameter. For 
example, an increase in ICP may be the result of an increase in cerebral blood volume in hyperperfusion (hyperaemia) or cytotoxic 
oedema generated by hypoperfusion (ischaemia). Monitoring ICP in isolation cannot identify the primary event leading to this 
increase. However, if transcranial Doppler ultrasonography is used to monitor flow velocity (FV) in the basal arteries and a jugular 
bulb catheter is used for cerebral oximetry (SjO2), the cause of this increase in ICP may become apparent. Hyperaemia will be 
accompanied by an increase in FV and SjO2, while hypoperfusion will result in a decrease in FV and SjO2. (Figure 11.1). The most 
appropriate and therapeutic intervention can then be applied; hyperventilation will reduce ICP in hyperaemic patients, but may be 
detrimental in patients with hypoperfusion as it will further reduce cerebral blood flow.8

Defining Critical Threshold for Individual Patients at Particular Time Points

The maintenance of adequate cerebral perfusion pressure (CPP) in brain-injured patients seems to offer the best chance of a 
favourable outcome. However, the 'absolute' threshold for CPP, and indeed many other parameters, below which brain ischaemia is 
likely remain widely debated issues.9,10 In reality, the preferred CPP may vary between patients and even within the same patient 
with time and type of treatment. Multimodal monitoring can provide 'online' assessment of cerebral haemodynamics, thus promoting 
a more informed decision on what CPP level is appropriate at that particular instant in that individual patient. For example, in a 
patient with a raised ICP secondary to hyperaemia, a CPP of 50 mmHg may be adequate whereas a threshold of 70
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Figure 11.1 
A recording of two events characterized by intracranial 
hypertension (ICP) in a head-injured patient receiving 

intensive care. By using multimodality monitoring, it is 
possible to identify the cause of this increase. (Top trace) 

The increase in ICP is secondary to an increase in 
cerebral blood volume (hyperaemia) as both the jugular 
bulb saturations (SjO2%) and blood velocity (FV cm/s) 

increase, with stable cerebral perfusion pressure (CPP mmHg). 
(Bottom trace) The rise in ICP is secondary to a fall in CPP 
as the FV and the SjO2 also fall, indicating hypoperfusion. 

(Reproduced with permission from PJ Kirkpatrick.)

mmHg or greater would be used for the patient with a raised ICP secondary to brain ischaemic.

Distinguishing Artefacts from Genuine Changes in Cerebral Haemodynamics

All monitoring devices are prone to artefacts. The difficulty lies in identifying a genuine from an artefactual change in a measured 
parameter. When several parameters are monitored, a genuine change in cerebral physiology is likely to affect more than one 
monitored parameter, whereas an artefact will only appear in one. Hence, multimodal monitoring will increase the sensitivity and 
specificity of secondary insult detection.



   

Figure 11.2 
Multimodal recording of intracranial pressure 
(ICP), cerebral oxyhaemoglobin concentration 

(HbO2) measured with near infrared spectroscopy, 
transcranial Doppler middle cerebral artery flow 

velocity (FV) and cortical laser Doppler flux 
during an ICP plateau wave in a patient with 

severe head injury. The ICP elevation is associated 
with features of ischaemia as FV, HbO2 and LDF are 
all seen to decrease in a temporally related fashion.

Ability to Distinguish Global from Regional Changes

The injured brain is heterogeneous. Therefore, normal and injured parts of the brain may respond differently to alterations in 
physiology or pathophysi-
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ology. By using multimodal monitoring, it is possible to observe regional and global changes in cerebral haemodynamics. For 
example, the use of jugular bulb oximetry and tissue probes allows observation of changes in global (SjO2) and regional (contused 
area) oxygenation with changes in PaCO2, CPP and temperature.11 Treatment can then be directed at correcting the most abnormal 
parameter.

Testing Cerebral Vascular Reserve

Cerebral vascular reactivity to carbon dioxide and an intact autoregulatory response to changes in CPP are the two hallmarks of 
normal cerebral vasculature. Cerebral vasoparalysis often signals that the vasculature is maximally vasodilated in response to 
cerebral ischaemia. It therefore represents a final common pathway for many pathological processes. The state of cerebral 
autoregulation after severe head injury can be as reliable in predicting outcome as the admission Glasgow Coma Score (GCS).12 
Multimodal monitoring techniques allow continuous assessment of the state of cerebral vasoreactivity to changes in CPP and PaCO2. 
Many of these techniques are described later in this chapter.

Figure 11.3 
Changes in brain tissue PO2 (PbO2 mmHg) and 
jugular bulb oxygen saturation (SjO2%) during 
hyperventilation in head-injured patients. (A) 
In areas of no focal pathology, there is a good 
correlation between changes in PbO2 and SjO2, 

while in areas of focal pathology this correlation 
is absent (B). PbO2 = brain tissue oxygen 

tension; PaCO2 = arterial carbon dioxide tension. 
(Redrawn from reference11 with permission.)

Multimodal Monitoring Is Dependent on the Availability of Equipment and Staff

Multimodal monitoring set-ups are costly in terms of both expenditure and staff time.13 Therefore, data of significant clinical value 
are only likely to be collected if the equipment is available and monitoring can be instituted easily. The availability of support staff 
familiar with computer hardware and software is invaluable. Best data are collected when the nursing staff caring for the patient 
being monitored are familiar with the set-up, regularly educated and see the benefits of multimodal monitoring in altering clinical 
decision making.

Monitored Modalities

All patients with altered GCS admitted to our intensive care unit will have electrocardiograph, pulse oximetry, invasive blood and 
central venous blood pressure monitored. Pulmonary artery flotation catheters are used for continuous measurement of cardiac output 
when deemed necessary. Cerebral parameters that we currently monitor in patients with cerebral pathology are outlined below. The 



   

level of monitoring depends on the degree of brain injury. For greater detail on a particular modality, please consult the appropriate 
chapter.

Intracranial and Cerebral Perfusion Pressure

Although the gold standard of ICP monitoring remains the measurement of intraventricular fluid pressure either directly or via a CSF 
reservoir, in practice many centres, including our own, frequently use intraparenchymal microtransducers inserted via a bolt placed in 
the skull. These microtransducers have very low zero drift over long periods of monitoring, very good frequency response and stable 
linearity and are associated with a lower risk of infection than ventricular catheters.14

In the sedated and ventilated patient, in whom neurological state (other than pupillary response) cannot be
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Table 11.1 Monitoring in the Addenbrooke's Neurosciences Critical Care Unit

Patient type Standard of care monitors Part of a research protocol

All patients ECG, non-invasive blood pressure, 
pulse oximetry, temperature

 

Patients requiring mechanical 
ventilation (postoperative, non-
neurologic injury)

All of the above + invasive blood 
pressure, central venous pressure ± 
pulmonary artery wedge pressure 
and cardiac output

 

Head injury (GCS <9) All of the above + intracranial 
pressure monitoring (+ cerebral 
perfusion pressure), jugular bulb 
oximetry and daily transcranial 
Doppler ultrasonography

Near infrared spectroscopy 
Laser Doppler flowmetry 
Intracerebral microsensors 
Intracerebral microdialysis

Poor-grade subarachnoid 
haemorrhage

All of the above + intracranial 
pressure monitoring (+ cerebral 
perfusion pressure), jugular bulb 
oximetry and twice-daily 
transcranial Doppler 
ultrasonography

Near infrared spectroscopy 
Laser Doppler flowmetry 
Intracerebral microsensors 
Intracerebral microdialysis

assessed clinically, the measurement of ICP will ensure the maintenance of adequate cerebral perfusion pressure and early detection 
of intracranial lesions that may be surgically treatable (such as an intracranial haematoma or acute hydrocephalus). Increases in ICP 
>25 mmHg after severe head injury are associated with worse outcome15 and the reduction in ICP following the early evacuation of 
an intracranial haematoma can significantly improve outcome.16 Cerebral perfusion pressure-targeted therapy, shown to improve 
outcome after severe head injury, cannot be successfully implemented without measurement of the ICP.9

Impaired cerebral autoregulation after head injury has been associated with worse outcome.11 ICP waveform analysis during 
spontaneous fluctuations in arterial blood pressure can provide important information about the state of cerebral autoregulation and 
the adequacy of cerebral perfusion in brain-injured patients.17 Briefly, the pulsatility of an ICP waveform (expressed as the pulse 
amplitude in mmHg) increases with any increase in ICP. When the change in ICP pulse amplitude is linearly correlated with the 
change in ICP, a regression correlation coefficient (the RAP coefficient, derived from the Regression of Amplitude and Pressure) is 
obtained. RAP will be positive and usually equates to +1. This relationship holds until the ICP is high enough to restrict the volume 
of blood flowing into the cranial compartment with each heartbeat. As less blood enters the cranium with each heartbeat, so the 
pressure rise with each pulsation also decreases, leading to a reduction in ICP pulse amplitude with any further increases in ICP. At 
this point, the RAP becomes negative (minimum of –1). Therefore a RAP of +1 indicates good cerebral perfusion while a RAP value 
of 0.5 to –1 is indicative of reduced intracranial compliance and compromised cerebral perfusion.

When cerebral autoregulation is intact, an increase in mean arterial pressure results in a momentary increase in CBF before reflex 
cerebrovascular vasoconstriction leads to an increase in cerebral vascular resistance and return of CBF to the baseline level. Cerebral 
vasoconstriction is accompanied by a reduction in cerebral blood volume and ICP. As the cerebral vasculature vasoconstricts, the 
intracranial blood volume is
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reduced and ICP will fall. Conversely, a fall in arterial blood pressure will result in autoregulatory cerebral vasodilatation and a 
concomitant increase in ICP as a result of an increase in cerebral blood volume. Therefore, when changes in ICP are correlated to 
changes in mean arterial pressure, a negative correlation is observed if autoregulation is intact and a positive correlation is observed 
when autoregulation is disrupted. The correlation coefficient of spontaneous variations in blood pressure and change in ICP can be 
used as a measure of cerebral autoregulation (autoregulatory index which we have termed PRx). PRx ranges from –1 for intact 
autoregulation to +1 (zero or positive values) when autoregulation is impaired.11

Jugular Bulb Oximetry

Retrograde insertion of an internal jugular line to the level of the jugular bulb allows sampling of effluent blood from the brain for 
oximetry. Normal jugular venous blood oxygen saturation (SjO2) ranges from 55% to 75%. SjO2 values <50% indicate relative 
hypoperfusion, while those >80% indicate relative hyperaemia or 'luxury' perfusion. Episodes of jugular venous desaturation have 
been associated with poor outcome after head injury and this has been used for establishing therapeutic cerebral perfusion pressure 
thresholds (at 70 mmHg or greater).10

SjO2 can be monitored using an intermittent or continuous technique (fibreoptic catheter). The use of continuous SjO2 monitoring 
with a fibreoptic catheter will detect episodes of cerebral desaturation associated with intracranial hypertension, hypocapnia, 
hypotension and cerebral vasospasm but the readings are frequently unreliable because of artefacts, usually from the catheter lying 
against a vessel wall or being covered with thrombus.13 Furthermore, SjO2 is a measure of global hemispheric venous oxygen 
saturation and has obvious limitations in that it cannot detect regional ischaemia, as the blood from the remainder of the brain may 
dilute blood from such ischaemic regions.

The side of cannulation that provides the best indication of cerebral oxygenation remains controversial. Simultaneous SjO2 readings 
from right and left jugular bulbs catheters can vary significantly.18,19 However, as most of the blood from the superior sagittal sinus, 
which is responsible for the bulk of cerebral venous drainage, drains into the right internal jugular vein, the right jugular bulb is 
favoured in our unit.

Transcranial Doppler

By using the Doppler shift principle, transcranial Doppler ultrasonography (TCD) can be used to non-invasively measure red cell 
velocity (FV) in the basal arteries. Although there are many ultrasonic 'windows' through which the cerebral vessels may be 
insonated, the middle cerebral artery (MCA) is most commonly insonated via the thin squamous temporal bone above the zygomatic 
arch. The MCA carries three-quarters of supratentorial blood and the probe can be easily fixed in position. Therefore, this allows 
continuous long-term monitoring of the instantaneous changes in FV which reflect changes in hemispheric CBF with excellent 
temporal resolution. Changes in FV reflect variations in CBF only when the angle of insonation and the diameter of the vessel 
insonated remain constant. Although by observing the basal arteries at craniotomy, Giller et al were able to show that the diameter of 
the main trunk of the MCA does not significantly change with changes in arterial blood pressure or carbon dioxide tension,20 the 
diameter of the distal branches of the MCA may vary in size. The cerebral vessels may also behave differently after trauma or 
subarachnoid haemorrhage, and in the presence of intracranial pathology. For example, the presence of angiographically diagnosed 
vasospasm after subarachnoid haemorrhage will invalidate FV as a measure of CBF as the assumption of a constant vessel diameter 
is no longer tenable. A 'vasospastic' phase has been reported after head injury even in the absence of subarachnoid blood.21 
Therefore, daily variations in FV cannot be used in isolation to reflect changes in CBF.

Perhaps one of the main limitations of this technology remains the inability to reliably secure the monitoring probe in position for 
long periods of time. The majority of fixation devices require constant adjustment and often interfere with the intensive care of the 
patient. This is particularly important in patients with craniofacial trauma where even slight changes in probe position can result in 
the loss of FV signal. Nevertheless, TCD has many applications in patients with severe brain injury and although FV measurements 
may be useful in isolation, they are more valuable when used as part of multimodality.

Vasospasm or Hyperaemia

TCD can be used to diagnose vasospasm in most of the basal cerebral arteries (most commonly the MCA, basilar artery, terminal 
internal carotid artery, anterior and posterior cerebral arteries). When the diameter of an insonated vessel is reduced, for the same 
volume flow, FV is increased. Vasospasm is considered present when the FV value is greater than twice the upper limit of normal.22 
However, high FV may also be a true reflection of an increased CBF: hyperaemia. In order to differentiate between the two 
conditions, the FV
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ratio between the MCA and the extracranial internal carotid artery (ICA) is used. As the MCA is supplied by the ICA, hyperaemia 
will result in an increase in both MCA and ICA velocities with a MCA:ICA FV ratio <2, while vasospasm will lead to a MCA:ICA 
FV ratio >3, indicating that the increase in MCA FV is the result of narrowing in MCA diameter and not an increase in overall 
CBF.23 A change in clinical care of patients with subarachnoid haemorrhage (i.e. a move towards hypertensive, hypervolaemic 
therapy instead of dehydration and the routine use of calcium channel antagonists) may account for the high proportion of patients 
with high FV who appear to be hyperaemic rather than ischaemic or vasospastic.24

Multimodal monitoring can be used to differentiate hyperaemia (increased FV is usually accompanied by an increase in SjO2) from 
vasospasm (FV increases may be accompanied by a normal or low SjO2).

Detection of Cerebral Tamponade

Multiply injured patients with concomitant cerebral injury may require emergency abdominal or thoracic surgery prior to appropriate 
radiological assessment of the extent of head injury. TCD can be used to identify patients in whom brain injury is extensive and has 
led to intracranial circulatory arrest that is clearly not compatible with life. Although the presence of an oscillating flow pattern, 
where blood enters the cranium during systole and refluxes out in diastole, is not a criterion of brain death, it confirms intracranial 
circulatory arrest and inevitably results in death. By using TCD, the overall decision-making process may be enhanced, thus avoiding 
wasting time and resources.

Cerebral Autoregulation

Cerebral autoregulation after brain injury can be assessed non-invasively and continuously using TCD. A detailed description of all 
the tests for the integrity of cerebral autoregulation can be found in Chapter 8.

By compressing the common carotid artery for a period of 5–8 s and observing the postcompression change in FV in the ipsilateral 
circle of Willis, it is possible to assess the integrity of cerebral autoregulation in brain-injured patients repeatedly at the bedside. 
When the carotid artery is compressed, FV decreases and the distal cerebrovascular bed dilates in response to the drop in perfusion 
pressure. When the compression is released, an increase in FV (>10% of baseline value) is observed as a result of this dilatation, 
which persists until the distal cerebrovascular bed constricts to its former diameter.25 The compression results in this 'transient 
hyperaemia' only when autoregulation is intact. When autoregulation is impaired, no dilatation of the distal cerebral vascular beds 
occurs in response to the compression and hence, no transient hyperaemia is detected.

Although this transient hyperaemic response test is reproducible and easily performed, the results depend heavily on the compression 
technique. The drop in FV during compression and the hyperaemia following release are also dependent on the patency of the 
collateral circulation at the circle of Willis.25–29 Furthermore, in patients with carotid disease, the compression may dislodge 
atheroma, resulting in stroke. Therefore, the FV at the carotid bifurcation and along the ICA should first be examined by Doppler 
ultrasonography. The test should not be performed in those patients with high carotid FV suggestive of significant carotid stenosis, a 
history of carotid disease or significant risk factors for atherosclerotic disease. Nevertheless, our experience to date (over five years) 
has proved the test useful in the assessment of outcome after head injury without a single stroke.25

Cerebral autoregulation may also be assessed by observation of changes in FV in response to spontaneous small variations in CPP.26 
Briefly, in the autoregulating brain an increase in CPP will transiently increase CBF that is immediately followed by arteriolar 
vasoconstriction and return of CBF to baseline. Hence, increases in CPP are met by no change or a decrease in FV, with a negative 
correlation coefficient (termed Mx) between the FV and CPP. Conversely, in the non-autoregulating brain, increases in CPP are 
mirrored by increases in FV resulting in positive correlation between FV and CPP. This method has the advantage of not requiring 
any specific intervention (such as carotid compression) in order to 'challenge' the cerebral circulation. In addition, it can give a 
continuous output of autoregulatory status and may therefore be helpful in determining optimal CPP in an individual patient. For 
example, in patients with hypoperfusion, autoregulation is lost and Mx is positive. CPP is then increased to a level sufficient to 
improve perfusion and restore autoregulation (Mx positive).

The therapeutic objective is therefore to keep CPP high enough to retain a negative Mx value. The assumption is made that all 
patients will eventually autoregulate once CPP is high enough9 and that loss of pressure autoregulation will always accompany 
ischaemia.

Non-Invasive Estimation of CPP

The advantages of monitoring CPP non-invasively are self-evident. We have recently published a
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method for non-invasively estimating CPP using mean arterial pressure, diastolic and mean FV. We were able to predict CPP value 
non-invasively with errors of estimation <10 mmHg in over 71% of the measurements.30

Near Infrared Spectroscopy

Near infrared spectroscopy (NIRS) uses attenuation of low levels of reflected near infrared light to measure cerebral concentrations 
of oxyhaemoglobin and deoxyhaemoglobin. Fibreoptic optodes transmitting and receiving near infrared light are placed 
approximately 6 cm apart on one side of the frontal scalp above the level of the frontal air sinuses and away from the temporalis 
muscle, in order to avoid undue light attenuation or extracranial tissue contamination. The technique is therefore non-invasive, simple 
to apply, and ideally suited to continuous monitoring and has been used extensively in neonates. In adult patients, the degree of light 
attenuation through a thicker skull and the relatively greater contamination of signal by extracranial tissues have led to difficulties in 
implementing this system to the same degree as in neonates.

We have used NIRS in the intraoperative monitoring of patients undergoing carotid surgery, in cerebrovascular reactivity testing and 
for monitoring brain-injured patients receiving neurointensive care. Transient falls in CPP and hypoxaemia can be readily detected by 
NIRS, sometimes with greater sensitivity than that given by traditional methods of cerebral oximetry (SjO2).31 However, as one of the 
major limitations of this technology lies in its inability to reliably distinguish between extracranial and intracranial changes in blood 
flow and oxygenation, the sensitivity and specificity of NIRS are best when used as part of multimodal system.

Laser Doppler Flowmetry

Laser Doppler flowmetry measures microcirculatory red cell flux within a small volume of brain tissue (1–2 mm3). An invasive 
intraparenchymal probe can be inserted via an ICP-type supporting bolt into the superficial cortex to provide a non-quantitative 
measure of microcirculatory flow. The signal can be very susceptible to artefact created by movement or local tissue pressure 
changes but generally these problems are avoided with the technique described, which achieves a rigid fixation. Our experience with 
this technique has shown the ability to detect falls in microcirculatory flow in response to falls in CPP and increases in red cell flux 
after mannitol administration independent of changes in CPP.32

Metabolic Probes

The multimodal monitoring techniques discussed so far give information that is primarily haemodynamic in nature, although both 
jugular venous oxygen saturation and NIRS are actually reflecting the balance between oxygen delivery by cerebral blood flow and 
oxygen consumption by cerebral tissue. It is increasingly recognized that the widespread metabolic disturbances which follow acute 
brain injury can be detected by measuring tissue oxygen, glucose consumption and lactate levels.33 Cerebral blood flow and 
metabolism are often uncoupled after brain injury. It is also likely that the glucose:oxygen ratio is altered. Excitotoxic processes 
involving the extracellular and synaptic release of large amounts of glutamate are also strongly implicated in the progression of brain 
injury after an acute insult.34 From a research perspective, understanding these events is likely to prove critical to understanding 
delayed (and therefore potentially avoidable) neuronal injury. From a clinical viewpoint the ability to detect these events as part of a 
multimodal monitoring set-up may add further information regarding the nature and severity of injury, even though strategies such as 
pharmacological neuroprotection, which might deal specifically with metabolic disturbances, remain to be proven in large-scale 
clinical trials.

Intracerebral microdialysis techniques can provide information on extracellular concentrations of important substances such as 
lactate, pyruvate, glucose, glycerol and glutamate.34,35 Although this technique is very much in its infancy, a high lactate:pyruvate 
ratio probably indicates an increase in anaerobic metabolism as a result of cerebral ischaemia, extracellular glucose concentration 
reflects the balance between blood flow and glucose metabolism, and the presence of high glycerol concentrations suggests cell 
membrane phospholipid breakdown and permanent structural cellular injury. As it is possible to select the pore size of semi-
permeable membrane used for microdialysis, it may be possible to monitor specific concentrations of proteins and drug delivery to 
the cerebral extracellular space.

Microprobes capable of measuring intracerebral PO2, PCO2 and pH can provide a range of haemodynamic and metabolic 
information.36,37 Our experience suggests that these probes can be used safely in brain-injured patients to provide information about 
cerebral oxygenation and metabolism in agreement with published data.37 However, these probes only provide information from a 
small region. The greatest yield of information will therefore be achieved by targeting probes into critical regions, such as around the 
ischaemic penumbra of a cerebral infarction.
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Interfacing Multiple Monitored Modalities

In order to provide continuous monitoring with on-line analysis of several signals in parallel, analogue signals from bedside monitors 
are sampled at a set frequency and the data are stored. Most bedside monitors have an analogue data bus in a range of 1 to 10 V, 
suitable for this kind of data acquisition. Where the range of analogue output is too low, an external amplifiier can be added to take 
advantage of the full input range of the analogue-to-digital converter. The precision of the analogue-to-digital converter should be 
sufficient for the analysis of waveforms, which may contain different amplitudes (arterial blood pressure, ICP waveforms, etc.). 
Programming the sampling frequency provides the ability for a wide spectrum of signal processing, from simple trending to pattern 
recognition and modelling. The main disadvantage of analogue interfacing is the large number of cables required and the potential of 
electromagnetic interference. However, serial data processing (RS232) is generally unsuitable for fast on-line signal analysis and 
only information about 'mean' values is transmitted.

Primary analysis of data obtained will include time averaging, extreme values (minimum and maximum) and pulsatility of 
waveforms (TCD). Secondary analysis may include calculation of differential pressure (cerebral perfusion pressure), correlation 
between ICP and blood pressure changes and cerebral autoregulation indices from TCD and blood pressure signals. Both primary and 
secondary analysis may be possible on-line depending on the processing ability of the data acquisition system. Data may also be 
exported in ASCII format for more extensive examination or storage.

Finally, the large number of monitors that are likely to be in contact with the patient should conform with electrical safety standards.

Future Developments

In caring for patients with acute brain injury, undoubted benefits have arisen from the increased use of CT scanning and a more 
interventional, technological approach within the neurosurgical intensive care unit. The development of multimodal monitoring has 
been a natural extension of this process and the need for a greater understanding of physiological as well as anatomical derangement. 
This information is not only of value in assessing present-day treatment but will also become increasingly important for the 
development of new therapies such as pharmacological neuroprotection or hypothermia. Although multimodal systems will not 
replace conventional and evolving neuroimaging, the accumulation of data will undoubtedly result in the increased recognition of 
specific patterns of cerebral insult, a greater proportion of which will be 'filtered out' at the bedside, allowing prompt responses.

Figure 11.4 
A diagramatic representation of the multimodality 
set-up used at the neurosciences critical care unit, 

Addenbrooke's Hospital, Cambridge.

The development of computer support for multimodal systems has to date functioned principally to amalgamate the different 
monitoring techniques employed and calculate indices, which provide information regarding autoregulatory status. This could be 
very easily extended to providing alarm warning systems when critical thresholds for important parameters are not being satisfied. 
Such instances are often short-lived and frequently require a stereotypical response (e.g. increasing the rate of volume infusion or 
inotrope infusion to increase blood pressure) and hence the potential exists for using computer feedback control to administer 
treatment in the intensive care unit in a manner that is faster and more effective than human control. Important safety parameters 
could be programmed in to ensure that the computer's intervention is limited to safe levels (e.g. it may be desirable to set a maximum 
volume of fluid that may be infused over a given period to prevent overloading). Neural networking is a concept that allows a 
computer to 'learn' from its experience. In this context a statistical prediction can be derived for the success of a particular 
intervention in correcting an aberrant parameter and over time experience will accumulate in allowing the computer to handle more 
complicated therapeutic interventions.
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A greater understanding of the heterogeneous nature of acute brain injury will require regional techniques able to examine the entire 
brain, such as positron emission tomography and functional magnetic resonance imaging (including magnetic resonance 
spectroscopy). These techniques can only be used intermittently, providing a 'snapshot'. However, when performed during critical 
time points and used in conjunction with continuous bedside monitoring, they will provide valuable additional insight.
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Introduction

The anaesthetist in the operating theatre must endeavour to provide good intracranial operating conditions. This means ensuring that 
the intracranial pressure (ICP) does not rise and that, when the skull is open, brain bulk is not increased. The neurosurgeon must be 
able to retract the brain easily; too high a pressure on the retractors may result in neuronal damage. Understanding the mechanisms 
underlying the alterations in ICP in disease, the actions of drugs on ICP and the way they interrelate are important requirements for 
safe neuroanaesthesia. In intensive care, the manipulation and control of ICP is an important part of care of the neurosurgical patient.

Neurosurgical operations are relatively high-risk procedures. The patient with intracranial space occupation is at risk from the 
development of high ICP and as the space-occupying lesion (SOL) grows, the danger increases. The patient who has suffered a 
subarachnoid haemorrhage (SAH) is at further risk from repeated bleeds at any moment. There may also be the danger of vascular 
spasm and cerebral infarction. Anaesthesia and surgery in the patient with cerebral arterial insufficiency are complicated by the fact 
that arterial disease affects many vascular beds and the patient with cerebral arterial disease may also have significant disease in the 
coronary or renal circulations. A head-injured patient is not only exposed to the initial neuronal damage but also to the extension of 
the neuronal damage by high ICP, cerebral oedema and cerebral ischaemia. Unconsciousness may also worsen the injury by 
producing hypoxia and hypercarbia.

The anaesthetist must make a careful assessment of the neurosurgical patient's general condition and the extent of the neurosurgical 
disease. Although many clinical situations require a degree of urgency, the high-risk nature of neurosurgery means that when time 
allows, conditions which would affect the safety of the patient are evaluated and corrected before surgery.

Assessment

General Medical Condition

A preoperative evaluation of pulmonary function is essential. Intraoperative hypoxia and hypercarbia will cause brain swelling, 
making surgery difficult or impossible, so any potential cause needs to be identified and treated preoperatively. Active pulmonary 
infection requires appropriate treatment before anaesthesia and surgery start. Any tendency towards asthma needs to be noted 
together with any treatment the patient needs. Chest X-rays only need to be ordered if there are signs or symptoms in the respiratory 
system but as a high proportion (at least 20%) of intracranial tumours are metastases1 and frequently from bronchogenic carcinoma, a 
chest X-ray is indicated to detect a primary tumour.

The prevalence of cardiovascular disease in the population at large means that for neurosurgery, as for any major surgery, the careful 
assessment of cardiovascular function is essential. Pre-existing untreated arterial hypertension can predispose to cerebrovascular 
complications and during the perioperative period, the patient is at risk from fluctuations in blood pressure. The limits for 
autoregulatory control of cerebral blood flow (CBF) are reset during hypertension2 and if inadvertent hypotension is caused, there is 
considerable danger of cerebral and myocardial ischaemia. In the untreated hypertensive patient, a period of high blood pressure can 
lead to cerebral swelling, as the autoregulatory limit is exceeded, or cause intracranial haemorrhage. If time allows, it is better to 
establish a previously unrecognized hypertensive patient on treatment. Treated hypertensive patients should be maintained on their 
treatment and the anaesthetic technique modified to take into account the drugs used. Hypertension may be a response to high ICP, 
especially following head injury or subarachnoid haemorrhage.

Ischaemic heart disease is also common and needs to be evaluated by a careful history of the patient's exercise tolerance and by 
electrocardiograph (ECG). The ECG will also show evidence of previous myocardial infarction, whether old or recent. ECG 
abnormalities are frequently present in patients who have had a SAH or who have raised ICP.

Neurological Assessment

The clinical neurological assessment needs to elucidate not only the diagnosis but also complicating factors that affect the 
anaesthetic. The level of consciousness, neurological deficits and occurrence of seizures need to be noted. The existence of 
intracranial space occupation and raised ICP (persistent headache, vomiting, papilloedema) must be evaluated.

Posterior fossa tumours may cause bulbar palsy and the lower cranial nerves should be examined for impairment of swallowing or 
laryngeal palsy. A history of repeated aspiration of stomach contents, perhaps with nocturnal bronchospasm, reveals laryngeal 
incompetence.

A skull X-ray and CT scan or MRI scan may reveal not only the presumptive diagnosis but also the extent of any
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secondary features such as cerebral oedema, brain shift, hydrocephalus or compression and distortion of the ventricular system. 
Space-occupying lesions producing more than 10 mm shift of the midline structures suggest significant compromise of the 
intracranial dynamics.3

A reduced level of response presents many problems. It may be associated with hypoxia and hypercarbia, which may in turn reduce 
still further the level of response by increasing ICP. Reduced ventilation will allow the development of basal pulmonary collapse and 
consolidation, leading to pneumonia. Dehydration will develop rapidly as the patient is unable to eat and drink and the increased 
blood viscosity will predispose to venous thrombosis.

Patients with epilepsy need to have their drugs continued up to the time of operation. Sudden withdrawal of antiepileptic drugs is 
likely to lead to a worsening of the seizure activity. Cerebral oedema complicating intracranial tumours is frequently successfully 
treated with steroids such as dexamethasone 8 mg tds. Such a regime often produces a significant improvement, with confused 
patients becoming rational and the level of response improving.

Premedication

The prospect of intracranial neurosurgery will be daunting for many patients and it is wise to limit the natural anxiety they feel by 
using a form of sedative or anxiolytic premedication. This is of value particularly when hypertension poses a danger for the patient, 
as in aneurysm surgery. Temazepam (10–30 mg) or diazepam (10–20 mg) have proved useful and safe for some years.

Spinal procedures are usefully premedicated with a non-steroidal anti-inflammatory analgesic such as diclofenac, assuming there is 
no contraindication to the NSAID. We have used one of the modified-release preparations of diclofenac for some years together with 
one of the benzodiazepines. A patient may be in quite severe pain from a prolapsed intervertebral disc and an analgesic 
premedication may be indicated.

Induction of Anaesthesia

The detailed management of anaesthesia will be discussed in the specific chapters; here the outlines only are discussed.

The anaesthetist needs to aim for a smooth induction of anaesthesia, avoiding coughing, straining or the production of undue hypo- or 
hypertension. In the adult an intravenous induction of anaesthesia is normal; either thiopentone or propofol may be used and will 
produce a fall in ICP by lowering the cerebral metabolic rate (CMRO2) and the CBF.4,5 Propofol has been demonstrated to produce a 
32% fall in cerebrospinal fluid (CSF) pressure 2 min after the induction of anaesthesia with 1.5 mg/kg. The fall in CBF and ICP may 
be quite short; with propofol, the CSF pressure returned to normal values within 3 min.

Nevertheless, such a fall in ICP is most valuable because many other factors are operating during the induction sequence, which tend 
to raise ICP. Laryngoscopy, for example, may cause a rapid rise in blood pressure and also be associated with jugular venous 
obstruction as the laryngoscope is pulled forward to visualize the vocal folds. This action has been implicated in kinking the jugular 
veins, thus causing an obstruction to cerebral venous drainage.

If non-depolarizing relaxants are used for tracheal intubation it is important to wait for complete relaxation to occur, because any 
attempt to intubate an incompletely relaxed patient will cause straining and a consequent elevation in blood pressure and intrathoracic 
pressure.6 Adequate ventilation must be maintained as the action of the relaxant is developing so that hypoxia and hypercarbia are 
avoided. The delay implied means that the disturbance produced by laryngoscopy and intubation may well occur after the return to 
normal of the CBF and ICP following the initial dose of induction agent. Laryngoscopy and intubation provoke a transient but 
marked arterial hypertension and tachycardia. This is a considerable danger for many neurosurgical patients. The rapidity of the rise 
in blood pressure is such that it is likely to outstrip the ability of autoregulation to control CBF, so that CBF and ICP will rise with 
the blood pressure. If there is an area of brain in which autoregulation is impaired or absent, then any rise in blood pressure will lead 
to a rise in ICP. The patient with a cerebral aneurysm is in danger of aneurysmal rupture, especially if the blood pressure rise is rapid.

Control of the pressor response is important and many ways have been suggested. The administration of a second bolus of the 
intravenous induction agent before laryngoscopy is one and one study7 has suggested that propofol (0.5–1.0 mg/kg) is rather more 
effective at preventing the development of hypertension than thiopentone. The use of opioids provides only a partial protection 
against the pressor response8,9 and some authors suggest delaying the opioid until after the muscle relaxant is given to avoid the 
danger of increased chest wall stiffness.10 Lignocaine (1.5 mg/kg)11 given 90 s before intubation
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has been recommended to blunt the blood pressure and ICP response to laryngoscopy. β-Blockers have also been used.

Airway

Neurosurgical operations may take several hours and the head may be inaccessible under the sterile drapes. It is important to make 
sure that the airway and pulmonary ventilation are secure for the duration of the operation. The use of an armoured tracheal tube – 
that is, a tube with a metal or nylon spiral reinforcing the wall – is necessary. The neurosurgeon will put the head and neck into the 
best position for the planned operation and this may on occasion mean that the head and neck are flexed, so that the end of the 
tracheal tube is advanced farther into the bronchial tree. The tracheal tube therefore must be placed with care, especially ensuring that 
the end of the tube is clear of the carina so that flexion of the neck does not advance the tube into the right main bronchus.

Fixation of the tracheal tube must also be done with care. Tapes should never be tied around the neck to fasten the tube in place, 
because there is a considerable danger of causing cerebral venous obstruction. The tube may be effectively fixed to the face by 
adhesive strapping, using hypoallergenic materials if required. Any method of fixation needs to take into account the length of the 
surgical procedure, the fact that secretions or surgical skin preparation fluids may loosen the strapping and the position required for 
the operation.

Neurosurgical patients may be positioned supine, in a lateral position, prone or sitting. In the prone or sitting position, there is a great 
danger that the tracheal tube may be dragged out. These are the positions in which it would be most difficult to reintubate the trachea, 
especially if the head is fixed in pins. It is clearly important, then, to fix the tube especially securely in these patients and to ensure 
that the weight of the anaesthetic tubing does not drag on the tracheal tube. A practice that was once commonplace is to support the 
tracheal tube with an oropharyngeal pack. The pack should not be placed rigidly, because it may obstruct the internal jugular veins, 
but firmly enough to support the tracheal tube and to keep it stationary. Even the reinforced tubes may kink in an extreme position; 
placing a pack supports their kink-resisting properties. Once a pack is placed, all members of the anaesthetic team must be informed 
that there is a pack to be removed before extubation at the end of the procedure.

Conduct of a Craniotomy

During intracranial surgery the head is often fixed using a frame with pins, which are applied to the skull. The fixation produces 
painful stimuli and a hypertensive response may occur, which obviously has the same dangers as the hypertensive response to 
tracheal intubation. The eyes must be carefully protected.

The start of a craniotomy is also painful, particularly the skin incision and reflecting the galea. The process of cutting the bone flap 
may also be painful and the physical pressure on the skull involved in drilling a burr hole may cause an increase in ICP.6 Surgery 
inside the skull is not markedly painful, unless the surgeon stretches the dura, which is most likely to happen near points of dural 
attachment. Once the bone flap is cut, the surgeon needs to retract the brain to obtain access to deeper structures.

During this period it is important that anaesthesia is arranged to produce good operating conditions, reducing ICP and brain bulk 
wherever possible. When the skull is open and the ICP is low, the dura can be seen to be slack but moves in response to the cardiac 
impulse and the pressure changes produced by the lung ventilator. A high ICP will be seen to be distending the dura and dural 
pulsation in response to the cardiac cycle and the ventilator will not be visible. In such a circumstance, the ICP must be reduced 
before the dura is incised because a high ICP will extrude the brain through the dural incision, physically damaging the neurones, and 
the edge of the dura will cut off the blood supply, causing infarction.

Maintenance of Anaesthesia

The choice of a volatile anaesthetic agent or propofol infusion is controversial. All the volatile agents (including nitrous oxide) have 
the potential to increase CBF and therefore make the brain difficult to retract. The use of hyperventilation may mask the effects of 
some of the volatile agents on CBF but this mechanism cannot be relied on, especially when extensive space occupation means that 
the mechanisms compensating for space occupation are near exhaustion.12

The discussion was developed by Todd et al,13 who prospectively studied three anaesthetic techniques for patients undergoing 
craniotomy for supratentorial tumour. The patients were assessed carefully, ICP was measured and the extent of the brain swelling 
noted. Patients were assigned to one of three groups. Group 1 received propofol induction and maintenance of anaesthesia with 
fentanyl 10 μg/kg loading dose followed by
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2–3 μg/kg/h. The propofol infusion was set between 50 and 300 μg/kg/min. In group 2, anaesthesia was induced with thiopentone 
and maintained with nitrous oxide, oxygen and isoflurane; fentanyl up to 2 μg/kg was given after bone flap replacement. Group 3 
also received thiopentone induction of anaesthesia but with fentanyl, as in group 1, and a lower dose of isoflurane. The ICP before 
craniotomy in group 1 was 12 ± 7 mmHg, in group 2 15 ± 12 mmHg and in group 3 11 ± 8 mmHg. Two patients in groups 1 and 3 
but nine patients in group 2 had ICP greater than 24 mmHg. The authors suggest that all three anaesthetic regimes were acceptable. 
The group also noted speed of emergence and total stay in hospital and hospital costs.

Propofol infusion avoids the need for vasodilating anaesthetic agents and not only Todd et al but also Ravussin et al14 reported on the 
successful use of propofol infusion. Ravussin et al considered that propofol gave better control of responses to painful stimuli and 
faster recovery than thiopentone-isoflurane. Fox et all15 used 2.0–2.5 mg/kg of propofol for induction of anaesthesia and 12 mg/kg/h 
for 10 min followed by 9 mg/kg/h for another 10 min and then 3–6 mg/kg/h for the rest of the study. They showed that the 
responsiveness of the cerebral circulation was well maintained.

Hyperventilation

Hyperventilation has been a part of neurosurgical anaesthesia for many years, notwithstanding the concern that metabolism and flow 
were being uncoupled. CBF changes 4% for each mmHg change in PaCO2; thus at high values (10.6 kPa, 80 mmHg) the cerebral 
vasculature is maximally dilated and CBF is approximately doubled. Maximum vasoconstriction occurs below 2.6 kPa (20 mmHg), 
at which level CBF is reduced by 40%.16 Harp and Wollman17 studied safety of hyperventilation and found no evidence of brain 
hypoxia, even during marked hypocapnia. The vasoconstriction and the reduction in cerebral blood volume (CBV) reduce the ICP 
and although in the normal brain when hyperventilation is instituted, CBF returns to normal values in about 3 h, the ICP returns to 
the starting value more slowly. The difference is due to the reduction in brain extracellular fluid volume. Cerebral vasoconstriction 
reduces the intravascular hydrostatic pressure in the capillary, so extracellular water returns to the circulation under the influence of 
the plasma oncotic pressure. The result is that brain extracellular fluid volume is reduced, at least in the short term.

The introduction of jugular venous oxygen content measurement18 has allowed the study of hyperventilation and its effects. The 
study quoted comments that the use of hyperventilation during neurosurgical procedures can result in cerebral venous oxygen 
desaturation, which the authors define as jugular venous bulb oxygen saturations less than 50%, in up to 40% of patients. The 
slowing of the cerebral circulation allows increased oxygen extraction by the brain and the authors comment that the desaturation is 
suggestive of a decreased margin of safety and possibly indicative of a limited oxygen supply with impending tissue hypoxia. In a 
subsequent study, they investigated the effect of high oxygen tensions (PaO2 = 100–200, 201–300, 301–400 and >400 mmHg) on 
jugular venous oxygen content at two levels of hyperventilation (PaCO2 = 3.3 kPa and PaCO2 = 4 kPa). They suggested that 
hyperoxia during acute hyperventilation should be considered for those patients in whom hyperventilation is contemplated and 
cerebral ischaemia considered a risk. Hyperventilation should also be considered if volatile anaesthetic agents are to be used.19

Muscle Relaxants

A profound degree of muscle relaxation is important in the production of good operating conditions. Incomplete muscle relaxation is 
associated with an increased mean intrathoracic pressure and therefore central venous pressure (CVP); the increased CVP is 
transmitted to the cerebral veins. Good muscle relaxation is also advisable because of the obvious danger of an incompletely 
paralysed patient coughing during an intracranial operation.

Management of High ICP During Anaesthesia

An intraoperative rise in ICP will impede surgery because if the brain is bulky, it is more difficult to retract. Increased force will be 
needed on the brain retractors, producing local damage. If, during neurosurgery, the ICP is noted to be high, the likely cause must be 
identified and corrected. There are also specific methods for lowering ICP.

Checklist for Causes of High ICP During Surgery

• Position Head up 
Clear cerebral venous 
drainage 
No abdominal compression

• No hypoxia
 

• Adequate ventilation PaCO2 low 
Long expiratory pause
No PEEP

• CVP low
 

• Good muscle relaxation

• Avoid cerebral vasodilating drugs
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Treatment of High ICP

Hyperosmolar Diuretics

Mannitol, which is perhaps the agent most frequently used, has many systemic and cerebral effects. Given in doses of 0.5–1.0 g/kg, it 
raises serum osmotic pressure so that water is drawn into the vascular system from the tissues. The increased oncotic pressure draws 
water from the brain and reduces brain bulk. As the action develops, the circulating blood volume rises and the haematocrit falls.20 
The blood volume remains elevated for 15–30 min and during this time, the blood pressure and CVP may also be elevated. The 
diuresis limits the rise in blood volume. The decreased haematocrit allows a greater CBF and in patients with intact autoregulation, 
cerebral vasoconstriction occurs, keeping oxygen supply in balance with demand. The result is that the CBV is reduced and therefore 
so is the ICP. If autoregulation is impaired then the increased CBF persists, though ICP still falls, though to a small extent.21

Loop Diuretics

Frusemide has been studied the most, though many diuretics have useful intracranial effects. Frusemide22 1.0 mg/kg produces a fall 
in ICP similar to that produced by 1 g/kg mannitol. It acts by inhibition of sodium and chloride reabsorption in the ascending limb of 
the loop of Henle and has a separate action in reducing CSF production by suppressing sodium transport. It lowers ICP by mobilizing 
normal brain extracellular fluid and cerebral oedema. The diuresis reduces blood volume and therefore the low cerebral venous 
pressure allows resorption of CSF. Frusemide appears not to affect the volume/pressure response, as does mannitol.

Steroids

The effect of steroids in reducing the oedema related to tumours preoperatively has been mentioned earlier. They are particularly 
effective in patients with focal lesions and are ineffective when there is widespread brain injury. They have little place in the control 
of intraoperative high ICP but may be given intraoperatively to reduce postoperative swelling. They reduce the extrachoroidal 
production of CSF.23

Hyperventilation

If high ICP occurs, then it is important to check the PaCO2with an arterial sample to avoid any inadvertent hypercapnia.

Metabolic Suppression

Shapiro24 described the use of barbiturates intravenously during periods of intraoperative high ICP. The aim is to reduce cerebral 
metabolic activity, while reducing brain bulk by producing a cerebral vasoconstriction. Propofol and etomidate have also been used 
to lower ICP and have the advantage over the barbiturates that they are metabolized quickly.

Lignocaine (1.5 mg/kg) may also be used to lower ICP, especially in the patient with cardiovascular instability. 1.5 mg/kg lignocaine 
is said to be as effective as 3 mg/kg thiopentone in lowering ICP.25

The End of the Anaesthetic

The end of the neurosurgical anaesthetic has been studied less than the start. Leech et al26 measured ICP at the end of surgery, before 
and after the reversal of the muscle relaxants and after removal of the tracheal tube. After surgery but before reversal of the relaxants, 
the mean ICP was 11 mmHg but after reversal, with the patient breathing spontaneously, the mean ICP had risen to 21 mmHg. Just 
before return to the ward, the ICP was still high at 19 mmHg. These are surprisingly high values considering that craniotomy had 
been performed and CSF drainage had taken place.

The possible role of nitrous oxide in causing an increase in ICP by diffusing into the air space left in the skull after craniotomy was 
studied by Domino et al.29 They found that all patients in their series had intracranial air but that nitrous oxide was not associated 
with an increase in ICP as the dura and skull were closed. Indeed, the patients who were maintained on nitrous oxide demonstrated a 
significant fall in ICP postoperatively. The air disappears only slowly; in one series27 all patients were shown to have intracranial air 
immediately after craniotomy or craniectomy. In the second postoperative week, 11.8% still had an intracranial air collection large 
enough, in the opinion of the authors, to put them at risk if nitrous oxide was used for another anaesthetic.

Extubation

The disturbance of pharyngeal suction and extubation may cause a rise in MAP and an increase in intrathoracic pressure. 
Hypertension may provoke bleeding from arteries that have been cut during the surgical procedure and the increase in intrathoracic 
pressure may provoke bleeding from venous channels opened during surgery. The anaesthetic should be continued so that there is no 
tendency for the patient to cough and strain during the application of head bandages, which often results in head movement. Muscle 
relaxants should not be reversed until after the bandages have been applied.

The removal of the tracheal tube should be carefully performed when it is certain that the patient is able to
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breathe effectively. The use of IV lignocaine (1.5 mg/kg) at least 90 s before extubation28 blunts the cardiovascular responses 
effectively.

Postoperative Care

The neurosurgical patient requires close observation postoperatively, because many of the preoperative disease processes will still be 
active, such as cerebral oedema. Haematomas may form and oedema may spread, raising ICP and reducing conscious level. Vascular 
spasm may worsen, producing local cerebral ischaemia, shown as a neurological deficit. The patient may develop seizures. 
Monitoring must therefore be close and include neurological observations, observation of the conscious level, such as the Glasgow 
Coma Scale, observation of the pupil size and reactivity and frequent measurements of pulse rate, blood pressure and respiration.

It is crucial therefore that the patient should be awake and responding at the end of the anaesthetic and choosing the anaesthetic drugs 
and techniques to achieve not only good operating conditions but also an awake patient without neurological deficit is part of the 
challenge of neuroanaesthesia.
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Introduction

The challenge of any anaesthetic for neurosurgery is to provide good intracranial operating conditions, with a slack brain and low 
intracranial pressure (ICP). When a patient has an intracranial space-occupying lesion (SOL), the achievement of a low ICP during 
surgery demands a careful choice of the most appropriate anaesthetic and an attention to detail.

Patients present for craniotomy for a supratentorial SOL most often because of a tumour but space occupation may also be caused by 
subdural, extradural or intracerebral haematomas or an intracranial abscess. Even when a tumour is histologically benign, the 
processes set in train by intracranial space occupation can be fatal if the tumour is not treated. A badly administered or inappropriate 
anaesthetic may add to the intracranial problems generated by the space occupation, increasing ICP.

Intracranial Tumours

Meningiomas

These arise from the arachnoid cap cell which is synthetically active but has a slow rate of cell division. They account for 15% of all 
intracranial neoplasms and 90% are supratentorial. Tentorial meningiomas account for 2–3% but, because of the high rate of 
brainstem compression, tend to present earlier, whereas frontal lobe meningiomas arising in a 'silent' area of the brain present much 
later and may become very large before diagnosis (see Fig. 4.3). In general, meningiomas tend to present in the fifth and sixth 
decades of life. Agents implicated in causation are trauma, hormonal influence and viral infection and there is a definite link with 
radiotherapy, when lesions arise in younger patients. They are classically benign, causing compression rather than invasion, but have 
a high rate of local recurrence, particularly associated with radiotherapy, and can be frankly malignant. They are generally highly 
vascular, deriving large 'feeding' vessels from local blood vessels, both intracranial and extracranial. They are classified using the 
Helsinki system which grades increasing malignancy from grade I (benign) to grade IV (sarcomatous). Seizures are common and 
occur in up to 60% of patients presenting for surgery. Mental deterioration is usually slow in onset but eventually focal deficit will 
occur with a rise in ICP. At surgery, extension outwards along the vault or skull floor may make complete removal impossible.

Gliomas

These are the commonest types of intracranial neoplasms, arising from brain cellular components and ranging from relatively slow-
growing astrocytomas to malignant glioblastomas. The variable natural history and unpredictability of malignant transformation 
require a histological diagnosis. Positron emission tomography (PET) scanning may show up 'hot spots' for metabolism which are 
highly suggestive of malignant transformation1. Total excision may not be possible and surgery may need to be followed by 
radiotherapy.

Astrocytomas tend to present with a long history of epilepsy, with late-onset focal deficit. Glioblastomas comprise 25% of primary 
intracranial tumours and are always supratentorial. They have a 10% 2-year survival rate. They present with a short clinical history, 
rapid onset and progression of focal deficit and signs of raised intracranial pressure. Epilepsy is less common. Surgery may be 
required to improve the neurological deficit prior to radiotherapy. Oligodendrogliomas are uncommon and slow growing. They 
commonly cause epilepsy and may even calcify. Eventually localizing signs will develop.

Tumours of the Ventricular System

Whatever the histology, these tumours tend to present with obstructive hydrocephalus due to obstruction of the third ventricle 
outflow and aqueduct of Sylvius. Papillomas can occur in the choroid plexus. Colloid cysts arise in the third ventricle and are related 
to ependymomas, which usually arise in the fourth ventricle from cells lining the ventricular system. Pinealomas do not all arise 
directly from the pineal gland but from the area around it. They cause similar symptoms and can produce midbrain compression. 
With all these tumours, the presentation is usually related to the onset of hydrocephalus, the patient complaining of severe 
intermittent headache. Intermittent blockage of the CSF circulation may produce high ICP and occasionally this can precipitate 
sudden loss of consciousness. Surgical removal may be difficult because of potential damage to the ventricular system or 
hypothalamus. An endoscopic approach may be possible to intraventricular tumours such as colloid cysts.

Other Primary Tumours

Dermoid and epidermoid neoplasms can arise although these are rare outside the posterior fossa.

Metastatic Disease

Secondary lesions from primary cancers elsewhere are the commonest intracranial neoplasms; 20–40% of all
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cancer patients develop brain metastases.2 Despite their frequency, care should be taken to ensure that the patient does have a 
metastasis and not another primary tumour.

Removal of a solitary cerebral metastasis is usually worthwhile because most patients do not die of their brain disease and 
improvement in neurological function after surgery may greatly improve their quality of life. Clearly, these patients may present with 
a range of systemic problems which may need attention preoperatively.

Extradural and Subdural Haematoma

The space occupation produced by acute extradural and subdural haematomas develops rapidly and allows less time for the brain to 
accommodate to the SOL. Figure 4.2 shows the classic appearance of an extradural haematoma, with its biconvex shape. Chronic 
subdural haematomas, usually affecting the elderly, may present weeks after the initial injury. The patient may become confused and 
drowsy and the state of consciousness may fluctuate, with a mild hemiparesis. A history of trauma may be difficult to elicit and ICP 
may be normal or only slightly raised. Burr hole aspiration may be all that is required but occasionally open operation may be 
necessary if the haematoma recollects. Occasionally the insertion of a conduit from the haematoma cavity to the peritoneum may be 
required to provide for continuous decompression of the haematoma.

Intracerebral Abscess

The first successful removal of an intracranial abscess was in 1752, when most abscesses were secondary to gunshot wounds or other 
trauma. Now supratentorial abscesses usually result from local spread of a source of infection from the frontal sinus or middle ear; 
occasionally they arise as a result of blood borne infection.

Surgery is the mainstay of treatment despite the huge improvement in mortality which occurred following the introduction of 
antibiotics to neurosurgery in 1943. The key to further improvement in treatment has come with the greater ability to localize 
cerebral lesions. Introduction of CT scanning led to much earlier diagnosis and early, accurate drainage. The patient presents with a 
picture of meningitis and raised ICP occurring over a few days or weeks. Aspiration should be carried out via a burr hole and 
antibiotics instilled into the cavity. This may need to be repeated until the abscess cavity contracts and becomes sterile. The residual 
cyst may need to be removed. Some surgeons prefer craniotomy and primary excision. The mortality rate remains related to the 
neurological status of the patient at initial presentation.

Assessment

The diagnosis of a space-occupying lesion implies a degree of urgency for surgery because as the SOL develops, the intracranial 
compensating mechanisms for space occupation are being exhausted. A general history should be taken, with particular reference to 
cardiac and respiratory disease and to neurological deficit. An examination should be carried out in the usual way, again with special 
attention paid to neurological deficit which may compromise the airway, hinder safe emergence from anaesthesia or be due to raised 
intracranial pressure. It is particularly important to identify raised ICP and to assess the degree of intracranial space occupation 
preoperatively as extra care must be taken to ensure the patient's condition is not worsened by manoeuvres preoperatively or at 
induction. A history of headache together with papilloedema suggests that high ICP is present.

The patient's full blood count, urea and electrolytes and clotting should be checked and blood crossmatched as appropriate. The 
amount of blood loss depends on the type of tumour and its vascularity; a large meningioma can be associated with heavy blood loss 
but for most craniotomies 2–4 units of blood are sufficient. Chest X-ray and ECG should be ordered if indicated. It should be 
remembered that neurological disease can cause a variety of ECG changes including ischaemic changes and arrhythmias. Some 
patients will have been prescribed dexamethasone for several days preoperatively to reduce reactive oedema.

Normal medication, especially anticonvulsants and antihypertensive drugs, should be continued until just before surgery. Sedative 
premedication may be desirable in order to allay anxiety. Respiratory depression with subsequent hypercarbia should be avoided, 
especially in the presence of raised ICP. For this reason we avoid opiates and usually prescribe 10–20 mg of temazepam or 10–15 mg 
diazepam, with 10 mg metoclopramide orally 90 min preoperatively.

General anaesthesia for surgery in patients with an acute mass effect includes head elevation, osmotherapy with mannitol, artificial 
ventilation to prevent hypoxia and hypercarbia, with controllable hypocarbia, administration of cerebral protective agents such as 
barbiturates and maintenance of cerebral perfusion pressure with fluids and inotropes if necessary. Emergency craniotomy for 
decompression may be necessary.
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The assessment of supratentorial lesions is made considerably easier by the improvement in imaging techniques, CT scanning and 
MRI. These allow early, precise location of lesions and give some idea of the probable histological diagnosis. The scans should be 
examined to give information on:

• size of mass;

• ventricular distortion or CSF obstruction;

• midline shift;

• amount of oedema;

• degree of contrast enhancement;

• proximity to venous sinus.

The size of the mass depends partly on whether the tumour is developing in a silent or an eloquent area of the brain. Tumours in a 
silent area may grow so large before they present that they cause a very considerable compromise of intracranial dynamics. 
Assessment of the degree of intracranial space occupation is important; if there is more than 10 mm shift of the midline structures, 
for example, volatile agents should be used with care.3,4,5 The amount of oedema may turn a relatively small lesion into a more 
serious problem. The degree of enhancement with intravenous radiographic contrast shows the degree of abnormal or damaged 
blood–brain barrier (BBB) in the lesion and it is through this damaged BBB that the contrast penetrated to the stroma of the tumour. 
A vascular tumour may have a low vascular resistance and frequently in angiography cerebral veins draining the tumour fill early, 
during the arterial or capillary phases of the angiogram, reflecting the fast flow. Such a tumour, especially if it is near one of the 
venous sinuses, has the potential for causing major blood loss as resection is undertaken.

The increasing availability of metabolic imaging such as PET, MR spectroscopy and single photon emission tomography (using 
thallium-201 which is specifically taken up by tumour cells but not by necrotic areas) will offer more precise information on the size 
and location of the tumour.

Patients suspected of having an astrocytoma should undergo stereotactic biopsy prior to craniotomy to confirm the histological 
diagnosis.

General Anaesthesia for Craniotomy

The dangers of intraoperative high ICP in the presence of a SOL mean that the anaesthetist must be especially careful to choose 
anaesthetic agents and techniques which lower ICP. In particular, it is important to avoid a rise in cerebral venous pressure, cerebral 
vasodilation, hypercapnia and hypertension. All these circumstances can be provoked during the induction and maintenance of 
anaesthesia.

Effects of Anaesthetic Agents

The effects of anaesthetic agents and techniques on cerebral blood flow (CBF) and ICP have been discussed in earlier chapters. All 
volatile agents have the ability to raise CBF and ICP, though their action can be modified by hyperventilation and by the use of 
opioids which reduce the MAC of the agents. Adams6 demonstrated that isoflurane combined with hypocapnia (PaCO2 about 25 
mmHg) was not associated with a rise in ICP and Jung7 makes a similar point.

Muzzi has shown that 1 MAC desflurane causes a gradual but significant rise in ICP in patients with a supratentorial SOL, whereas 
isoflurane does not.8 Enflurane has the potential to produce high-amplitude spike and wave EEG complexes and whilst in one study,9
the postoperative seizure rate was no higher in the patients receiving enflurane than in those receiving isoflurane, it is probably best 
avoided. Sevoflurane seems to have similar effects to isoflurane.10,11

The potential problems of the volatile agents can be avoided by using intravenous maintenance of anaesthesia with propofol. 
Barbiturates and propofol reduce CMRO2 and therefore CBF. The reduction in CBF and cerebral blood volume (CBV) is helpful in 
maintaining as low an ICP as possible. The cerebral effects of propofol, together with its rapid recovery, make possible the use of an 
infusion technique for maintenance of anaesthesia throughout a craniotomy. Infusion rates have been published12 and one group13 has 
used a maintenance infusion rate of 100 μg/kg/min for elective neurosurgery after a bolus dose for induction of 1.5 mg/kg. The 
infusion should be started at the same time as the bolus dose, to achieve an effective plasma concentration rapidly.

The opioids are a valuable adjunct to neuroanaesthesia, not least because of the cardiovascular stability they produce. They also 
reduce the MAC of volatile agents and therefore allow agents such as isoflurane to be used safely in lower concentrations so that the 
effect on CBF is lessened. Many opioids can be used as long as they do not induce a fall in MAP.14,15,16

Induction and Intubation

Induction of anaesthesia can be with either thiopentone or propofol. Neuromuscular blockade can be achieved with atracurium or 
vecuronium, although newer agents such as mivacurium or
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rocuronium17 may also be used. Intubation should not be performed until enough time has elapsed for the muscle relaxation to be 
complete. The pressor response to laryngoscopy and intubation will cause an increase in the size of vascular tumours in particular, 
because the tumour blood supply will not be under autoregulatory control. At the same time, laryngoscopy tends to kink the jugular 
veins, so that cerebral venous outflow is impaired. The result is a great tendency for a dangerous rise in ICP. The pressor response 
should, therefore, be controlled. A second dose of the induction agent or the use of IV lignocaine 1.5 mg/kg 90 s before intubation is 
well established, as is the use of agents such as esmolol.

The airway should be secured with an armoured endotracheal tube, taped on the contralateral side to operation. It may be desirable to 
secure the tube further using a throat pack. Careful taping is required to prevent both extubation and venous congestion. Pressure 
ventilation of the lungs is arranged so that there is a slow rate, with a long expiratory pause; PEEP is normally not applied. A 
nasogastric tube should be considered for long operations.

Position

Operations may last several hours so the patient should be carefully positioned with bony points padded, eyes protected with tape or 
gel and care taken to ensure tubing is not pressed against the patient's skin. Patients may be positioned supine or slightly rotated, with 
one shoulder raised, or they may be placed in a lateral position. A head-up tilt of the table of about 15° is essential to aid cerebral 
venous drainage. Pinealomas may be approached with the patient either prone or sitting.

A urinary catheter is necessary to assess fluid status. The patient's head position on the operating table is fixed either on a horseshoe-
type head rest or by the insertion of skull pins. The application of the pins represents another stimulus causing an increase in blood 
pressure response18 and great care should be taken to ensure that the patient is adequately anaesthetized before the pins are applied.

Maintenance of Anaesthesia

The choice of volatile or intravenous agents for maintenance of anaesthesia has already been described. Todd et al,19 in a complex 
and thoughtful study, effectively demonstrated that propofol/fentanyl, nitrous oxide/high-dose isoflurane or fentanyl/low-dose 
isoflurane techniques of anaesthesia can be used. It is interesting to note that although there were no significant intergroup 
differences in mean ICP, a relatively high number of patients in the nitrous oxide/highdose isoflurane group (9/40) showed ICP 
greater than 23 mmHg. In the propofol/fentanyl group, there were only two patients out of 40 and in the fentanyl/lowdose isoflurane 
only two out of 41 patients with high ICP (greater than 23 mmHg).

Whichever technique is chosen, therefore, there remains a danger of high ICP and it is important for the anaesthetist to check on the 
state of the brain once the skull has been opened. A tense, bulging dura is dangerous and may prevent surgery proceeding, because if 
the dura is opened the brain is squeezed through the dural defect and infarcts. Reduction of ICP is necessary, first of all eliminating 
any faults of technique that have given rise to the high ICP and then using specific methods to lower ICP. A checklist for this has 
been given in Chapter 12, p. 176.

Reducing Intracranial Hypertension

The use of mannitol at the start of the craniotomy is valuable, because mannitol not only lowers ICP but also appears to reduce the 
volume/pressure response (VPR).20 This reduces the pressure required on the surgical retractors and therefore reduces the extent of 
neuronal damage. The dose of mannitol is controversial; suggested doses have ranged from 0.5 to 2.0 g/kg body weight, given as a 
20% solution. Smaller doses (0.5–1.0 g/kg) can be given over 15–20 min at the start of an operation, but the larger doses should be 
infused over 1–1.5h. Mannitol exerts its action in a number of ways. The administration of mannitol raises serum oncotic pressure, so 
that water is drawn into the vascular system. The withdrawal of brain extracellular fluid reduces brain bulk and therefore ICP. The 
increased vascular volume is demonstrated by a temporary increase in blood pressure and CVP before the onset of the diuresis. It also 
produces a reduction in the haematocrit.

Muizelaar et al21,22 suggested that the reduction in haematocrit is associated with an increase in cerebral blood flow so that oxygen 
supply is greater than metabolic demand. When cerebral autoregulation is intact, the balance of oxygen supply and demand is 
restored by cerebral vasoconstriction which, by producing a fall in CBV, also reduces ICP. In patients with intact autoregulation, 
there was a 27% fall in ICP but in a group of head-injured patients with impaired autoregulation, mannitol produced a rise in CBF of 
17.9%, but a fall in ICP of 4%. Ravussin et al23 infused mannitol rapidly and found that there was a 25% increase in CBV and ICP. 
The rise in ICP lasted for a short time
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(5 min), but the rise in CBV lasted for 15 min. They suggested that the ICP begins to fall after mannitol only when the dehydrating 
effect has begun to counteract the initial increase in CBV.

Mannitol may theoretically worsen oedema by crossing a damaged BBB.

Frusemide may be used either on its own or in combination with mannitol to reduce intracranial hypertension. Frusemide (1 mg/kg) 
reduces ICP to the same extent as mannitol (1 g/kg).24 It has the advantage of mobilizing oedema fluid more effectively than 
mannitol and lowering CVP, so that cerebral venous pressure is low and therefore reabsorption of CSF optimal.

Metabolic suppression with thiopentone,25 propofol and lignocaine26 may also be used to reduce intracranial hypertension.

Monitoring

Careful monitoring is essential and must include oxygen saturation, ECG and end-tidal CO2 analysis. Two large-bore venous 
cannulae must be placed when a vascular tumour is being excised. Continuous direct measurement of arterial pressure and central 
venous pressure is essential. A central venous line is also valuable for administration of hypotensive agents when the tumour is 
vascular. A temperature probe is placed in the oesophagus. Arterial blood gases should be taken early in the procedure to check the 
validity of the end-tidal reading.

Blood Loss

Vascular tumours (notably meningiomas) can be associated with very fast blood loss and if the tumour is on the convexity of a 
cerebral hemisphere, the blood loss may occur during the cutting of the bone flap, when the surgeon may not be in a position to stop 
the bleeding.

The anaesthetist thus needs to have everything needed for rapid transfusion ready at the start of a craniotomy for a vascular tumour. 
Crossmatched blood needs to be in the theatre suite and there must be a large-bore venous cannula in place, together with arterial and 
CVP measurement. A blood warmer needs to be set up and acid–base estimations available quickly.

Further significant and persistent blood loss may occur during the subsequent resection of a meningioma, so it is important that the 
initial blood loss is replaced. The cerebral vasoconstriction that occurs with haemorrhage reduces CBF significantly,27 especially in 
the junctional areas between the major cerebral vessels.

Induced Hypotension

The need for induced hypotension has lessened in neuroanaesthesia following the improvements in surgical techniques. The use of 
propofol infusion with opioid analgesics and moderate hyperventilation provides a satisfactory surgical field for most neurosurgical 
operations but occasionally the resection of a large vascular tumour may still require hypotension.

Before hypotension is used, the patient's physical state should be carefully assessed, particularly looking for signs of ischaemia in the 
cerebral or coronary circulations or a history of hypertension. Hypotension should not normally be applied until the dura is open and 
the length of hypotension should be kept as short as possible. Hypovolaemia should not be allowed to coexist with induced 
hypotension; blood replacement must parallel blood loss. CBF is maintained constant as long as the MAP is between 60 and 160 
mmHg, so hypotension to a MAP of 60–70 mmHg, which will provide a surgical field with reduced oozing, may be of value.

Monitoring must be extensive and reliable; as well as the monitoring mentioned, jugular venous oxygen content measurements are 
valuable, as are transcranial Doppler measurements of flow velocity.

Hypotension is most easily induced by the combination of labetalol (10–20 mg) followed by sodium nitroprusside infusion (0.01%). 
The infusion is best given along the central venous line, so that the time lag between changing the infusion rate and observing the 
effect on blood pressure is kept to a minimum.

Sodium nitroprusside causes cerebral vasodilatation28 but the effect can be overcome by ensuring that the arterial pressure is lowered 
to at least 70% of the control value. If the anaesthetic has been so arranged that the patient's cardiovascular system is stable and not 
responding to painful stimuli, hypotension should be easily achieved with such small doses of propofol that toxicity29 is not invoked. 
If the patient develops a tachycardia or is resistant to sodium nitroprusside, it is better to supplement the action of sodium 
nitroprusside by another drug, such as labetalol or propranolol to control heart rate, or to increase the infusion of propofol or the 
inhaled concentration of isoflurane, rather than using excessive infusion rates of sodium nitroprusside.

Other hypotensive agents are available, such as trimetaphan28 and trinitroglycerine30,31 (GTN). GTN, like sodium nitroprusside, 
causes an increase in ICP and also a marked tachycardia. Trimetaphan is a less effective drug than either but does not cause a rise in
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ICP, unless the patient is suffering from extreme degrees of intracranial space occupation, in which case the ganglionic blockade may 
produce an increase in CBF by blocking the sympathetic supply to the cerebral vessels.28

When induced hypotension is being used, it is important that the surgeon knows this and that, after the tumour is resected, blood 
pressure is returned to normal before the dura is closed. This is essential so that the bleeding points can be visualized and sealed.

Intravenous Fluids

Intravenous fluids should be chosen with care; overtransfusion will lead to a high CVP and therefore predispose to high ICP and use 
of solutions of glucose in water worsen cerebral oedema. Patients with severe intracranial hypertension may have been drowsy or 
vomiting preoperatively and therefore may be hypovolaemic. If mannitol has been used, fluids should be given to replace the deficit 
produced by diuresis. Mannitol may also produce hyponatraemia and hypokalaemia.

Normal saline or Hartmann's solution is indicated for fluid therapy during the procedure and should be given to replace fluid losses 
and controlled by the CVP to avoid overtransfusion. Colloid solutions, such as modified gelation (Gelofusine), may be given and 
blood loss over 1 litre should be replaced as appropriate.

Emergence from Anaesthesia

The closure of a craniotomy may take a little time. Following surgery for a space-occupying lesion, some postoperative brain 
swelling is likely and great care should be taken to ensure that the end of the anaesthetic is smooth, without undue hypertension, 
coughing or straining. During the closure period, the propofol and relaxant infusions can be reduced, the aim being to ensure that the 
patient is awake at the end of the procedure, but reversal of the muscle relaxant must be left until after any dressings or head 
bandages have been applied. Much movement of the head may take place then and the patient should not cough or strain.

In order to avoid hypertension on extubation, removal of the endotracheal tube and suctioning of the pharynx may be covered with 
IV lignocaine 1.5 mg/kg 90 s before extubation. Labetalol can also be given to obtund these responses.32

Patients in whom a tight brain was present during surgery or where there was excessive blood loss or in whom oedema spread is 
marked should be considered for postoperative pressure ventilation in an intensive care unit. Normally, however, anaesthetic 
technique should be so judged as to produce an awake, responding patient in the recovery area, so that neurological monitoring to 
detect the postoperative complications of haematoma formation may be started.
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Introduction

Recent improvements in neurosurgical and neuroanaesthetic techniques have reduced the morbidity and mortality traditionally 
associated with intracranial haemorrhage. Even patients presenting with significant neurologic deficit may achieve good outcome 
provided appropriate therapy is instituted early in their illness. The success of the combined aggressive anaesthetic and surgical 
management is most notable in those patients with subarachnoid haemorrhage or traumatic intracranial haematomas. 
Neuronaesthetists play an important role in the preoperative resuscitation and optimization, the intraoperative management and the 
postoperative neurointensive care of patients with intracranial vascular lesions.

This chapter discusses the anaesthetic management of intracranial vascular lesions with particular emphasis on subarachnoid 
haemorrhage (SAH) and arteriovenous malformations (AVM).

Aetiology

The pathological classification of intracranial haematomas is provided in Box 14.1.

Traumatic Haematomas

Traumatic intracranial haematomas secondary to head injury usually occur in young males early in their working lives, with 
significant social and economic implications. Extradural, subdural and intracerebral haematomas often occur in association with 
other significant injuries such as cervical spine or intraabdominal trauma which may take priority in treatment. However, as 40% of 
comatose head-injured patients have an intracranial mass, an early CT scan once the patient is stabilized will differentiate operative 
from non-operative lesions.

Traumatic 
Non-traumatic 
    Hypertensive 
    Amyloid angiopathy 
    Drug induced 
    Coagulopathy 
    Neoplasia 
    Vascular: 
        aneurysm 
        arteriovenous malformations 
        cavernous malformations 

Box 14.1 Classification of intracranial haematomas

Extradural Haematoma (EDH)

The majority of extradural haematomas are traumatic. EDHs are often found in the temporal region in association with a skull 
fracture involving the middle meningeal artery. Less frequently, they originate from the venous sinuses following disruption of the 
dural membranes. Whereas most EDHs are acute, they can present up to 48 h after the initial trauma and are an important cause of 
late clinical deterioration.1

The clinical presentation depends on the size, position and rate at which the haematoma forms. Only onethird of patients with EDH 
present with the classic initial loss of consciousness followed by a lucid interval and then a rapid decline in consciousness. Not all 
patients develop ipsilateral pupillary dilatation and focal neurological deficits. Although poor outcome is associated with coma on 
admission, bilateral dilated pupils, a subdural component and delays in surgical intervention,2,3 the overall mortality following an 
extradural haematoma is less than 5%.2

Subdural Haematoma (SDH)

A SDH is often associated with an underlying cerebral injury and is therefore associated with poorer prognosis. Bleeding occurs from 
torn cerebral tissues and bridging cortical veins. Over 50% of patients will be unconscious from the start, with a mortality of 40–
80%.4 Poor outcomes are associated with a low Glasgow Coma Scale score (GCS 3–5) on presentation, age >60 years, unreactive 
dilated pupils, high intracranial pressure, hypotension and hypoxaemia.5

Intracerebral Haematoma (ICH)

Traumatic ICHs can follow all types of blunt cranial trauma. Penetrating skull injuries (stab or gunshot wound) and depressed skull 
fractures are also commonly associated with intracerebral bleeds. In the elderly and in alcoholics with cerebral atrophy, the 
associated trauma may be modest and the haematoma may only produce symptoms 48 h after the initial trauma.

Posterior Fossa Haematoma (PFH)



   

Although uncommon, PFHs can lead to rapid deterioration as a result of brainstem compression. Occipital abrasions, an occipital 
fracture, respiratory irregularities and/or hypertension should alert the clinician to
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the possibility of a posterior fossa haematoma. Without rapid decompression mortality is very high.6

Non-Traumatic Haematomas

The causes of non-traumatic intracerebral haemorrhage vary with age. Hypertension and tumours predominate in the elderly, whilst 
vascular abnormalities predominate in younger patients.7

Hypertensive Haematomas

Hypertension is probably the most significant risk factor for intracerebral haemorrhage in the elderly.7 Evidence of preexisting high 
blood pressure, such as left ventricular hypertrophy, is common. The mechanisms believed to be responsible for hypertensive bleeds 
include the formation and rupture of microaneurysms affecting the lenticulostriate vessels and the degeneration of the media 
affecting small penetrating arteries (hyalinosis).

Amyloid Angiopathy

This is associated with the deposition of amyloid in the media and adventitia of cerebral vessels causing calcific degeneration and 
rupture of the vessel wall in the elderly.8 The arteries and arterioles of the leptomeninges and the superficial layers of the cortex are 
involved, causing lobar haemorrhages (most commonly the parietal and occipital lobes). Subarachnoid and subdural haemorrhages 
can also occur.

Drug and Alcohol Abuse

Cocaine9,10 and amphetamines11 cause intense sympathetic activity which can lead to extreme rises in blood pressure. In such 
circumstances, especially with amphetamine abuse, an intracerebral haemorrhage can occur without an underlying vascular lesion. 
Intravenous drug abusers are at an increased risk of bacterial endocarditis with the subsequent development and rupture of cerebral 
mycotic aneurysms. Alcoholics can develop systemic hypertension and liver abnormalities, which predispose them to spontaneous 
intracerebral haemorrhages.

Coagulopathies

All types of coagulopathies predispose to spontaneous intracerebral bleeds.12 These can be intrinsic (idiopathic thrombocytopenia, 
disseminated intravascular coagulation, haemophilia) or drug related (aspirin, anticoagulants, fibrinolytics). Intracranial haematomas 
secondary to anticoagulant therapy are common.

Neoplasia

Patients with primary or secondary cerebral tumours may deteriorate suddenly because of haemorrhage into the lesion.13 This is more 
likely to occur in the more vascular tumours, which include malignant gliomas, malignant melanomas, bronchogenic carcinomas, 
choriocarcinomas and renal cell carcinomas.

Vascular Anomalies

These include cerebral aneurysms, arteriovenous malformations (AVM) and cavernous malformations. The majority of patients 
present with either an intracerebral haematoma or a subarachnoid haemorrhage. Rarely, they may present with cerebral irritation, 
seizures or neurological deficits from an intracranial mass effect.

Pathophysiology

Autoregulation, arterial carbon dioxide and oxygen tension and cerebral metabolism influence cerebral blood flow (CBF). In normal 
individuals, CBF remains constant over a wide range of cerebral perfusion pressures (CPP), CPP being the difference between mean 
arterial pressure (MAP) and intracranial pressure (ICP). In the awake resting normotensive individual, changes in cerebrovascular 
resistance (CVR) maintain CBF at an average of 50ml/100g/min despite changes in CPP between 60 and 160 mmHg. This process is 
termed autoregulation and occurs in seconds. Hypocapnia can increase or restore impaired autoregulation14 whereas hypercapnia 
impairs autoregulation. At CPP outside this range CBF becomes pressure dependent.

In normal individuals, changes in cerebral blood volume (CBV) mirror changes in CBF. Therefore, following intracranial 
haemorrhage when autoregulation is often impaired either focally or globally, rapid changes in blood pressure have profound effects 
on CBF. While hypotension will lead to cerebral ischaemia, hypertension will result in increased CBV, raised ICP and secondary 
brain ischaemia.

Carbon dioxide is one of the major determinants of CBF.14,15 CBF changes almost linearly with changes in arterial carbon dioxide 
tension (PaCO2) between 3 and 10 kPa. While hyperventilation reduces CBF, CBV and ICP, hypoventilation has opposite effects. In 
subarachnoid haemorrhage, cerebral vasoreactivity to carbon dioxide may be reduced. Therefore, hyperventilation may be ineffectual 
in reducing ICP. Furthermore, as the relationship between CBF, CBV and ICP may no longer exist, hyperventilation may
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reduce CBF without changing CBV or ICP, thus exacerbating brain ischaemia.

Arterial oxygen tension (PaO2) has little effect on CBF within the physiologic range. However, if PaO2 decreases below 6kPa, tissue 
oxygen delivery is maintained by cerebral vasodilatation, which overrides any vasoconstriction induced by hyperventilation. At a 
PaO2 >100kPa cerebral vasoconstriction occurs.16 However, a combination of moderate hyperventilation and hyperoxia may be used 
to reduce brain bulk while maintaining cerebral oxygen delivery.17

Cerebral blood flow and cerebral metabolism are tightly coupled. Any increase in regional or global cerebral activity will lead to an 
increase in cerebral metabolism and therefore CBF. This relationship may be uncoupled by an intracerebral bleed or head injury, a 
finding which is central to the management of intracranial haemorrhage.

Principles of Management

Regardless of the causes of intracranial haemorrhage, the above pathophysiological mechanisms may precipitate cerebral ischaemia. 
Therefore, the management of all patients with intracerebral haematomas irrespective of cause is aimed at maintaining adequate CBF 
and preventing and treating secondary cerebral ischaemia. The anaesthetic management of traumatic intracranial haematomas is 
described in detail in Chapter 20.

Subarachnoid Haemorrhage

Epidemiology

Cerebral aneurysms account for 75–80% of spontaneous subarachnoid haemorrhage (SAH),18 cerebral arteriovenous malformations 
for 4–5%,19 and in 15–20% of patients no source of haemorrhage can be found. Other causes of SAH include trauma, dural and 
spinal arteriovenous malformations, mycotic aneurysms, sickle cell disease, cocaine abuse and coagulation disorders.

Cerebral aneurysms mainly occur at vascular bifurcations within the circle of Willis or proximal cerebral artery. Most are 
supratentorial and approximately 20% of patients will have multiple aneurysms.20 The incidence of aneurysmal SAH is 12–15 per 
100,000 population per year with a peak incidence between 55 and 60 years of age. Females are affected more than males and genetic 
factors may contribute.21,22

Despite improvements in anaesthetic and surgical care, SAH is associated with high morbidity and mortality.23 One-third of patients 
will die before reaching hospital24 and the remaining patients will have a 30–50% mortality.25 The major risks facing patients who 
reach hospital are recurrent haemorrhage,26 the development of delayed ischaemic neurological deficits (vasospasm) and 
hydrocephalus. Conservative non-surgical management of SAH is associated with much higher mortality than surgical management 
(40% vs <10% respectively within six months of the bleed). However, conservative medical management has been recently 
advocated in elderly patients (>64 years) with unruptured aneurysms less than 1 cm diameter as in the risks of surgery outweigh the 
benefits.27,28

Clinical Presentation

SAH classically presents with sudden-onset severe headache radiating to the occipital or cervical region with or without loss of 
consciousness. Photophobia, nausea, vomiting, lethargy and signs of meningism are all common. Hypertension, hyperpyrexia, 
seizures, motor or sensory deficits, cranial nerve palsies (third and sixth) and visual field defects may also occur. Elevated 
intracranial pressure and meningeal irritation cause loss of consciousness, headaches and neurological deficits. A sudden rise in 
intracranial pressure, in conjunction with normal coagulation, is thought to prevent continuing bleeding from the aneurysm site.

Early Management

The immediate management of patients with SAH follows the principles of airway, breathing and circulation. Patients unable to 
protect their airway or, obey commands and those with a GCS <9 should have their airway secured by intubation and ventilation. 
Hypoxaemia and hypercarbia may result in a rapid increase in ICP that could precipitate a rebleed and aggravate cerebral ischaemia 
from the initial insult. Heart rate, blood pressure and tissue perfusion are assessed and treated when abnormal. Neurological 
examination includes level of consciousness, spontaneous movement, orientation, ability to follow commands, pupillary size, shape, 
reactivity, ocular movement, muscle tone and reflexes.

Information regarding previous trauma, intracerebral haemorrhages, hypertension and hypertensive treatments, known vascular 
malformations or tumours, anticoagulant use, coagulopathies, prosthetic heart valves, ischaemic cerebrovascular disease and drug 
abuse should be obtained at the same time.

The clinical condition of the patient is graded using the World Federation of Neurological Surgeons29 (WFNS)



   

 

Page 196

system as shown in Table 14.1. Although the morbidity and mortality vary widely between centres, it is commonly accepted that a 
higher WFNS grade generally results in worse outcome. This may be due to a combination of initial damage and the increased risk of 
developing intracranial hypertension, vasospasm, reduced CBF and impaired autoregulation.

A CT scan will identify the site and extent of the haemorrhage and assess ventricular size. It may also indicate the most likely site of 
the aneurysm.30 Once an intracranial bleed is identified, immediate referral to a neurosurgical centre is advisable. Although we will 
consider patients with SAH of all grades at our centre including those with unreactive pupils, in reality those greater than 70 years of 
age with a poor quality of life, extensive SAH on CT scan and with bilateral fixed dilated pupils are not usually suitable for 
neurosurgical intervention. Decisions on further management should not be based on pupillary size in isolation, as dilated pupils can 
accompany subclinical seizures31 and hydrocephalus and therefore are not an absolute contraindication for transfer.

When no SAH is detected on CT scan but the history is strongly suggestive of it, a lumbar puncture is performed. If xanthochromia is 
present the patient should be transferred to a neurosurgical centre for cerebral angiography. Lumbar puncture should only be 
performed after a negative CT scan and in the absence of signs of raised ICP, as the procedure may cause a rebleed or brain 
herniation with disastrous consequences.

Once a diagnosis of SAH has been made, the WFNS grade and the premorbid state of the patient influence further treatment. Patients 
with grades I–II are monitored on the neurosurgical high-dependency unit. Neurological assessments, vital signs and fluid balance 
are recorded hourly. A daily fluid intake of at least 3 l is recommended. Intravenous fluids can supplement oral intake but 5% 
dextrose solutions are best avoided because of hypotonicity and the possible risk of hyperglycaemia with its associated adverse 
effects in brain injury. Oral nimodipine (60mg four-hourly) is started in an attempt to prevent delayed cerebral ischaemia. However, 
nimodipine can cause hypotension and the dose may need to be reduced or divided in more frequent doses (30 mg 2 hourly). Ideally 
the systolic blood pressure should be maintained at 140–150mmHg (slightly higher in previously hypertensive individuals). 
Paracetamol or codeine phosphate is prescribed for pain. Any electrolyte abnormalities are corrected and a haematocrit of 30% is 
aimed for. A central venous line or a pulmonary artery flotation catheter may be required to guide therapy in those with cardiac 
disease and the elderly, aiming for a filling pressure of 10–14 mmHg. Cerebral angiography should be performed within 24 h.

Patients with WFNS grades iii–iv are cared for on the neurocritical care unit. The CT scan is studied for factors contributing to the 
poor grade of the patient. If hydrocephalus is present, an extraventricular drain is inserted. If a large intracerebral haematoma is 
present and the patient's condition is stable, urgent angiography is performed before clot evacuation and aneurysm clipping. 
However, in the event of deterioration with mass effect (such as a fixed pupil) surgical decompression is performed immediately.

Patients with evidence of raised intracranial pressure on CT scan should have their ICP monitored to help guide management (see 
Ch. 7). After resuscitation these patients are assessed neurologically. Neuromuscular relaxants and sedation are withdrawn and at an 
appropriate time, the response to a painful stimulus observed. If the patient exhibits purposeful movement they are resedated and 
cerebral angiography performed with a view to definite aneurysm clipping. In the case of multiple aneurysms only the culprit 
aneurysm is treated. Residual aneurysms may

Table 14.1 World Federation of Neurological Surgeons (WFNS) grading of subarachnoid 
haemorrhage

Grade Glasgow Coma Score Motor deficit 
aphasia and/or hemiparesis or hemiplegia)

0 15 Absent

I 15 Absent

II 13–14 Absent

III 13–14 Present

IV 7–12 Present or absent

V 3–6 Present or absent
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be treated electively a minimum of three months later depending on the outcome of the current episode.

If the patient displays no purposeful movement to painful stimuli, CBF studies are performed and cerebral perfusion supported with 
ICP management and blood pressure control. Patients are assessed periodically for improvements in their neurological status. If no 
improvement occurs, outcome is likely to be poor and a decision regarding further treatment should be discussed with the relatives at 
an early stage.

Although CT scanning and magnetic resonance angiography can diagnose vascular lesions, cerebral angiography remains the gold 
standard.32 An acceptable angiogram must show all the intracranial vessels in at least two planes to identify the neck of the aneurysm 
and its surrounding vessels. Any radiographic evidence of vasospam is noted. If multiple aneurysms are detected, the patient's 
symptoms, the location, appearance and the presence of regional vasospasm help identify the culprit aneurysm. For angiogram-
negative patients in whom other causes have been excluded (such as dural fistulae, cerebral vasculitis and venous thrombosis), repeat 
angiography is performed 14 days later.

The Timing of Surgery

Definitive surgery can be early (1–3 days after SAH) or late (10–14 days after SAH). Historically, 'late' surgery was preferred as 
surgical exposure and aneurysm clipping were considered easier when less cerebral oedema and inflammation are present. However, 
although technically more difficult, 'early' surgery decreases the probability of rebleeding with its associated high morbidity and 
mortality.33–36 Furthermore, by removing the blood clot early the risk of developing a delayed ischaemic deficit may be reduced.37,38 
If a deficit should develop as a result of vasospasm, then induced hypertension can be used safely if the aneurysm is secured.39 
Recent experience shows that early surgery does not increase the risk of intraoperative complications compared to later surgery.40

Our policy is to perform definitive surgery within four days of the primary event, especially in patients with good-grade SAH. This is 
based on published evidence suggesting that rebleeding is commonest in the first day post-SAH and 70% of patients who rebleed will 
die.41 This has been recently confirmed in a prospective audit at our hospital, which identified a 2% risk of rebleeding within the first 
four days rising to 18% in the first two weeks, with 85% mortality as a result of the second bleed. Surgery is performed during the 
day on elective lists except when a space-occupying mass needs urgent evacuation.

Preoperative Evaluation

A routine general anaesthetic assessment will include the patient's past medical history, medications, allergies and previous general 
anaesthetics. The extent of the neurologic and myocardial injury are of particular interest.42 In addition, blood results, ECG and 
echocardiography when indicated, chest X-ray, CT scans, angiography and transcranial Doppler findings should be available. Proper 
communication between the anaesthetist and the operating surgeon is likely to lead to the best perioperative care.

Cardiovascular Assessment

Although seen in the majority (50–100%) of patients with a SAH, ECG changes are more frequent in those with severe neurologic 
impairment.43,44 They include T-wave abnormalities, ST segment depression, prominent U-waves, prolonged QT intervals and both 
atrial and ventricular dysrhythmias.45 The ECG abnormalities occur within 48 h of the SAH and may last up to six weeks. Whilst the 
degree of myocardial dysfunction does not correlate with the SAH-induced ECG changes, the greatest degree of myocardial 
dysfunction occurs in those patients with worse WFNS grades.46 Postmortem and CPK isoenzyme studies have shown that the 
majority of SAH-induced ECG changes are related to subendocardial ischaemia or localized areas of myocardial necrosis. It is 
postulated that these changes are caused by posterior hypothalamic stimulation leading to an acute increase in sympathetic activity.43 
The resulting increase in myocardial and systemic noradrenaline levels may (by a direct toxic effect or by increasing myocardial 
afterload) cause this subendocardial ischaemia. The coronary arteries are usually normal. Some patients will develop pathological Q-
waves following a SAH.47 This is often misinterpreted as evidence of a recent myocardial infarction. However, the differentiation 
between SAH-associated and myocardial ischaemia-related ECG changes is difficult especially in patients with coexisting cardiac 
disease. An echocardiogram and/or a pulmonary artery catheter may be valuable in these patients.

Although non-specific ECG changes not accompanied by symptoms or signs of myocardial dysfunction are probably insignificant 
and should not delay surgery, it is probably prudent to wait as long as possible before proceeding with the surgery in those patients 
with changes suggestive of myocardial infarction as the risk of malignant dysrhythmias is high. The benefits of early surgery have to 
be weighed against possible perioperative myocardial ischaemia. Our policy is to wait at least 72 h unless there are mass effects or 
the patient's condition allows a 10–14 day wait.
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Blood pressure abnormalities are frequent after SAH. When hypertension is a compensatory response to maintain CPP in the 
presence of an elevated ICP, it should not be treated unless it is severe. Systolic blood pressure >160 mmHg increases the risk of 
rupture and rebleeding in an unsecured aneurysm and therefore a compromise needs to be achieved. Patients with systolic blood 
pressures >160mmHg may be treated judiciously with labetalol, which appears to have little if any effect on cerebral blood flow or 
intracranial pressure. Sodium nitroprusside and hydralazine are vasodilators which may increase CBF and therefore should not be 
used whilst the dura is closed especially in the presence of raised intracranial pressure. In patients with symptomatic vasospasm 
higher blood pressures may be tolerated.

Hypotension should be avoided at all costs and the blood pressure below which neurological deterioration occurs recorded. This can 
be used to guide blood pressure management intraoperatively.

Respiratory Assessment

Respiratory dysfunction, common after SAH, can be the result of poor ventilatory drive, decreased level of consciousness and 
aspiration of stomach contents, or neurogenic pulmonary oedema. Therefore, a thorough evaluation of the respiratory system must 
include examination for evidence of pulmonary oedema, basal atelectasis and aspiration pneumonia. The oxygen and ventilatory 
requirements, arterial blood gases and chest X-ray are assessed. Patients requiring high levels of inspired oxygen and positive end-
expiratory pressure to maintain borderline arterial blood gases should have their operation postponed until their respiratory function 
improves. Avoiding secondary hypoxaemic insults is paramount.

Volume Status and Blood Chemistry

Autonomic hyperactivity is thought to be responsible for the reduction in plasma and red blood cell volume. Other factors include 
bedrest, negative nitrogen balance and diuretics. A haematocrit of 30% is considered optimum. A central venous pressure line or a 
pulmonary artery flotation catheter may be required to guide fluid management.

Hyponatraemia is common (10–34%)48,49 and can be associated with an impaired level of consciousness, cerebral oedema, seizures 
and vasospasm. Hyponatraemia may be iatrogenic because of the administration of hypnotic maintenance fluids instead of 0.9% 
sodium chloride. It may also result from either the cerebral salt wasting syndrome or the inappropriate secretion of antidiuretic 
hormone (SIADH).50 In both groups the plasma sodium concentration is low (<134 mmol/1). Patients with the salt wasting syndrome 
are hypovolaemic and require fluid to prevent intravascular volume contraction. Atrial natriuretic factor may also be involved.51 In 
contrast, patients with SIADH secretion require fluid restriction. Central venous pressure monitoring is required in these 
circumstances.

Normoglycaemia should be maintained as hyperglycaemia is associated with worse neurologic outcome after brain injury.52,53 
Dextrose-containing solutions are best avoided and an insulin infusion may be required to control stress-induced hyperglycaemia 
when present.

Neurologic Assessment

A detailed examination to assess the level of consciousness and the presence of focal neurological deficits should be performed. 
Evidence of raised intracranial pressure, cerebral vasospasm, hydrocephalus and an intracranial mass effect should be sought.

Blood in the subarachnoid space may occlude the arachnoid villie and lead to the development of hydrocephalus. Mortality is higher 
in patients who develop hydrocephalus. Symptoms include headache, drowsiness, confusion and agitation. If hydrocephalus develops 
before the aneurysm has been secured, a ventricular drain may improve the neurological state of the patient. The CSF should be 
drained to 15–20 cmH2O to avoid excess ventricular decompression, which may cause the aneurysm to re-rupture.54

Seizures can occur following a SAH and lead to acute increases in blood pressure and rebleeding. When present, seizures should be 
controlled with anticonvulsants but there is currently no evidence to support the prophylactic use of anticonvulsants in patients 
following SAH and hence, they are not routinely administered at our institution.

Medications

Preoperative drugs are usually continued unless contraindicated; for example, diuretics are discontinued if the patient is dehydrated. 
Patients presenting for aneurysm surgery after SAH are usually receiving calcium channel blockers (nimodipine) to reduce the risk of 
developing delayed ischaemic deficits. Therefore, relative hypotension secondary to systemic vasodilatation, with an increased 
cardiac output is not an uncommon finding in these patients.55 Patients must be well hydrated before general anaesthesia to prevent 
hypotension on induction of anaesthesia.56
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Premedication

The use of sedative premedications is controversial as pre- and postoperative neurologic assessment may be difficult. Premedicants 
may also cause respiratory depression leading to hypercarbia, hypertension and increased CBF, CBV and ICP. Generally, grade III–
V patients rarely require sedative premedication. Grade I–II patients may require an anxiolytic to prevent the haemodynamic 
fluctuations associated with anxiety. Midazolam IV can be administered in the anaesthetic room. Midazolam reduces the cerebral 
metabolic rate and hence CBF and CBV without significantly affecting cerebral CO2 reactivity or autoregulation. However, the agent 
should be titrated carefully as hypotension must be avoided. Patients at risk of aspiration will need standard antacid prophylaxis.

Monitoring

Routine monitoring will include ECG, pulse oximetry end-tidal capnography, urinary output and temperature. Direct blood pressure 
measurement is established before induction of anaesthesia as this will allow accurate, beat-to-beat observation of blood pressure. It 
will also be useful for intraoperative blood gas and haemoglobin measurements. Central venous pressure is measured in all patients 
presenting for aneurysm surgery to guide fluid management as these patients often receive repeated doses of diuretics and/or 
mannitol. A pulmonary artery catheter is used in elderly patients, those with cardiac disease and in poor grade subarachnoid 
haemorrhage patients, especially if hypertensive, hypervolaemic and haemodilutional therapy is contemplated.

A jugular bulb catheter measures jugular venous oxygen saturation and lactate and is used to monitor alterations in ventilation and 
blood pressure.57,58 A cerebral function analysing monitor is used when burst suppression is planned (e.g. prolonged temporary 
clipping). An intraparenchymal probe, which measures cerebral oxygenation, carbon dioxide, pH and temperature, can be sited in the 
territory of the operative site by the surgeon.

Induction of Anaesthesia

The aims are to titrate the depth of anaesthesia and the blood pressure to match surgical need, control ICP, minimize cerebral 
metabolic demands, prevent cerebral ischaemia, ensure good operating conditions and allow rapid awakening. As transmural pressure 
determines the likelihood of aneurysmal rupture, abrupt increases in arterial blood pressure or sudden decreases in ICP may cause a 
rebleed. Although rebleeding is rare during induction of anaesthesia and tracheal intubation (<0.5% at this institution), it is associated 
with high mortality and postoperative morbidity. Aneurysmal rupture is suspected when a sustained rise in blood pressure with or 
without a bradycardia is observed on or shortly after induction or tracheal intubation. The surgery is best deferred for 24–48 h during 
which detailed assessment of the patient is made.

With the exception of ketamine, any intravenous induction agent can be used. Thiopentone, etomidate and propofol are the main 
agents used for induction of anaesthesia, with muscle relaxation usually achieved with vecuronium, atracurium or pancuronium. 
When rapid control of the airway is required, suxamethonium can be used but it may result in a transient increase in ICP.59 This 
potential increase in ICP and its possible effect on aneurysmal rupture is balanced against the risk of aspiration, hypoxaemia and 
hypercapnia.

If a rapid sequence is not required, the patient's lungs are denitrogenated and anaesthesia is induced with the intravenous agent of 
choice in combination with a short-acting opioid (e.g. fentanyl 1 μg/kg). The agent is titrated to blood pressure and heart rate. There 
is no place for high-dose opioid anaesthesia as this will result in catastrophic hypotension, cerebral vasodilatation, reduced CPP and 
cerebral ischaemia. Once the patient is judged ready for tracheal intubation (by the use of peripheral nerve stimulator), further 
aliquots of induction agent, fentanyl, labetolol, esmolol or lignocaine can be used to attenuate the response to laryngoscopy and 
intubation. The lungs are then ventilated to mild hypocapnia at PaCO2 ~4 kPa. Marked hyperventilation reduces ICP and may 
increase transmural pressure leading to aneurysmal rupture. The endotracheal tube is then secured, widebore intravenous access 
established and the eyes protected. Local anaesthesia or further doses of induction agent or opioid can be used to attenuate the 
response to head pin insertion.60 Lumbar drains, although not routinely used, may be employed for posterior circulation and giant 
aneurysms where a greater degree of brain retraction is anticipated. Rapid decompression should be prevented when a lumbar drain is 
inserted as this will lead to a sudden reduction in ICP and rebleeding. Patients are then transferred into theatre and positioned 15–30° 
head up to aid venous drainage.

Maintenance

There is currently no evidence from prospective randomized trials to suggest a particular anaesthetic
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technique is superior in patients undergoing aneurysm surgery. However, the 'best' anaesthetic technique produces a 'slack' brain so 
that retraction pressure is low while ensuring maximal cerebral protection by keeping cerebral metabolic requirements to a minimum. 
Those agents that maintain cerebral vasoreactivity to CO2 and autoregulation may reduce fluctuations in CBF, ICP and CPP when 
blood pressure changes with varying surgical stimuli.

A combination of a propofol infusion and an opioid is increasingly used to maintain anaesthesia during aneurysm surgery. Propofol 
allows rapid adjustment of anaesthetic depth with more rapid recovery than either thiopentone or isoflurane.61 Propofol has no 
intrinsic vasodilatory effect and therefore does not result in increases in CBF, CBV or ICP. Furthermore, propofol has been shown 
not to affect cerebral autoregulation or carbon dioxide reactivity even at doses high enough to produce EEG isoelectricity.62 It also 
reduces the cerebral metabolic rate, with cortical structures being depressed to a greater extent than subcortical structures, and may 
be neuroprotective.

Inhalational anaesthetic agents have a dual effect on CBF: a reduction consequent on to the decrease in cerebral metabolism and an 
increase secondary to their direct cerebral vasodilatory effect. The 'net' effect of an inhalational agent on CBF is therefore dependent 
on the level of cerebral metabolism at the time the agent is introduced.63 When cerebral metabolism is low, as in patients with SAH 
grades III or IV, the net effect may be vasodilatory with increases in CBF and ICP accompanying the introduction of the agent. 
However, in patients with good-grade SAH I or II in whom cerebral metabolism is high, inhalational agents primarily reduce CBF 
secondary to the reduction in cerebral metabolism. Therefore, inhalational agents can be safely used in patients with good-grade 
SAH. When there is uncertainty about the level of cerebral metabolism or when signs of significant cerebral oedema are present, total 
intravenous anaesthesia is the preferred option.

Inhalational agents with the exception of sevoflurane impair autoregulation in a dose-dependent manner.64 Therefore, isoflurane in 
concentrations less than 1.0% can be used to supplement intravenous anaesthesia. The epileptic activity of enflurane prevents its use 
in neurosurgery. Desflurane increases ICP and this may be related to its sympathoadrenal effects.65 Sevoflurane has been shown not 
to alter cerebral autoregulation in concentrations up to 1.5 MAC.66–68 However, at 1.5 MAC sevoflurane, brain oxygen consumption 
was shown to be reduced by 25% and therefore a degree of luxury perfusion may occur.69

Nitrous oxide has a number of advantages. It has a rapid onset and offset, is easy to use and is relatively inexpensive. However, its 
routine use in neuroanaesthesia is discouraged at our institution as there is evidence to suggest that N2O increases ICP and CBF by 
stimulating cerebral metabolism.70 Although nitrous oxide increased CBF velocity when used in combination with isoflurane,71 this 
effect can be attenuated by hyperventilation72 and propofol.73

Opioids generally have negligible effects on CBF and metabolism. However, the newer synthetic opioids fentanyl, sufentanil and 
alfentanil can increase ICP in patients with tumours and head trauma.74 This increase, originally assumed to be secondary to an 
increase in CBF, is more likely to be the result of changes in PaCO2 and systemic hypotension.75–77 Irrespective of the actual 
mechanism causing the increase in ICP, these observations underscore the importance of administering these agents judiciously and 
carefully to avoid systemic hypotension. Fentanyl, with its medium duration of action and its negligible cerebral vascular effects, is 
the agent of choice in many neurosurgical intensive care units. Remifentanil, a new opioid with a rapid onset and short half-life, is 
being investigated for neurosurgery. Remifentanil appears to compare favourably to fentanyl in patients undergoing elective 
supratentorial surgery.78 We have shown that remifentanil when combined with 0.5 MAC sevoflurane does not alter cerebral 
autoregulation in individuals undergoing non-intracranial neurosurgical procedures.79

Brain Relaxation

The aim is to produce a 'slack' brain so that retraction pressure can be kept to a minimum. There are several methods employed to 
reduce the brain bulk, CSF volume and CBV. These include a 15–30° head-up position, mild hypocarbia (~4 kPa), mannitol and 
frusemide.

Mannitol is an osmotic diuretic used to reduce cerebral tissue water.80,81 It is usually administered (0.5–1.0 g/kg) as a 20% solution 
and probably acts on all three intracranial compartments via different mechanisms. It may reduce brain bulk by osmotic dehydration, 
CBV by improving rheology of red blood cells thus decreasing blood viscosity,82 and CSF production.83,84 Mannitol is also a free 
radical scavenger. Mannitol's high osmolarity causes an immediate but transient increase in intravascular volume, CBF, CBV and 
ICP. This is followed by a reduction in ICP and CBV, which is maximum at 45–60 min. Therefore, care must be taken when 
administering mannitol to patients with poor cardiac function as they
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may develop congestive cardiac failure and pulmonary oedema. Frusemide can be used in conjunction with mannitol or it can be 
used alone in those patients with poor myocardial function who may be sent into cardiac failure with mannitol.81 Hypertonic saline 
has been advocated as an alternative to mannitol, although its action is transient and its overall effects remain untested in SAH.85

The potential ischaemic effects of marked hyperventilation must be balanced against the benefits of reducing CBV. When used 
properly, hyperventilation is a quick and effective tool for reducing CBV, provided a measure of cerebral oxygenation is employed. 
Although it cannot detect regional ischaemia, jugular bulb oximetry (SjO2) will reflect the balance between cerebral oxygen supply 
and demand. It is probably unwise to induce hypocapnia if the SJO2 <50%.

Cerebral blood volume can also be reduced pharmacologically by reducing cerebral metabolism and hence CBF. This is achieved by 
bolus intravenous administration of thiopentone (3–5 mg/kg), propofol (1–2 mg/kg) or lignocaine (1.5 mg/kg). If brain condition 
improves after the bolus, a continuous infusion is started.

The amount of fluid given intraoperatively depends on the maintenance requirements, blood loss and filling pressures. Urine output is 
a poor marker of circulatory volume in the presence of mannitol and frusemide. We maintain hypervolaemia prior to clipping to 
optimize CBF and reduce the effects of perioperative vasospasm.

Hyponatraemia is associated with an increased incidence of delayed ischaemic neurological deficits and glucose solutions are 
avoided as they may worsen cerebral acidaemia and ischaemia.

With difficult aneurysms, measures are taken to reduce the transmural pressure across the wall of the aneurysm before a permanent 
clip is placed. This reduces the risk of rupture and the rate of bleeding should the aneurysm rupture during dissection. There are two 
methods by which this can be achieved: deliberate hypotension and temporary clipping.

Deliberate Hypotension

Although the use of induced hypotension during surgical clipping of cerebral aneurysms is in decline, many North American 
neurosurgical centres continue to use it regularly. Hypotension increases 'slack' in the structures around the aneurysm and aneurysmal 
sac and decreases the risk of rupture during surgical dissection and clipping of the aneurysm. Hypotension also decreases bleeding 
from surrounding small vessels which allows better visualization of the anatomy of the aneurysm and the perforating vessels. Some 
of the drugs used include isoflurane, thiopentone (3–5 mg/kg), propofol (1–4 mg/kg), labetalol in 5–10 mg increments, esmolol and 
sodium nitroprusside. The MAP is not usually reduced below 50 mmHg in normotensive individuals and chronically hypertensive 
patients may require a higher mean pressure (systolic is best kept > than the preoperative diastolic value). However, there are 
numerous problems associated with deliberate hypotension. Many SAH patients will have impaired autoregulation or cerebral 
vasospasm and hypotension may therefore lead to focal or global cerebral ischaemia.86 Futhermore, the ischaemic threshold cannot 
be predicted accurately. Hypotension is rarely employed at our institution.

Temporary Clipping

This is the preferred technique in our unit. When exposure of the aneurysm is difficult and temporary clip placement is anticipated, 
maximal cerebral protection is aimed for: moderate hypothermia (33°C), induced hypertension (20% above baseline) and propofol or 
thiopentone-induced burst suppression. A temporary clip occludes the vessels feeding the aneurysm and reduces transmural pressure, 
thus decreasing the risk of rupture. Although the safe length of time for which temporary clipping can be used before cerebral 
infarction occurs is unknown, the risk of infarction increases with the duration of clip application and varies from 15 to 120 min.87,88 
Factors thought to contribute to new neurological deficit include age >61 years and poor preoperative neurological condition.

Cerebral Protection

Various cerebroprotective methods have been used including hypothermia, additional doses of intravenous or inhalational 
anaesthetics, deliberate hypertension and drugs such as mannitol, phenytoin and calcium channel blockers.89 These methods may be 
used routinely or their use may be guided by changes to the EEG or evoked potentials. Although the exact mechanism for 
neuroprotective action of anaesthetic agents is not fully understood, barbiturates and propofol may produce their effect by reducing 
the cerebral metabolic rate. However, doses of intravenous anaesthetic high enough to suppress EEG activity cause marked 
cardiovascular depression.90 The cerebral protective effects of barbiturates may be secondary to their ability to reduce calcium influx, 
inhibit free radical formation, potentiate GABA-ergic
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activity, reduce cerebral oedema and inhibit glucose transfer across the blood–brain barrier.

In contrast to pharmacological agents which only reduce the active component of cerebral metabolism, hypothermia reduces both the 
active and basal components thereby increasing the period of ischaemia tolerated.91,92 Cerebral metabolism is approximately 15% of 
normal at 20°C. It is now commonly accepted that hypothermia may be neuroprotective because it affects factors other than cerebral 
metabolism: cytokines, free radicals and glutamate.93–95

Problems associated with hypothermia include reliability of temperature measurement, the optimal temperature needed to offer the 
best benefit:risk ratio and the best method of rewarming the patient safely96 so that normothermic temperatures are reached before 
emergence. Other problems include delayed awakening, postoperative shivering, coagulation disorders and aggravation of 
myocardial disease.

Ketamine, an NMDA receptor antagonist,97 has been traditionally avoided in neurosurgery because it increases CBF and ICP. 
However, NMDA receptor antagonists can prevent neuronal injury by decreasing cellular influx of calcium. There is renewed interest 
in the use of ketamine for neuroanaesthesia as it has been shown to be neuroprotective in an experimental head-injured rat model.98 
Furthermore, when ketamine is administered (1 mg/kg) during isoflurane and N2O anaesthesia in mechanically ventilated patients it 
reduced ICP, CBF velocity and total EEG power.99 The role of ketamine in neuroprotection requires further evaluation. For a full 
account of cerebral protection please see Ch. 3.

Induced Hypertension

This is often employed to improve collateral blood flow during temporary clipping and in patients with areas of critical perfusion. 
Adequate volume loading and inotropes such as dopamine are often sufficient for producing the desired hypertension. However, in 
patients with abnormal autoregulation, CBF is pressure dependent and increases in MAP will increase CBF and may result in blood–
brain barrier damage and vasogenic oedema. Patients with myocardial disease or unsecured aneurysms are at risk for myocardial 
ischaemia and aneurysm rupture respectively.

Intraoperative Rupture

If the aneurysm ruptures intraoperatively, intravenous fluids are increased to maintain the cerebral perfusion pressure. Cerebral 
protection is provided by propofol or thiopentone-induced EEG burst suppression. Normovolaemia must be maintained.100 The 
afferent and efferent blood vessels supplying the aneurysm may be temporarily occluded by the surgeon. However, if bleeding 
persists, a short period of induced hypotension may be used to facilitate control.

Giant Aneurysms and Circulatory Arrest

Approximately 2% of cerebral aneurysms are greater than 2.5 cm in diameter.23 These giant aneurysms are a challenge because of 
their size, the lack of an anatomic neck and the perforating vessels that often originate from their walls. They often present with 
symptoms of mass lesion such as headaches and nerve palsies. Although improvements in microsurgical techniques and 
neuroanaesthesia have improved outcome considerably after giant aneurysm surgery, the morbidity and mortality remain higher than 
after surgery for smaller aneurysms.101

Three main techniques are used: temporary clipping, hypothermic circulatory arrest and arterial bypass surgery (e.g. EC-IC 
bypass).102,103 Temporary clipping and EC-IC bypass have been discussed elsewhere (Ch. 15).

Circulatory arrest ensures haemorrhage during dissection and exposure of the aneurysm is minimized. After induction of anaesthesia 
and with all routine monitors in place, surface cooling is started. Barbiturates are administered to induce and maintain burst 
suppression (5 mg/kg bolus followed by 5–10 mg/kg/h infusion). Haemodilution to a haematocrit of 30% is achieved by collecting 
blood and administering cold intravenous saline containing potassium. After the aneurysm is dissected, femoral artery to vein bypass 
is established following the administration of heparin 300 IU/kg aiming for an ACT between 450 and 500 s. The patient is cooled to 
18°C. Cardiac fibrillation, which commonly begins at temperatures <28°C, is stopped by potassium chloride.

Once the desired temperature is reached and the EEG is isoelectric, circulatory arrest is performed. This should only be for the 
duration of clip application and should not exceed 60 min. Once the aneurysm is secured, bypass is reestablished and warming at a 
rate not exceeding 0.5°C/min proceeds with the help of a vasodilator (sodium nitroprusside). Normal sinus rhythm is established by 
cardioversion when the heart fibrillates and by the administration of antiarrhythmic drugs. Bypass is discontinued when the patient's 
temperature reaches 36°C. Heparin is reversed with protamine and coagulation factors and blood are administered as necessary. The 
bypass is best coordinated with a cardiac anaesthetist.
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Arteriovenous Malformations

Arteriovenous malformations (AVM) are congenital abnormalities which shunt blood from the arterial to the venous side with flow 
rates out of proportion to the low metabolism within this abnormal vascular network. The majority of AVMs are supratentorial and 
superficial. In approximately 5% of cases, they are found in association with cerebral aneurysms. While the risk of bleeding averages 
2% per year, the risk of rebleeding is closer to 5% per year.

Patients with AVMs commonly present with intracranial haemorrhage and less frequently with seizures, headaches and/or sign of 
intracranial hypertension. In our institution, the majority of AVMs are embolized and only small superficial ones are resected 
surgically. The embolization is carried out as staged procedures over a period of several weeks. AVM 'feeder' vessels are 
characterized by high blood flow, low resistance, low perfusion pressure and decreased CO2-reactivity.104 Embolization or resection 
of the AVM results in normalization of flow velocity and CO2 reactivity.105

The principles of intraoperative management are similar to those already described for aneurysm surgery. A notable exception is the 
meticulous control of blood pressure control both intra- and postoperatively.106 It is well recognized that some patients are at risk of 
brain swelling and haemorrhage after AVM resection. Risk factors include the volume of the AVM (>20 cm3), the presence of deep 
feeders, the location of the AVM (rolandic, inferior limbic and insular region) and the preexcision mean feeder transcranial Doppler, 
velocity (>120 cm/s).107 According to the normal perfusion pressure breakthrough theory initially proposed by Spetzler et al,108 the 
hyperaemia occurred as a result of the loss of autoregulatory capacity in normal brain tissue adjacent to the AVM. However, Young 
et al were unable to demonstrate this loss of autoregulation with xenon wash-out studies.109,110 Occlusive hyperemia was recently 
proposed as the cause of this hyperperfusion.111

Regardless of the underlying mechanism, there is little doubt that brain swelling/haemorrhage that occurs after AVM resection is 
related to an increase in hemispheric perfusion,109 and the only effective treatment is adequate control of blood pressure and optimal 
cerebral vasoconstriction. High-dose propofol infusion and labetalol are effective in controlling blood pressure.

Recovery

In patients with initial good-grade SAH, a rapid return of consciousness is aimed for to allow early neurologic assessment. Provided 
no untoward events occurred intraoperatively, grade I–II patients are extubated. In patients with WFNS grade III, recovery depends 
on their preoperative conscious level and ventilatory state. Grade IV–V patients are usually transferred to the neurocritical care unit 
for a 24–48 h period of elective postoperative ventilation.

When surgery is complete, the anaesthetic agents are discontinued and 100% oxygen is given. Residual neuromuscular blockade is 
reversed, the airway suctioned and the patient extubated on regaining consciousness. Boluses of short-acting opioids, propofol or 
lignocaine can be used to facilitate extubation and control the blood pressure. Uncontrolled hypertension in the immediate 
postoperative phase can precipitate intracerebral haemorrhage. In patients with unsecured aneurysms, the blood pressure is kept to 
within 20% of normal. If the patient remains hypertensive (systolic pressure greater than 200 mmHg) in recovery despite adequate 
pain relief, esmolol, labetalol or nifedipine is used.

If the patient fails to regain their preoperative neurological state, the following need to be excluded:

• anaesthetic causes (partial neuromuscular blockade);

• residual narcotic and sedative drugs;

• hypoxia and hypercarbia;

• metabolic factors (hyponatraemia);

• Postictal state.

It is important that the airway is not compromised postoperatively and hypercapnia and hypoxaemia are avoided. Reintubation will 
be required in those patients unable to protect their airway or maintain adequate gas exchange. Once the above possible causes have 
been excluded, a CT scan is performed to exclude hydrocephalus, cerebral oedema, intracranial haemorrhage, haematoma or a 
rebleed (multiple aneurysms). If the scan is negative, a cerebral angiogram is required to exclude vascular occlusion (e.g. misplaced 
clip). Vasospasm can be detected using transcranial Doppler.

All patients are transferred to the neurocritical care unit or high-dependency unit for their postoperative management. Cerebral 
vasospasm and delayed ischaemic neurological deficits remain the major postoperative complications once the aneurysm has been 
clipped. The management of this condition is described in Ch. 23.

Conclusion

The maintenance of adequate cerebral perfusion, the avoidance of hypotension and the prevention and
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treatment of raised intracranial pressure are essential for good recovery in patients with intracranial haemorrhage, cerebral trauma or 
encephalopathies. Therefore, clinicians caring for these patients must have a thorough understanding of cerebral physiology and the 
factors that affect cerebral haemodynamics. The principles of anaesthetic management of patients with SAH described above are 
applicable to any patient with an intracranial vascular lesion.
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Introduction

Carotid endarterectomy (CEA) prevents stroke in patients with symptomatic severe carotid stenosis (>70%). However, its superiority 
over medical therapy alone is yet to be proven in those patients with mild (0–29%) or moderate (30–69%) symptomatic carotid 
stenosis.1–3 Furthermore, despite recently published evidence claiming some benefit for CEA in carefully selected asymptomatic 
patients,4,5 its role in preventing stroke in asymptomatic patients remains controversial.

The aim of CEA is to prevent stroke. The major indications for CEA are recurrent strokes, transient ischaemic attacks (TIA) and 
reversible ischaemic neurological deficit (RIND). The prevalence of moderate internal carotid artery stenosis (>50% reduction in 
lumen diameter) rises from about 0.5% in people in their 50s to around 10% in those over the age of 80 years.6 As the incidence of 
coronary artery disease also increases with age, it is not surprising that the major cause of mortality and morbidity from carotid 
endarterectomy is myocardial infarction (MI). Irrespective of the surgical and anaesthetic technique used, the procedure-related risk 
of stroke of death should be less than 3% in asymptomatic patients and less than 6% in symptomatic patients.7 A complication rate 
exceeding these figures should prompt a review of the surgical and/or anaesthetic technique. Over the two-year period 1996–7, of the 
210 CEA performed at our centre, the mortality rate stands at just over 1% with a 2.9% stroke rate. However, the incidence of 
perioperative MI approximates 4%.

Although the major indication of CEA is stroke, its major complication is stroke. Therefore, a thorough understanding of the 
pathophysiology of carotid artery disease and the anaesthetic implications is essential for maximizing the benefit of this procedure.

Preoperative Assessment

By retrospectively reviewing their series at the Mayo Clinic, Sundt et al identified neurological, medical and angiographical factors 
that can be used to assess the risk of postoperative complications (Tables 15.1 and 15.2).8,9 Although the risk factors in individuals 
vary, patients with the greatest risk are also those most likely to suffer a severe stroke and therefore have the most to gain from 
prophylactic surgery.

Patients presenting for carotid surgery are elderly and often have co-existing medical problems common to patients with vascular 
disease. These include coronary artery disease, chronic obstructive airway disease and diabetes mellitus. As part of the routine 
preoperative assessment, special emphasis should be laid on a thorough evaluation of:

Table 15.1 Perioperative risk factors

Medical risk factors 
Angina 
Myocardial infarction within six months of surgery 
Congestive cardiac failure 
Uncontrolled hypertension 
Advanced peripheral vascular disease 
Chronic obstructive pulmonary disease 
Obesity

Neurologic risk factors 
Progressive neurologic deficit 
Recent deficit (within 24 h) 
Active transient ischaemic attacks (TIA) 
Recent cerebral infarction (<7 days) 
Generalized cerebral ischaemia

Angiographic risk factors 
Contralateral occlusion of ICA 
Coexisting ipsilateral carotid siphon disease 
Extensive plaque extension >3 cm distally or >5 cm proximally 
Thrombus extending from an ulcerative lesion 
Carotid bifurcation at cervical vertebral level C2 with short thick ICA

1. the cardiovascular system;

2. the neurological system;

3. the respiratory system;

4. the endocrine system.

Cardiovascular System

Stroke and TIA are markers of general atherosclerosis. Many patients presenting for carotid endarterectomy will have concomitant 
coronary artery disease and up to 20% have a history of myocardial infarction.10 The annual long-term mortality rate from cardiac 
disease in these patients is 5%, similar to the 6% rate among patients with symptomatic triple vessel coronary artery disease and far 



   

exceeding the mortality rate from stroke.10 The cardiac risk is further increased by other associated medical conditions such as 
hypertension and obesity. The high prevalence of coronary artery disease, as determined by history, electrocardiography or cardiac 
catheterization present in over 55% of these patients, is responsible for the increased risk of postoperative
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Table 15.2 Grading of patients undergoing carotid endarterectomy

Grade Neurological 
findings

Medical findings Angiographical risk Risk of 
MI/RND

1 Stable No defined risk No major risk 1%

2 Stable No defined risk No major risk 2%

3 Stable Major risk With or without risk 7%

4 Unstable With or without risk With or without risk 10%

MI = myocardial infarction; RND = residual neurological deficit

Patients are at increased risk if they have suffered an acute ICA occlusion or recurrent 
carotid stenosis having previously undergone carotid endarterectomy.

myocardial infarction (5%) when compared to those patients without coronary artery disease (0.5%).11,12 Evidence of cardiac disease 
should be sought by careful history and thorough examination, noting the presence of angina and its severity, previous myocardial 
infarction and symptoms and signs of cardiac failure. The ECG should be examined for abnormalities of rhythm and evidence of 
previous infarction and ischaemia. When indicated, chest radiograph is examined for evidence of cardiac failure. Further cardiac 
work-up, including an exercise ECG, radionuclide studies or coronary angiography, may be necessary and is best co-ordinated with a 
cardiologist.

Hypertension, present in up to 70% of patients presenting for CEA, must be well controlled. Postoperative hypertension and transient 
neurological deficits are more frequent in patients with poor preoperative blood pressure control (BP> 170/95 mmHg).12,13 Sudden 
normalization of blood pressure should be avoided in order to reduce the risk of hypoperfusion and stroke.

Elective surgery should be postponed in those patients with uncontrolled blood pressure, unstable angina, congestive cardiac failure 
or myocardial infarction in the previous six months, as the perioperative cardiac risk is greatly increased. In some unstable patients, 
combined coronary artery bypass and CEA may be necessary and is discussed later in this chapter.

Neurological System

Evaluation of the cerebrovascular system should carefully document the presence of transient or permanent neurological deficit. This 
is essential for assessing postoperative progress as well as quantifying perioperative risk of stroke. Frequent daily TIAs, multiple 
neurologic deficits secondary to cerebral infarctions or a progressive neurological deficit increases the risk of new postoperative 
neurological deficit.8 Results of tests assessing the cerebral vascular system, such as duplex ultrasound scan, cerebral angiography 
and CO2 reactivity, should be available.

Respiratory System

Chronic obstructive pulmonary disease is often present in these patients and needs optimal medical treatment preoperatively, which 
may include bronchodilators, corticosteroids, physiotherapy and incentive spirometry. Cigarette smoking should be stopped 6–8 
weeks preoperatively. If necessary, preoperative pulmonary function tests like PEFR, FVC:FEV1 ratio and a baseline arterial blood 
gas analysis with the patient breathing air should be carried out to guide perioperative care of the patient.

Endocrine System

Diabetes mellitus has been shown to exist in about 20% of patients presenting with CEA and most of these patients are insulin 
dependent.14 Adequate blood glucose control with absence of ketoacidosis preoperatively must be established. In experimental 
studies, even modest elevations in blood glucose have been shown to augment postischaemic cerebral injury.15 Manifestations of 
diabetes mellitus such as renal failure, silent myocardial infarction, autonomic and sensory neuropathy and ophthalmic complications 
must be looked for.

It is very important that the patient's preoperative medication should be reviewed. These patients are often receiving cardiac and 
antihypertensive drugs, antiplatelet agents, antacids, steroids, insulin and anticoagulants. Most of the drugs should be continued 
except for the antiplatelet agents and anticoagulants.

Anaesthetic Management

The aim of perioperative anaesthetic management is to minimize the risk of occurrence of the two major
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complications, stroke and myocardial infarction. Strokes are either haemodynamic or embolic in origin. No randomized clinical trial 
has identified a superior anaesthetic technique. Therefore, many of the anaesthetic techniques advocated, including the one provided 
here, are the result of indirect evidence based on animal data or surrogate endpoints and are biased by personal experience.

Premedication

Good rapport should be established with the patient in the preoperative period. This will help to reduce anxiety which may 
exacerbate the perioperative blood pressure abnormalities with increased risk of myocardial ischaemia and cardiac arrhythmias. An 
anxiolytic premedicant is especially important in those patients undergoing the procedure under regional or local blockade. Regional 
anaesthesia allows neurological assessment during and immediately following the procedure, but necessitates judicious use of 
preoperative sedation. A balance must be struck between adequate sedation and 'over' sedation as the latter depresses neurologic 
function. Oversedation often leads to hypoventilation with CO2 retention and blood pressure abnormalities, often with detrimental 
effects on the cerebral circulation.16 Benzodiazepines are routinely used in our institution for premedication.

Regional or Local Versus General Anaesthesia

The type of anaesthetic used seems to depend on individual practice rather than hard evidence. Local anaesthesia or cervical plexus 
block allows evaluation of neurological status during carotid cross-clamping to assess the need for shunting and therefore prevention 
of stroke from hypoperfusion. However, perioperative strokes are more likely to be embolic than low flow in origin.17,18 Other 
potential advantages include a lower incidence of postoperative hypertension and a lesser need for vasoactive drugs with shorter stay 
in the intensive care unit.19

Unfortunately, this technique has numerous disadvantages. It requires patient cooperation and the ability to remain supine for the 
duration of the procedure. Many patients presenting for carotid endarterectomy are unable to lie flat and suppress cough for the 
duration of surgery. The procedure may be uncomfortable for the patient, many of whom would prefer to be unaware during surgery. 
Anxiety, especially with the proximity of the surgical drapes, may lead to hyperventilation with a concomitant reduction in cerebral 
blood flow and increased risk of cerebral ischaemia. Autonomic responses to surgical manipulation of the carotid bulb may be 
excessive, resulting in hypotension, hypertension or bradycardia. There is also an ever-present risk of airway obstruction, as well as 
the occurrence of nausea and vomiting. Uncontrolled haemorrhage or sudden neurological deterioration may require general 
anaesthesia with rapid tracheal intubation.

Nevertheless, when used properly in carefully selected patients by experienced surgeons, regional anaesthesia has a good safety 
record and is not associated with any increase in the rate of perioperative myocardial infarction.20 A recent publication, in which 215 
CEA were performed under cervical block anaesthesia, reported a substantial decrease in complications, length of hospital stay and 
cost.21

Regional or Local Anaesthesia

The patient is attached to all the standard monitors as for general anaesthesia. An appropriate dose of sedation is given. Regional 
anaesthesia is achieved with a deep cervical plexus block. This may be performed by a single injection or a multiple injection 
technique (performed by the surgeon). For the single injection technique,22 the patient is placed supine with the head turned to the 
opposite side. The area is prepped and draped. The lateral margin of the clavicular head of the sternocleidomastoid muscle is 
identified at the level of C4 (level with the superior margin of the thyroid cartilage). The middle and index fingers are rolled laterally 
over the anterior scalene muscle until the interscalene groove, between the anterior and middle scalene muscle, is palpated. Asking 
the patient to lift the head off the table slowly may further enhance the groove. After raising a skin wheal with 1% lignocaine, a short 
bevel needle is then inserted between the palpating fingers, perpendicular to all levels and slightly caudad in direction until 
paraesthesia is elicited. After careful aspiration, 5–6 ml of local anaesthetic suitable for the duration of surgery is injected (1% 
lignocaine or 0.5% bupivacaine with 1: 200 000 adrenaline). The local anaesthetic should spread in the fascial sheath extending from 
the cervical transverse processes to beyond the axilla, investing the cervical plexus in between the middle and anterior scalene 
muscles. The slight caudad direction is important as, should the nerve not be encountered, advancing the needle in this direction is 
less likely to result in epidural or subarachnoid puncture, as this complication is prevented by the transverse process of the cervical 
vertebra.

There is no need to perform a superficial cervical plexus block with this technique, as the nerve roots are already anaesthetized. It 
may be more comfortable for
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the patient, who is going to have their head turned laterally intraoperatively, if 5 ml of local anaesthetic is deposited below the 
attachment of the sternocleidomastoid muscle, thus anaesthetizing the accessory nerve. Local infiltration by the surgeon may be 
required if the upper end of the incision is in the trigeminal nerve area or if the midline is crossed. Judicious administration of 
intravenous midazolam or propofol can provide sedation without compromising the ability to evaluate the patient's neurologic 
function.

Possible complications of interscalene cervical plexus block include epidural, subarachnoid and intervertebral artery injection, which 
can be minimized by the caudad direction of the needle and by repeated aspiration before injecting the local anaesthetic. Hoarseness 
may occur if the recurrent laryngeal nerve is blocked and Horner's syndrome if the cervical sympathetic chain is blocked. The lower 
roots of the brachial lexus may also be blocked by spread of local anaesthetic. Local infiltration with or without superficial cervical 
plexus block has been used. A large volume of local anaesthetic is required and the results are not as satisfactory as deep cervical 
plexus block.

General Anaesthesia

These patients in general have a tendency for extreme blood pressure liability under general anaesthesia. However, general 
anaesthesia reduces cerebral metabolic demand and may offer some degree of cerebral protection.23 It also allows for the precise 
control and manipulation of systemic blood pressure and arterial carbon dioxide tension to optimize cerebral blood flow. Several 
techniques are available and the precise one used depends on the experience and preference of the anaesthetist. A balanced general 
anaesthesia that maintains the blood pressure at the preoperative level is preferred to 'deep' general anaesthesia that may necessitate 
the use of vasopressors to maintain blood pressure, as the risk of myocardial ischaemia may be increased in the latter.12,24

Induction

The aim is to maintain cerebral and myocardial perfusion as close to baseline values as possible. A preinduction intra-arterial line is 
useful to monitor blood pressure during and after induction. Anaesthesia can be induced in several ways. After preoxygenation, 
fentanyl and etomidate or thiopentone or propofol are given in incremental doses, titrated against the patient's haemodynamic 
responses. Muscle relaxation is achieved using a cardiostable non-depolarizing agent such as vecuronium and a peripheral nerve 
stimulator is used to monitor the neuromuscular junction. To obtund the intubation response, lignocaine 1–1.5 mg/kg may be given 
2–3 min before laryngoscopy and intubation. When muscle relaxation is complete, laryngoscopy and intubation are performed. After 
confirmation of tracheal tube placement by breath sounds and end-tidal capnometry, the tube is secured away from the operative side. 
Some surgeons may prefer nasotracheal placement of the tube to allow maximum extension of the neck and therefore better 
exposure. The lungs are ventilated to maintain adequate arterial oxygen saturation and normocarbia.

Maintenance

As during induction of anaesthesia, the aim is to provide stable cerebral perfusion while minimizing stress to the myocardium. We 
prefer to use a balanced general anaesthesia with fentanyl, isoflurane, nitrous oxide and muscle relaxants. Although theoretically, 
nitrous oxide is thought to enlarge an air embolus that can occur during the course of the operation, it is often used for its 
sympathomimetic effect in maintaining blood pressure. The use of isoflurane is associated with a lower critical cerebral blood flow 
needed to maintain a normal EEG,25 as well as a lower incidence of ischaemic EEG changes compared to halothane and enflurane, 
and therefore should be the agent of choice if general anaesthesia with inhalational agent is used.26 In spite of its controversial 
coronary steal phenomenon, isoflurane has been shown to be associated with a lower incidence of fatal MI (0.25%) than either 
enflurane (0.5%) or halothane (1.0%).27 Total intravenous anaesthesia with propofol and fentanyl or alfentanil infusion may also be 
used, but systemic hypotension is more likely with these combinations and may be problematic, especially if remifentanil, the newly 
introduced ultra short-acting opioid, is used. Regardless of the anaesthetic agents used, the regimen should be one that allows early 
awakening so that neurological function can be assessed.

Sevoflurane, a recently introduced inhalational agent, has properties which favour its use in carotid surgery. In addition to its low 
blood gas solubility coefficient allowing early awakening, sevoflurane maintains cerebral autoregulation28 and has minimal direct 
cerebral vascular effect.29 Although remifentanil, an ultra short-acting opioid which is metabolized rapidly after its infusion is 
stopped, allows rapid awakening and neurological assessment, it may have profound effects on blood pressure and heart rate, 
especially in combination with propofol and vecuronium. Nevertheless, we have used remifentanil as part of a balanced anaesthetic 
with encouraging results. Adequate analgesia must be provided before remifen-
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tanil infusion is discontinued to avoid excessive postoperative hypertension.30

Before carotid cross-clamping, heparin (75–100 units/kg) is administered intravenously. Application of the carotid cross-clamp is 
often associated with an increase in blood pressure. Mild increases in blood pressure up to about 20% above preoperative levels are 
acceptable, but excessive increases should be controlled. Heparin is generally not reversed after closure of the artery but if the 
surgeon is not satisfied with haemostasis at the time of wound closure, a small dose of protamine (0.5 mg/kg) may be given.

Blood Pressure and Arterial CO2 Management

Arterial blood gases are checked after tracheal intubation and when necessary during the surgical procedure to ensure adequate 
oxygenation and normocapnia. Hypercapnia should be avoided as it will only vasodilate blood vessels supplying the normal brain 
without affecting those supplying the ischaemic regions which are presumably already maximally dilated. This diverts blood from the 
ischaemic areas to the normal areas (intracranial steal), thus further aggravating cerebral ischaemia. Hypocapnia, on the other hand, 
may increase flow to the ischaemic area by constricting the blood vessels in the normal areas (Robin Hood effect) and could be 
beneficial. However, hypocapnia causes a global reduction in cerebral blood flow and it is generally accepted that the changes in 
cerebral blood flow associated with changes in CO2 in these individuals are unpredictable. Normocapnia is therefore preferred.

The preoperative blood pressure of individual patients should give guidance to a 'target' mean arterial blood pressure in the 
perioperative period. Cerebral autoregualtion in these patients may be impaired and the autoregulation curve is shifted to the right in 
uncontrolled or poorly controlled hypertensive patients. As autoregulation may be completely lost in ischaemic areas, maintaining an 
adequate blood pressure is a critical factor in the maintenance of cerebral blood flow. If the blood pressure decreases below the 
individual patient's normal level, 'lightening' anaesthesia by reducing isoflurane concentration or decreasing propofol infusion rate 
within acceptable limits should be done before using a vasopressor. Use of vasopressor to elevate the blood pressure during cross-
clamp may be necessary, but it has been shown to induce ventricular dysfunction24 and in one early series was associated with a four-
fold increase in the incidence of myocardial infarction,31 although a recent study has disputed these findings.32 If necessary, 
phenylephrine (0.1–0.5 μg/kg/min) infusion can be administered judiciously. On the other hand, patients who remain hypertensive 
during anaesthesia may require intravenous hypotensive agents (nitroglycerine infusion 1–5 μg/kg/min) for control. Surgical 
manipulation of the carotid sinus may cause marked alteration in heart rate and blood pressure. These reflexes can be minimized by 
prior local infiltration with lignocaine. Should EEG changes occur shortly after infiltration, one must be aware that the injection may 
have been into the carotid artery, resulting in transient CNS lignocaine toxicity.33

Monitoring

Cardiovascular and Respiratory Monitoring

In addition to routine monitoring, an intra-arterial cannula is placed under local anaesthesia before induction, to continuously monitor 
blood pressure throughout the perioperative period and facilitate the sampling of arterial blood gas analysis. Alternatively, in low-risk 
patients, a rapidly cycling non-invasive blood pressure device can be used during induction and the arterial cannula place before 
surgery starts. Central venous pressure, pulmonary capillary wedge pressure, cardiac output and/or urine output are indicated in 
patients with high cardiac risks, such as those who have had a recent myocardial infarction or those with significantly compromised 
left ventricular function. Endtidal CO2, checked against an arterial blood gas sample obtained after induction, facilitates the 
continuous maintenance of PaCO2 within the patient's normal range.

CNS Monitoring

No special monitoring is required in awake patients operated on under regional anaesthesia. When general anaesthesia is employed, 
although no difference in stroke rate has been convincingly demonstrated between patients treated with routine carotid shunting or 
selective shunting and without shunting,34–37 physiological considerations dictate that it is still prudent to monitor brain function 
during cross-clamping of the carotid artery. A summary of available modalities can be found in Table 15.3.

Electrophysiological Monitoring

Electroencephalogram: the 16-channel conventional EEG remains the gold standard as a sensitive indicator of inadequate cerebral 
perfusion.38 The unprocessed EEG displays voltage as a function of time. Proper use of this technique is tedious and time consuming 
and interpretation of the raw EEG is not easy – certainly in the setting of an operating theatre! Furthermore, at the
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Table 15.3 Summary of available CNS Monitoring during CEA

Monitor Advantages Disadvantages

Awake patient Continuous neurological assessment 
Avoids the risks of general anaesthesia 
Lower incidence of postoperative 
hypertension 
Shorter ICU stay

Requires patient cooperation, ability to lie 
flat, anxiety, hyperventilation with potential 
risk of cerebral ischaemia, risk of autonomic 
disturbances, nausea, vomiting and airway 
obstruction

EEG (16-channel) Gold standard Cumbersome, difficult to interpret 
Not suitable for theatre environment

EEG (computer processed) 
CFM, DSA, etc.

Easier to use than 16 channel 
Less cumbersome set-up

More than one channel needed for reasonable 
detection of ischaemia Embolic events not 
easily detectable

Somatosensory evoked 
potentials

Can detect subcortical ischaemia Cumbersome 
Intermittent monitor with 'time lag' 
Affected by anaesthetic agents

Stump pressure Measures retrograde perfusion pressure 
Easy to perform 
Cheap

Unreliable, does not reflect regional blood 
flow

rCBF Measures cerebral blood flow Expensive 
Invasive 
Requires steady state 
Intermittent

TCD Continuous 
Non-invasive 
Relatively easy to use 
Can be used pre-, intra- and 
postoperatively 
Detects emboli 
Detects shunt malfunction

Not as sensitive as EEG 
Measures flow velocity and not CBF 
5–10% failure rate due to lack of ultrasonic 
window

NIRS Continuous 
Non-invasive 
Easy to use

Extracranial contamination a problem 
No defined ischaemic thresholds yet

usual rate of 25 mm/s, a 270 m strip of paper is produced for a three-hour case. Nevertheless, intraoperative neurological 
complications have been shown to correlate well with EEG changes indicative of ischaemia.38,39 Ipsilateral or bilateral attenuation of 
high-frequency amplitude or development of low-frequency activity seen during carotid cross-clamping is indicative of cerebral 
hypoperfusion. The computer-processed EEG 40–42 and somatosensory evoked potential 43–47 have also been found to be useful.

The processed EEG generally simplifies the raw data and displays them as either average power or voltage. This allows less 
experienced observers to concentrate on how the parameters are changing with respect to time instead of trying to mentally analyse 
them. Although computer-processed EEG are easier to interpret, they have been shown to be less accurate than the 16-channel 
EEG.48 Despite extensive studies on the use of EEG to detect haemodynamic insufficiency during carotid cross-clamping and 
reported success in individual series, review of the literature fails to establish a definite and conclusive role for EEG monitoring in 
reducing the incidence of perioperative stroke (Table 15.3).

Somatosensory Evoked Potentials

SSEPs (medial nerve stimulation) have been shown to be useful during carotid endarterectomy.43–47 Early studies indicate that 
intraoperative loss of late cortical components has been associated with a worsening of neuropsychological abilities and in some 
instances with subsequent stroke.49 With the exception of one study,50 recent studies suggest that SSEP monitoring is
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useful for cerebral perfusion during carotid cross-clamping and has similar sensitivity and specificity to conventional EEG. Because 
of the need for computer averaging, it does not provide continuous real-time monitoring. Stable anaesthesia must also be maintained 
to minimize the influence of anaesthetic agents on the amplitude. In general, >50% reduction or complete loss of amplitude of the 
cortical component is considered to be a significant indicator of inadequate cerebral perfusion. In contrast to conventional EEG, 
SSEP monitors the cortex as well as the subcortical pathways in the internal capsule, an area not reflected in the cortical EEG.51

Measurement of Stump Pressure (Internal Carotid Artery Back Pressure)

Since one important determinant of cerebral blood flow is perfusion pressure, it seems reasonable to assume that the distal arterial 
pressure in the ipsilateral hemisphere during carotid occlusion would provide some indication of collateral CBF.52 Stump pressure 
represents the mean arterial pressure measured in the carotid stump (the internal carotid artery cephalad to the common carotid cross-
clamp) after cross-clamping of the common and external carotid arteries. Stump pressure measurement represents the pressure 
transmitted retrograde along the ipsilateral carotid artery from the vertebral and contralateral carotid arteries and has been postulated 
to provide a useful indicator of the adequacy of collateral circulation.53,54 Early reports of stump pressure measurements concluded 
that stump pressure <50 mmHg required the placement of a shunt to avoid postoperative neurological complications.53,55 
Unfortunately, several studies have demonstrated the unreliability of stump pressures, with ischaemic EEG changes reported despite 
stump pressures in excess of 50 mmHg and a normal CBF (>24 ml/min/100g) with stump pressures <50 mmHg.56,57 On balance, 
extreme values (<25 mmHg or >50 mmHg) are probably useful indicators of the state of the cerebral circulation, but not the 
intermediate values.58,59

Intraoperative Measurement of CBF

Intraoperative CBF measurement has also been used to determine the need for placement of shunts,40 but the associated cost makes it 
prohibitive for general use. This involves the intra-arterial injection of 20 mCi of the inert radioactive gas xenon 133 and measuring 
the wash-out of β emissions by extracranial collimated sodium iodide scintillation counter focused on the parietal cortex. The initial 
slope or fast component of the wash-out curve relates directly to regional blood flow. Newer measurement techniques involve 
singlephoton emission computed tomography of inhaled xenon. Both techniques are useful as research tools, but very few centres 
have the equipment and expertise required to produce accurate results.

Transcranial Doppler Ultrasonography

TCD is an attractive technique for the detection of cerebral ischaemia during cross-clamping of the carotid artery because it is 
continuous and non-invasive and the transducer probes can be used successfully without impinging on the surgical field. It is also an 
important tool in the preoperative assessment and postoperative care of patients with carotid disease.60–66

Cerebral ischaemia is considered severe if mean velocity in the middle cerebral artery (FV) after clamping is 0–15% of preclamping 
value, mild if 16–40% and absent if >40%. This criterion correlates well with subsequent ischaemic EEG changes and hence can be 
used as an indication for shunt placement. TCD has been successfully used to detect intraoperative cerebral ischaemia,61 
malfunctioning of shunts due to kinking,64 high-velocity states associated with hyperperfusion syndromes,65 as well as intra- and 
postoperative emboli.67,68 TCD appears to be a useful adjunct to other monitoring modalities such as EEG.69

Emboli, high-intensity 'chirps', are easily detectable using TCD and, interestingly, surgeons will tend to adapt their operative 
technique to minimize embolus generation.67 Emboli can occur throughout the operation but are more frequent during dissection of 
the carotid arteries, upon release of ICA cross-clamp and during wound closure.68,70–72 Although the clinical significance of TCD-
detected emboli is not yet fully understood, they probably represent adverse embolic events during surgery.68,72 The rate of 
microembolus generation can indicate incipient carotid artery thrombosis, has been related to intraoperative infarcts and can predict 
postoperative neuropsychological morbidity.70,73 Following the introduction of intraoperative TCD monitoring, some centres have 
reported a reduction in operative stroke rates.74

Following closure of the arteriotomy and release of carotid clamps, FV will typically increase immediately to levels above baseline 
and gradually correct back to the preclamping baseline over the course of a few minutes.73 This hyperaemic response is to be 
expected as the dilated vascular bed vasoconstricts in autoregulatory response to an increased perfusion pressure. However, 
approximately 10% of patients are at increased risk of cerebral oedema or haemorrhage because of gross hyperaemia with velocities 
230% of baseline value lasting from several hours to days.75,76
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This persistent postoperative hyperaemia, likely to occur in patients with high-grade stenosis, is probably the result of defective 
autoregulation in the ipsilateral hemisphere as a reduction in blood pressure is effective in normalizing FV and alleviating the 
symptoms.77 TCD provides the means of early detection and effective treatment of this potentially fatal complication.

Finally, a progressive fall in velocity postoperatively to below preclamping baseline levels can be indicative of postoperative 
occlusion of the ipsilateral carotid artery and can be an indication for reexploration of the endarterectomy. The development of 
sudden symptoms postoperatively should prompt an immediate TCD examination and early reexploration.

Near Infrared Spectroscopy

NIRS, first described by Jobsis, continues to receive considerable attention as a monitor of cerebral oxygenation.78 By using near 
infrared light, cerebral oximetry can theoretically be used to monitor haemoglobin oxygen saturation (HbO2) in the total tissue bed 
including capillaries, arterioles and venules. One of the limitations of this technology is its inability to reliably differentiate between 
intra- and extracranial blood. However, during CEA, as the external carotid artery is clamped, most of the contamination due to 
extracranial blood flow is removed. There is now some evidence to suggest that it is possible to obtain useful intraoperative 
information about cerebral oxygenation in those undergoing CEA using NIRS. In patients undergoing CEA under general 
anaesthesia, changes in jugular venous oxyhaemoglobin saturation and middle cerebral artery blood velocity correlate well with 
changes in cerebrovascular haemoglobin oxygen saturation (Sco2).79 Similarly, Samara et al demonstrated that NIRS can be used to 
track changes in carotid blood flow in the majority of patients undergoing CEA under regional anaes-

Figure 15.1 
Graphic display of right middle cerebral artery flow 

velocity (FV) and cerebral function analyzing monitor 
(CFM) in two patients undergoing carotid endarterectomy. 

(A) On cross-clamping the carotid artery (IN), FV and 
CM decrease, indicating cerebral ischaemia. Insertion 

of a shunt restores the signals to the preclamping value. 
Hyperaemia is observed upon release of carotid artery 

cross-clamp at the end of the procedure (OFF). (B) 
Cross-clamping of the carotid artery results in no 
significant change in either FV or CFM, hence no 
shunt was used. Hyperaemia is also observed upon 
release of clamp but to a lesser degree than in (A).

Table 15.4 Intraoperative shunting and cerebral blood flow velocity (FV) in 1495 CEAs 
(compiled from reference68)

Change in cerebral blood flow 
velocity on cross-clamping

Shunt used % of patients with postoperative 
stroke



   

 

   
<15% Yes 0

<15% No 46

16–40% Yes 3.9

16–40% No 0.6

>40% Yes 4.4

>40% No 0.7
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thesia.80 Kirkpatrick et al observed that NIRS-based measurements can provide a warning of severe cerebral ischaemia (SCI) with 
high specificity and sensitivity provided the extracranial vascular contamination is accounted for.81 There was a good correlation 
between the % reduction in FV on cross-clamp application and the internal carotid artery associated change in HBdiff(ICA-ΔHbdiff). An 
ICA-ΔHbdiff>6.8 μmol/l was 100% specific for SCI and ICA-ΔHBdiff<0.5 μmol/1 was 100% sensitive for excluding ischaemia.

Despite numerous publications on the use of NIRS in carotid endarterectomy, its use as a monitoring tool for detecting cerebral 
ischaemia remains undefined.

Intraoperative Cerebral Protection

Although a detailed account of this appears in Chapter 3, a rational approach to cerebral protection from an anaesthetist's viewpoint is 
discussed briefly here. The approach is dependent on the surgeon's decision regarding the placement of shunts. Where the carotid 
shunt is never used, it is reasonable to administer a bolus of thiopentone 5 mg/kg prior to cross-clamping of the carotid artery. With 
selective shunting according to EEG, thiopentone should not be given as it will interfere with monitoring (although it can be used if 
SSEP monitoring is used). Shunting would be a more effective cerebral protective manoeuvre under these circumstances. If routine 
carotid shunting is used, thiopentone is not necessary if the shunt is functioning adequately, but may be given if additional 
pharmacological protection is desired. Administration of thiopentone is always associated with systemic cardiovascular depression 
and therefore should always be used with caution.

The decision on whether to shunt or not is generally made by the surgeon. There are those who shunt routinely, some who never use 
shunts and others that shunt selectively according to signs of cerebral ischaemia detected by monitoring of the CNS during carotid 
artery cross-clamping. Gummerlock and Neuwelt reviewed the literature and found no difference in stroke or mortality rates, 
although they favour the use of shunts routinely.82 We have combined the results from these studies to compile Table 15.5.

Propofol, etomidate and benzodiazepines have also been shown to produce dose-related decreases in cerebral metabolic rate and 
cerebral blood flow. Although each of these drugs has properties that may make it useful during CEA,83,84 available data based on 
animal models have yet to establish a definitive cerebroprotective effect associated with the administration of these agents.85–87 
Similarly, conflicting evidence surrounds the issue of a potential cerebroprotective effect associated with isoflurane during 
CEA.25,26,88

In addition to the above anaesthetic drugs, several other drugs are being evaluated for use as cerebroprotective agents. Nimodipine, a 
calcium channel blocker, has been shown to be efficacious in this regard. It has been of proven benefit in the treatment of vascular 
spasm after subarachnoid haemorrhage.89 Interestingly, it is not clear whether this drug acts by an effect on the vascular smooth 
muscle or if its primary mechanism of action is directly on the neurone. Free radical scavenging may provide a means of defence 
against ischaemic brain damage. If given within 8 h of injury, methylprednisolone has been shown to improve outcome in patients 
with spinal cord injury,90 but whether it has a place in cerebral protection is yet to be demonstrated. Other drugs like dizocilipine 
maleate,91 an excitatory neurotramsmitter antagonist, and U74006F,91 a free radical scavenger, are being investigated for 
cerebroprotective effect.

Non-pharmacological methods of cerebral protection include mild hypothermia (temperature about 35°C) which may be achieved 
easily and may decrease cerebral metabolism sufficiently with no obvious disadvantages.

Table 15.5 Combined results of carotid endarterectomy series from the literature

Procedure Patients
Neurological deficit 
Number of patients (%, range)

Mortality 
Number of patients (%, range)

Without shunt* 4253 165 (3.8, 1.1–80) 59 (1.4, 0–2.0)

With shunt 4303 163 (3.8, 21–71) 71 (1.7, 05–3.5)

Selective use of shunt 4287 197 (4.6, 14–62) 46 (1.1, 0.5–1.5)

*Data compiled from the literature based on reference72.
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Combined or Staged CEA and Coronary Artery Bypass Grafts

As mentioned earlier, more than 50% of patients undergoing CEA have overt coronary artery disease: previous infarct, angina or 
ischaemic electrocardiographic abnormalities.92 Similarly, up to a fifth of patients undergoing coronary artery bypass grafting have 
duplex ultrasound-detected moderate carotid stenosis (>50%); of those, 5.9–12% have stenosis >80%.93–95 Therefore, it is not 
surprising that stroke complicates 1–4% of all coronary bypass operations.96,97 There are many potential causes for coronary bypass-
related stroke, namely embolization from the carotid arch, endocardium or pump oxygenator, hypoperfusion related to occlusive 
arterial lesion or intracerebral haemorrhage.98 Coronary angiography, advocated by some as a routine investigation for all patients 
undergoing CEA,99 has been used to select high-risk patients for staged CEA or combined with coronary artery bypass graft 
(CABG).99,100

However, when the procedures are combined, the risk of both stroke and mortality is increased up to 21% and 11.7% 
respectively.103–108 Although this may in part be due to a selection bias towards high-risk patients, the unacceptably high rate of 
complications has prompted us to abandon this procedure at our instiution.100–103 When staged procedures are planned, it is 
preferable to operate on the presenting lesion first.104,105

Extracranial/Intracranial Bypass Grafting

Anastomosing the extracranial to the intracranial arterial circulation (EC/IC bypass) should in theory increase cerebral blood flow to 
ischaemic areas thus reducing the risk of stroke.104–106 Unfortunately, controversial as they are, the results of the only large 
prospective randomized study on EC/IC failed to demonstrate a superior outcome in those patients who had EC/IC bypass performed 
and medical therapy alone.112 As a result, the popularity of this procedure for preventing strokes in patients with carotid stenosis has 
declined markedly. However, prophylactic EC/IC bypass procedures are increasingly performed for patients in whom therapeutic 
occlusions are required for controlling aneurysmal or vascular legions not amenable to surgical clipping, such as giant internal 
carotid artery aneurysms with wide necks. Nevertheless, the procedures carry a significantly higher mortality than carotid 
endarterectomy, which in part may be due to patient selection.

Although the perioperative management of patients presenting for EC/IC bypass surgery is similar to those presenting for CEA, 
particular attention is focused on preventing coughing and control of blood pressure to ensure patency of the graft.

Postoperative Care

In order not to negate the benefits of a carefully conducted anaesthetic, recovery should be smooth and prompt to allow immediate 
postoperative neurological assessment. We find that careful reduction in anaesthetic concentration with discontinuation upon wound 
closure results in satisfactory haemodynamics. Lignocaine 1–1.5 mg/kg may be given intravenously to minimize coughing during 
emergence. When the patient is responsive and awake, the trachea is extubated. It is advisable to leave the intra-arterial cannula in the 
immediate postoperative period to permit continuous blood pressure monitoring and blood gas analyses. All our patients receive 
supplemental oxygen and are monitored in recovery for two hours postoperatively. This allows rapid intervention should wound 
haematoma or intimal flap thrombosis develop.

Although the need for intensive care depends on the premorbid state and the intraoperative course, development of a 'neurovascular 
unit', allows most patients to be closely monitored for cardiac, respiratory and neurologic complications without the need for 
intensive care.

Carotid Chemoreceptor and Baroreceptor Dysfunction

Postoperative haemodynamic instability is common (incidence >40%) after CEA and is thought to be due to carotid baroreceptor 
dysfunction.11,113 It is postulated that the atheromatous plaques dampen the pressure wave reaching the carotid sinus baroreceptors 
and with the removal of these plaques, increased stimulation of baroreceptors may result in bradycardia and hypotension.114 The 
hypotension can be prevented or treated by blocking the carotid sinus nerve with a local anaesthetic,115,116 intravenous fluid 
administration or, if necessary, the administration of vasopressor drugs, such as phenylephrine.114,117

Hypertension after CEA is less well understood and has been reported to be more common in patients with preoperative 
hypertension, particularly if poorly controlled,11,113,118 and in patients who undergo CEA in which the carotid sinus is denervated. 
Hypertension after CEA in which the sinus nerve is preserved has been postulated to be due to temporary dysfunction of the 
baroreceptors or nerve, caused by intraoperative trauma.113 Mild increases in blood pressure are acceptable (up to about 20% above 
preoperative levels), but marked increases are treated with an infusion of antihypertensive drugs such as nitroglycerine or esmolol119 
or repeated bolus doses of labetalol, depending on the patient's condition in the immediate postoperative period.
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Other causes of haemodynamic instability after CEA include myocardial ischaemia/infarction, dysarrhythmias, hypoxia, hypercarbia, 
pneumothorax, pain, confusion and bladder distension, which should be treated appropriately.

Hypotension may lead to hypoperfusion and ischaemic infarction of the brain. Hypertension may increase the incidence of wound 
haematoma formation with possible airway obstruction. Similarly, myocardial ischaemia/infarction may occur as a result of either 
complication. Therefore, the blood pressure must be closely monitored and controlled in the immediate postoperative period. 
Regional anaesthesia appears to be associated with a higher incidence of postoperative hypotension while general anaesthesia is more 
often associated with postoperative hypertension.

CEA may result in loss of carotid body function with reduced ventilatory response to hypoxemia and hypercarbia.120 This effect is 
further exaggerated in patients with coexisting pulmonary disease, especially in the presence of respiratory depressant drugs. 
Provision of supplemental oxygen and close monitoring of ventilatory status is particularly important in these patients and if 
necessary, they should be admitted to the highdependency/intensive care unit for observation.

Hyperperfusion Syndrome

Patients who become hypertensive in the postoperative period (defined as systolic BP >200 mmHg) are at a much greater risk of 
developing neurological deficit (10.2%) than patients who remain normotensive (3.4%).118 Hypertension may cause excessive 
cerebral perfusion in a circulation unable to autoregulate, resulting in the hyperperfusion syndrome and intracerebral haemorrhage.76 
Patients at greatest risk include those with reduced preoperative hemispheric CBF caused by bilateral high-grade stenosis, unilateral 
high-grade carotid stenosis with poor collateral crossflow or unilateral carotid occlusion with contralateral high-grade stenosis.121 
The syndrome is thought to develop after restoration of perfusion to an area of the brain that has lost its ability to autoregulate 
because of chronic maximal vasodilatation. Restoration of blood flow after carotid endarterectomy thus leads to a state of 
hyperperfusion until autoregulation is reestablished, which occurs over a period of days.76,122 Clinical features of this syndrome 
include headache (usually unilateral), face and eye pain, cerebral oedema, seizures and intracerebral haemorrhage.76,121 Patients at 
risk for this syndrome should be closely monitored in the perioperative period and blood pressure should be meticulously controlled.

Mycocardial Ischaemia and Infarction

Perioperative myocardial infarction is the most frequent cause of mortality following CEA.12 In general, the reported incidence of 
fatal postoperative myocardial infarction is 0.5–4% and the proportion of total perioperative mortality (within 30 days of operation) 
attributed to cardiac causes is at least 40%.20,92,94,95,123 All causes of increased cardiac work must be minimized in order to avoid 
myocardial ischaemia. The patient should be warm, pain free, well oxygenated and normotensive with no tachycardia. Any signs of 
myocardial ischaemia should be treated immediately.

Haemorrhage and Airway Obstruction

Persistent oozing from deep tissues, insecure ligation of vessels and the disruption of suture lines may all lead to bleeding into the 
wound site. This can be further aggravated by compromised coagulation due to the use of anticoagulants or antiplatelet agents. An 
expanding haemotoma in the neck may cause airway obstruction and may necessitate reexploration of the wound site. Difficult 
intubation may result from this complication and the unwary may mismanage these patients with catastrophic results. Clinical 
assessment of the airway can underestimate the potential hazard of a rapid-sequence induction technique. Opening the sutures and 
letting the haemotoma out or surgical evacuation of the haematoma under local anaesthesia are possible options. If general 
anaesthesia is necessary, an inhalational induction with halothane or sevoflurane or a fibreoptic awake intubation are the methods of 
choice.

Neurological Complications

Postoperative neurological deficit occurs in 1–7% of patients after CEA, regardless of the anaesthetic technique.11 Neurological 
deficits following CEA are multifactorial in origin: they may result from embolization at the site of surgery, cerebral ischaemia due 
to hypoperfusion or thrombosis at the endarterectomy site and intimal flap, or intracerebral haemorrhage. The manifestations include 
transient deficits and ischaemic strokes. All potentially treatable causes including thrombosis must be sought and re-exploration may 
be necessary. Re-exploration for evacuation of haematoma requires meticulous airway management as discussed above. Cranial 
nerve injuries have also been reported, the most commonly injured nerves being the hypoglossal and recurrent laryngeal nerves, 
leading to possible problems with upper airway control.124 Damage to the recurrent
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laryngeal nerves may reduce the upper airway protective reflexes and place the patient at risk of aspiration, as well as cause airway 
obstruction (if the abductor fibres are the only ones affected).

Conclusion

CEA reduces the incidence of stroke in patients with symptomatic high-grade carotid artery stenosis. This benefit is only seen if the 
perioperative complications, mainly stroke and myocardial infarction, are kept to a minimum. Therefore, to realize the potential 
surgical benefits of this increasingly popular procedure, it is essential to provide the optimal physiological environment during 
surgery and this requires a thorough understanding of the pathophysiology of carotid artery disease and careful anaesthetic 
management. Research directed at areas of controversy, such as the application of neurological monitors, methods for the prevention 
and/or treatment of cerebral ischaemia and the development and evaluation of effective interventions to reduce the high cardiac 
morbidity and mortality associated with CEA are needed urgently.
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Introduction

The spectrum of paediatric neurosurgical disease differs from that of adult disease and, additionally, varies according to the age 
group to which the child belongs. Clinical presentation is also very much dependent on age. A good working knowledge of normal 
neonatal, infant and child physiology and pharmacology and paediatric neurophysiology and neuropharmacology is required for the 
practice of paediatric neurosurgical anaesthesia. Furthermore, an understanding of the particular requirements for safe paediatric 
anaesthetic practice is mandatory.

The Neonate

It is beyond the scope of this book to give a detailed account of normal neonatal physiology and pharmacology and therefore the 
following discussion will be brief, highlighting the particular problems that need attention.

The Preterm Infant

Preterm infants can be grouped as those born between 31 and 36 weeks gestation (moderate preterm) and those born between 24 and 
30 weeks gestation. Both groups have several problems in common which are usually more severe in the more premature. Deaths in 
the older group are uncommon (5% mortality at 31/40, < 1% by 36/40) while deaths in the younger age group account for 70% of 
neonatal mortality. The commonest causes are respiratory distress syndrome, sepsis and intraventricular haemorrhage. Medical 
management of the latter disorder may involve neurosurgical intervention.

Normal neonatal physiology is markedly different from that of any other age group due to immature organ systems, particularly the 
lungs (surfactant deficient), liver and kidneys. The circulation is transitional between foetal and adult and the ductus arteriosus may 
remain patent or be reopened by hypoxia or fluid overload. Blood volume is 90–100 ml/kg and the preterm infant is more susceptible 
to hypoglycaemia due to limited glycogen stores.

Neonatal neuroanatomy and physiology varies with age. At term the brain weighs approximately 335g (10–15% total body weight). 
It doubles in weight by six months, triples by one year and reaches adult weight by 12 years of age. The skull at birth consists of 
ossified plates (calvaria) separated by fibrous sutures and two fontanelles, anterior and posterior. The posterior fontanelle closes by 
the second or third month while the anterior fontanelle may remain open until 16 months of age. Complete ossification occurs by 12–
16 years.

Table 16.1 summarizes the differences in paediatric neurophysiology with age. Intracranial pressure is positive on the first day of life 
but may become subatmospheric for the next few days.6,7 It is at this time that preterm infants in particular are at risk of intracranial 
haemorrhage. Acute rises in intracranial pressure are poorly tolerated despite the presence of open fontanelles because of the rigidity 
of the dura mater. The neurological status of the child deteriorates rapidly under these conditions. However, a slow increase in 
intracranial pressure is accommodated more easily due to expansion of the fontanelles and separation of the sutures. The intracranial 
pressure may be estimated by palpation of, or by the use of a transducer placed on, the anterior fontanelle.

Normally the neonatal cerebral vessels are able to autoregulate throughout a range of systolic blood pressure (45–160 mmHg).8 
Trauma, infection or other intracranial pathology and anaesthesia may impair or abolish autoregulation and under these 
circumstances cerebral perfusion is determined by intracranial pressure and mean arterial pressure (CPP = MAP – ICP). Cerebral 
blood flow varies directly with changes in arterial carbon dioxide tension between 20 and 80 mmHg.9

Intracerebral steal and inverse intracerebral steal occur in children. The former is when vasodilatation of normal cerebral vessels 
reduces blood flow through vessels that have lost the ability to autoregulate (for example, arteriovenous malformations, vascular 
tumours). Inverse steal occurs when normal vessels vasoconstrict, resulting in diversion of blood flow to the abnormal vessels.

The overall metabolic rate for brain tissue in children is higher than that of adults although is lower in premature infants (see Table 
16.1).

Preoperative assessment of the preterm neonate must therefore include an assessment of the intracranial pressure, an appreciation of 
the risk of intraventricular haemorrhage and the likelihood of apnoea postoperatively. Table 16.2 summarizes the information 
required from the preoperative assessment of the preterm neonate.

Conditions Presenting in the Premature Infant

The commonest conditions presenting in this age group are those related to the presence of hydrocephalus requiring neurosurgical 
intervention.



   

 

Page 230

Table 16.1 Paediatric neurophysiology

 Adult Child 
(mean 
age 6)

3–12 y 6–40 
months

Neonate Preterm

Brain metabolic 
rate for O2 (ml 
O2/min/100g)

3.5 5.8 5.21 2.3*2   

CBF 
(ml/100g/min)

  1001,2 903 40–424,5 40–424,5

ICP(mmHg) 8–18 2–4   Positive ICP 
day 1 
subatmospheric 
for next 
few days6

 

*anaesthetized       

Term Infants (37/40–44/40 Gestational Age)

Term infants are at much lower risk of the hazards associated with prematurity. The organ systems, however, are still immature, in 
particular the liver. The airway and ventilation are more difficult to manage, not only because of the difficulties expected in the 
neonate (large head and tongue, anterior and cephalad larynx, large floppy epiglottis, narrowest point in the airway the cricoid ring) 
but also because of the increased size of the skull due to hydrocephalus. Ventilatory difficulties may also exist since the pulmonary 
reserve may be poor due to a small volume functional residual capacity and because the higher metabolic rate results in an increased 
oxygen consumption. Cardiac output is age dependent and therefore bradycardia is poorly tolerated. Blood volume is 80 ml/kg. 
Intravenous access may be awkward. Neurophysiology is as described in the previous section.

Assessment of the term infant must take into account much of what was written for the preterm infant but particular attention must be 
paid to the following:

• history of birth and presentation of neurological condition;

• current neurological status and risk of deterioration;

• evidence and assessment of other congenital abnormalities;

• maternal history;

• whether vitamin K has been administered.

Conditions Presenting in this Age Group

Hydrocephalus, intracranial haemorrhage, craniosynostosis, arteriovenous malformations, meningomyelocoele and encephalocoele.

The Infant from Four Weeks to Two Years of Age

By this time most of the organ systems have matured and the major problem is likely to be that of the underlying neurological 
condition and any associated congenital abnormalities. Conditions seen in this age group are similar to those in the previous age 
groups but the incidence of intracranial tumours is increased. The Arnold–Chiari malformation may present at this age.

Children over Two Years of Age

The spectrum of disease presenting to neurosurgeons is different in this age group. The peak incidence of paediatric intracranial 
tumours is between the ages of five and eight years.9 There is also a higher incidence of head injury.

Neuropharmacology

The sensitivity of children to anaesthetic drugs varies with age. All inhalational agents increase cerebral blood flow and therefore 
have a tendency to raise ICP. Nitrous oxide also increases intracranial pressure and cerebral metabolic rate for oxygen (CMRO2). 
Halothane raises intracranial pressure, may reduce the vascular reactivity to carbon dioxide (CO2) and reduces CMRO2. Isoflurane 
increases cerebral blood flow but less so than halothane and at less than 1 MAC autoregulation is thought to be preserved. It has very
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Table 16.2 Preoperative assessment of the preterm neonate

History Cause and extent of 
neurosurgical 
disorder, incidence 
of apnoeas, 
neonatal course so 
far, birth trauma, 
maternal drug 
history, medication

Examination Cardiovascular 
system 
Evidence of 
congenital heart 
defects (in 
particular patent 
ductus arteriosus, 
ventricular septal 
defect and patent 
foramen ovale), 
congestive cardiac 
failure 
Respiratory system 
Respiratory distress 
syndrome, 
bronchopulmonary 
dysplasia, 
pulmonary 
barotrauma, 
ventilatory 
requirements, 
apnoeas 
Central nervous 
system 
Lack of primitive 
reflexes (suck, 
swallow, gag), 
intraventricular 
haemorrhage, 
hydrocephalus, fits 
Gastrointestinal 
Necrotizing 
enterocolitis, 
source of nutrition 
(parenteral/enteral), 
herniae 
Metabolic 
Electrolyte 
derangements, 
hypo- or 
hyperglycaemia 
Haematological 
Coagulopathies 
(N.B. hepatic 
function is 
immature), 
anaemia, 
thrombocytopaenia, 
DIC 
Miscellaneous 
Evidence of sepsis, 
evaluation of state 
of hydration and 
evidence of 
hypovolaemia

Investigations Full blood count, 
urea and 
electrolytes, 
coagulation studies, 
serum glucose, 
echocardiography, 
ultrasound 
examinations, 
appropriate 



   

 
radiographs

little effect on CO2 reactivity but does raise intracranial pressure. There are no published data on the cerebral effects of enflurane, 
sevoflurane and desflurane in children.

All intravenous induction agents either have no effect on cerebral blood flow (CBF) or reduce it, with the exception of ketamine. 
Thiopentone reduces ICP and CMRO2 although it does not attenuate the hypertensive response to intubation as well as propofol. 
Propofol, in addition to the effects for thiopentone, preserves autoregulation. Ketamine increases CBF, CMRO2 and CSF pressure 
and therefore is not used in neuroanaesthetic practice.

Opioids have little effect on CBF and CMRO2 providing ventilation is maintained; benzodiazepines (midazolam, diazepam) decrease 
CBF and CMRO2, while non-depolarizing muscle relaxants have minimal effects. Suxamethoniurn slightly increases CBF and ICP.

Brief Principles of Paediatric Neuroanaesthesia

This section includes both the general principles of paediatric anaesthesia and issues specific to neuroanaesthesia.

Preoperative Preparation

The theatre should be warmed to a temperature of 24°C and efficient warming equipment provided. Table 16.3 includes a list of 
equipment that must be available. Consideration must be given to the position of the child required for the procedure and all 
necessary bolsters, supports and padding must be to hand.

Premedication

Children with intracranial pathology should not be given sedative premedication. This is because heavy premedication may depress 
respiration, while the associated risks of hypoxia and hypercapnia, delay recovery from anaesthesia and complicate neurological 
assessment in the recovery period. An exception is made in children with vascular lesions at risk of or with a previous history of 
subarachnoid haemorrhage. Atropine (0.02 mg/kg) may be given to minimize vagal effects on the heart (in children under six months 
of age). β-Blockers are sometimes used to reduce systemic hypertension.

Induction of Anaesthesia

An ideal induction will avoid increases in ICP, include rapid control of the airway and achieve haemodynamic stability, resulting in 
prevention of hypoxia,
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Table 16.3 Equipment for paediatric anaesthesia

Intravenous access An assortment of peripheral, central venous and arterial cannulae

Airway management Laryngoscopes, blades, airways, facemasks, t-piece, introducers, armoured endotracheal 
tubes

Temperature measurement Core and peripheral devices

Temperature maintenance Warming mattress, forced air blanket, wrapping

Infusions Pumps, infusion/blood warmers, giving sets with burettes

Monitoring Oesophageal stethoscopes of different diameters, urometer, ECG, SpO2, NIBP, invasive 
pressure monitoring, neuromuscular monitoring

Miscellaneous Urinary catheters, nasogastric tubes

hypoventilation and systemic hypertension. Induction of anaesthesia can be inhalational or intravenous with assisted bag and mask 
ventilation. A sleep dose of thiopentone (5–7 mg/kg) or propofol (2–4 mg/kg) is administered; sevoflurane provides a useful 
alternative for inhalational induction. Muscle relaxation is achieved by the use of a non-depolarizing muscle relaxant or 
suxamethonium if rapid airway control is necessary. Fentanyl, sufentanil or lignocaine can be given to attenuate the hypertensive 
response to intubation. After intubation with an armoured oral endotracheal tube (or nasotracheal tube), an oesophageal or precordial 
stethoscope, an oesophageal or nasopharyngeal temperature probe and throat pack should be placed. There is considerable risk of 
endotracheal tube displacement on positioning, particularly in the small child. From full flexion to full extension of the head in the 
neonate, the tip of the endotracheal tube (ETT) moves an average of 14.3 mm(7–28 mm).10 It must be obsessively checked once in 
position and secured appropriately (without obstructing central venous return). Considerable attention must be paid to maintaining 
body temperature. The surface area of the head is large in comparison to that of the child's body and considerable heat loss will occur 
here. Continuous monitoring of core temperature is essential. The eyes must be protected.

Maintenance of Anaesthesia

A balanced anaesthetic technique of oxygen, nitrous oxide, a short-acting opioid, a muscle relaxant and a low-dose inhalational agent 
(isoflurane or sevoflurane) is probably the technique of choice for most neuroanaesthetics. Air may be substituted for nitrous oxide, 
particularly where intracranial air is likely, but this requires the use of an increased concentration of the volatile agent. A continuous 
infusion of propofol may also be used as an alternative to a volatile agent. Fluid balance is important. A combination of crystalloid 
(to replace normal fluid requirements), colloid and blood may be needed. Dextrose-containing solutions are avoided except in infants 
or where there is documented hypoglycaemia because hyperglycaemia is thought to worsen tissue damage caused by local cerebral 
ischaemia. Volume status can be estimated by peripheral perfusion (normal capillary refill time less than 3 s), heart rate, blood 
pressure and central venous pressure and also by the degree of respiratory swing on the arterial or oximetric trace.

Agents used to control intracerebral volume include mannitol and frusemide. Both are given after induction with the aim of reducing 
brain bulk and therefore intracranial pressure and the pressures required for surgical retraction. The dose of mannitol is 0.5–1.0 g/kg 
and off rusemide is 0.5 mg/kg.

Hypotensive Techniques

Hypotensive techniques, though required infrequently, may be used when considerable blood loss is anticipated, for example in 
spinal surgery and craniofacial operations. Systolic blood pressures of 50 mmHg and above are well tolerated by children under the 
age of 10 and of 70 mmHg and above in children over 10.

Techniques advocated include the use of isoflurane, sodium nitroprusside, tubocurarine and trimetaphan. Invasive pressure 
monitoring is mandatory and the length of hypotension should be kept to a minimum.

Emergence and Recovery

Emergence should be smooth with no coughing on the ETT (this can be facilitated by lignocaine 1–1.5 mg/kg). A speedy recovery 
aids neurological assessment. This can be achieved by withholding opioid supplement for the last 30 min of the operation,
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reducing inhalational agent concentration and giving boluses of short-acting sedatives (propofol) to maintain the required anaesthetic 
depth. Full neuromuscular function must have returned (child – eyes open, hip flexion; older child – neck flexion). Planned 
admission to ICU for postoperative ventilation may be appropriate for certain major cases.

Postoperative Care

This includes regular frequent neurological assessment as well as routine physiological assessment (heart rate, respiratory rate, blood 
pressure, urine output).

Anaesthesia for Specific Neurosurgical Procedures

Hydrocephalus

Hydrocephalus occurs because an imbalance exists between CSF production and absorption. The cerebral ventricles become dilated 
and there may be a disproportionate increase in head size. Hydrocephalus is classified as follows.

• Non-obstructive: this is very rare. It is due to either an overproduction of CSF by a choroid plexus papilloma or a lack of brain 
matter with subsequent ventricular dilatation.

• Obstructive, communicating: CSF is not reabsorbed by the arachnoid granulations. This may be caused by an arachnoiditis 
following meningitis or intraventricular haemorrhage.

• Obstructive, non-communicating: there are three common sites of obstruction:

1. the aqueduct of Sylvius (due to stenosis or atresia);

2. occlusion of the foramina of Luschka and Magendie due to basal adhesions (this is the commonest site of obstruction and is 
usually due to IVH);

3. the Arnold–Chiari malformation.

Clinical Features

Congenital hydrocephalus may be diagnosed antenatally as part of a routine ultrasound examination or after birth when accelerated 
head growth will predate symptoms and signs of raised intracranial pressure. Posthaemorrhagic hydrocephalus is usually detected by 
ultrasound examination in the neonatal period. Hydrocephalus in the older child usually presents with signs or symptoms of raised 
intracranial pressure or of the underlying condition (tumour, inflammation). The sunset sign and abducens nerve palsy are very late 
signs and indicate advanced hydrocephalus.

Investigations

Investigations include serial ultrasound scans, occipitofrontal circumference measurements, skull radiography to detect suture 
separation and computed tomography.

Management

Management depends on the underlying cause and the degree of ventricular dilatation. Medical management includes the use of 
acetazolamide or isosorbide but these are only temporizing measures. Surgical procedures performed depend on the nature of the 
hydrocephalus.

Non-Communicating Hydrocephalus

Ventriculoperitoneal shunt (lateral ventricle to peritoneum) is the commonest surgical shunt procedure and has the advantage of 
reducing the need for shunt revision as a result of growth of the child. The most common complications are infection and obstruction 
of the shunt, necessitating shunt revision.

Ventriculoatrial shunt (lateral ventricle to right atrium) is much less common. Disadvantages of this procedure include the higher 
incidence of complications (infection, obstruction, pulmonary thromboembolism leading to cor pulmonale) and the need for more 
frequent revisions with growth of the child.

Ventriculopleural shunt (lateral ventricle to pleural cavity) is rarely performed unless placement of a ventriculoperitoneal or 
ventriculoatrial shunt is not possible.

Anterior third and fourth ventriculostomy are operations which re-establish CSF drainage routes from the third or fourth ventricle 
into the basal cisterns. Third ventriculostomy is commonly performed as an endoscopic procedure using a rigid ventriculoscope, 
which is inserted into one of the lateral ventricles and guided into the third ventricle. Diathermy and a balloon dilatational technique 
are used to establish an opening in the floor of the third ventricle.



   

Communicating Hydrocephalus

Lumboperitoneal shunt (lumbar subarachnoid space to peritoneum) is used when the ventricles are small or for managing 
communicating hydrocephalus.

Anaesthetic Considerations

Preoperative management should include a general assessment of the child and a neurological examination for evidence of raised 
intracranial pressure.
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Any associated conditions should be optimized. While sedative premedication should not be prescribed, atropine may be useful. 
Preoperative preparation includes planning for positioning of the child, particularly if the head is large. Intubation under these 
circumstances can be difficult. Attention must also be paid to maintaining body temperature.

Induction may be intravenous or inhalational with the aim of maintaining oxygenation and haemodynamic stability and preventing an 
acute rise in intracranial pressure. Spontaneous ventilation is contraindicated when the cranium is open and during the positioning of 
ventriculoatrial (risk of air embolus) or ventriculopleural (risk of pneumothorax) shunts. During the course of the procedure the 
following should be anticipated: hypotension at the time of cerebrospinal fluid tap and bradycardia or other arrhythmias at the time of 
ventricular catheter placement. If a ventriculoatrial shunt is being placed using the atrial tip as an endocardial ECG lead, monitoring 
the change in QRS complex allows correct placement of the atrial tip.

Recovery should be rapid and postoperatively routine craniotomy observations are usually all that are required. Codeine phosphate (1 
mg/kg IM or orally) can be used for analgesia.

Skull Abnormalities

Craniosynostosis and craniofacial dysmorphism are the commonest skull abnormalities seen in the paediatric population.

Craniosynostosis occurs as a result of premature fusion of the cranial vault sutures. It is classified according to the shape of the skull 
reflecting the underlying prematurely closed suture. The sutures that are involved include the left or right coronal (anterior 
plagiocephaly), the metopic (trigonocephaly), the sagittal (scaphycephaly), the left or right lambdoidal (posterior plagiocephaly), the 
bilateral coronal (anterior brachycephaly) or the bilateral lambdoidal (posterior brachycephaly).

In the craniofacial dysostosis syndromes (Crouzon's, Apert's) additional cranial base and facial sutures are involved. Particular 
anaesthetic considerations are as for craniosynostosis with the additional problem of the management of a potentially difficult airway. 
These children may also have severe nasal obstruction.

Elevated intracranial pressure secondary to rapid brain growth within the rigid skull may occur depending on how many sutures are 
fused and how quickly the problem is recognized. Hydrocephalus affects 5–10% of the patients with craniofacial anomalies. The 
aetiology is not always clear but may be secondary to cranial base stenosis.

Anaesthetic Considerations

Preoperative assessment will include particular attention to examination of the airway, for evidence of raised intracranial pressure 
and other associated congenital anomalies. Preoperative preparation must take into consideration the position of the patient, the 
potential requirement for massive blood transfusion and maintenance of body temperature. Surgery involves division of the skull 
along the suture lines (craniectomy). Deformities of the eyebrow and forehead may require the use of bone from the skull, rib or 
pelvis. There is the potential for considerable blood loss and a high risk of air embolus.

Induction may be inhalational or intravenous with the aim of rapid control of the airway. A nasotracheal tube may be used if there is 
no associated choanal atresia. A wide-bore intravenous cannula should be placed and an intraarterial cannula may be useful in all but 
the simplest of craniectomies. Hyperventilation and a forced diuresis may be required to reduce the volume of the intracranial 
contents. A precordial Doppler probe may be used to detect air embolism.

While some cases may require postoperative care in an intensive care unit, most can be woken up immediately. Codeine phosphate is 
used for postoperative analgesia and routine postcraniotomy observations are all that is necessary.

Cranial and Spinal Dysraphism

These are disorders of an embryonic stage called dorsal induction. Dorsal induction occurs in the third and fourth weeks of gestation 
and is the formation and migration of the neural tube with subsequent development of the anterior tube into the primitive brain 
structures. Defects include anencephaly, encephalocoele, myelomeningocoele and meningocoele.

Encephalocoele occurs as a result of failure of midline closure of the skull. The defect is usually occipital but frontal encephalocoeles 
do occur and carry a better prognosis in the long term. Diagnosis is usually made antenatally on ultrasound. Prognosis depends on the 
degree of accompanying brain herniation. Treatment is neurosurgical closure.

Spina bifida results from failure of fusion of the vertebral column. It can be accompanied by herniation of the meninges and spinal 
cord. The abnormalities that occur are classified according to their severity.

Spina bifida occulta has an incidence within the general population of 10%. It is usually of no clinical significance. The vertebrae are 
bifid with no associated herniation of meninges or spinal cord. In a small popu-
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lation there may be tethering of the spinal cord which, if not corrected, may result in irreversible neurological abnormalities of the 
bladder and lower limbs as the child grows. There is often an associated cutaneous abnormality (sinus, naevus, tuft of hair) in the 
lumbar region. All children with such cutaneous markers need to be investigated by ultrasound and referred if necessary to a 
neurosurgeon.

Spina bifida cystica has an incidence of one in 1000 live births in the United Kingdom. Twenty per cent of the lesions are 
meningocoeles while 80% are meningomyelocoeles; 70% occur in the lumbosacral area. The sac is usually covered by the meninges 
but may have ruptured with a resulting CSF leak. Nerve lesions may be sensory (asymmetrical) or motor, involving the bladder 
and/or anus (causing a neurogenic bladder and a patulous anus with faecal incontinence). The neurological examination is usually 
consistent with the level of the meningomyelocoele. As many as 80% of affected infants will have accompanying hydrocephalus and 
a proportion of meningomyelocoeles are associated with the Arnold–Chiari malformation (see below). Children with spina bifida 
may also have orthopaedic (talipes, congenital dislocation of the hip, kyphosis, scoliosis), renal, cardiac, visceral and chromosomal 
defects. Most cases are diagnosed antenatally. MRI scanning is used to accurately map the region. Early surgical closure is attempted 
in order to prevent infection of the defect. A ventricular shunt may also be needed if hydrocephalus is present.

Anaesthetic Considerations

Preoperative assessment should include a thorough work-up to exclude any associated congenital anomalies and an awareness of the 
preexisting neurological deficits. In the case of a cervical encephalocoele the neck is often short and rigid, making endotracheal 
intubation potentially difficult. Infants with meningomyelocoeles may be volume depleted secondary to evaporative and third space 
losses from the exposed area so rehydration may be necessary preoperatively.

Surgery takes place with the patient in the prone position so padding and appropriate head support must be planned in advance. Fluid 
losses (both blood and evaporative) may be considerable so equipment for administering and warming replacement fluids will be 
needed. Hypothermia should be anticipated and measures taken to prevent it.

Induction may be performed with the child in the lateral or supine position(with the infant's body supported on a ring bolster 
protecting the defect) and may be inhalational or intravenous (although some centres advocate awake intubation). Care should be 
taken when fixing the endotracheal tube both because displacement may occur on repositioning the child and because oral secretions 
may loosen the tapes. Placement of a throat pack may help to absorb some of the secretions. A large-bore intravenous cannula should 
be placed and for encephalocoeles requiring craniotomy, an arterial line may be useful. Additional monitoring includes core 
temperature and urine output. The need to use a nerve stimulator to identify the nerves intraoperatively necessitates the use of short-
acting neuromuscular blockers and peripheral neuromuscular monitoring.

Once prone, bolsters should be placed under the shoulders and hips to allow the abdomen to move freely with respiration. The child 
should be mechanically ventilated and anaesthesia maintained with an appropriate gaseous mixture. Intraoperative pitfalls include 
large fluid and heat losses.

Most patients can be extubated immediately postoperatively when fully awake. Codeine phosphate and paracetamol are usually all 
that is required for analgesia.

The Arnold–Chiari Malformation

The Arnold–Chiari malformation is an abnormality of the brain and skull base, a prolapse of the medulla, cerebellum and fourth 
ventricle through an abnormal foramen magnum into the cervical canal. Syringomyelia may also be present. Signs and symptoms 
include difficulty swallowing, recurrent aspiration, apnoeic episodes, stridor and an absent gag reflex. Ultrasound scanning will 
reveal ventricular dilatation, usually with hydrocephalus. Surgery is complex and fraught with risk and includes posterior fossa 
decompression, enlargement of the foramen magnum and cervical laminectomy.

Anaesthetic Considerations

Ventilatory control may be abnormal in these patients, necessitating pre- and postoperative ventilation. Pulmonary disease secondary 
to aspiration may be present. Stridor may occur which does not resolve immediately postoperatively and may ultimately require 
placement of a tracheostomy. In patients with Arnold–Chiari malformation care must be taken to avoid excessive rotation of the neck 
when turning the patient prone. Anaesthesia management is as for posterior fossa exploration (see later).

Neurological Tumours (Anterior, Middle and Posterior Fossa)

Intracranial tumours are the second most common childhood neoplasms. There are significant differences
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in the presentation, site and incidence according to age. The peak incidence of childhood tumours is between five and eight years of 
age, and, unlike adults, up to 70% are found in the posterior fossa. Table 16.4 summarizes briefly a few of the more common 
neoplasms and some of the ways in which they may present. Childhood tumours may present with signs of obstructive 
hydrocephalus, raised intracranial pressure and focal neurological deficits. The diagnosis and investigation of intracranial neoplasms 
include MRI and CT scanning and, in older children, stereotactic biopsy.

Anaesthetic Considerations

Preoperative assessment must focus on the identification of raised intracranial pressure and elucidation of focal neurological deficits. 
If cranial nerve palsies are likely, the presence of a gag reflex should be sought. Brainstem vital centres may be involved and 
potential respiratory problems could therefore also exist. If the tumour is likely to be neuroendocrine in origin or is situated close to 
the hypothalamic-pituitary axis the child may exhibit symptoms and signs of hormonal deficit or excess. The surgery may include the 
placement of an extraventricular drain or ventricular shunt or the child may already have had one placed previously. If so, it is 
important to ascertain if the shunt is working adequately. It is likely that corticosteroids (dexamethasone) will have been 
administered and prophylactic anticonvulsants may have been prescribed. These should continue intraoperatively and through into 
the postoperative period.

Preoperative preparation must anticipate requirements for positioning, reduction of brain mass, large blood and fluid losses, 
avoidance of hypothermia and electrolyte disturbances. Tumours in the anterior and middle fossae usually require the patient to be 
positioned supine with a 15–20° head-up tilt. Positioning for posterior fossa surgery depends on the neurosurgical preference. The 
operation can be performed in either the prone, semiprone or sitting position. It is very difficult to position children under the age of 
3–4 years in the sitting position so they are placed prone or semiprone. However, older children may be operated on in the sitting 
position. If the sitting position is to be used the legs should be bandaged to promote venous return and all pressure points padded 
aggressively.

Table 16.4 Presentation of common childhood neoplasms

Tumour Age of presentation Clinical presentation

Supratentorial astrocytoma Variable Focal neurological signs 
Signs of  ICP

Cystic cerebellar 
astrocytoma

2–10 Midline cerebellar signs

Ependymoma 1st decade of life 
(somewhat later with 
spinal tumours)

Space-occupying lesions with focal 
signs. Obstructive hydrocephalus 
common at presentation

Optic nerve glioma Peak incidence 0–5 Impaired vision

Brainstem glioma 5–15 Obstructive hydrocephalus, progressive 
brainstem signs

Medulloblastoma a/PNET Bimodal, 3–4y, 8–9y Raised ICP arising from obstructive 
hydrocephalus caused by IV ventricular 
compression. Cerebellar signs not a 
common presentation

Cranial germ cell tumours Teenage children Commonly pineal tumours with 
obstructive hydrocephalus secondary to 
obstruction of aqueduct

Craniopharyngioma Occur throughout 
childhood

Hydrocephalus, ICP, hypothalamic-
pituitary dysfunction

PNET = primitive neuroectodermal tumour
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The conduct of anaesthesia is as described for hydrocephalus surgery with some important additions.

• Nasotracheal tubes are often used both for ease of fixation and the potential for less movement as the head is manipulated. 
Alternatively, armoured orotracheal tubes may be used.

• Monitoring for posterior fossa surgery involves positioning of either a precordial (or oesophageal) stethoscope or precordial 
Doppler probe to detect venous air emboli. Continuous capnography is also valuable in this regard.

• Central venous pressure monitoring aids assessment of fluid losses and if the catheter tip is positioned near the right atrium, it may 
be possible to aspirate air emboli should they occur. Once again, this is an essential requirement if the patient is positioned sitting.

• If surgery occurs close to the brainstem or other eloquent areas, evoked potential monitoring may be required. Brainstem function 
can also be monitored by observing for arrhythmias or changes in blood pressure.

• Urinary catheterization may well be required although in very small children efforts are made to avoid doing so. This is because of 
the potential for meatal damage and introduction of infection. In these instances the bladder can usually be expressed 
intraoperatively.

• Diabetes insipidus is a complication of pituitary surgery and may occur intraoperatively. All cases require continuous monitoring of 
urine output and fluid balance as well as regular serum and urine electrolyte estimations. If it occurs, it should be treated early on 
with 1-deamino-8d-arginine vasopressin (DDAVP).

Postoperatively the patient should have recovered fully from the effects of the anaesthesia. All brainstem and cranial nerve reflexes 
must be intact. Frequent temperature monitoring is necessary after surgery near the hypothalamus as body temperature may rise. 
Diabetes insipidus may occur, as may the syndrome of inappropriate antidiuretic hormone secretion. Seizures are common 
postoperatively, hence the need for prophylactic anticonvulsants. Elective admission to a paediatric intensive care unit may be 
required.

Arteriovenous Malformations

Arteriovenous malformations (AVM) are congenital or acquired and arise from abnormal development of the arteriolar-capillary bed. 
Clinically AVMs present most commonly during adolescence. Symptoms and signs may include those of an intracranial bleed, raised 
intracranial pressure and seizures and sometimes the presenting complaint is headache. Congestive heart failure may be the clinical 
presentation in infants and small children if the AVM is particularly large. Some AVMs may require embolization before surgery. 
Indeed, as interventional radiological techniques become more sophisticated, embolization may be the only treatment required.

Anaesthetic Considerations

The anaesthetic management is similar to that of a craniotomy for tumour surgery. Blood losses are difficult to manage and may be 
great. Intraoperative hypertension should be avoided and as mentioned earlier, a sedative premedication may be administered to 
smooth induction in a distressed child. In experienced hands the surgical mortality is less than 5%.

Aneurysm of the Vein of Galen

This arteriovenous malformation is rare. However, it a significant challenge to both the neuroanaesthetist and neurosurgeon. The 
surgical mortality is 75%. There are two clinical pictures.

1. The neonate with congestive heart failure, macrocrania and a bruit heard over the anterior fontanelle. The operative risk is highest 
at this age. Embolization of the aberrant vessels may be attempted before surgery.

2. Older children often present with migraine-like headache. Mortality is much lower in this group.

Surgical mortality is high due to uncontrollable blood loss. The use of techniques such as profound hypothermia and extracorporeal 
circulation have been attempted but with poor results.

Anaesthetic Considerations

Management of anaesthesia involves aggressive cardiovascular monitoring and avoidance of hypotension, hypovolaemia and low 
diastolic blood pressure (which will jeopardize myocardial perfusion). Clipping of the aneurysm results in an acute rise in ventricular 
afterload and cardiac failure which may necessitate the use of inotropes and vasodilators. Nitrous oxide is avoided because of its 
negative inotropy and ability to increase pulmonary vascular resistance.

Spinal Cord Surgery

Conditions necessitating surgery on the spine or spinal cord include spinal cord tumours, haematomata, abscesses, spondyloses, 
syringomyelia and tethered cord. Clinical presentation may include
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signs of motor and sensory deficits, pain and bladder and bowel symptoms.

Anaesthetic Considerations

Potential problems include positioning, blood loss and spinal cord monitoring. The patients are prone and care must be taken to 
prevent abdominal compression as an increase in intraabdominal pressure may divert blood from the abdominal veins to the vertebral 
plexi, increasing blood loss and worsening conditions at the surgical site. Several methods are used to monitor the spinal cord 
intraoperatively.

The Wake-Up Test

Here anaesthesia is lightened, allowing the patient to wake up in a controlled fashion. The advantage of this test is the ability to 
assess anterior spinal cord (motor) function. Its disadvantages are the potential for the patient to cough and buck on the endotracheal 
tube, the risk of extubation in a prone patient and the fact that it assesses cord function at one point in time only.

Somatosensory Evoked Potentials (SSEPs)

Cortical SSEPs measure cortical response to peripheral nerve (posterior tibial nerve at the ankle or median nerve at the wrist) 
stimulation from the scalp adjacent to the somatosensory area. While these responses are modified variably by anaesthesia (more so 
by halothane than enflurane), perhaps the greatest difficulty in interpreting SSEPs is due to varying anaesthetic concentrations which 
make interpretation of changes impossible. Spinal SSEPs are also used and record responses from the epidural space by an electrode 
placed by the surgeon. The peripheral nerve is then stimulated and interference with spinal cord function during surgery can be 
detected by a marked drop in amplitude from control values. The major disadvantage of the technique is that it only assesses the 
sensory component.

Motor Evoked Potentials (MEPs)

This test involves stimulation of the motor cortex with a transcranial electric current or pulsed magnetic field.

Epilepsy and Cortical Mapping

Surgery for epilepsy involves identification of the epileptogenic focus by cortical mapping followed by excision of the area. The 
technique for younger children (less than 4–6 years of age) involves general anaesthesia. In older more cooperative children, the 
technique of neuroleptanaesthesia is used (a combination of fentanyl and droperidol).

Anaesthetic Considerations

Drugs that modify the EEG must be avoided. As mentioned above, the patient must be awake and compliant so the technique of 
neuroleptanaesthesia is used. This will require explanation to the patient before they get to theatre. There is the potential for 
considerable blood loss which may be difficult to measure so a central line and arterial line should be placed under local anaesthesia 
before the start of the procedure. Equipment and drugs for emergency intubation may be required. Mannitol and frusemide are used 
to reduce intracranial volume and so optimize conditions for the neurosurgeon.
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Introduction

The management of the spine, especially the cervical spine during surgery and also during the resuscitation of patients with spinal 
injuries, has many important considerations for the anaesthetist, not least the potential to cause severe irreversible injury during 
tracheal intubation.

Trauma is the most common cause of spinal cord injury with an incidence of 3–4 per 100 000 population per year in the United 
States,1 while estimates for the UK are 8.1 traumatic cases per 1 000 000 population.2 These injuries can be devastating and often 
affect young adults with a long life expectancy.3,4

The cost of spinal injuries is immense, not only because the cost of caring for patients with spinal injuries is very high and may be 
spread over many years, but also because the victims of these injuries are usually young, healthy, tax-paying individuals.

Operations on the cervical spine are common neurosurgical procedures for congenital or acquired conditions which may result in 
compression of closely related neural structures.

Anaesthetists will be closely involved with the immediate resuscitation of patients with spinal injuries, the elective and emergency 
operative procedures to the spine and patients with chronic paraplegia presenting for emergency or elective surgery.

The aims of this chapter are to:

• outline the anatomy and biomechanics of the cervical spine;

• describe the emergency management of patients with cervical spine injuries;

• discuss anaesthesia for elective spinal surgery;

• discuss anaesthetic considerations for patients with acquired and congenital spinal pathology presenting for surgery;

• discuss the anaesthetic management of patients with paraplegia.

Clinical Anatomy and Biomechanics

A basic understanding of the anatomy and biomechanics of the cervical spine is essential to the anaesthetist managing patients with 
neck injuries or for definitive surgery to the cervical spine.

The upper two and the lower five cervical vertebrae differ both anatomically and functionally and need to be discussed separately.5,6

Upper Cervical Spine

The occipitoatlantoaxial unit is the most complex osseous-articular structure within the human body. Its function is to support the 
head and to protect the spinal cord within its immediate surrounding structures while enabling flexion, extension and rotation of the 
upper neck to take place.

The first cervical vertebra, the atlas, has thick anterior and posterior arches that blend laterally into large masses. The upper convex 
surface articulates with the occipital condyles. The flatter inferior aspects of the masses articulate with the superior facet joints of the 
second cervical vertebra, the axis.

The transverse ligament of the atlas arises from two tubercles situated on the inner anterolateral aspect to enclose the odontoid peg 
(dens) of the axis on its posterior aspect. The dens arises as a central upward extension of the body of the axis. Alar and apical 
ligaments fan up from the dens to insert into the anterior margins of the foramen magnum.

Lower Cervical Spine

The five lower vertebrae of the neck conform to the typical shape of cervical vertebrae. They provide a protective bony canal for the 
spinal cord and at the same time allow flexion, extension and rotation of the neck. The laterally projecting transverse processes are 
well developed and contain a fenestration to permit the passage of the vertebral artery.

The facet joints between the cervical vertebral arches face downwards and forwards. The cervical intervertebral discs extending from 
the inferior surface of the body of C2 are attached above and below to hyaline articular cartilage on the surfaces of the adjacent 
vertebral bodies.

Anterior and posterior longitudinal ligaments extend the length of the spine.

The anterior longitudinal ligament passes upwards attached to the anterior aspects of the vertebral bodies, intervertebral discs and the 
anterior aspect of the arch of the atlas; it inserts into the base of the skull as the anterior atlantooccipital ligament. The posterior 
longitudinal ligament attaches to the dorsal surfaces of the vertebral bodies and the cartilages and fans out over the posterior aspects 



   

of the body of the axis, the odontoid peg and transverse ligament; it inserts into the basiocciput as the tectorial membrane.

The ligamentum flavum, less substantial in the neck than lower in the vertebral column, connects adjacent laminae and is 
complemented posteriorly by
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the interspinous and supraspinous ligaments. The supraspinous ligament termed the ligamentum nuchae in the neck terminates by 
inserting into the nuchal line on the base of the skull.

Blood Supply to the Spinal Cord7

The substance of the spinal cord is supplied by two posterior spinal arteries and the anterior spinal artery which runs along the 
anterior median fissure spinal. The anterior spinal artery is formed by the confluence of the two vertebral arteries and it is 
supplemented by anterior radicular arteries entering the subarachnoid space with each anterior spinal root. A few posterior radicular 
arteries enter with the posterior nerve roots but only make a small contribution to the blood supply of the spinal cord. The largest 
radicular arteries (the arteries of Adamkiewicz) enter with the T1 and T11 nerve roots; the T11 artery supplies the cord upwards and 
downwards, but the T1 artery only supplies the cord downwards.

The lower cervical part of the cord is thus a region of relative ischaemia and is vulnerable should the anterior spinal artery be 
compromised between the foramen magnum and C8, the 'cervical watershed'.8 Spinal veins form loose-knit plexuses and drain into 
the segmental veins along the nerve roots.

Hickey has demonstrated a close rheological similarity between the perfusion of the spinal cord and the brain.9

Movement

The neck moves through 90° from full flexion to full extension. A third of this takes place in the upper segment and the rest in the 
lower cervical region, mostly around the C5–7 segments. Extension within the occipitoatlantoaxial complex is limited by contact of 
the posterior arch of the atlas with the occiput above and the axial arch below. The distance from the posterior arch of the atlas to the 
occiput is the atlantooccipital gap (AOG). A short AOG has been described as a common cause of difficult intubation.10 Attempts to 
extend the head in a patient with a narrow AOG result in anterior bowing of the lower cervical vertebra and anterior displacement of 
the larynx.

Flexion and extension of the neck are reduced by 20% by the seventh decade. Most of this reduction occurs within the lower cervical 
segments and does not have a significant effect on the ease of direct laryngoscopy.11

The correct position to facilitate laryngoscopy for oral tracheal intubation is with the neck flexed and the head extended at the 
atlantooccipital joint. This optimum position is often unachievable in patients with cervical spine pathology.12

Stability

Stability is defined as the ability of the spine, under conditions of physiological loading, to maintain relationships between vertebrae, 
so as not to damage the neural structures contained within the spinal column.13 The stability of the spine is almost entirely the result 
of ligamentous attachments to bone and cartilage rather than muscle tone.

The transverse ligament normally permits a separation of 3 mm between the dens and the posterior aspect of the anterior arch of the 
atlas – the atlas–dens interval (ADI).

The area of the vertebral canal at the C1 level may be considered to be one-third odontoid peg, one-third cord and one-third space 
(Steel's rule of thirds).14 Any posterior displacement of the odontoid peg from the arch of the atlas reduces the space available for the 
spinal cord (SAC). The SAC is measured on a lateral radiography as the luminal distance from the posterior aspect of the odontoid 
peg to the posterior border of the vertebral canal at the level of C1; this is normally 20 mm.

In the lower cervical spine the posterior longitudinal ligament and the structures anterior to it are considered to be the anterior 
column. Behind the posterior longitudinal ligaments are the structures which comprise the posterior column. If all the components of 
either column are disrupted, the stability of the cervical spine is lost. If one element of either column remains intact and the other 
column is disrupted, the spine will be stable.15

Aetiology and Incidence of Spinal Injuries

The main causes of spinal cord injuries are motor vehicle accidents, falls, assaults and sporting accidents particularly related to 
diving and horse riding.16,17

Spinal cord injury may be immediate, occurring at the time of injury; alternatively, an injury may result in an unstable vertebral 
column with the potential for spinal cord damage if uncontrolled movements occur during resuscitation and treatment. The 
recognition of the great potential for damage to the spinal cord in patients with unstable vertebral injuries is of vital importance.

The cervical spine is particularly vulnerable to injury; 50% of spinal injuries affect the cervical spine and of
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these 32–45% will be tetraplegic at the time of the injury. Below the cervical spine, 54% of injuries result in complete 
paraplegia.4,6,18

Injuries to the thoracic spine are associated with complete spinal injuries in 62–80% of cases, due to the significant force required to 
cause injury in this relatively protected area of the body and also due to the narrower thoracic spinal canal. Thoracolumbar and 
lumbar spine fractures account for 20–30% of all spine fractures; neurological injury here will affect the cauda equina.4,18

Injuries to the cervical spine may be considered in terms of upper injuries to the C1–2 complex and lower injuries to C3 through 
C7.19 There is a lower incidence of serious neurological injury associated with injuries to the C1–2 complex than with injuries to the 
lower cervical spine. This may reflect a high incidence of fatality in patients suffering injuries at this level but the increased space 
available for the spinal cord at this level may also be an important factor. Subsequent neurological deterioration has been reported 
resulting from injuries to the atlantoaxial complex not identified at the time of early radiological assessment.20

Injuries to the upper spine result from forces transmitted from the head downwards and the disrupted forces transmitted depend on 
the position of the head in relation to the occipitoatlantoaxial complex at the time of impact. The history and clinical examination 
may help to identify the forces involved. Type III anterior displaced fractures of the dens which carry with it its base from the 
anterior arch of the axis are associated with a high incidence of neurological damage.

The main cause of immediate death following spinal cord injury is respiratory failure. The spinal cord respiratory centre, mainly the 
C4 motor nucleus with small contributions from C3 and C5, emerge as the phrenic nerve to innervate the diaphragm. If C4 remains 
intact under cervical voluntary control, voluntary breathing is maintained with a vital capacity of 20–25% of normal.21

Emergency Management of Patients with Cervical Spine Injuries

The incidence of cervical spine fracture following major trauma is variously quoted as between 1.7% and 4.3%.22–24 Patients are 
often victims of high-impact blunt trauma and have often sustained head or craniofacial injuries.

Radiological evaluation of these patients is essential although 20% of patients with cervical spine injuries will have a normal 
crosstable lateral cervical spine radiograph.6,20 The sensitivity of radiographic evaluation is increased to 93% by adding an odontoid 
peg view.25 It is essential, however, to assume an unstable cervical spine in any patient with a head injury or injury above the level of 
the clavicle until complete radiological, neurological and clinical examinations have been undertaken.6,26

There are many reports of injured patients suffering neurological damage during attempts to secure the airway.27–29 The incidence of 
neurological damage in patients with unrecognized cervical spine injuries is approximately 10%30–32 but when injuries are recognized 
and the neck is immobilized during airway manipulation, the incidence is reduced to 1–2%.30,33,34 Cervical spine immobilization is 
therefore vital in all patients at risk of cervical spine injuries.24,26,34

Most upper cervical spine injuries may be treated conservatively, at least in the first instance. Early operative fixation, with the 
disadvantage of reduced neck movements later on, may be required for patients with head injuries and a depressed level of 
consciousness. This will facilitate early management, especially when turning patients on an intensive care ward. Pharyngeal 
haematoma may cause swelling, and airway compromise may be an early life-threatening complication of high cervical spine 
injuries, requiring early intubation to secure the airway.

Methods for Stabilizing the Cervical Spine for Airway Management

Basic manoeuvres to open the airway, such as the chin lift and jaw thrust manoeuvres, insertion of an oesophageal obturator airway 
and oral endotracheal intubation with a Macintosh laryngoscope blade, have all been shown to produce extension of the head on the 
neck.32,35,36 Ventilation using a facemask, inflating bag and one-way valve will also result in cervical spine displacement.37 These 
movements can cause spinal cord injury in a patient with an unstable cervical spine.

The Advanced Trauma Life Support protocol recommends the use of a rigid collar combined with tape across the forehead securing 
the patient to a long spinal board and sandbags at the side of the head to restrict neck movements.26 The use of a rigid collar alone 
may still allow between 19% and 35% of unrestricted cervical spine movements, depending on the type of collar used.38,39 When 
combined with taping the patient's head to a spinal board, these movements may be reduced to 14–20%.38–40

A rigid collar significantly impedes the view obtained at laryngoscopy41 and manual in-line stabilization
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(MIS) of the cervical spine without traction is the preferred method to prevent neck movements when oral tracheal intubation is 
required in an emergency or elective situation.26,41–44

Emergency Anaesthetic Management of Cervical Spine Injuries

Several reviews outline the optimum anaesthetic management of patients with potential cervical spine fractures who require 
immediate tracheal intubation and ventilation in the emergency situation.6,45–47 Table 17.1 outlines a protocol for managing patients 
with potential cervical spine injuries who require immediate tracheal intubation.

Alternative Methods for Securing the Airway in Patients with Potential Cervical Spine Injuries

It is important to assess whether the need to secure the airway is immediate or whether time exists to allow a more elective 
procedure. In the emergency situation where there is an immediate need for oxygenation, it may be necessary to proceed directly to a 
surgical technique such as cricothyroidotomy. This technique is advocated by the Advanced Trauma Life Support program26 and 
involves a surgical incision through the cricothyroid membrane with the insertion of a size 6 tracheostomy.53 The need for surgical 
cricothyroidotomy in emergency situations is rare at 1.4–2.8%54–56 and the complication rate from emergency cricothyroidotomy is 
variously reported at 0–39%.54,56,57

The alternative technique in a patient in extremis is to puncture the cricothyroid membrane with a 14G cannula attached to a high-
pressure oxygen source and insufflate oxygen.26 This technique does not protect the airway from soiling with blood or vomit present 
in the pharynx and is also limited to a period of 30 min by the accumulation of carbon dioxide; it is, however, a useful immediate 
life-saving procedure.

Other techniques may be used for securing the airway in a patient who is difficult to intubate and who

Table 17.1 Protocol for managing patients with potential cervical spine 
injuries who require immediate tracheal intubation

Protocol Notes and references

1 Immediate assessment of the airway and MIS of cervical spine 
Administration of high-flow oxygen

26

2 Rigid collars should be removed prior to intubation 41

3 A rapid-sequence anaesthetic induction technique is safe in 
most patients with cervical spine injuries requiring emergency 
airway control

48,49 

Avoid multiple attempts at larygoscopy in 
unanaesthetized patients with head injuries as this will 
cause catastrophic rises in intracranial pressure

4 Preoxygenation is vital prior to tracheal intubation and may be 
effectively carried out with cricoid pressure in place

50,51

5 Cricoid pressure as part of a rapid-sequence intubation 
technique does not aggravate cervical spine injuries

47,49,50,52

6 Anaesthetic induction agents facilitate tracheal intubation and 
attenuate the rise in intracranial pressure

Drug doses should be reduced appropriately in 
hypovolaemic patients

7 Suxamethonium (1.5–2.0 mg/kg) is the drug of choice to 
produce satisfactory intubating conditions within 30 s

The advantage of rapidly securing the airway and 
facilitating ventilation outweighs any potential side 
effects of suxamethonium

8 Suxamethonium should be used with caution in patients with 
maxillofacial trauma or other injuries likely to make tracheal 
intubation impossible

The consequences of paralysing a breathing patient with 
a partially patent airway and then being unable to 
intubate or ventilate him are dire

9 Patients who are unsuitable for rapid-sequence tracheal 
intubation require alternative methods for securing the airway
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requires cervical spine immobilization;58 these are described in Table 17.2.

Anaesthesia for Established Spinal or Vertebral Injuries and Elective Cervical Spine Surgery

The anaesthetic management of patients presenting for elective surgery for spinal fractures or other pathology differs from the 
emergency situation as there is more time to assess the patient and to plan the anaesthetic, especially the method of securing the 
airway. The most important consideration is to secure the airway without excessive cervical spine movements that may lead to 
neurological deterioration.

A variety of methods have been described for assessing the difficulty of tracheal intubation.72–74 These methods are not always 
specific or sensitive for predicting difficulty in intubation,75–77 but they are useful for assessing the patient and planning the best 
method of securing the airway. Alternative techniques for securing the airway have been described in Table 17.2.

A variety of laryngoscopes and blades have been designed to aid intubation when head movements are limited, as in the instance of 
an unstable cervical spine (Table 17.3).

Patient Positioning

Once the patient is anaesthetized and the airway secured, care must be taken when positioning the patient on the operating table. 
Excessive and awkward movements must be avoided and the surgeon responsible for the patient's care should supervise the transfer 
of the patient on to the operating table as this can be particularly hazardous, especially if the patient is to be placed in a prone 
position. All pressure areas must be carefully padded for these operations, which may be very lengthy.

Table 17.2 Techniques and adjuncts to aid tracheal intubation in patients with unstable cervical spines

Adjunct or 
technique

Notes

Blind nasal 
intubation

Can be achieved in a spontaneously breathing patient and has the advantage that cervical spine 
movements are minimal.32 Advocated as a method for securing the airway in patients with potential 
cervical spine injuries,26 but the technique is not widely practised in the UK and is a difficult skill to 
maintain.59

Gum elastic 
bougie

Aids intubation when the laryngoscopy view is limited by the need for cervical spine immobilization.44

Laryngeal 
mask airway 
(LMA)

May be used as a temporizing measure to maintain an airway in a patient with an unstable cervical 
spine. Tracheal intubation may be performed through the laryngeal mask. 
The LMA does not protect the patient from aspiration of vomit.60,61

Fibreoptic 
intubation

Becoming more widely used and is accepted as the method of choice when difficult laryngoscopy is 
anticipated.62,63 It is generally safer and easier to perform fibreoptic intubation in awake or lightly 
sedated patients with adequate topical anaesthesia to the upper airway and trachea. A variety of 
techniques have been suggested for providing adequate anaesthesia to the upper airway.64,65 

Of limited use in the acute emergency situation as it is time consuming and requires patient cooperation 
and the presence of blood, vomit or secretions in the airway may obscure the view of the larynx.66–68

Retrograde 
catheter 
techniques

A guidewire followed by a catheter is passed through the cricothyroid membrane and into the mouth. 
An endotracheal tube may then be passed over the catheter and into the trachea.69,70

Light wand A flexible stilette with a distal light bulb which may be passed blindly into the glottis and tracheal 
intubation achieved over it.71

Awake 
intubation

With topical anaesthesia to the airway, conventional tracheal intubation techniques have been 
successfully used in awake patients with cervical spine injuries.34
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Table 17.3 Types of laryngoscope that may aid tracheal intubation

Blade type Notes

Macintosh blade The most commonly used laryngoscope blade; a larger size blade may help to improve the view 
at laryngoscopy.

McGill blade A straight blade, designed to lift up the epiglottis, and may improve intubating conditions.12 
Excessive vagal stimulation may occur, causing cardiac arrhythmias.

Polio blade A Macintosh blade which articulates with the handle of the laryngoscope at an angle of 150° 
rather than 90°. It may be useful when cricoid pressure is being applied as it moves the hand of 
the laryngoscopist away from the hand of the assistant providing cricoid pressure.

McCoy blade A modified Macintosh blade, the tip of which is designed to lever when placed in the vallecula; 
this acts on the hyoepiglottic ligament to lift up the epiglottis, exposing more of the glottis. It has 
been shown to significantly improve the laryngoscopy view in patients with simulated cervical 
spine injuries and MIS undergoing oral tracheal intubation.78

Bullard laryngoscope A rigid fibreoptic laryngoscope that causes less head and cervical spine extension than 
conventional laryngoscopes and produces a more favourable view at laryngoscopy in patients in 
whom cervical spine movement is limited or undesirable.79

Transoral Odontoid Peg Procedures

The anaesthetic management of these patients has been reviewed by Marks et al.80 Both tracheostomy and nasotracheal intubation 
have been used to secure the airway.

Patients undergoing odontoid peg surgery by the transoral route may develop considerable postoperative swelling of the pharynx 
with the risk of airway obstruction. It is useful to keep these patients intubated and ventilated in the immediate postoperative period 
and to extubate them after the swelling has subsided in a high-dependency nursing care area or intensive care unit.

A nasogastric tube should be positioned preoperatively as it will be very difficult to place postoperatively; it prevents soiling of the 
pharyngeal wound with gastric contents and aids feeding in the immediate postoperative period when swallowing may be difficult. 
Dexamethasone 4–8 mg may also be useful in the perioperative period to reduce pharyngeal swelling.

Rheumatoid Cervical Joint Disease (RCJD)

Rheumatoid arthritis is a multisystem disease which presents challenges to the anaesthetist responsive for perioperative care. The 
incidence of neck involvement in rheumatoid disease have been estimated at between 15–80%81 and patients with RCJD may be at 
risk of developing life-threatening neurological sequelae following general anaesthesia either for procedures to stabilize the neck or 
for other operations.

The problems in patients with severe RCJD are often compounded by concomitant rheumatoid disease resulting in ankylosis of the 
temporomandibular joint which impedes mouth opening.

The abnormalities occurring in RCJD have been classified by Macarthur et al, who suggest a 'lesionspecific' approach to 
anaesthesia.82

Early pathological changes result from erosion of bone and laxity of the ligaments leading to subluxation and this may progress to 
ankylosis of the neck.

The disease is considered in two sections:

• atlantoaxial subluxation: occurs in 15–35% of rheumatoid patients;83

• subaxial subluxation: involving the lower neck, present in 10–20% of patients with long-standing disease.

Atlantoaxial Subluxation (AAS)

This is described by the directions in which the axis and atlas change their relationship to each other and the base of the skull as a 
result of rheumatoid destruction of the ligaments, facet joints and vertebral bodies.
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Anterior AAS

This is the commonest form of RCJD and often occurs in addition to vertical AAS. It is defined by a distance of greater than 3 mm 
between the odontoid peg and the atlas. The transverse ligament is destroyed, allowing C1 to move forward on C2 and the odontoid 
peg to encroach onto the anterior aspect of the cervical cord. The condition is exaggerated, and may be diagnosed, by lateral 
radiographs of the neck in flexion. Magnetic resonance imaging helps to identify the extent to which neural compression has taken 
place.84

Posterior AAS

C1 moves backwards on C2 as a result of destruction of the odontoid peg. This abnormality is worse in extension radiographs of the 
cervical spine but it is less common than anterior AAS.

Vertical AAS

The lateral masses of C1 are destroyed by erosion of the atlantooccipital and atlantoaxial joints. The odontoid peg subluxes upwards 
through the foramen magnum above Macgregor's line (the line drawn from the superior surface of the posterior aspect of the hard 
palate to the most caudal aspect of the occipital curve) where it may compress the cervical medullary junction. When neurological 
damage occurs or when the condition is progressive, the surgical treatment is odontoidectomy via a transoral approach. This may be 
combined with posterior fixation of the cervical spine.85

Lateral/Rotatory AAS

Changes in the C1, C2 facets, usually more on one side than the other, result in C1 moving rotationally with respect to C2. Non-
reducible rotational head tilt, spinal nerve compression or vertebral artery insufficiency may result. This condition is rare.

Subaxial Subluxation

Facet joint destruction below C2 in the neck results in a steplike movement of upper vertebral bodies on those beneath, the so-called 
'staircase spine'. These changes are most common around C5–6 levels. Neurological changes are an early feature because of the 
smaller diameter of the vertebral canal and larger diameter of the cord at this level. When indicated for subaxial subluxation, surgery 
is usually via a posterior approach. In time, the bony components may fuse, resulting in a shortened stiff neck referred to as 'settling'.

Anaesthetic Complications in RCJD

Difficult intubation is more prevalent in patients with cervical spine disease;86 20% have grade 3 or 4 laryngoscopy views.87 Fifty 
percent of patients with no atlantooccipital gap and 80% of patients with no atlantoaxial gap are difficult to intubate. The best 
predictor of difficult laryngoscopy is reduced separation of the posterior elements of C1 and C2 on lateral cervical spine 
radiographs.86

A useful clinical test has been described to assess flexion/extension movements at the craniocervical junction.75 The patient is asked 
to maximally flex the cervical spine and the examiner's hand is placed on the back of the neck to immobilize further movements. The 
patient is then asked to nod the head and the range of movement is assessed as normal or reduced depending on the examiner's 
experience.

The anaesthetic problems encountered in RCJD are related to difficult laryngoscopy in patients with stiff necks and the potential for 
damaging the neural structures in the cervical cord when the neck is unstable. In addition, the general systemic manifestations of 
rheumatoid arthritis need to be assessed in terms of the cardiovascular, respiratory, haematological and dermatological systems (for a 
recent review, see Skues and Welchew).88 All patients are safe with the neck maintained in a neutral position so if it is possible to 
intubate them in this position, they may be anaesthetized in the normal way (maintaining manual inline stabilization of the cervical 
spine). Patients with AAS have stable necks in extension and may be intubated via direct laryngoscopy, avoiding flexion of the neck. 
Patients with posterior AAS, temporomandibular joint fixation and 'settling' or vertical AAS should be intubated awake using local 
anaesthesia to the airway and a fibreoptic bronchoscope.

Congenital Disease

A variety of congenital abnormalities present for surgical stabilization of the neck (Table 17.4). All these patients have actual or 
potential reduction in the lumen of the spinal cord and reduction in the space available for the cord may be made worse or may occur 
during movements of the cervical spine, especially extension of the neck prior to intubation.

Down's syndrome is commonly associated with atlantoaxial instability.89,90 A lax transverse ligament permits an increase in the ADI 
and excessive laxity of other joints correlates well with this defect. Older patients with Down's syndrome often suffer from cervical 
spondylitis which may require surgical relief.
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Table 17.4 Congenital conditions causing neck instability6

Lesion Syndrome

Odontoid hypoplasia Morquio syndrome 
Klippel–Feil syndrome 
Down's syndrome 
Spondyloepiphyseal dysplasia 
Disproportionate dwarfism 
Congenital scoliosis 
Osteogenesis imperfecta

Atlantoaxial subluxation Down's syndrome 
Odontoid anomalies 
Mucopolysaccharidoses

Hypoplasia of the odontoid peg and non-union of the dens with the body of the axis is commonly associated with a variety of 
congenital abnormalities (Table 17.4). Extension of the head results in anterior displacement of the atlas on the axis, reduction in the 
SAC and possible pressure on the neural elements.

Anaesthetic Considerations for Paraplegic Patients and Spinal Shock

Patients with spinal cord transaction present a variety of problems to the anaesthetist.16 Spinal cord injuries have been subdivided on 
a temporal basis into:91

• acute injuries (spinal shock) (less than three days);

• intermediate injuries (three days to three months);

• chronic injuries (more than three months).

Acute Injuries to the Spinal Cord

Acute injury to the spinal cord occurs as a result of several phenomena:

• direct mechanical disruption to axons and other neural elements of the spinal cord;

• spinal cord oedema;

• secondary ischaemic damage as a result of damage to local blood vessels or to the vertebral arteries.

Injury to the spinal cord is defined by the completeness of the injury and the spinal level.92 A complete injury is a total loss of 
neurological function below the level of cord injury; the prognosis for recovery is very poor. An incomplete injury implies 
preservation of some neurological function below the injury site and has greater potential for recovery. Various syndromes have been 
described associated with incomplete spinal cord injuries:92 central cord syndrome, anterior spinal cord syndrome, Brown–Sequard 
syndrome, conus medullaris lesions and injuries to the cauda equina. The spinal level of the lesion is designated as the most distal 
uninvolved segment of the spinal cord.

Management of Acute Spinal Cord Injury

The main goal of treatment in acute spinal injury is to prevent further damage to the spinal cord that could increase the level of the 
injury. Careful handling of patients and the prevention of hypoxaemia and hypovolaemia are very important.

Large doses of methylprednisolone (30 mg/kg within 8 h of injury followed by 5.4 mg/kg/h for 23 h) have been shown to cause slight 
but significant improvement in motor function and sensation at six months in patients with both complete and incomplete lesions.93 
The efficacy of this regime has, however, been questioned, particularly in patients with penetrating trauma to the spinal cord.94

Spinal shock is the term for the acute phase following spinal cord disruption due to interruption of descending autonomic pathways 
with loss of all somatic and reflex activity, which lasts from a few days to several weeks. Spinal injuries at a high level result in 
significant respiratory and cardiovascular instability.

Respiratory Effects

Very high cervical lesions interrupt diaphragmatic function (C3, 4, 5) and may present as a respiratory arrest. Lower cervical and 
thoracic lesions result in a degree of respiratory impairment due to failure of the intercostal muscles.

Neurogenic pulmonary oedema may be associated with acute spinal cord trauma. The mechanism is thought to be due to intense 
autonomic discharge following acute spinal cord injury resulting in hypertension, bradycardia and intense vasoconstriction.95 The 
rapid increase in cardiac afterload can precipitate left ventricular failure and high systolic blood pressures may disrupt the pulmonary 



   

capillary endothelium, leading to alveolar haemorrhage or pulmonary oedema.

Cardiac Effects

Loss of the cardiac nerves (T1–4) results in an unopposed vagal bradycardia and loss of sympathetic vasoconstrictor tone leads to 
peripheral vasodilatation and hypotension.
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The condition of hypotension and bradycardia associated with a high spinal injury is termed neurogenic shock, which should not be 
confused with spinal shock. The initial management of neurogenic shock involves careful fluid replacement guided by central venous 
pressure monitoring, the use of vagolytic agents such as atropine 0.3–0.6 mg and vasopressors such as methoxamine, phenylephrine 
or noradrenaline.

The potential for cardiovascular instability is increased during anaesthesia and patients require careful invasive cardiovascular 
monitoring and intermittent positive pressure ventilation.

Abdomen

Loss of sensation below the waist can mask signs of intraabdominal pathology such as an acute ileus, a perforated viscus or 
haemorrhage.

Gastric stasis may develop in patients with acute spinal cord injury, making aspiration of gastric contents a risk. Rapid-sequence 
induction of anaesthesia is required and a nasogastric tube should be passed to empty the stomach and reduce the risk of aspiration.

Patients with acute spinal injuries are at risk of acute gastric ulceration and H2 antagonists should be administered.

Temperature control is lost below the level of the spinal cord injury and patients become poikilothermic, so attention to temperature 
monitoring and the use of warmed intravenous fluids and warming devices is essential.

Urinary retention commonly occurs so patients should be catheterized to prevent overdistension of the bladder. The hourly 
measurement of urine output is also useful as a monitor of intravascular fluid volume and to guide fluid replacement therapy.

Deep vein thrombosis and pulmonary embolism are also increased in paraplegic patients and may occur at any time following injury. 
Prophylactic measures are essential.

Intermediate Phase

The initial posttraumatic spinal shock phase declines after 2–3 weeks.16 The intermediate phase (three days to three months) is 
important to the anaesthetist as it is the time when elevated serum potassium may occur in response to depolarizing neuromuscular 
blocking drugs.96 This response may persist for up to one year. Levels of serum potassium as high as 11 mEq/l have been reported 
following administration of suxamethonium during this phase of spinal injury and can result in ventricular fibrillation.97,98

Chronic Phase

Problems that the anaesthetist may face in patients with chronic spinal cord injuries and paraplegia include:

• postural hypotension;

• autonomic hyperreflexia;

• respiratory control;

• renal failure and electrolyte imbalance;

• loss of normal temperature control;

• decubitus ulcers;

• thromboembolism.

Postural Hypotension

This occurs in patients with high thoracic lesions above the level of T4 due to failure of cardiovascular responses. A degree of 
adaptation occurs but care should be taken when positioning these patients.

Autonomic Hyperreflexia

This develops after a period of three months or longer following spinal cord transection associated with spinal cord lesions above the 
level of T7. It is characterized by hyperreflexia, spasticity and involuntary muscle spasm.16 Hyperreflexia is due to the coordinating 
sympathetic centres in the hypothalamus losing control over the spinal sympathetic nervous system between T1 and L2.99 
Stimulation of the bladder, genital region, bowel and cutaneous perineal area triggers afferent impulses travelling in the sacral roots 
and results in excessive sympathetic outflow up to the level of the spinal lesion. This causes sweating and vasoconstriction in the 
dependant part of the body; if the spinal cord lesion is above T1–4 (cardiac nerves) tachycardia will occur. Hypertension stimulates a 
baroreceptor-mediated reflex parasympathetic response causing flushing and swelling of the nasal mucosa and vagal activity 
resulting in bradycardia or even asystole.100 Severe autonomic dysfunction is rare in injuries below the mid-thoracic region.



   

Careful anaesthetic management is required in patients with the potential for autonomic hyperreflexia. A deep general anaesthetic is 
generally recommended to reduce the risk of stimulation.16,91 Spinal anaesthesia is an alternative to deep general anaesthesia 
although there are risks from hypotension and bradycardia and the need to use vasopressor drugs. Epidural anaesthesia may not 
adequately block the sacral routes and is not recommended.16,91

Respiratory Control

Chronic respiratory impairment may exist as a result of reduced vital capacity21 and expiratory reserve volume;
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the development of kyphoscoliosis may also impair ventilation. Intermittent positive pressure ventilation is recommended for general 
anaesthesia and postoperative ventilatory support may be required.

Renal Failure

Patients may develop chronic renal failure with resultant electrolyte imbalances91 and may require long-term haemodialysis. 
Postoperative bladder spasms and subsequent attacks of autonomic hyperreflexia have also been reported.99

Decubitus Ulcers

Patients very easily develop decubitus ulcers as a result of poor skin perfusion. Every care should be taken to avoid them during 
surgery as they may take many weeks or months to heal.
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Transsphenoidal Hypophysectomy

Introduction

The transsphenoidal surgical route has become the preferred approach for most operations on the pituitary gland. The common 
indication for operation is tumour. This may secrete an active hormone in an uncontrolled non-feedback loop fashion. The 
anaesthetist needs to understand the endocrine status of the patient to enable assessment for surgery and management of the 
endocrine sequelae within the perioperative period.

Clinical Implications

Pituitary tumours originate from five types of adenohypophyseal cells. They are quite common, being responsible for 8–15% of all 
symptomatic intracranial tumours and are twice as common in women than men. They were previously classified according to their 
staining characteristics by haemotoxylin and eosin histological stains into eosinophilic, basophilic and chromophobic types. 
Adenomas are now identified using immunocytochemical techniques to distinguish the cell types within tumours and the hormones 
they produce. Trouillas and Girod48 have reviewed 709 pituitary tumours; Table 18.1 summarizes their findings. The description of 
microadenomas less than 10 mm in diameter and confined within the pituitary fossa and macroadenomas larger in size and often 
extending either above the sella turcica or into a laterally situated cavernous sinus, is of neurosurgical assistance and does not carry 
with it any pathological or prognostic significance. The adenomas tend to be locally invasive but do not metastasize.

Pituitary Physiology and Anatomy

The anterior pituitary (adenohypophysis) is a source of at least six hormones: growth hormone (GH), adrenocorticotrophic hormone 
(ACTH), prolactin (PRL), thyroid-stimulating hormone (TSH), luteinizing hormone (LH) and follicle-stimulating hormone (FSH), 
released in pulsatile fashion that regulate growth and development, thyroid function, the adrenal cortex, breast and gonad. The 
anterior lobe comprises 80% of the gland.

The posterior pituitary (neurohypophysis) has terminal neurones from the supraoptic and paraventricular nuclei of the hypothalamus. 
These synthesize oxytocin and antidiuretic hormone (ADH) which are secreted directly into the circulation.1

The pituitary gland is located in the sella turcica enveloped by the dura mater lining the sella. Superiorly, the sella diaphragma forms 
the roof of the sella with a ~5 mm wide central opening through which runs the hypophyseal stalk. A wider opening may lead to 
transmission of CSF pressure, giving rise

Table 18.1 Immunochemical classification of the pituitary adenomas 
and frequency in the series (from reference48)

Types of adenoma Subtype and hormonal secretion Frequency (%)

Somatotrophic adenoma Monohormonal–GH only 
Pleurihormonal (GH-PRL; GHαSU)

59
125

26

Prolactinoma Monohormonal 
Pleurihormonal

137
4

20

Corticotrophic adenoma Monohormonal 
Pleurihormonal

9
2

13

Gonadotrophic adenoma Monohormonal (FSH-LH; FSHαSU) 
Pleurihormonal

140
9

21

Thyrotrophic adenoma Monohormonal 
Pleurihormonal

4
10

2

Hormonal non-immuno 
reactive adenoma

No hormone detected 127 18

It is important to differentiate hyperplasia from adenoma.
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eventually to the empty sella syndrome. The sphenoid bone surrounds it bilaterally and inferiorly.

The pituitary is close to several structures affected by its enlargement.

• The lateral walls of the sella are close to the cavernous sinus containing the internal carotid artery, oculomotor nerve, trochlear and 
abducens nerve and the first two divisions of the trigeminal nerve.

• Tumour can spread into the sphenoid sinus lying anteriorly and inferiorly below the thin inferior sella.

• The optic chiasm lies directly above the sella diaphragma in front of the hypophyseal stalk and is easily compressed by suprasellar 
extension.

• The hypothalamus and third ventricle of the brain lie above the roof of the sella. Compression by space-occupying lesions may give 
rise to hypothalamic abnormalities.

The circulation of the pituitary gland is complex. Arterial supply arises from two paired arteries, the superior and inferior 
hypophyseal arteries arising from the internal carotid arteries. A portal circulation provides 80–90% of the blood supply to the 
anterior lobe from the infundibulum of the posterior lobe and pituitary stalk. This contains high concentrations of hypothalamic 
neuroregulatory hormones controlling anterior hormone synthesis and release. The posterior pituitary receives blood from the inferior 
hypophyseal artery and some branches of the superior hypophyseal artery and has a rich nerve supply of unmyelinated fibres from 
the supraoptic and paraventricular nuclei and other areas of the hypothalamus. ADH and oxytocin are synthesized in the 
hypothalamus and transported via neurones to the posterior pituitary. From here, they are released into the peripheral circulation.1,2

Acromegaly

Acromegaly occurs as a result of an increase in growth hormone produced by a pituitary adenoma. Growth hormone (GH), a 191 
amino acid polypeptide, is produced by the anterior pituitary in a pulsatile fashion. The temporal pattern of these pulses is determined 
by a hypothalamic pulse-generating mechanism, influenced in turn by other areas of the brain such as the limbic system, the 
amygdaloid nucleus and the brainstem. The pulsatile release of hormone into the blood results from the influence of GH-releasing 
factor, which stimulates, and somatostatin, which inhibits release of the hormone from the anterior pituitary. The most important of 
these influences is the sleep-stage cycle. Slow-wave sleep stimulates and REM sleep inhibits release.

Like ACTH and prolactin, GH is produced as part of the stress response. In addition, GH secretion is influenced by metabolism. 
Hypoglycaemia and fasting stimulate its release while hyperglycaemia and food inhibit its release. This is the basis of the oral 
glucose tolerance test (OGTT) utilized to test GH secretion. Blood is taken half-hourly for 2 hours after administration of 100 g 
glucose. GH should remain below its nadir of 1 μg/l. In the liver and at the growth plate of longitudinal bones, activation of GH 
receptors results in the production of insulin-like growth factor 1 (IGF-1). It is produced in the liver under the influence of GH but 
also other influences and thus has to be considered a hormone in its own right. IGF-1 is transported in the blood bound to a protein, 
insulin-like growth factor binding protein 3 (IGFBP-3). The concentration of this binding protein is regulated by GH. Unlike GH, 
IGFBP-3 levels in the blood are fairly constant and can be used as an index of GH activity.

Physical Findings

The head is elongated due to growth of the mandible with resultant malocclusion of the teeth. The tongue is enlarged, making 
intubation difficult. In addition, there is an increase of the lymphoid tissue mass in the upper airway. These patients are prone to 
develop a nocturnal oxygen deficit which may be compounded by a central sleep apneoa.3 Kyphoscoliosis may be present, leading to 
restrictive lung disease.

Hypertension is a feature and may be the result of the direct antinaturetic effect of GH, leading to the activation of the renin-
angiotensin system and an increase in blood volume.4,5 Patients with long-standing acromegaly develop cardiomegaly. Thickening of 
the left ventricle is the most consistent finding.6 This hypertrophy is reversible when the GH returns to normal.7

An excess of GH prior to closure of the epiphyseal plates leads to gigantism. After the plates have fused, the bony growth is by 
apposition, i.e. thickening of the cortices. The muscles are paradoxically weak as a result of both a specific acromegalic myopathy 
and a peripheral neuropathy resulting from endo- and perineural connective tissue thickening.

GH plays a pivotal role in intermediate metabolism. It acts with insulin to encourage protein production and, in insulin-depleted 
states, as a fat-mobilizing agent. It increases amino acid uptake into muscle. In excess, it causes glucose intolerance and a third of 
acromegalics present with diabetes mellitus which reverts to normal after the acromegaly is successfully treated. Lean body mass is 
increased as protein is laid down at the expense
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of fat. This is accompanied by an increase in total body water, possibly resulting from the antinaturetic effect of GH. Acromegaly is 
diagnosed by the demonstration of autonomous GH production which is not inhibited by oral glucose. However, some response to 
oral glucose load may persist. Because IGF-1 has a longer half-life it does not exhibit the same pulsatility in the blood and hence its 
blood level is used as a diagnostic test. It is also used to measure the response of acromegalic patients to treatment. PRL is raised in a 
third of acromegalic patients. In some cases this is because both hormones are produced in the same cell (mammosomatotroph cell) 
or because a GH-producing macroadenoma has expanded to compress the pituitary stalk and reduce the hypothalamic dopaminergic 
inhibition of PRL production. As with other pituitary adenomas, the expanding GH-secreting tumour may compress the normal areas 
of the gland and inhibit the production of, in ascending order of occurrence: gonadotrophins, prolactin, ACTH and, rarely, TSH. This 
results in secondary inhibition of the peripheral glands. After treatment, either medical or by surgery or irradiation, the response is 
measured by oral glucose tolerance or by estimation of IGF-1 in the blood.

Anaesthetic Considerations

The patient with acromegaly, or gigantism if excess growth hormone is secreted prior to pubertal closure of bony epiphyses, presents 
a variety of challenges to the anaesthetist. Acromegalic symptoms are present before surgery on average for 6–7 years. This means 
most patients have anatomical and physiological changes when they present for anaesthesia. Anatomical distortions of the face, 
tongue, vocal cords and pharyngeal and glottic structures, cardiovascular disease including hypertension and idiopathic 
cardiomyopathy, pulmonary disease and endocrine dysfunction such as diabetes mellitus are not uncommon.8 The airway probably 
presents the most significant problem. Difficulty may be experienced with intubation due to both the longjaw and the connective 
tissue disturbances of the vocal cords. A fibreoptic bronchoscope may be needed to facilitate intubation. Problems with the upper 
airway may be suspected with exertional dyspnoea, hoarseness, stridor, macroglossia and decreased mobility of the neck and 
temporomandibular joints. Hypertrophy of pharyngeal and laryngeal soft tissue obscures the glottis. Thyroid enlargement may distort 
the airway and cause glottic stenosis. Elective tracheostomy has been suggested for the severe grades of airway involvement but 
fibreoptic-guided intubation has also been used.9 Indirect laryngoscopy, soft tissue X-ray assessment of the neck and inspiratory or 
expiratory flow volume studies may also be helpful.10

The heart needs to be carefully assessed for involvement as described above. The commonly present diabetic state needs to be 
recognized and treated. This usually reverts back to normal when GH levels return to more physiological levels in the postoperative 
period.

Muscle relaxants should be used with caution and each increment monitored with a peripheral nerve stimulator. As for any 
transsphenoidal pituitary operation, the patient needs to be observed carefully for any signs of generalized hypopituitarism and 
specifically for the development of diabetes insipidus (DI).

Close attention to the use of narcotic analgesics during anaesthesia and supervision in the postoperative period is required. 
Postoperatively, these patients are prone to airway obstruction due to both their preoperative anatomy and nasal packing and a sleep 
apnoea caused by the central disturbance of ventilation that occurs with elevated growth hormone. Nasal airway catheters through the 
nasal packing have been used to overcome this and provide a means of positive pressure ventilation if required.8 Their use has been 
well described and advantages include: suctioning and airway toilet; bypassing the tongue with a high FiO2; avoiding unnecessary 
and complex tracheostomies; and avoiding the problems of mechanical ventilation.11,12

Large respiratory volumes may be necessary to maintain PaCO2, especially in the patient with gigantism. These patients pose special 
problems with moving and positioning.10 Raised intracranial pressure may be a problem if extrasellar extension is present but it is 
likely a transcranial route would be used for large extrasellar extensions.

Surgical Treatment of Acromegaly

Acromegaly almost always results from an adenoma of the pituitary. The treatment is surgical in the first instance. Surgery is 
additionally indicated for those patients in whom upward pressure on the optic chiasm above has resulted in visual field defects. Fifty 
percent of patients will be cured by surgery alone, as tested by a GH level persistently below 2 μg/l on OGTT. A further half of the 
remainder will respond satisfactorily to additional measures. These include medical treatment with the dopaminergic agent 
bromocriptine or the somatostatin analogue octreotide, or radiotherapy applied to the gland. Factors which predispose to a less 
favourable surgical result include tumour involvement of the dura lining the pituitary cavity, extention out of the sella and younger 
patients in whom gigantism may be a factor.
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Cushing's Disease

Cushing's disease, first described by Harvey Cushing in 1912, is an adenoma of corticotrophic cells of the anterior pituitary.

Physiologically, corticotrophin-releasing hormone (CRH) from the hypothalamus stimulates the synthesis and release of ACTH and 
other pro-opiomelanocortin (POMC)-derived peptides in the pituitary. ACTH in turn induces secretion of cortisol and adrenal 
androgens by the adrenal gland with complex feedback mechanisms regulating plasma cortisol. Normal levels of urine free cortisol 
are under 250 nmol/day13 and this can be used as a basis for screening. Total plasma cortisol levels vary widely as most is protein 
bound to cortisol-binding globulin (80%) or albumin (10%) and protein levels change with various disease states.

Most ACTH-secreting tumours are microadenomas, less than 1 cm diameter, lying centrally in the anterior pituitary;14 10% are large 
enough to produce changes in the sella turcica. Most tumours are basophilic. Immunochemical stains detect ACTH and POMC-
related peptides. A minority are chromophobic or mixed basophilic/chromophobic with minimal ACTH. These are often larger, faster 
growing and less hormonally active.15 Diagnosis of adenoma can be confirmed with a low-dose overnight dexamethasone 
suppression test causing feedback decrease in ACTH secretion and subsequent cortisol release. A plasma cortisol level <140 nmol/l 
is normal after 0.5 mg dexamethasone every 6 h for two days or 1mg dexamethasone the night before and blood sampled at 8.00 am 
the following morning. High-dose dexamethasone can still partly suppress ACTH from adenomas and is used to distinguish pituitary 
adenomas from ectopic ACTH sources.15,16

Physical Findings

Symptoms and signs depend on the degree and duration of disease and are caused by:

• endocrine effects of ACTH on cortisol, adrenal androgens and aldosterone, to a lesser degree;

• mass effects.

Patient appearance is one of generalized obesity of face, neck, trunk and abdomen with atrophic limb muscles. The neck appears 
short and thick from the dorsocervical fat pad that may cause difficulty with intubation. Changes in cellular glucose transport may 
result in steroid-induced diabetes mellitus.17 Mild hypertension is common and hypertension is severe in 10% with diastolic BP >130 
mmHg due to both low renin and an elevated response to vasoactive substances.18

Congestive cardiac failure is common. The skin is atrophic, thin and very fragile with loss of connective tissue. Osteoporosis and 
bone fractures are common and care is needed when gaining vascular access and positioning the patient. Wound healing is slow and 
the immune response is suppressed by glucocorticoids. Psychiatric symptoms occur in over half of patients.

Hypokalaemia is rare in contrast to other causes of hypercortisolism. Peptic ulcers usually occur if NSAIDS have been given. Mass 
effects usually produce headaches and visual field defects.15

Treatment and Outcomes

The preferred treatment is surgical in most instances. Remission rates of 85–95% can be expected following surgery in experienced 
hands. Determination of ACTH levels in the inferior petrosal veins has helped to identify the position of the microadenoma in the 
pituitary gland.

Prolactinoma

Prolactinoma is the most common pituitary disorder. Symptoms relate to central decrease in gonadotrophin secretion, giving 
menstrual disturbances in females and loss of libido in men, and to stimulation of the mammary gland, giving galactorrhoea (Table 
18.2). Over half are microadenomas, sometimes occurring as part of the multiple endocrine neoplasia syndrome type 1. Their small 
size means adequate functioning pituitary gland often remains after surgery.19

Table 18.2 Symptoms and signs of prolactinoma 
(reproduced in part from reference21)

Space occupation 
    Visual field defects 
    Hydrocephalus (blockage of foramen of Monro) 
    Anterior pituitary insufficiency 
    Ophthalmoplegia 
 

Endocrine disturbance  

Males Females

Decreased libido 
Hypogonadism 
(decreased androgen- 

Amenorrhoea 
Oligomenorrhoea 
Anovulatory cycles 
Galactorrhoea 



   

 

dependent hair growth, 
testicular atrophy) 
Galactorrhoea 
Gynaecomastia

Virilization
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PRL is the only anterior pituitary hormone under the dominant tonic inhibitory control of dopamine from the hypothalamus. Stress or 
suckling has a stimulatory effect on PRL secretion via hypothalamic TSH release. Prolactin levels correlate well with adenoma size, 
in contrast to other pituitary adenomas. Normal levels in males are <15 μg/l and in non-pregnant females 5–20 μg/l.20,21

Treatment and Outcomes

Prolactinomas tend to be very slow growing and remain stable in size and the amount they secrete over many years. Most 
prolactinomas are treated with the dopamine agonist bromocriptine which is successful in reducing PRL levels to normal in 60–90% 
of patients. Treatment needs to be continued for a very long time, often for life. Surgery is successful mainly when the tumour is 
small and is thus considered when patients do not tolerate medical treatment or for a small tumour that does not respond adequately 
to bromocriptine.

Endocrine Inactive Adenomas

Up to 30% of patients with pituitary adenomas have endocrinologically silent tumours and present with symptoms secondary to mass 
effects (headache, visual field disturbance) or pituitary hypofunction secondary to destruction of normal gland. Compression of the 
optic chiasm often results in visual field defects and extension into the cavernous sinus may cause cranial nerve palsies. Headache is 
the most frequent presenting symptom of mass effect (Table 18.2).

The absence of specific hormone markers makes it difficult to distinguish these tumours from other intrasellar and suprasellar lesions 
such as meningiomas, craniopharyngiomas or metastases.22

Pituitary Apoplexy

Pituitary apoplexy is a clinical syndrome characterized by a sudden onset of headache, accompanied by a loss of vision and 
impairment of ocular mobility due to the rapid enlargement of a pituitary adenoma subsequent to a vascular event. The rise in 
pressure within the pituitary fossa constitutes a neurosurgical emergency to reduce this pressure, usually by operation via the 
transnasal route. Enlargement upwards compresses the optic pathways and may produce effects on the function of the midbrain and 
hypothalamus. This may result in altered levels of autonomic function and a deterioration in conscious level. The 
hypothalamicpituitary axis (HPA) is nearly always compromised and systemic steroid replacement should be immediately 
commenced in the diagnosis of pituitary apoplexy.23

Other Sella Masses

Craniopharyngiomas

These histologically benign tumours are formed of epithelial remnants in the region of the pituitary stalk and may represent a 
persistent form of Rathke's pouch. They are mostly suprasellar but present for surgery via the transseptal route if intrasellar and 
require biopsy or cyst decompression. The anaesthetist should be aware that they are usually adherent to critical vascular, endocrine 
and cerebral structures, making surgery difficult. Stereotactic irradiation under local anaesthesia may be an option for some.19,24

Empty Sella Syndrome

This is a dynamic process due to prolapse of arachnoid through an incomplete diaphragmatic sella or from previous pituitary surgery 
or irradiation. The sella is enlarged by CSF and pituitary tissue is compressed against the posterior floor of the sella.19

Surgery

Transseptal pitiuitary surgery is a safe and effective method of management of pitiutary adenomas and related parasellar anomalies. 
The extracranial approach to the hypophysis was first described by Schloffer in 1906, who reported the removal of a pituitary tumour 
through the nose.19

Four transseptal approaches to the pitiuitary fossa are described (direct transnasal transsphenoidal, transethmoidal, sublabial 
transseptal and transantral), the most common approach today being the direct transnasal transsphenoidal route.25 Since the 1970s the 
transsphenoidal has been the preferred route for removal of pituitary tumours, even those with suprasellar extensions.26 In 
comparison with a transcranial approach, a transsphenoidal approach is faster and less traumatic. There is a better cosmetic outcome 
afterward and less frequent panhypopituitarism. The posterior pituitary often remains intact, decreasing the incidence of DI. There is 
a faster recovery and shorter hospitalization and no external scarring. Transfusion requirements are also less. A more selective 
resection of tumour avoids injury to the frontal lobes, olfactory tracts, pituitary stalk and optic chiasm.1,26 However, all the 
transsphenoidal operations are liable to have complications relating to damage within and adjacent to the pituitary fossa, e.g. CSF 
leak, meningitis, diabetes insipidis, carotid and cavernous sinus injury and optic chiasm injury. It is not the best route to use if spread 
is extensive. There are also complications due to the route of access to the fossa, e.g. hypertensive responses and dental or septal 
complications.1,25,27
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Anaesthetic Considerations

Position

The patient is intubated via the the mouth and the throat is packed loosely with moistened gauze. The eyes are closed and covered to 
prevent corneal abrasions. The patient is placed with the head on a headrest. The anaesthesia machine is placed on the patient's left 
and the breathing circuit is secured to prevent drag on the endotracheal tube.The surgeon may operate from the patient's right side or 
from above the head, so the patient will be semirecumbent or supine. The image intensifier is placed for lateral views of the fossa 
with the C-arm below the head. Surgical access is via the nose to approach the pituitary fossa, using the image intensifier to check 
position. The patient's thigh is exposed for autografts to help seal the sella at the conclusion of surgery.

Anaesthetic Management

Anaesthetic management of patients for transsphenoidal surgery is similar to that for transcranial surgery. The patient should undergo 
appropriate preoperative investigation and preparation, including baseline endocrine function tests and investigation of anatomical 
manifestations (e.g. changes in airway). The patient should receive appropriate premedication and explanation, a smooth induction, 
stable maintenance and recovery with appropriate monitoring and fluid management with control of intracranial pressure.

Preoperative Assessment

Patients routinely have a clinical examination for neurological deficit including ophthalmoscopy, examination of visual fields and 
visual acuity, an ENT examination, full blood count, nose swabs for microbial growth and antibiotic sensitivity, a detailed 
neuroradiological investigation for size and location of pathology including high-resolution unenhanced and intravenous contrast- 
enhanced CT scan of the pituitary fossa and surrounding structures. Patients may also undergo MRI scan or, less frequently, sellar 
tomograms for bone thickness and sinus symmetry and carotid angiography.19

A number of investigations may be required to assess endocrine dysfunction, including:

• baseline glucose, cortisol, ACTH, GH, FSH, LH, TSH, PRL and testosterone in males, with repeat levels after stimulation;

• thyroid function tests;

• water deprivation tests for DI (measurement of serum electrolytes and plasma and urine osmolalities).

Coagulopathy is a rare problem with primary brain tumours but has been reported with chronic activation of the coagulation system 
during episodes of chronic DIC. The risk of DIC often worsens with surgery with the risk extending to several days 
postoperatively.28 An explanation of the operative risk should be given. A 1% mortality has been reported.19 The patient should also 
be given an explanation of packing of the nose and nasopharyngeal space that will require mouth breathing postoperatively. 
Admission to the intensive care unit may also be required after surgery.

Evidence suggests that the current amount of peroperative glucocorticoid coverage is excessive and based on anecdotal information. 
New recommendations based on preoperative glucocorticoid dose, preoperative glucocorticoid duration and the nature and duration 
of surgery have been proposed. Transsphenoidal hypophysectomy may equate to minor or moderate surgical stress with targets of 
25–50 mg hydrocortisone equivalents per day for 1–2 days based on daily cortisol secretion rates and static plasma cortisol 
measurements. There is no information suggesting that these new recommended equivalent doses need to be exceeded, so a patient 
receiving maintenance glucocorticoid therapy exceeding the estimated stress requirement will not need more steroid cover during the 
stress period. After uncomplicated surgery, circulating cortisol concentration returns to normal by 24–48 h in most patients.29

Premedication

Our practice is to administer a small dose of benzodiazepine orally to reduce anxiety. Assessment of the HPA axis will establish the 
requirement for glucocorticoid replacement. Thyroid function should be controlled and diabetes stabilized. Antibiotic prophylaxis is 
commonly given.

Explanations are given for mouth breathing postoperatively, intensive care admission or awake fibreoptic intubation if required.

Maintenance of Anaesthesia

Vascular access is established with a 16G peripheral intravenous cannula. Invasive arterial monitoring can be achieved with 
cannulation of a radial artery or dorsalis pedis if collateral flow is inadequate.30

Capnography is used to ensure adequate ventilation and a moderate reduction in PaCO2 to 4–4.5 kPa.
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Hypocapnoea is induced before adding a volatile anaesthetic agent but it is rare to have raised intracranial pressure without 
suprasellar extension. Surgical access may be aided by normalization of PaCO2 to induce descent of the gland as CO2 rises to normal. 
The surgeon may request a Valsalva manoeuvre at the end of surgery to check for CSF leaks.

Anaesthesia and Choice of Drugs

Techniques and agents are chosen based on their effects on CMR, CBF and intracranial blood volume. Thus, thiopentone, propofol 
and fentanyl are used frequently. Volatile agents can be used after modest hyperventilation, with isoflurane being safer than enflurane 
or halothane, but care should still be exercised with midline shift on CT scan. Sevoflurane also has advantages in maintaining 
cerebral autoregulation.31–33 A TIVA technique with propofol is favoured by some neuroanaesthetists.

Generally, CPP is controlled and cerebral vasodilatation avoided with hypocapnia. One study with a large number of patients showed 
no major untoward effect of nitrous oxide in transsphenoidal hypophysectomy but isoflurane requirements decreased. Nitrous oxide 
increases cerebral blood flow and intracranial pressure and, unlike other inhaled agents, gives no brain protection by decreasing 
cerebral metabolic rate. A trend toward a higher incidence of early postoperative nausea and vomiting may be seen with nitrous oxide 
after transsphenoidal hypophysectomy.34 The same authors found an association with an increased incidence of atrioventricular 
dissociation and a trend toward more premature ventricular contractions in these same patients receiving infiltrations of lignocaine 
with adrenaline for haemostasis.35

Blood pressure control is important for haemostasis, enabling the surgeon to perform an optimal resection. Blood pressure should be 
maintained at least at preoperative levels. Bleeding is more likely in Cushing's disease and acromegaly, with hypertension and fragile 
blood vessels, and in metastatic cancer, with thrombocytopaenia due to bone marrow invasion. These problems can be exacerbated 
with the severe cardiovascular reactions that have been reported with transsphenoidal surgery. Hypertension can be severe and 
uncontrollable, obscuring the operative field. Use of at least 1% lignocaine with the adrenaline has been shown to minimize 
hypertensive responses.27

Cocaine and adrenaline combinations may sometimes be used to help achieve haemostasis. Cocaine provides topical anaesthesia and 
vasoconstriction and adrenaline increases vasoconstriction further and decreases cocaine absorption. However, life-threatening 
complications with arrhythmias and hypertension have occurred when maximum recommended doses are exceeded, especially with 
the high-concentration solutions and pastes used to shorten the onset time and improve duration. The value of adding cocaine to 
adrenaline has recently been called into question.36

Moderate hypotension has been used to improve the surgical view by reducing bleeding. However, hypotension may be best avoided, 
as one study of intrasellar pressures suggests that the blood supply to the pituitary is mixed arterial and venous with the arterial 
supply pressure lower than normal arterial pressure. Hence a small decrease in mean blood pressure or an increase in intrasellar 
pressure may give rise to pituitary apoplexy.37

Small amounts of vasopressors may be required to support the circulation but hypertension is frequently seen initially.

A mean blood pressure between 60 and 80 mmHg at the highest point of the skull maintains cerebral perfusion pressure and 
minimizes blood in the surgical field. At the conclusion of the operation, a piece of muscle or fascia taken from the the thigh may be 
used to seal the operation site and reduce the risk of CSF leak. The muscle relaxant is reversed, the pack removed and the oropharynx 
suctioned under direct vision. The patient is extubated when responsive to command with adequate ventilation, given humidified 
oxygen and reminded to mouth breathe.38 The patient is positioned 30° head up to minimize CSF leakage and a mini neuroexam may 
be performed.

Intravenous Fluids and Blood Loss

Blood loss is usually less than 100 ml and a normal perioperative fluid regimen includes 11 of Hartmann's solution intraoperatively 
and for the first 8 h thereafter followed by a further 1 l over the next 16 h. Most patients have resumed normal oral intake by then. 
Blood transfusion is rare and occurs in 1–2%.38

Postoperative Course and Complications

As the transcranial route is avoided, neurological complications are rare and the postoperative course is generally smooth. The patient 
is closely monitored in the recovery area for 1–2 h for assessment of vital signs, neurologic examination and fluid monitoring. Most 
patients are ambulatory and resuming normal oral intake in 48 h. Hypertension lasting more than 12 h is common, especially in 
Cushing's syndrome, and may
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only resolve after nasal packs are removed on the fifth or sixth postoperative day.

Particular care with ventilation may be required depending on the level of consciousness. Problems with acromegaly and gigantism 
have been detailed above. Ventilation may also be required postoperatively in the patient with advanced Cushing's disease who has a 
reduced chest wall compliance.

Antibiotic prophylaxis is continued for at-risk patients including those with nasal or sinus infections, previous pituitary surgery and 
Cushing's syndrome. Corticosteroid substitution is continued for 24 h (e.g. 25–50 mg hydrocortisone/day) and decreased to a 
maintenance dose depending on preoperative adrenal function and the amount of pituitary tissue remaining.

Complications of Sellar Region Surgery

Cranial DI is a well-recognized cause of fluid balance disturbance after pituitary surgery and can occur in up to 20% of patients. A 
greater than 90% destruction of the paraventricular and supraoptic nuclei is usually associated with permanent DI. Most patients tend 
to retain fluids on the day of surgery followed by a slight diuresis therafter but without the signs of DI. Transient DI from 
manipulation of the posterior lobe or irritation of the pituitary stalk resolves after several days and a urine output of up to 2.5 l/day 
may be normal. DI is suspected when dilute urine is excreted in volumes greater than the fluid intake. Most cases have polyuria (UO 
> 30 ml/kg/h), hypernatraemia and elevated plasma osmolality. Patients with a complete DI have urine volumes in excess of 10 l/day 
with urine osmolality 50–200 mosmol/kg and specific gravity of 1.001–1.005. They are sensitive to exogenous ADH. Partial DI 
patients have smaller urine volumes and urine osmolalities between 290 and 600 mosmol/kg. The diagnosis can be confirmed with 
the ADH synthetic analogue desmopressin (DDAVP) which causes the urine output to fall and urine osmolality to increase. Other 
causes of polyuria include osmotic diuretics (e.g. mannitol, radiocontrast agents), severe hyperglycaemia and fluid overload. 
Comparison of plasma and urine osmolalities may help (Figure 18.1).

Treatment consists of adequate fluid resuscitation and correction of electrolytes with regular monitoring of intake and output. Severe 
polyuria can be treated with IV desmopressin 1–4 μg/day. The duration of DDAVP is dose dependent and ranges from 8 to 12 h. 
SIADH due to inappropriate release of ADH from damaged posterior pituiary cells is much more rare but has also been reported, 
usually in the late postoperative period after discharge.39

Figure 18.1 
Plasma and urine osmolalities (redrawn 

from Moses AM, Blumenthal SA, Streeten DH. 
Acid–base and electrolyte disorders associated 
with endocrine disease: pituitary and thyroid. 

In: Arief AI, Defronzo RA (eds) Fluid, electrolyte 
and acid–base disorders. Churchill Livingstone, 

New York, 1985, pp 851–892).

CSF rhinorrhoea associated with diaphragmatic lesions may occur and be complicated by bacterial meningitis from nasal flora. Some 
centres routinely continue antibiotic prophylaxis.

Vision changes are rare and cranial nerve palsies affecting the third, fourth and sixth cranial nerves are usually transient if they occur.

Anterior pituitary function after surgery depends on the size of the tumour.40

Lesions to adjacent anatomical structures occur, including bleeding from the carotid artery and cavernous sinus or hypothalamic 
lesions leading to hyperthermia, electrolyte disturbance and cerebral coma.41 Venous air embolism is rare with the supine patient.

Sinusitis, fractures from surgical instruments, deviated nasal septum with obstruction of nasal ventilation and dental problems have 
all been described.

Stereotactic Biopsy



   

Image-guided stereotactic surgery allows the biopsy or destruction of intracranial lesions without the need for craniotomy. It gives 
greater accuracy and diagnostic yield in tissue sampling and may be of great benefit in deciding the question of histology prior to a 
major surgical undertaking.42 It is most commonly used for biopsy of lesions seen on CT and to locate small lesions difficult to find 
visually, especially lesions deep to the brain's surface. It also enables the surgeon to
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biopsy lesions adjacent to vital centres more safely, thereby avoiding the risks of freehand techniques.

Stereotaxis is also used for radiotherapy with radioactive wires placed through plastic cannulae or sheaths.

Method

A mechanical frame is attached to the patient's head and a scan obtained as usual. The scanner's computer calculates the 3D 
coordinates of points in the brain and relates them to the stereotactic space outlined by the frame. Simple calculations then convert 
these radiographic coordinates to the coordinate system used by the frame. These coordinates are set on the micrometers on the frame 
through which biopsy instruments can be directed with an accuracy of 1 mm.43

Many of these procedures can be carried out under local anaesthesia (together with supplementation by IV sedation). This has the 
advantage of continuous patient evaluation during biopsy. General anaesthesia is used for patient comfort in prolonged procedures 
and particularly in children.

A potential complication of the technique is intracerebral haemorrhage from accidental puncture of major arteries, sinuses and 
bridging veins. This may require urgent transfer of the patient for CT or even urgent craniotomy.43

Anaesthesia

Anaesthetic technique aimed at cardiovascular and respiratory stability throughout will maintain a stable CBF and thus ICP and CPP. 
Localized or general oedema is thus minimized and therefore lesion movement with respect to the skull. Bone and Bristow44 describe 
results from a year's experience with total intravenous anaesthesia for stereotactic surgery. The technique consists of a combination 
of propofol, fentanyl, vecuronium and O2 in air. It provides good cardiovascular stability and adequate depth of anaesthesia for all 
stages in stereotaxis and a reliable rapid recovery. Furthermore, it can also be useful for transferring head-injured patients from the 
ICU to the CT scanner. Propofol is also believed to be the ideal agent for easing the discomfort of siting the stereotactic frame if the 
procedure to follow requires the patient to be awake, e.g. thalamotomy.45

After careful preoperative assessment, a short-acting benzodiazepine premed is given and large-bore IV access is established. A level 
of monitoring is chosen that maintains patient care in transit, commonly NIBP, SpO2, EGG, EtCO2. All monitors, pumps, O2 cylinder 
and ventilator are fixed to the trolley securely if transported and arranged for easy observation from outside the CT scanner.

Bone and Bristow44 used IV lignocaine 1 mg/kg, fentanyl 2 μg/kg, propofol 1–2 mg/kg over 30 s, vecuronium 0.1 mg/kg followed by 
intubation and positive pressure ventilation with a portable ventilator with fresh gas flow titrated against EtCO2. Anaesthesia was 
then maintained by a propofol infusion according to Roberts et al,46 i.e. 10 mg/kg/h for the first 10 min, followed by 8 mg/kg/h for 
the next 10 min and 6 mg/kg/h thereafter and adjusted according to depth of anaesthesia. A volatile agent is not required. This has the 
advantage of avoiding the need for an anaesthetic machine during transfer and avoiding the adverse effects of a volatile agent on the 
cerebral vasculature. The problem of pollution and scavenging requirements is also overcome. Muscle relaxant was provided with 
boluses or infusion of vecuronium.

After skin preparation, a minimum of four cranial fixation pins are applied to the skull. This stimulus requires careful attention to 
anaesthetic technique to avoid increases in ICP (a bolus of propofol or opiate is commonly used at this point to deepen anaesthesia 
quickly and overcome any sympathetic response). The propofol infusion is stopped just prior to reversal with neostigmine and 
glycopyrrolate. The patient usually remains supine throughout.

The advantages of this total intravenous technique are the haemodynamic and respiratory stability during the stereotactic procedures, 
patient transfer between CT and operating theatre and after use of radiocontrast in CT. It is a simple technique and the same 
anaesthetic technique can be continued in the operating room.

Postoperative patient care includes frequent neurological monitoring. There is a potential risk of air embolism through transgressed 
venous channels in bone.

Overall, there is a low incidence of nausea and vomiting and morbidity and mortality are very low.44

Ventriculoperitoneal Shunts

Hydrocephalus is usually due to obstruction of CSF flow giving rise to increases in volume and thus intracranial pressure. Surgical 
treatment aims are to provide a shunt through which excess fluid can drain to a site to be absorbed. The most common drains are to 
the peritoneal cavity but the right atrium, cisterna magna and pleural cavity are also sometimes used.
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VP shunts drain CSF from the fourth or lateral ventricles to the peritoneal cavity. Systems usually involve three components: a 
ventricular catheter, a one-way valve and a distal catheter. Other devices may also be used (on–off valves, siphon control devices and 
chambers for flushing the system). The ventricular catheter is inserted through a burr hole (usually on the right), connected to the 
one-way valve that determines the draining pressure from the ventricle and then connected to the peritoneal catheter, passed over the 
chest wall and inserted into the peritoneal cavity through a small incision.

Position

Children

For VP shunts the child is placed supine with the head turned to the opposite side for the occipital insertion of the ventricular 
catheter. A towel is placed under the nape of the neck so the head, neck and abdomen are in one plane for the passage of the 
subcutaneous tunneller for shunt placement (Fig. 18.2). Children are usually positioned with towels, rolls and pillows rather than 
table adjustment. The tunneller theoretically reduces chest wall compliance and may cause underventilation or dangerous increases in 
airway pressures.

Adults

Adults are placed supine with the head turned to the opposite side and a roll or pad under the ipsilateral shoulder and neck giving a 
straight path for the tunnelling device.

The shunt tubing is passed subcutaneously from the scalp incision over the occipitoparietal region to the abdominal incision made 
either in the midline above the umbilicus or just lateral to and above the umbilicus. Local anaesthetic with adrenaline may be injected 
along the incision lines. Intravenous antibiotics are given perioperatively.47

Figure 18.2 
The shunt is passed subcutaneously from the 

cranial end to the peritoneal incisions through a 
shunt-passing device (redrawn from reference47).

Anaesthetic Management

The child presenting for insertion of VP shunt or shunt revision must be considered to have overt or potentially raised intracranial 
pressure. Anaesthetic technique should be tailored to minimize sympathetic responses and steps taken to reduce intracranial pressure.

Preoperative respiratory depressant drugs are avoided in the presence of a raised ICP. A smooth induction is desirable as crying will 
further increase the ICP. An inhalation induction is acceptable if the fontanelle and sutures are opened, otherwise an intravenous 
induction is preferred. EMLA cream is used over the venepuncture site. For induction, thiopentone and propofol have the advantage 
of decreasing cerebral metabolic rate and cerebral blood flow.

Vecuronium has the fewest cardiovascular effects during induction but the other muscle relaxants have also been used satisfactorily. 
Other measures may be used to limit the pressor responses to laryngoscopy and intubation, such as the use of a bolus of lignocaine or 
fentanyl. This, however, seems less of a problem in children with open sutures than in adults. A RAE tube or armoured tube is used 
either orally or nasally and fixed well to prevent movement. The chest is auscultated for breath sounds bilaterally after the patient is 
placed in their final position. The breathing circuit is secured firmly to prevent dragging on the endotracheal tube. The eyes and limbs 
are protected from injury.

Anaesthesia is maintained with a total intravenous technique using propofol or with volatile agents and IV analgesics such as 
fentanyl or alfentanil or with combinations of these.

TIVA with propofol decreases CMRO2, may give neuroprotection, reduces relaxant needs and gives rapid wakening postoperatively. 
Isoflurane also decreases CMRO2 and relaxant requirements and gives easy control of blood pressure if required. Opioids are 
adjusted to avoid postoperative respiratory depression. Their use increases the incidence of postoperative nausea and vomiting.

Moderate hypocapnia using capnography to monitor ventilation reduces brain mass by cerebral vasoconstriction.



   

Surgical infiltration with adrenaline reduces bleeding but the addition of at least 1% lignocaine provides scalp analgesia and helps 
reduces any hypertensive response.27
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Intravenous fluids without glucose are used as elevated levels of glucose worsen outcome.

At the conclusion of surgery, the pharynx is cleared of secretions under direct vision, muscle relaxants reversed and the patient 
extubated, avoiding coughing if possible.
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The posterior fossa is a small, rigid compartment which houses the cerebellum, pons, medulla oblongata and fourth ventricle. Life-
threatening symptoms can result from compression of these vital structures. Because of the narrow outflow of cerebrospinal fluid 
(CSF), intracranial hypertension can develop suddenly. The common goal of the anaesthetist and surgeon is an operation in which the 
need for retraction, with consequent tissue damage, is minimized. This is achieved by optimizing the surgical approach and patient 
position and by minimizing congestion of cerebral vasculature.

Anatomy

The anterior portion of the posterior fossa is the dorsum sellae and basilar portion, or clivus, of the occipital bone. Laterally are the 
petrous portions of the temporal bones. The roof is the tentorium cerebelli and the floor contains the foramen magnum. Cranial nerve 
V arises from the pons and cranial nerves VI-XII from the medulla. The posterior fossa is traversed by the transverse, superior 
petrosal, occipital and sigmoid sinuses.1

Posterior Fossa Lesions

Tumours

Intraaxial lesions tend to be malignant whereas extraaxial lesions are usually benign. Posterior fossa tumours are more common in 
children than in adults, with 55% occurring in children and 45% in adults. 54–70% of childhood brain tumours originate in the 
posterior fossa. Primitive neuroectodermal tumours (PNET)/medulloblastomas, ependymomas and astrocytomas all occur in infants 
and children. Mixed gliomas are unique to childhood. In the adult population, 15–20% of brain tumours occur in the posterior fossa. 
Metastases, haemangioblastomas and lymphoma are all more common in adults than in children.

Figure 19.1 
Acute hydrocephalus in a child with medulloblastoma.

Signs and Symptoms

Headache and vomiting are the most common symptoms in patients with posterior fossa tumours. Hemicerebellar lesions are 
characterized by unilateral ataxia, dysmetria, intention tremor and hypotonia. Vermian lesions tend to present with a wide-based gait, 
truncal ataxia and abnormal extraocular movements. Brainstem tumours present with bulbar palsies, secondary to cranial nerve 
dysfunction, and contralateral motor and sensory deficits. Depending on the level of the lesion, respiratory changes may occur.

When a posterior fossa lesion is complicated by obstructive hydrocephalus, headache and vomiting are exacerbated. The patient 
develops an unsteady gait, mental state changes, diplopia, incontinence and signs of meningism.

Intraaxial Tumours

PNET/Medulloblastoma

These tumours represent 25% of childhood intracranial tumours. They occur mainly in the 5–9-year-old age group with equal sex 
distribution. Because of their midline position, they tend to present early with intracranial hypertension due to obstructive 
hydrocephalus (Figure 19.1).

Cerebellar Astrocytoma

These account for 12–28% of childhood brain tumours. They are relatively benign lesions with very good long-term survival 
following surgical resection.



   

Brainstem Glioma

These represent 25–30% of posterior fossa tumours in childhood. Most are low-grade astrocytomas. They tend to be slow growing 
with insidious onset of symptoms. The exception is pontine gliomas which are malignant and present with a short and aggressive 
history.
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Ependymoma

These lesions tend to occur in childhood and adolescence, with 50% occurring in children less than three years old. They arise from 
the floor of the fourth ventricle. Treatment involves surgical removal and adjuvant irradiation. Complete removal may not always be 
possible if there is brainstem involvement.

Choroid Plexus Papilloma/Carcinoma

These are rare lesions arising from the fourth ventricle. They account for only 3% of paediatric intracranial tumours. They 
hypersecrete CSF and are associated with communicating hydrocephalus.

Dermoid Tumour

These are childhood tumours involving the cerebellar midline. They often present with recurrent episodes of bacterial or aseptic 
meningitis due to rupture. Eventually arachnoid scarring may result in hydrocephalus. The surgical goal is total excision.

Haemangioblastoma

These are histologically benign tumours which can occur throughout the central nervous system but are most commonly seen in the 
posterior fossa. They account for 7–12% of adult posterior fossa tumours. They may occur as part of the Von Hippel-Lindau 
syndrome, an inherited disorder characterized by visceral cysts and tumours, retinal haemangiomas and polycythaemia. Due to their 
vascular nature, preoperative embolization is desirable. Complete surgical resection is usually curative.

Metastatic Tumour

These are the most common posterior fossa tumours in adults. The usual primary tumour sites are lung, breast, skin and kidney. 
Surgical removal is indicated when the lesions cause a mass effect. In the case of a solitary lesion, excision may improve survival.

Extraaxial Tumours

Schwannoma

An acoustic neuroma is a schwannoma arising from the vestibular portion of cranial nerve VIII. The usual presenting symptom is 
hearing loss. Schwannomas do not invade tissues but tend to displace them. They may cause compression of cranial nerves V and 
VII, manifesting as tic douloureux and hemifacial spasm respectively. If large, they may be associated with hydrocephalus. Acoustic 
neuromas occur in the fifth and sixth decades with equal sex distribution. Total resection is usually feasible. Acoustic neuromas may 
occur as part of a type II neurofibromatosis syndrome in which case they are multiple and behave more aggressively than single 
lesions.

Schwannomas may also affect cranial nerves V, VII, IX, X and XII.

Meningioma

Ten percent of all meningiomas are in the posterior fossa. They may arise from the petrous ridge of the temporal bone and extend 
into the cerebellopontine angle. Other possible sites are the clivus, tentorium cerebelli, fourth ventricle and, rarely, foramen magnum. 
Because they are vascular lesions, preoperative embolization is usually attempted.

Clival Tumour

These are rare tumours and comprise chordomas, chondrosarcomas and carcinomas. Surgery is technically difficult and local 
recurrence rates are high.

Arachnoid Cyst

These are common congenital lesions affecting sites throughout the central nervous system. In the posterior fossa, they are found 
around the foramen magnum, the cerebellopontine angle and in the pineal region. They are often asymptomatic. Should a mass effect 
occur, surgical treatment involves marsipualization of the cyst.

Glomus Jugulare Tumour

These are tumours of the extraadrenal paraganglion system. They arise in the region of the middle ear and may extend through the 
jugular foramen or through the petrous bone to the cerebellopontine angle.

Epidermoid Cyst

These are benign tumours arising from epithelial cells. They are usually found in the cerebellopontine angle where they may enlarge 
to cause cranial nerve or brainstem dysfunction.



   

Because of the proximity of the skull base to perinasal sinuses, the mouth and upper respiratory tract, carcinomas originating in these 
regions can readily invade the posterior fossa. In recent years, combined surgical approaches involving neurosurgery, ear, nose and 
throat and plastic surgery have been utilized to treat these tumours aggressively.



Page 271

Vascular Lesions

Aneurysm

Fifteen percent of cerebral aneurysms occur in the posterior circulation. Of these, half occur at the basilar bifurcation and require a 
supratentorial or oral approach. Lesions of the vertebral and vertebrobasilar artery are treated through a suboccipital approach. For 
those aneurysms which are likely to be surgically technically difficult, consideration may be given to coiling in the neuroradiology 
suite (see Ch. 28).

Arteriovenous Malformations

Arteriovenous malformations (AVMs) may occur anywhere in the posterior fossa but most frequently involve the brainstem. Rate of 
haemorrhage is significant at 2–3% per year.4 Preoperative staged embolization reduces flow and may reduce intraoperative 
bleeding. Performing embolization in stages theoretically allows the surrounding normal brain to accommodate changes in blood 
flow, thereby minimizing the risk of 'normal perfusion pressure breakthrough'.5

Cerebellar Infarction

Cerebellar infarction may be atherosclerotic, embolic or traumatic in origin. It presents as a neurosurgical emergency. Infarcted tissue 
swells to compress the brainstem and may cause obstructive hydrocephalus. Urgent ventriculostomy and removal of infarcted tissue 
may be a life-saving procedure.

Cerebellar Haematoma

Cerebellar haematoma is usually associated with systemic hypertension but may be due to underlying metastatic tumours or AVMs. 
As with infarction, brainstem compression or obstructive hydrocephalus necessitates urgent decompression and evacuation.

Cranial Nerve Compression

Cranial nerves V, VII, VIII, IX and X are susceptible to compression by vascular structures at their entry zone into the pons. 
Microvascular decompression via a small retromastoid craniectomy has been performed for cranial nerve disorder, namely, 
trigeminal neuralgia (V), hemifacial spasm (VII), tinnitus or vertigo (VIII), glossopharyngeal neuralgia (IX) and hypertension (X). 
Surgery is reserved for those patients who are refractory to medical treatment and who have a reasonable life expectancy. It is 
important that underlying pathology be excluded in the work-up of candidates for microvascular decompression.

Craniocervical Abnormalities

Instability of the atlantooccipital and atlantoaxial joints may be traumatic, inflammatory, metabolic or congenital in origin. Lesions 
which cause brainstem compromise from the dorsal aspect require posterior fossa decompression craniectomy. When brainstem 
compromise is from the ventral aspect, the surgical approach is usually anterior through the transoral route.

The congenital Chiari malformations have been categorized as types I, II and III. Syringomyelia is often a feature of types I and II. 
Type I lesions present in early adulthood and are characterized by caudal displacement of the cerebellar tonsils below the foramen 
magnum (Figure 19.2). In type II malformations, there is caudal displacement of the cerebellar vermis, fourth ventricle and lower 
brainstem. Type II lesions present in the neonatal period with lower cranial nerve dysfunction. They tend to be associated with spina 
bifida. A type III lesion is herniation of the hindbrain into an occipital encephalocoele.

Hydrocephalus is usually associated with the Chiari malformations and needs to be controlled preoperatively. Definitive surgical 
treatment consists of suboccipital craniectomy with an upper cervical laminectomy and dural augmentation. Associated fluid-filled 
cavities, or syrinxes, may require shunting.6



   

Figure 19.2 
Tonsillar herniation in an adult 

with Chiari malformation.
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Patient Positioning

During posterior fossa surgery, the optimal patient position should facilitate surgical access without jeopardizing patient safety. 
Important considerations are access to the patient, security of the airway and adequate protection of the eyes, skin and peripheral 
nerves. The potential hazards of each position can be minimized through appropriate patient selection, careful positioning and 
vigilance throughout the procedure.

Supine Position

The lateral posterior fossa may be accessed with the patient in the supine position and the head maximally rotated to the contralateral 
side. Use of the supine position overcomes many of the complications associated with other positions used in posterior fossa surgery. 
However, this is not a feasible position in patients with reduced lateral neck movement. There is the potential for impaired venous 
drainage, with consequent cerebral venous engorgement, and for macroglossia. The tongue should be checked to ensure it does not 
protrude beyond the teeth. A small soft bite block, rather than an oropharyngeal airway, should be used. A support should be placed 
under the shoulder on the side of the operation to reduce stretching of the brachial plexus.

The straight supine position is used when the posterior fossa or upper cervical spine is approached transorally. Because of the risk of 
infection with this surgical approach, it is rarely used.

Lateral Position

The lateral position facilitates gravitational retraction of the dependent cerebellum and CSF and venous drainage from the uppermost 
posterior fossa. This makes it a suitable position for unilateral surgical procedures. Compared with other positions, the incidence of 
venous air embolism (VAE) and postural hypotension is minimized and the patient is easily accessed. The principal disadvantage is 
the potential for peripheral nerve damage.

Meticulous attention must be paid to positioning of patients. The upper arm may need to be taped to prevent the shoulder obscuring 
the surgeon's view. However, care should be taken to avoid excessive traction of the brachial plexus. Tilting the operating table head-
up may allow the shoulder to fall away from the surgeon and enhance drainage of CSF and blood from the surgical site. A roll is 
placed under the chest just caudal to the dependent axilla. Migration of the axillary roll can result in compression injuries to the 
brachial plexus. It should be checked once the patient is finally positioned. The dependent arm is usually positioned along the 
patient's side. The dependent leg is at risk of lateral popliteal nerve damage. It should be positioned straight with adequate padding. 
The upper leg should be flexed with a pillow placed between the knees. The patient's head is usually in three-point skull fixation. If it 
is on a headrest, care should be taken to avoid undue pressure on the dependent ear and eye.

Park Bench

This is a modification of the lateral position so called because the patient is positioned to resemble a drunk reclining on a park bench. 
The patient is positioned semiprone and the head rotated and flexed so the brow faces the floor. This allows greater access to midline 
structures than with the straight lateral position. The same principles apply to protection of peripheral nerves as with the lateral 
position. There is the same potential for venous engorgement and macroglossia as with lateral rotation of the head in the supine 
position.

Prone Position

The prone position facilitates access to midline posterior fossa structures, the craniocervical junction and upper spinal cord. 
Appropriate patient selection is important. In patients with fixed neck extension, exposure of the cervical region may be inadequate. 
The prone position poses particular hazards for the obese patient because of restricted diaphragmatic movement and high 
intrathoracic pressures.7

The importance of secure fixation of the endotracheal tube cannot be overemphasized. There should be as little infringement on 
normal ventilation as possible. Whatever support is used, the abdomen and thorax should not be compressed. The head and neck 
should be held in alignment during transfer to the prone position. Horseshoe frames are best avoided because of the risk of pressure 
necrosis of the face and the potential for orbital compression due to movement of the head during surgery. For this reason, three-
point skull fixation is preferred. Once the patient is finally positioned, a check is made to ensure the chin is clear of the end of the 
operating table. The arms should be padded and tucked by the side. The knees and ankles should be slightly flexed and padded.

Reduction in venous return due to venous pooling may be poorly tolerated, especially in elderly patients. The risk of VAE is less than 
with the sitting position8 but is not eliminated since the head is usually elevated to assist drainage of fluid from the surgical site.9
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The disadvantages of the prone position are that access to the airway and monitoring apparatus is restricted. Cardiopulmonary 
resuscitation, should it be required, is considerably hampered by inadequate access to the chest wall. Costly delays are incurred by 
having to reposition the patient.

Sitting Position

The sitting position provides the surgeon with excellent exposure of midline structures and the cerebellopontine angle. It promotes 
drainage of blood and CSF and allows the cerebellar hemispheres to fall away, thus minimizing the need for surgical retraction. The 
anaesthetist is able to access the patient's airway and monitoring apparatus without difficulty. Should resuscitation be required, the 
chest wall is accessible. Free diaphragmatic excursion makes ventilation much better than with other positions. Vital capacity and 
functional residual capacity are improved in the sitting position.

However, the sitting position has largely fallen into disrepute because of its potential for life-threatening complications when 
alternative positions can be used more safely. The sitting position is associated with significant hypotension, VAE, paradoxical air 
embolism (PAE), quadriplegia and pneumocephalus.10 Macroglossia and peripheral nerve injuries can occur with other posterior 
fossa positions but are much more likely to occur with the sitting position. Bilateral posterior compartment syndrome has been 
reported as a rare complication.11

To place the patient in the sitting position, three-point skull fixation is applied following induction of anaesthesia. Thigh-high 
compression stockings are applied to the legs, taking care to ensure they do not act as a tourniquet. The operating table is slowly 
flexed while cardiovascular parameters are closely monitored with the arterial pressure transducer at the level of the skull base. 
Intravenous fluid loading may be necessary during this manoeuvre.

The final position is between semirecumbent and full sitting with the feet at the level of the heart. Overflexion of the hips places 
traction on the sciatic nerve and should be avoided. The foot of the table is dropped 30° so the knees are flexed. The sitting position 
has been linked with common peroneal nerve injury. This may be due to direct compression by bandages at the fibular head or 
stretching of the sciatic nerve.12 Care should be taken to avoid overflexion of the neck. There should be at least two finger breadths 
between the chin and the chest wall during inspiration. As with other positions, the tongue should be checked to ensure it does not 
protrude between the teeth. The arms are folded so that the hands rest on the lap. Pressure points at the elbows, lateral and medial 
aspects of the knees and heels should be carefully padded.

Complications of the Sitting Position

Cardiovascular

The sitting position is associated with venous pooling which results in significant hypotension. Studies using pulmonary artery 
flotation catheters have shown reductions in pulmonary capillary wedge pressure (PCWP) and cardiac index with compensatory 
increases in heart rate and systemic vascular resistance.13 ASA III and IV patients have been shown to be more susceptible to 
reductions in blood pressure than ASA I patients.14 Hypotension is exaggerated if the hips are not fully flexed and if intravascular 
volume is depleted. Reduction in venous return may be offset to some extent by wrapping the lower extremities.15

Positioning the head above the heart results in a local reduction in arterial pressure of 0.77 mmHg per centimetre of elevation.16 To 
assess cerebral perfusion pressure (CPP) accurately, the arterial pressure transducer should be placed at the level of the skull base.

Venous Air Embolism

Air entrainment occurs when a vein is held open to atmosphere and venous pressure at the operative site is subatmospheric. Although 
air may be entrained at any time, it most commonly occurs during the first hour of surgery when the posterior fossa is being exposed. 
Entrainment can occur at pin sites, veins in muscle, diploic veins, emissary veins and intracranial venous sinuses. The cited incidence 
varies depending on the sensitivity of the detection device used. In studies where precordial Doppler monitoring is used, the 
incidence of VAE in the sitting position is 25–50%.13 A study using the more sensitive transoesophageal echocardiography (TOE) 
has documented an incidence of 76%.17 In a combined retrospective and prospective study, the incidence of VAE was found to be 
twice as high in the subpopulation of children compared with adults.10 Furthermore, children are more haemodynamically 
compromised by VAE.18

The adverse effects of VAE can be attributed to local endothelial reaction and to mechanical obstruction of blood flow. At the level 
of the endothelium, an inflammatory response cascade is triggered by the release of endothelial mediators leading to the production 
of reactive O2 molecules. These cause bronchoconstriction
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and pulmonary hypertension which lead to a reduction in venous return and cardiac output.19 At a gross level, a bolus of air may act 
as an airlock which blocks right ventricular outflow with a subsequent reduction in venous return and cardiac output. This results in 
right ventricular failure and myocardial ischaemia and ultimately cardiovascular collapse.20

The impact of VAE on the patient is determined by the volume and rate of air entrainment. In dogs, a rapid massive infusion of 3 
ml/kg of air results in near complete pulmonary obstruction. Right-sided pressures become elevated, right ventricular failure ensues 
and cardiac output falls.21 The lethal dose of air in humans is not well documented.

Methods of Detection

Precordial Doppler

Of the monitors which are non-invasive, practical and easy to use, the precordial Doppler is the most sensitive. Doppler systems 
generate an ultrasonic signal which is reflected by moving blood and cardiac structures. Air is a good acoustic reflector. When it 
passes through the heart, there is a clearly audible change in signal. As little as 0.015 ml/kg of intracardiac air can be detected.22 The 
precordial Doppler is placed over the right parasternal border. Proper placement can be verified by rapid injection of agitated saline 
through a right atrial catheter.23 The precordial Doppler does, however, have limitations. Use of cautery interferes with the signal. 
Most units have cautery suppression circuits so the probe is silent during surgical cautery. Intravenous mannitol crystals can mimic 
VAE.24 Signals may be lost during inspiration, particularly in obese patients and in patients with abnormal chest wall configurations.

Transoesophageal Devices

The disadvantages of the precordial Doppler are overcome by use of transoesophageal devices. A study comparing the sensitivity of 
the precordial Doppler with transoesophageal Doppler and echocardiography found that precordial placement detected injected 
micro-bubbles 10% of the time whereas transoesophageal placement had a 100% detection rate.25 TOE has the added advantage of 
localizing air within the heart so that passage of air through a right-to-left shunt is detected early.26 The disadvantage of TOE is that it 
is not specific for VAE and may give a false-positive signal in the presence of fat or blood emboli. TOE has been associated with 
recurrent laryngeal nerve palsy in patients undergoing craniotomy in the sitting position.26 The invasive nature and cost of 
transoesophageal devices prohibit their routine use in posterior fossa surgery.

Exhaled Gas Analysis

Monitors of intermediate sensitivity are end-tidal (ET) CO2 and N2. With reduced lung perfusion in the presence of air, physiological 
dead space is increased and cardiac output decreased, resulting in a fall in ETCO2. Where a bolus of air is entrained, the fall is abrupt. 
If there is slow entrainment, the fall in ETCO2 is gradual. However, a reduction in ETCO2 is nonspecific since any fall in cardiac 
output, regardless of aetiology, causes a decrease in ETCO2.

Changes in ETN2 occur earlier than ETCO2 and are specific for air. Entrained air releases and expels nitrogen through the lungs and, 
provided inspired gas does not contain N2, there is an increase in ETN2. Animal studies have shown that significant changes in 
ETCO2 and ETN2 are detected with 0.25 ml/kg of injected air.27 To some extent, the degree of change provides an approximation of 
the magnitude of the VAE.

Central Venous Catheters

Another monitor of intermediate sensitivity is the pulmonary artery catheter (PAC).28 In the event of VAE, central venous pressure 
(CVP) and pulmonary artery pressure (PAP) increase while PCWP decreases.29 Aspiration of air from a central venous catheter 
positioned at the caval-atrial junction confirms the diagnosis of VAE.18 Unfortunately, only small amounts of air can be aspirated 
from the orifice of a PAC.

Signs of impending cardiovascular collapse are arrhythmias, hypotension and pulmonary oedema. These are late, non-specific signs. 
The traditional 'mill-wheel' murmur is heard with the oesophageal stethoscope when large amounts of air are entrained. It too is a late 
sign and of little clinical use now that more sensitive monitors are available.

Since each monitor has its limitations, it is recommended that several monitoring modalities be used during surgery in which there is 
a risk of VAE. A precordial Doppler should be used in conjunction with at least one other monitoring technique.

Prevention of VAE

Reduction in the risk of VAE, and the potentially devastating complication of paradoxical air embolism (PAE), relies on careful 
surgical technique, vigilance on the part of the anaesthetist and clear communication between the anaesthetist and surgeon.
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Pin sites have been identified as a source of air entrainment. The risk is reduced by wrapping them with Vaseline-impregnated gauze 
before elevating the patient's head.38 Since bone is a site of entrainment, bone wax should be used liberally. Meticulous surgical 
technique is paramount.

The role of the anaesthetist is to maximize intravascular pressure safely. Intravenous fluid loading, wrapping the lower limbs and 
jugular venous pressure39 are all effective means of preventing VAE. Spontaneous ventilation should be avoided since it generates 
negative intravascular pressure and the 'gasp' which is reported to occur with initial entrainment of air leads to further entrainment. 
Studies of the use of positive end-expiratory pressure (PEEP) have found that it does not reliably elevate intracranial sinus 
pressure.39,40 Whether PEEP predisposes to PAE in at-risk patients is unclear. It has been shown that some patients with patent 
foramen ovale develop right-to-left shunting only when PEEP is used.41 Other studies have shown that PEEP increases right atrial 
pressure (RAP) and PCWP to the same extent so the interatrial pressure gradient remains unchanged.42,43 One animal study has 
shown an increase in right-to-left shunting across a septal defect at the time of discontinuation of PEEP.44 Because PEEP decreases 
venous return and cardiac output and may cause RAP to exceed left atrial pressure (LAP), its use is not recommended in the sitting 
position.

Because nitrous oxide (N2O) diffuses into air-filled spaces more rapidly than N2 diffuses out, it increases the size of compliant air 
spaces. In dogs, the LD50 for a bolus injection of air during N2O administration is one-third of that during anaesthesia where N2O is 
not used.45 A study in humans has reported that the use of N2O does not alter the incidence of VAE or haemodynamically significant 
events provided it is discontinued as soon as venous air is detected.8 For those anaesthetists who choose to use N2O during 
neurosurgery, early detection of venous air entrainment is particularly important.

Treatment of VAE

In the event of VAE, the surgeon should be informed immediately, N2O should be discontinued and the inspired concentration of O2 
increased to 1.0. The surgical field should be flooded with saline and the patient's head lowered to prevent continued entrainment of 
air. Right atrial catheter (RAC) aspiration is effective in reducing VAE morbidity.46,47

For optimal retrieval of air, a multiorifice, rather than single-orifice, catheter should be positioned with the tip 0.5 cm beyond the 
sinoatrial node.48,49 The position should be confirmed radiographically or electrocardiographically.

Temporary jugular venous compression should be considered. It causes cerebral venous distension which may allow the surgeon to 
identify and repair a tear in a vein. Caution should be exercised since compression may be associated with inadvertent manipulation 
of the carotid artery or carotid sinus. Other therapies include administration of intravenous fluid, antiarrhythmics, inotropes and 
vasopressors as required. In the event of cardiovascualar collapse, external cardiac compression should be commenced immediately. 
Chest compressions may break up a large airlock.

Animal data show the lethal dose of injected air is doubled when the animal is positioned left side down.21 This manoeuvre may not 
be feasible in the surgical setting. Changing the patient's position is probably only therapeutic if it promotes retrieval of air from the 
RAC.

Paradoxical Air Embolism

When air enters the systemic circulation, it triggers thrombus formation and causes critical ischaemia of distal tissues. The clinical 
outcome depends on the volume of air and the vascular bed affected. If air lodges in the coronary and cerebral circulations, the 
consequences may be life-threatening. The incidence of PAE complicating VAE is estimated to be 5–10%.30

Venous gas bubbles may cross to the systemic circulation through septal defects when pressure in the right side of the heart exceeds 
pressure in the left. Anatomically 2% of patients have interatrial septal defects and 25% have probe-patent foramen ovale on 
autopsy.31 Functionally, a right-to-left atrial shunt has been demonstrated during release of Valsalva in 18% of healthy volunteers.32 
It has been shown that merely changing to the sitting position can reverse the interatrial pressure gradient in up to 50% of patients.33

Patients with functional or anatomical evidence of right-to-left shunt are clearly at risk of PAE in the event of venous air entrainment 
in the sitting position. However, PAE does not always occur when these conditions exist. Conversely, there have been reports of PAE 
in the absence of a cardiac septal defect.34,35 Indeed, transpulmonary passage of air in the absence of a right-to-left shunt has been 
documented using TOE in a patient undergoing surgery in the sitting position.36

The probable explanation is that the filtering capability of the lung is overwhelmed by the volume of air entrained. The filtering 
capacity of the lungs is impaired by pulmonary vasodilators, in particular
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volatile anaesthetic agents.37 Another possibility is the presence of pulmonary AVMs. However, these are rare.

Where it is suspected that VAE has been complicated by PAE, consideration may be given to hyperbaric oxygen therapy (HBO). The 
delivery of 100% O2 at high pressures facilitates resorption of air bubbles and allows delivery of O2 by diffusion mechanisms to 
tissues distal to arterial obstruction. There have been case reports of clinical improvement following HBO.50 However, in the absence 
of strong evidence, it remains a controversial mode of treatment.

Pneumocephalus

It appears that the presence of intracranial air is inevitable following posterior fossa surgery. A tension pneumocephalus occurs when 
this air expands to exert a mass effect on the brain. This is a potentially life-threatening complication of posterior fossa surgery which 
requires rapid diagnosis and treatment. A retrospective review of neurosurgery in the sitting position cites a 3% incidence of tension 
pneumocephalus.12

During surgery, use of diuretics, hyperventilation, blood loss, removal of a mass lesion and use of CSF drainage systems all 
contribute to brain shrinkage. As brain volume diminishes, air enters the epidural and dural spaces. Intraoperative use of N2O 
exacerbates the situation by expanding the pneumocephalus. There have, however, been case reports of tension pneumocephalus 
when N2O was not used or was discontinued 20–30 min prior to dural closure.51,52 While avoiding N2O may help, it certainly does 
not eliminate the problem.

The potential for tension pneumocephalus can be reduced by flushing the subdural space wth normal saline, minimizing use of 
diuretics and hyperventilation, ensuring adequate volume replacement and slowing CSF drianage. N2O should be avoided for at least 
14 days following posterior fossa surgery.53

Tension pnuemocephalus should be suspected in patients with neurological deficit following surgery in the sitting position. Air can 
be localized on CT scan and urgent aspiration via burr holes should be performed. Untreated tension pneumocephalus can result in 
brain herniation and has been associated with cardiac arrest.54

Quadriplegia

There have been reports of quadriplegia following surgery in the sitting position.55 It is postulated that flexion of the neck in the 
anaesthetized patient stretches the cord and, especially if combined with hypotension, results in hypoperfusion of the spinal cord. It is 
likely that patients with degenerative spinal cord disease are particularly at risk of spinal cord ischaemia. The sitting position is 
relatively contraindicated in this at-risk group of patients.

Central Nervous System Monitoring

Somatosensory Evoked Potentials (SSEPS)

SSEPs have been advocated as a means of monitoring potential spinal cord ischaemia as a result of excessive neck flexion in the 
sitting position.55 Because SSEPs monitor the integrity of the dorsal sensory pathways, rather than anterior motor tracts, paralysis can 
occur in the absence of SSEP changes.56 A major drawback of SSEPs is that they are sensitive to anaesthetic agents.

Electroencephalography (EEG)

The EEG monitors spontaneous electrical activity in the cerebral cortex. Inadequate perfusion or oxygenation results in 'slowing' of 
the EEG, that is, reduced amplitude of higher frequency waves and increased amplitude of lower frequency waves. The EEG is 
susceptible to the effects of anaesthetic agents and hypothermia.

Brainstem Auditory Evoked Potentials (BAEPS)

BAEPs are generated by delivering clicks to each ear and monitoring the response pathway from the auditory nerve to the pons and 
thalamus. They are relatively resistant to the effects of anaesthetic agents. It has been recommended that BAEPs monitoring be used 
whenever there is potential for brainstem injury, even if hearing is already diminished. Monitoring cranial nerve VIII helps preserve 
its function during acoustic neuroma surgery and microvascular decompression.57

Electromyography (EMG)

Monitoring cranial nerve VII using evoked EMG reduces the risk of intraoperative damage during acoustic neuroma resection and 
microvascular decompression.57 EMG monitoring requires that the patient not be fully paralysed.

Spontaneous Ventilation

Historically, the spontaneously ventilating patient was used as a monitor of brainstem function during
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posterior fossa surgery. The disadvantages of this technique were venous congestion secondary to hypercarbia and increased risk of 
VAE. There are those who believe spontaneous ventilation should be used as a means of detecting brainstem ischaemia during 
vertebral basilar surgery.58 Most practitioners rely on more sensitive, but less specific, cardiovascular signs.

Anaesthetic Management

Preoperative Evaluation

As well as the usual anaesthetic assessment, the preoperative evaluation should take account of the patient's neurological pathology 
and underlying cardiorespiratory function. The patient's mental status should be evaluated and preoperative neurological deficits 
documented. Evidence of lower cranial nerve pathology, specifically impaired gag reflex and history of aspiration pneumonia, should 
be sought (Figure 19.3). This has implications for airway protection in the postoperative period. Patients with a history of 
hypertension or cerebrovascular disease have impaired autoregulation in which case hypotension should be avoided.

The patient should be assessed as to their suitability for the proposed surgical position. Patients with cervical spine degeneration are 
not suitable for the sitting position. Obese patients are not suited to lying prone and consideration should be given to an alternative 
surgical position. Patients with known right-to-left shunts are at increased risk of PAE and should not undergo surgery in the sitting 
position. Given the lack of sensitivity of echocardiography and the fact that PAE can occur in the absence of a septal defect, routine 
preoperative screening echocardiography is not recommended.59

Figure 19.3 
Large posterior fossa mass 

causing midbrain compression.

Patients are often dehydrated due to reduced oral intake, vomiting, use of diuretics and intravenous contrast administration. Provision 
should be made for intravenous fluid replacement in the preoperative period.

Premedication should include continuation of the patient's usual medications. Anxiolytic medication should be reserved for those 
patients who are neurologically intact.

Induction

The goals of induction are to preserve cerebral perfusion pressure, avoid increases in intracranial pressure (ICP) and institute 
appropriate monitoring. In patients in whom control of blood pressure is important, an arterial catheter should be placed prior to 
induction. Other routine monitors include electrocardiography (ECG), non-invasive blood pressure (NIBP), ETCO2 and pulse 
oximetry. The security and proper functioning of monitors warrants special attention in high-risk posterior fossa surgery.

Induction is achieved using an appropriate opioid, induction agent and muscle relaxant. In patients with poorly compliant brains it is 
important to avoid coughing at the time of intubation. Hypertension due to laryngoscopy can be obtunded using intravenous 
lignocaine, a short-acting β-blocker or opioid or a bolus of intravenous induction agent. An appropriately sized armoured 
endotracheal tube is inserted and secured immediately. This is an opportune time to insert a nasogastic tube in those patients who are 
likely to be ventilated postoperatively.

Following induction, a urinary catheter, temperature probe and RAC are inserted. To optimize the position of the RAC for aspiration 
of air, intravascular ECG can be used. If not done preoperatively, thigh-high compression stockings are applied to the legs in an 
attempt to limit venous pooling. In surgery where there is a risk of VAE, a precordial Doppler is applied to the anterior chest wall. 
Some anaesthetists also choose to insert a PAC in this situation. Central nervous system monitoring devices are instituted.

Application of head pins is a potent stimulus which elicits hypertension and tachycardia unless pretreated with accurate placement of 
local anaesthetic, an opioid or a bolus of intravenous induction agent.
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Hypotension can occur in the postinduction phase during positioning, particularly in frail, elderly patients. This needs to be treated 
promptly with intravenous fluids or vasopressors as appropriate.

The position of the endotracheal tube and the security of monitoring apparatus and intravenous lines must be rechecked once the 
patient is finally positioned.

Maintenance

The aim is to reduce ICP while maintaining haemodynamic stability. The choice of anaesthetic agents is largely at the discretion of 
the individual anaesthetist. Many anaesthetists choose to avoid N2O because of the problems associated with tension pneumocephalus 
and VAE. Some would minimize the use of inhalational anaesthetic agents because they facilitate the transpulmonary passage of air 
and because they interfere with SSEP monitoring. In procedures where EMG monitoring is used, muscle relaxants should be 
administered as an infusion to maintain partial paralysis or avoided altogether. In this situation, anaesthesia needs to be supplemented 
with an intravenous infusion of propofol or a short-acting opioid.

The usual practice is to ventilate patients undergoing posterior fossa surgery. This allows control of PaCO2, thus reducing bleeding 
and ICP, and reduces the risk of venous air entrainment. Arterial blood gases should be checked once ventilation is established and 
then intermittently as required.

Mild hypothermia (34–36°C) is maintained intraoperatively. There is evidence from animal studies60 and from observations in 
humans61 that mild hypothermia improves outcome following a neurological insult. Mild hypothermia can be achieved with passive 
cooling. Patients usually need to be actively rewarmed to achieve a core temperature of 36°C at the time of emergence.

The administration of a diuretic, usually mannitol, prior to dural opening results in a large diuresis. Normovolaemia should be 
maintained using filling pressures as a guide. Glucose-containing solutions should be avoided since hyperglycaemia is known to 
aggravate ischaemic brain insults.62 Blood loss should be recorded and the haematocrit measured periodically. The threshold for 
transfusion varies according to the underlying condition of the individual patient.

Emergence

The management of emergence is determined by the patient's preoperative status and by intraoperative events. If the patient was 
neurologically intact preoperatively and has had an uneventful operative course, a smooth emergence is the goal. Ideally, coughing 
and straining should be avoided. An awake patient provides the best monitor of neurological function.

If there was preoperative compromise of airway reflexes or there has been extensive intraoperative manipulation around the 
brainstem, intubation and ventilation should be maintained postoperatively. The patient should remain intubated until there is 
evidence of return of a gag reflex. Occasionally positioning of the patient can result in swelling of the face and neck due to venous 
engorgement. Facial swelling can be indicative of swelling in the upper airway tissues. Where this is suspected, intubation should be 
maintained postoperatively until the swelling settles. When the ventilated patient is sedated, an ICP monitor may be the only means 
of monitoring the well-being of the brain.

Conclusion

Posterior fossa surgery poses a unique challenge for the surgeon and anaesthetist alike. It is important that the team be aware of the 
potential problems arising from the nature of the patient's pathology and surgical positioning. Care with positioning, meticulous 
surgical technique and vigilant monitoring help to minimize risk. Should a complication develop, it needs to be recognized early and 
treated appropriately. For these patients, the risk of complications continues into the postoperative period. Close monitoring after 
surgery is needed to ensure a safe outcome.
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Introduction

Of all the injuries sustained in a traumatic event, head injury is frequently associated with the most devastating outcome. The patient 
often survives the accident only to end up with a major neurologic deficit. In addition to the stress this puts on the victims and their 
families, the economic costs are high because most of the injuries occur in the young during their working years.1

Better prehospital care, the institution of regional centres with new imaging techniques and the ready availability of multidisciplinary 
teams have improved the very poor outlook that was previously associated with head trauma. However, outcome continues to be 
affected by abnormal physiology in the immediate postinjury period.2

Anaesthetists are commonly involved in the management of patients who have suffered head injuries. Their role is in the emergency 
room protecting the airway and instituting resuscitation, in the operating theatre while treating the neurological injury (e.g. 
evacuating a haematoma) or other injuries (e.g. laparotomy for ruptured viscera) and in the intensive care unit. In this chapter, we 
review the pathophysiology of head injury and highlight new advances in the management of the severely head-injured patient.

Physiology of Cerebral Blood Flow

The human brain receives about 15% of the resting cardiac output but uses only 20% of the body's oxygen consumption. This 
translates into a mean cerebral blood flow (CBF) of about 50 ml/100 g/min and a mean cerebral metabolic rate for oxygen (CMRO2) 
of 3.2 ml/100 g/min, with glucose as the main substrate (60 mg/100 g/min). Under normal circumstances regional CBF and 
metabolism are tightly coupled, with an increase in cortical activity leading to a corresponding increase in CBF. When oxygen 
delivery falls, CMRO2 declines to basal levels (1.2–1.5 ml O2/min/100 g) and there is an increase in anaerobic metabolism.

Brain tissue is particularly vulnerable to reductions in oxygen delivery because it has a high metabolic rate and no capacity to store 
substrate. It has to ensure that oxygen delivery is maintained at a constant level despite changes in the vascular and cranial 
environment. In the healthy, awake, normotensive individual, CBF is maintained at a constant level within the range of cerebral 
perfusion pressures (CPP) between 60 and 160 mmHg. This autoregulation is effected through direct variation in cerebral vascular 
resistance in response to alterations in the CPP. Since the CPP depends on the difference between mean arterial pressure (MAP) and 
intracranial pressure (ICP), changes to either can initiate autoregulation, i.e. a decrease in arterial pressure has the same effect on 
autoregulation as an increase in ICP. Although the exact mechanisms responsible for this very efficient process are not completely 
understood, it is likely that both myogenic and metabolic factors are involved. The process has been classically thought to occur in 
minutes but recent evidence suggests that, at least during small changes in blood pressure, it is complete in seconds.3 The limits of 
autoregulation may be affected by disease processes and are modulated by sympathetic nervous system activity. α and β-blockade 
can change the lower limit of autoregulation (shift the curve to the left) and chronic hypertension increases the limits of 
autoregulation by shifting the curve to the right.4 Autoregulation is also affected by the level of PaCO2. Hypocapnia restores 
autoregulation when impaired and accelerates the process when present, while hypercapnia abolishes autoregulation and renders the 
cerebral circulation pressure passive.5,6

Arterial carbon dioxide tension is one of the most potent regulators of CBF. Within the range 3–10 kPa, CBF increases linearly by 
about 25% per kPa increase in PaCO2. The effect of PaCO2 on cerebral blood volume (CBV), however, is less pronounced. CBV 
changes by about 10% per kPa change in PaCO2 in the healthy individual but recent evidence has suggested that the relationship 
between PaCO2 and CBV is not predictable in the patient with brain injury. The cerebral blood volume constitutes only around 5% of 
the total intracranial volume but, since the brain is situated in an enclosed space, even a small change in CBV can have a profound 
effect on the ICP, particularly in those with reduced intracranial compliance.

Arterial oxygen tension has little effect on CBF in the physiologic range. However, high arterial oxygen tension (>100 kPa) can 
cause cerebral vasoconstriction, and PaO2 below 7 kPa will cause cerebral vasodilatation which overrides any vasoconstriction due to 
hypocapnia. There is some evidence to suggest that CBF increases even during modest reductions in oxygen saturation.7

Pathophysiology of Head Injury

When the head is struck, neurones and intracranial blood vessels are subjected to direct impact as well as
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flexion, extension and shearing forces as the brain moves inside the cranium. While most management issues focus on the treatment 
of raised intracranial pressure as a consequence of intracranial haematomas, contusions or brain swelling, it is important to realize 
that diffuse axonal damage may result in profound neurologic deficit without intracranial hypertension.

The primary injury, which is not treatable and can only be prevented, describes the damage that occurs at the time of initial impact. 
The amount of primary injury is dependent on the degree of force applied to the brain and is the principal factor that delineates a 
viable from a non-viable injury. Of the 1.1 million head injuries seen in hospital in Britain every year, 10,000 are severe.1 Severe 
head injury renders the patient comatose from impact; those able to talk at any stage following the injury are unlikely to have 
sustained a substantial primary injury.

Secondary injury is the additional insult imposed on the neural tissue following the primary impact. Treatment is aimed at preventing 
secondary cerebral ischaemia and thereby reducing the incidence of patients with head injury admitted to hospital in a conscious state 
only to die later8,9. The main contributors to secondary ischaemia in the head-injured patient are:

• hypoxaemia;

• hypercapnia;

• hyperventilation;

• systemic hypotension;

• intracranial masses;

• intracranial hypertension;

• posttraumatic cerebral arterial spasm

Regulation of Cerebral Blood Flow in the Head-Injured Patient

In the healthy brain, local control mechanisms act to ensure that areas of the brain with higher metabolism are supplied with 
increased blood flow. This flow/metabolism coupling is produced by a combination of various factors, including hypoxic 
vasodilatation, the effects of changes in CO2 concentration, the balance of autonomic nervous supply and the release of local 
metabolites, including prostaglandins, nitric oxide, calcium ions, potassium ions and adenosine. The effect of head trauma on CBF 
and cerebral metabolism is not entirely clear. Despite a reduction in absolute CBF, most patients who are comatose as a result of head 
injury (Glasgow Coma Scale (GCS) <9) have relative hyperaemia, with high CBF relative to metabolism.10 However, in up to 90% 
of patients who die from head injury, lesions compatible with ischaemia are found at postmortem.11,12 This paradox is partly 
explained by the recent findings of a severe reduction in CBF occurring in the initial period (3–8 h) following injury. Over the next 
24 h, this is followed by a gradual increase in CBF until eventually, cerebral metabolic needs are exceeded.13,14,15 Furthermore, 
vasospasm, which occurs in 20–40% of patients with head injury,16,17,18 may reduce CBF after this initial hyperaemic phase, with an 
increase in the incidence of non-contusion related cerebral infarction.19 Thus, the change in the CBF:CMRO2 ratio is by no means 
uniform in head-injured patients. The majority of the severely injured patients will suffer an initial decline in CBF, followed by a 
return to normal flow or relative hyperaemia and the flow may then decline again, particularly if vasospasm occurs. Both extremely 
low CBF and high CBF after head injury are associated with poor outcome.14,20

Head trauma impairs the mechanisms controlling CBF. Pressure autoregulation is commonly abolished following a severe head 
injury but this is not always indicative of poor prognosis.21 In contrast, the complete absence of CO2 reactivity with lack of 
vasoconstrictor response to barbiturates is associated with a poor outcome.22 Cerebrovascular reactivity to CO2 is often preserved but 
the magnitude of response may be reduced.23

Mechanisms of Secondary Neuronal Injury

Ischaemia may cause secondary injury by several different processes that increase the extent of damage to the central nervous 
system.24 These include:

• accumulation of glutamate and aspartate, excitotoxic amino acids which interact with NMDA (N-methyl-D-aspartate) receptors and 
lead to intracellular accumulation of calcium ions;25

• activation of phospholipase;26

• breakdown of arachidonic acid;

• generation of free radicals;27,28

• lipid peroxidation.

The above processes can all contribute to eventual neuronal death. An understanding of the mechanisms involved may permit the 
development of pharmacological strategies that might help to prevent secondary neuronal injury.29



   

In the presence of a fixed energy supply, cellular outcome may be markedly affected by factors that modify energy demand. Thus 
hyperthermia,30 coma, fits or excitotoxic neuronal activation can result in greater neuronal loss, while hypothermia and metabolic 
suppression may provide significant neuroprotection. Owing to the number of confounding factors
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present,31 the mechanisms responsible for secondary neuronal injury are not easily studied in man. Much of the information has been 
obtained from animal models of focal ischaemia or craniocerebral trauma and extrapolation from these results to clinical situations 
must be undertaken with care.32 The detection of an ischaemic penumbra with inactive but viable neurones and the use of reperfusion 
to rescue this tissue, which would otherwise have infarcted, suggests that these secondary mechanisms do exist.33

While ischaemic thresholds for cessation of electrical activity and cell death have long been recognized, it is increasingly obvious 
that other vital functions are inhibited at higher blood flow levels and may, over time, be responsible for cell death.

Intracranial Pressure

The normal intracranial contents can be divided into four compartments: tissue volume, interstitial waters, cerebrospinal fluid (CSF 
75 ml) and blood volume (50 ml). Resting ICP represents the equilibrium pressure at which CSF production and absorption are in 
balance. The production of CSF remains constant as long as CPP remains adequate. CSF absorption is a passive process through the 
arachnoid granulations and increases with the increase in CSF pressure. In the resting adults the normal ICP is between 1 and 10 
mmHg.

The 'four lump' concept describes most simply the causes of raised ICP inside the skull (which acts as a rigid box): cerebral oedema, 
CSF accumulation, vascular congestion or the presence of an intracranial mass. Any increase in volume in any of the four 
components will lead to a rise in ICP. This pressure–volume relationship is commonly referred to as the intracranial compliance 
curve. As cerebral perfusion pressure is determined by the difference between mean arterial blood pressure (MAP) and ICP, a high 
ICP will lead to cerebral ischaemia.

Small increases in mass may be compensated for, initially, by translocation of CSF into the spinal subarachnoid space and by 
compression of the venous blood volume. However, once this compensatory mechanism is exhausted, ICP rises steeply with further 
increases in intracranial content. As prolonged raised ICP is associated with a poor prognosis,34–37 vigorous treatment is essential and 
should be instituted if ICP exceeds 25 mmHg for more than 5 min.

Systemic Effects of Head Injury

Up to 65% of spontaneously breathing head-injured patients may be hypoxaemic, even though they may not appear to be in 
respiratory distress.38 Hypoxaemia is associated with poor neurological outcome and should be promptly corrected.35 The causes of 
the impairment in gas exchange may include:

• chest and abdominal injuries with flail segments, direct lung trauma, haemothorax and tracheobronchial disruption;

• aspiration of laryngeal and pharyngeal secretions due to impaired reflexes, with the adult respiratory distress syndrome developing 
24–72 h later;

• fat embolism syndrome from long bone fractures;

• abnormal respiratory patterns as a result of cerebral hemispheric or basal ganglia damage;

• neurogenic alterations in residual functional capacity and ventilation/perfusion matching;

• acute neurogenic pulmonary oedema. This is rare, typically occurring 2–12 h after the injury, and usually resolves within a few 
hours.39

Brainstem compression, medullary ischaemia and raised ICP may cause severe elevations of blood pressure as a result of increased 
sympathetic activity following head injury.40 This hyperdynamic response is responsible for the cardiac dysrhythmias and ECG 
abnormalities commonly seen after severe head injury41,42,43 and such changes are severe enough to produce myocardial necrosis in 
up to 62% of those who die from an intracranial lesion.43 The presence of these cardiovascular changes may complicate the 
management of the head-injured patient with cerebral hypoperfusion, as the use of inotropes may worsen the myocardial ischaemia. 
On the other hand, the presence of intracranial pathology may prohibit the use of venodilators because of their cerebral vasodilatatory 
effects.

With the exception of young children, in whom blood loss from scalp lacerations may lead to hypotension, low blood pressure in a 
patient with acute head injury is usually due to causes other than the head injury and requires prompt investigation and treatment.

Coagulation disturbances occur in up to 24% of patients with severe head injury and, when severe, are indicative of poor 
outcome.44,45,46 The release of tissue thromboplastin may lead to widespread activation of the coagulation cascade and disseminated 
intravascular coagulation (DIC).47 Hypothermia and large blood transfusion further increase the incidence of clotting abnormalities.48

Therefore, coagulation studies should be performed routinely and replacement of clotting factors is advised.

Endocrine and electrolyte abnormalities often accompany severe head injury. Stress-induced β-adrenergic stimulation, respiratory 
alkalosis from hyperventilation and diuretic therapy may result in hypokalaemia.
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Hyponatraemia is also common after head injury and may be associated with diminished, normal or increased extracellular fluid 
volume. It is important to diagnose which category the patient belongs to before treatment is initiated. Democlocycline, which 
impairs the effect of antidiuretic hormone (ADH) on the kidney, is used to treat the syndrome of inappropriate ADH secretion. The 
judicious administration of hypertonic saline may be necessary if the serum sodium concentration falls below 120 meq/l. In contrast, 
damage to the hypothalamic/pituitary axis my lead to a lack of ADH secretion and diabetes insipidus. Diabetes insipidus occurs in 
1% of head-injured patients and can result in hypernatraemia due to the loss of large volumes of dilute urine (20 l/day). This 
hypernatraemia and polyuria is treated with the administration of DDAVP (desamino desarginine vasopressin) and 5% dextrose in 
water with careful monitoring of blood sugar levels. A more common cause of hypernatraemia, however, is the repeated 
administration of mannitol.

Severe head injury is accompanied by a significant stress response. The increase in the levels of circulating catecholamines and 
cortisol results in hyperglycaemia. If not treated, this will worsen neurological outcome.49 The stress response is also associated with 
an increased risk of gastric ulceration and gastrointestinal bleeding. H2 antagonists or sucralfate are commonly used for prophylaxis.

Management of Head Injuries

The anaesthetist is normally involved in the management of those patients with moderate or severe injury and this chapter 
concentrates on the management of this group of patients. It is important, however, that any doctor is able to adequately assess the 
severity of head injury according to the history of injury and clinical signs and symptoms. A practical protocol for the assessment and 
management of the head-injured patient was recently outlined by Arienta et al50 and is given in Box 20.1.

The management of the patient with moderate to severe head injury falls into three phases: initial resuscitation and transfer, 
intraoperative management, and intensive care and rehabilitation. This chapter concentrates on the initial resuscitation and 
intraoperative management of such a patient.

Initial Resuscitation

The importance of securing the airway and maintaining adequate oxygenation and blood pressure in the head-injured patient cannot 
be overemphasized. Secondary brain damage begins and continues to occur from the moment of impact and for every second that the 
patient is hypoxaemic or hypotensive. For this reason, it is essential that ambulance teams are trained properly, are aware of the need 
for aggressive treatment of hypoxia and hypotension in the head-injured patient and have the equipment and expertise to be able to 
start resuscitation at the scene of the accident. It has been shown that hypotension or hypoxia is present in the prehospital phase of 
care in approximately 30% of patients with head injuries.51 Severely head-injured patients (GCS <8) are unlikely to be able to protect 
their airway and often have impaired gas exchange52 and early use of endotracheal intubation may be necessary to maintain adequate 
oxygenation. An improvement in the incidence of mortality after severe head injury has been associated with 'in-field' intubation.53 
Accident and emergency departments must be forewarned of the impending arrival of a comatose patient and an anaesthetist should 
be available to intubate the trachea as soon as possible after arrival, if the airway has not been secured already. It is important to 
remember that a significant proportion of severe head injuries are associated with injuries to the cervical spine54 and therefore, 
manual in-line stabilization of the neck during induction and tracheal intubation is essential.55 If there is any doubt about the ability 
to intubate the trachea, because of either a difficult airway or significant facial trauma, the airway must be secured by surgical means. 
Nasal intubation is best avoided in the patient with basal skull fracture because of the risk of passing the endotracheal tube into the 
brain through the skull defect and because of the added risk of infection.56

Severely head-injured patients must be assumed to have a full stomach. Therefore, a rapid-sequence induction with a small dose 
induction agent followed by suxamethonium 1 mg/kg is mandatory. Apart from ketamine, which is contraindicated because of 
concerns about its effects on ICP, the choice of induction agent is not important as long as it is administered with care and large 
variation in blood pressure or significant hypotension is avoided. Thiopentone, propofol and etomidate are the main induction agents 
used at our centre. Lignocaine 1 mg/kg may be given as a useful adjunct in attenuating the cerebrovascular response to laryngoscopy 
and tracheal intubation.57,58,59 Suxamethonium may result in a transient rise in ICP from increased CO2 production and cerebral 
stimulation via afferent muscle activity.60–63 However, the potential risk of hypoxaemia and hypercapnia far outweighs the risk of 
this transient increase in ICP. Furthermore, in sedated and mechanically ventilated patients with moderate to severe brain
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Group A (minimal head injury GCS = 15) 

• Patient is awake, orientated and without neurologic deficits and relates accident
• No loss of consciousness 
• No vomiting 
• Absent or minimal subgaleal swelling

The patient is released into the care of a family member with written instructions.

Group B (minor head injury GCS = 15)

• Patient is awake, orientated and without neurologic deficits
• Transitory loss of consciousness 
• Amnesia 
• One episode of vomiting 
• Significant subgaleal swelling

The patient who has at least one of these characteristics undergoes neurologic evaluation and CT scan which, if 
negative, shortens hospital observation. If CT scan is not available, the patient has skull X-rays and is held for an 
observation period of not less than 6 h. If the skull X-rays are negative and a subsequent neurologic control is 
normal, the patient can be released into the care of a family member with written instructions. If the X-rays reveal a 
fracture, the patient undergoes CT scan.

Group C (moderate head injury or mild head injury with complicating factors GCS = 9–15)

• Impaired consciousness 
• Uncooperative for various reasons 
• Repeated vomiting 
• Neurologic deficits 
• Otorrhagia/otorrhoea 
• Rhinorrhoea 
• Signs of basal fracture 
• Seizures 
• Penetrating or perforating wounds 
• Patients in anticoagulant therapy or affected by coagulopathy
• Patients who have undergone previous intracranial operations
• Epileptic or alcoholic patients

The patient with at least one of these characteristics undergoes a neurologic evaluation and a CT scan. 
Hospitalization and repeated scan, if necessary, within 24 h or prior to discharge.

Group D (severe head injury GCS = 3–8)

• Patient is in coma

Necessary resuscitation manoeuvres followed by neurological evaluation and immediate CT scan (prior to surgical 
intervention). Coma management.

Box 20.1 Practical Protocol for Management of Head-Injured Patients in the Emergency Department 
(modified from reference50)
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injury, suxamethonium has no clinically significant effects on ICP or the cerebral blood flow velocity.64 The increase in serum 
potassium associated with the use of suxamethonium is an important consideration at later stages (>48 h after the initial injury), but 
not in the acute setting.65

Once the airway is secured, the lungs are mechanically ventilated to maintain mild hypocapnia (not less than 4 kPa) and adequate 
PaO2. Oxygenation and ventilation are optimized and should be regularly verified by arterial blood gas analysis. The patient is best 
sedated and paralysed. There is no excuse for having the patient coughing or straining on the endotracheal tube. Clearly, not all 
patients with head trauma require tracheal intubation and the protocol used in our unit is outlined in Box 20.2.

The importance of maintaining systemic perfusion has recently been confirmed by the results from the American National Traumatic 
Coma Data Bank which demonstrated that systolic blood pressure <80 mmHg is a significant independent contributing factor to poor 
outcome.66,67 The combination of an increased ICP and systemic hypotension leads to a reduction in CPP and cerebral ischaemia. 
Except for young children, in whom blood loss from a scalp wound is sufficient to cause hypotension, hypotension should prompt an 
investigation of sites of blood loss with immediate laparotomy or thoracotomy if necessary. Hypovolaemia may be masked by 
systemic hypertension secondary to intense sympathetic stimulation of the reflex response to intracranial hypertension.68

The increase in blood pressure is a compensatory response to maintain cerebral perfusion. Therefore, moderate levels of hypertension 
should not be treated but a blood pressure above the upper limit of autoregulation (mean arterial pressure > 130 mmHg) must be 
actively treated, as it will increase CBV and ICP.

Although the effect of systemic hypotension on cerebral perfusion will depend initially on whether autoregulation is impaired or not, 
the final result will be a reduction in CBF. Hypotension will worsen cerebral perfusion in patients with impaired autoregulation as 
CBF is pressure passive. In contrast, in patients with intact autoregulation, hypotension will lead to cerebral vasodilatation with a 
resultant increase in ICP, a reduction in CPP and eventually decreased CBF.69 Patients who are severely injured may exhibit 'false 
autoregulation', where the ICP changes by the same magnitude as systemic blood pressure, resulting in a constant cerebral perfusion 
pressure.70

The choice of fluid used for resuscitation is less important than the amount given. The use of glucose-containing solutions is 
discouraged unless hypoglycaemia is suspected, as hyperglycaemia (leading to lactic acidosis) has been shown to correlate with poor 
outcome after head injury.49,71,72 Hyperglycaemia should be actively treated and blood glucose levels controlled with an infusion of 
insulin. Because the majority of head-injured patients receive mannitol, an adequate urine output is often a poor indicator of volume 
status in these patients. Central venous pressure monitoring is often very useful as an aid to

Immediately 

• Coma (not obeying commands, not speaking, not eye opening, i.e. GCS = <8)
• Loss of protective laryngeal reflexes 
• Ventilatory insufficiency as judged by blood gases: 
    hypoxaemia (PaO2 < 13 kPa) 
    hypercarbia (PaCO2 >6 kPa) 
    spontaneous hyperventilation causing PaCO2 <3.5 kPa 
    respiratory arrhythmia 
• Uncontrolled seizures

Before start of journey to the neurointensive care unit

• Deteriorating level of consciousness (decrease in GCS by > 2 points since admission and not due to drugs), even if 
not in coma 
• Bilaterally fractured mandible 
• Copious bleeding into mouth (e.g. from a basal skull fracture) 
• Seizures

Box 20.2 Indications for intubation and ventilation after head injury* (modified from reference95)

*An intubated patient must also be ventilated, aiming for a PaO2 > 13 kPa and PaCO2 of 4.0–4.5 kPa.
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assessing intravascular fluid volumes and effectiveness of resuscitation and should be combined with the use of a pulmonary artery 
flotation catheter in the elderly, patients with heart disease and in those patients requiring inotropic support.

Transfer of the Head-Injured Patient

Adequate resuscitation and a thorough reexamination of the patient must be completed before making decisions about further 
treatment priorities. Quality radiographs are taken of suspicious areas and CT scans arranged (Box 20.3). Blind burr hole exploration 
is rarely effective, can be harmful to the patient and delays the transfer of the patient and the initiation of definitive therapy. There is 
no longer any indication for this procedure in the modern accident and emergency department.

Once the patient has been stabilized, a decision can be made regarding transfer to a regional neurosurgical unit for further treatment 
(Box 20.4). Interhospital transfer of the head-injured patient is a potentially hazardous procedure and often poorly managed. 
Evidence suggests that the neurologically injured patient is at greater risk of cerebral ischaemia during transfer.73 As the main causes 
of secondary brain damage are hypoxia, hypercarbia and cardiovascular instability, it is of vital importance to avoid any of these 
during transfer. The key to a successful and safe transfer involves:

• adequate resuscitation and stabilization of the patient prior to transfer;

• adequate monitoring during transfer with appropriate resuscitative equipment and drugs;

• the presence of an accompanying doctor with suitable training, skills and experience of head injury transfer;

• good communication between referring and receiving centres and an adequate, efficient and stable handover to the receiving 
team.74,75

• Confusion (GCS <14) persisting after the initial assessment and resuscitation 
• Unstable systemic state precluding transfer to neurosurgical centre 
• Diagnosis uncertain 
• Fully conscious but with a skull fracture or following first fit (admit and consider CT 
scan) 

Box 20.3 Indications for CT scanning in a general hospital

Without preliminary head CT 

• Coma (not obeying commands) even after resuscitation and even without a skull fracture
• Deterioration in the level of consciousness of more than two GCS points or progressive 
neurological deficit 
• Open injury, depressed skull fracture, penetrating injury or basal skull fracture 
• Tense fontanelle in a child 
• Patient fulfils criteria for CT but this cannot be performed within a reasonable time (3–4 
h)

After CT scan in a general hospital

• Abnormal CT (preferably after neurosurgical opinion on electronically transferred 
images) 
• CT normal but patient's progress unsatisfactory

Box 20.4 Criteria for neurosurgical referral of head-injured patients

The fundamental requirement during transfer is to ensure adequate tissue oxygen delivery and to maintain stable perfusion. The head-
injured patient is at risk of respiratory compromise and this risk is increased during transfer. We would recommend that any patient 
with a significantly altered conscious level should be sedated, intubated and ventilated during transfer. There is no place for 
transferring unstable patients to neurosurgical units. A patient persistently hypotensive, despite resuscitation, must be investigated 
thoroughly and the cause of hypotension identified and treated prior to transfer. The transferring team must ensure that all lines and 
tubes are secured before transfer, that they have sufficient supply of drugs and portable gases and that there is enough power in 
battery-operated monitoring equipment for the duration of the journey.

Monitoring during transfer should be of a standard appropriate to a patient in intensive care and we would recommend that this 
should include invasive arterial blood pressure monitoring, central venous pressure monitoring, where indicated, and the use of 
capnography. The transferring doctor must have appropriate experience in the transfer of patients with head injuries, should be 
familiar with the pathophysiology and management of such a patient and with the drugs and equipment they will use. It is also of 
paramount importance to discuss the patient with the neurosurgical centre at an early stage, so that treatment priorities can be decided 
upon and that the receiving team is prepared for the arrival of the patient (Box 20.5). The
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• Patient's age and past medical history (if known) 

• History of injury 
        Time of injury 
        Cause and mechanism (height of fall, approximate impact velocity)

• Neurological state 
        Talked or not after injury 
        Consciousness level on arrival at A&E dept 
        Trends in consciousness level after arrival (sequential GCS)
        Pupil and limb responses

• Cardiorespiratory state 
        Blood pressure and pulse rate 
        Arterial blood gases, respiratory rate and pattern

• Injuries 
        Skull fracture 
        Extracranial injuries

• Imaging findings 
        Haematoma, swelling, other

• Management 
        Airway protection, ventilatory status 
        Circulatory status and fluid therapy (mannitol)
        Treatment of associated injuries 
        (? emergency surgery) 
        Monitoring 
        Drug doses and times of administration

Box 20.5 What the neurosurgical centre needs to know at time of referral

care of the transferring doctor does not end at the door of the receiving hospital but continues until he or she ensures that the stability 
of the patient is maintained and a full and accurate handover to the receiving team is made. A copy of the neurosurgical transfer letter 
used in our region can be seen in Figure 20.1.

Intraoperative Management

Head-injured patients may require anaesthesia for treatment of the primary neurological pathology or for the treatment of a non-
neurological injury (e.g. fixation of compound fractures). The optimal timing of such operations is debatable and the decision to 
operate must be made only after thorough consideration by trauma, neurosurgical and neurointensive care teams. Recent evidence 
suggests that early long bone fracture fixation may lead to a greater risk of intraoperative hypoxaemia and hypotension.76 Since these 
are the principal factors contributing to secondary brain injury, the benefits of operating at an early stage after major trauma must be 
qualified by the potential for further damage to the brain.

For any operation on the head-injured patient, management priorities remain the avoidance of cerebral ischaemia, optimization of 
CPP and the prevention of intracranial hypertension.

Intraoperative care of the head-injured patient does not begin with knife to skin but should be a direct continuation of the 
resuscitation and stabilization process in the neurointensive care unit or the accident and emergency department. Transfer of the 
patient to and from the operating table must be achieved without subjecting the patient to hypotension or hypoxaemia. As the 
patient's head is inaccessible during the operation, the anaesthetist must ensure, before the patient is prepared and draped, that all the 
pressure points are padded, the eyes are protected, the endotracheal tube is secured and ventilation is adequate for maintaining good 
gas exchange. Venous drainage must not be obstructed with excessive neck rotation, ties or high inflation pressures. There is no point 
in employing pharmacological methods of controlling ICP to treat intraoperative brain swelling until these simple measures have 
been undertaken.

Because of the dangers of even short periods of cerebral hypoperfusion or hypoxia, it is essential that the patient is continuously and 
adequately monitored throughout the operation and throughout the transfer to and from the operating environment. Monitoring 
should include ECG, temperature, urine output, pulse oximetry and invasive systemic blood pressure. Special emphasis should be 
placed on end-tidal CO2 monitoring as a means of continuously assessing the level of hyperventilation and a comparison with PaCO2 
is advisable. Central venous and/or pulmonary artery pressure monitoring, particularly in the elderly and in those with cardiac 
disease, will allow a more rational approach to fluid replacement, particularly in those patients requiring inotropic support to 
maintain an adequate CPP. In patients with neurological injury who require non-neurological surgical intervention, ICP monitoring is 
recommended especially if large intraoperative fluid shifts are possible. Intracranial pressure, cerebral venous oxygen saturation 



   

(SJO2) monitoring and the use of transcranial Doppler (TCD) are discussed in detail in the respective chapters.

It is now accepted that head-injured patients do not have reduced anaesthetic requirements.77,78 Inadequate
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Figure 20.1 
A copy of the East Anglia neurosurgical transfer letter.
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anaesthesia will allow the surgical stimulus to increase CMRO2, CBF and ICP. The choice of anaesthetic agent and technique will 
depend on the patient's preoperative neurological status, his preoperative medical conditions and the presence of associated injuries. 
There is simply no evidence that a particular approach is better for anaesthetizing the patient with head injury. However, most 
commonly recommended methods have these goals in common:

• smooth induction without sudden or pronounced changes in blood pressure;

• maintenance of adequate CPP;

• preventing rises in CMRO2, CBF and ICP;

• a rapid postoperative emergence, if desired.

The choice of maintenance agent should reflect these goals. In general, nitrous oxide and the inhalational agents are best avoided 
because of their effect on autoregulation, CBF and ICP.79,80 Although nitrous oxide maintains autoregulation and CO2 reactivity, it 
has been shown to stimulate cerebral metabolism, resulting in vasodilatation and increased CBF.81 For this reason, its use in the 
head-injured patient is discouraged.

The inhaled volatile anaesthetic agents affect both CBF and autoregulation. The net effect of inhalational agents is to increase the 
CBF but their action on CBF is twofold. As all the inhalational agents tend to reduce cerebral metabolism, we would expect a 
corresponding reduction in CBF. The decrease in CBF, however, is overridden by a direct cerebral vasodilatory effect, partly 
mediated by nitric oxide. This vasodilatory effect increases with the dose of anaesthetic agent. Thus, although the increase in CBF 
produced by isoflurane, halothane and desflurane may be small at low doses, it is dose dependent and CBF may markedly increase at 
higher doses. This increase is further exaggerated when CMRO2 is depressed, as may be the case in the head-injured patient.80 
Sevoflurane appears to be the ''least" cerebral vasodilatory inhalational agent available at present.82

As blood pressure and CPP fluctuate in response to surgical stimulus, anaesthetic agents that maintain autoregulation and CO2 
reactivity will allow stable cerebral haemodynamics. Inhalational anaesthetics, with the exception of sevoflurane, impair both the 
ability to autoregulate (static autoregulation), and the rate of autoregulation (dynamic autoregulation) in a dose-dependent manner.79 
In addition, the inhalational agents impair CO2 reactivity. In contrast, sevoflurane has been shown to maintain static autoregulation 
and preserves dynamic autoregulation and CO2 reactivity better than the other commonly used volatile anaesthetic agents.83 The 
reported epileptogenic side effects of enflurane prohibit its use in neuroanaesthesia.

Opioids have very little effect on CBF and metabolism but the newer synthetic opioids, fentanyl, sufentanil and alfentanil, have been 
shown to cause an increase in ICP in patients with head injury. This increase is thought to be secondary to respiratory depression and 
hypotension. These agents should therefore be used with great care to avoid systemic hypotension. Remifentanil, the recently 
introduced opioid agent with an ultra-short half-life, will probably affect ICP via its hypotensive effect.

We prefer to use a total intravenous anaesthetic technique of propofol and fentanyl infusions. Propofol reduces CMRO2, CBF and 
ICP. It does not impair autoregulation and CO2 reactivity, even at high enough doses to produce electroencephalographic 
isoelectricity.84 The reduction in CMRO2 with propofol anaesthesia may be neuroprotective. The patient's lungs are ventilated with 
O2/air mixture to maintain mild hypocapnia. Although prolonged excessive hyperventilation is associated with poor neurological 
outcome, acute hyperventilation may be essential to reduce ICP in the head-injured patient.85 Hypocapnia induces cerebral 
vasoconstriction and the resultant decrease in CBF and ICP may improve cerebral perfusion pressure. However, excessive cerebral 
vasoconstriction has been shown to cause cerebral ischaemia and hyperventilation must be used with great care. Should a PaCO2 
lower than 4 kPa be required, monitoring cerebral oxygenation with a jugular venous bulb catheter is advisable. Jugular bulb 
oximetry, though unable to detect local ischaemia, is a good indicator of the adequacy of CBF and global cerebral oxygenation. 
Hyperoxia can be used as a temporary measure to improve cerebral oxygen delivery during marked hyperventilation.86,87

Neuromuscular blockade should be maintained intraoperatively in all head-injured patients to prevent coughing or straining and the 
extent of neuromuscular block monitored with a neuromuscular stimulator.

The use of neuroprotective treatment regimens in the patient with moderate or severe head injury is of secondary importance to the 
maintenance of cerebral oxygenation, the avoidance of hypotension and the control of intracranial pressure. Hyopthermia has 
theoretical advantages in that it reduces CMRO2, the production of cytokines, free radicals and glutamate and has been shown to be 
of benefit in animal studies.88 Although conclusive outcome data are still lacking, a recent study in humans suggested that moderate 
hypothermia for 24 h was beneficial in improving outcome of head-injured patients with
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admission GCS of 5–7.89 As hypothermia is not without its complications, mainly increased systemic vascular resistance and 
myocardial work and potential coagulation abnormalities, it cannot, therefore, be recommended as first-line treatment in head-injured 
patients. Hyperthermia, however, has been shown to adversely affect outcome and must be aggressively treated.90

As mentioned previously, the loss of pressure autoregulation in the damaged brain occurs frequently and results in the CBF varying 
directly with the patient's systemic blood pressure. Intraoperative hypotension can cause a marked reduction in the CBF and this 
reduction is reflected in significantly worse outcomes in those patients experiencing a prolonged fall (>5 min) in blood pressure 
during their operation. Pietrapaoli et al91 demonstrated an 82% mortality in patients experiencing intraoperative hypotension, 
compared with a 25% mortality in those who remained normotensive. In addition, the duration of intraoperative hypotension was 
related directly to worsening outcomes. We would advocate, therefore, the use of early and sufficient resuscitation with intravenous 
fluids and blood and a low threshold for the appropriate use of inotropic support to maintain CPP.

The statistics in children with head injury also serve to emphasize the importance of the avoidance of hypoxia and hypotension. 
Pigula et al92 showed a mortality of 22% in children with severe head injury with normal systemic blood pressures and PaO2 levels 
on admission. However, in children who were hypotensive on admission, the mortality increased to 61% and, if the child was also 
hypoxaemic, mortality was closer to 85%.

The maintenance of normotension in the head-injured patient undergoing surgery is made more difficult by some of the problems and 
physiological effects associated with intracranial mass lesions. An acute intracranial lesion (subdural or extradural haematoma) with 
mass effect is normally accompanied by intense sympathetic stimulation leading to an increase in systemic vascular resistance. 
Surgical evacuation of such a lesion is commonly associated with an abrupt decrease in the blood pressure at the time of 
decompression. It is important to make sure that hypovolaemia is not concealed by this increased systemic vascular resistance. 
Patients who are able to compensate for hypovolaemia by systemic vasoconstriction and tachycardia may have a precipitous fall in 
blood pressure with cardiovascular collapse at the time of surgical decompression. Therefore, a high index of suspicion is needed in 
the management of those patients who are tachycardic and normotensive, with early initiation of vigorous fluid therapy, meticulous 
attention to the blood pressure and prompt treatment of hypotension with intravenous fluids and, if necessary, vasopressors at the 
time of decompression.

Although haemodilution reduces blood viscosity and may theoretically improve blood flow through the microcirculation, 
haemodilution therapy in patients with cerebral ischaemia has failed to support this contention.93 Haemodilution does not produce an 
increase in tissue PO2 and therefore cannot be recommended as a therapeutic manoeuvre in those at risk of cerebral ischaemia.94 
Blood transfusion is advocated for maintaining adequate cerebral oxygen delivery.

Recovery

Patients with severe head injury requiring surgery generally need continuing postoperative care in the neurointensive care unit and 
they should remain paralysed and ventilated at the end of the procedure. In patients with mild to moderate head injury (GCS between 
12 and 15) undergoing evacuation of an epidural or subdural haematoma, it is not unreasonable to allow the patient to wake up at the 
end of the procedure. A rapid return to consciousness permits early clinical assessment and the detection of unexpected neurological 
deficit. This emphasis on rapid emergence makes the maintenance of haemodynamic stability difficult. Care must be taken to avoid 
excessive coughing and bucking which may cause not only a transient increase in ICP but, more importantly, an increased risk of 
venous bleeding. Uncontrolled hypertension on emergence may be responsible for intracerebral haemorrhage following neurosurgical 
procedures. Intravenous lignocaine (up to 3 mg/kg in divided doses) can be given during emergence to suppress coughing without 
significant effect on ventilation. Rises in blood pressure can be controlled with β-blockers. Finally, it is important to make sure that 
the patient is awake, can protect his or her airway, is able to maintain oxygenation and is normocapnic before extubation in order to 
avoid increases in ICP.

Conclusion

The principal aim of managing the severely head-injured patient is the prevention of secondary neuronal injury. The greatest impact 
on outcome is made by the institution of adequate and early resuscitation, by the availability and involvement of multidisciplinary 
teams and by the maintenance of adequate oxygenation and cerebral perfusion pressure throughout the entire posttraumatic period.
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Introduction

Approximately 1.4 million patients suffer a head injury in the United Kingdom each year1 and about 2500 of these suffer a severe 
head injury2 (defined as a postresuscitation Glasgow Coma Score3 <8) (Table 21.1). Head injury is responsible for 15% of deaths 
between 15 and 45 years2 and is one of the most important causes of death in this age range. There is enormous variability in the 
inpatient case fatality rate for all head injuries (2.6–6.5%)4 and for severe head injury (which ought to represent a more homogeneous 
subgroup of patients) from US and UK centres, with mortality ranging from 15% to over 50%.5 Conversely, good outcomes, defined 
as a Glasgow Outcome Scale6 of 1 or 2 (Box 21.1), vary from under 50% to nearly 70%.5 Identification of the cause of such 
variability is important if overall outcome is to improve.

Determinants of Outcome in Acute Head Injury:
Primary vs Secondary Insults

Little can be done about the extent of primary injury to the brain when patients present to intensive care following head trauma but 
the presence and severity of secondary neuronal injury, much of which is triggered by physiological insults to the injured brain, can 
be a major determinant of outcome.7,8 Eloquent proof of the importance of such secondary neuronal injury is available from the 30–
40% of patients who 'talk and die',9 implying that the primary injury was, on its own, insufficient to account for mortality.

The most important physiological insults that affect outcome are listed in Table 21.2, and can be graded for severity with respect to 
their expected effect on secondary neuronal injury.10,11 It is, however, essential to emphasize that rapid resuscitation and transport to 
definitive neurosurgical care are critical determinants of outcome.11,12,13 The severity of physiological insults, both immediately after 
injury and during the ICU phase of the illness, can be related to outcome (Table 21.2).10,11 Physiological insults are additive in their 
effect on outcome, both when multiple insults (e.g. hypoxia and hypotension) occur at the same time point or when the same insult 
occurs repeatedly (e.g.

1 = Good recovery 
2 = Moderate disability 
3 = Severe disability 
4 = Vegetative state 
5 = Dead 

Many studies dichotomize the scale to good outcome (1 and 2) and poor outcome (3–
5).

Box 21.1 Glasgow Outcome Scale

Table 21.1 Glasgow Coma Scale and Score

Parameter 15-point adult scale (from3)  Paediatric scale*  
Eye opening Spontaneous 4 As for adults  

 To sound 3   

 To pain 2   

 None 1   
Best verbal response Orientated 5 Orientated 5

 Confused 4 Words 4

 Inappropriate words 3 Vocal sounds 3

 Incomprehensible sounds 2 Cries 2

 None 1 None 1

Best motor response Obeys commands 6 Obeys commands 5

 Localizes pain 5 Localizes pain 4

 Flexion withdrawal 4 Flexion 3

 Flexion abnormal 3 Extension 2

 Extension 2 None 1

 None 1    
Maximum sum  15  14

*Simpson DA, Reilly PL. Paediatric coma scale (letter). Lancet 1982; ii: 450.
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Table 21.2 Physiological insults following head injury 
and their relation to outcome

Insult Significant relation to

 Mortality Grades within GOS

Duration of hypotension (SBP <90 mmHg) Yes Yes

Duration of hypoxia (SpO2 <90%) Yes No

Duration of pyrexia (Tcore >38°C) Yes No

Intracranial hypertension (ICP >30 mmHg) Yes No

Cerebral perfusion pressure (CPP <50 mmHg) Yes No

Significance was demonstrated using a logistic regression model except for CPP, where this was 
not possible due to the confounding effects of ICP and MAP. However, a CPP <50 mmHg was 
shown to independently predict outcome using non-parametric statistics. Data are from ref10, 
which showed that 91% of all patients had one or more physiological insults during the course of 
their ICU stay.

hypotension in the prehospital and ICU phases of the illness). The intensive care of head injury centres on avoiding, detecting and 
treating such physiological derangements in the expectation that outcome will be improved.

Targets for basic intensive care practice in this area have been widely debated and been the subject of systematic review, with the 
recent publication of guidelines in both the US and European literature.14,15 These involve monitoring for secondary physiological 
insults and preventing or treating these. Novel neuroprotective agents may hold considerable promise in the future but their general 
failure in clinical phase III trials16,17 suggests that these drugs are unlikely to materially alter outcome in the short term.

However, there appears to be much room for improvement in conventional clinical practice. A series of telephone and postal surveys 
suggest that basic recommendations for monitoring and general intensive care in severe head injury have not been consistently 
followed in many neurosurgical centres in the USA and UK. As an example, intracranial pressure (ICP) was monitored in only half 
the centres surveyed.18,19,20 While preliminary results suggest that this situation may now be improving,21 it is important to 
emphasize that the application of novel neuroprotective therapies is futile if stable cardiorespiratory and cerebrovascular physiology 
cannot be achieved.

Pathophysiology in Acute Head Injury

The severity and type of impact will substantially influence the structural lesions that ensue as a result of head injury (Fig. 21.1). The 
acceleration-deceleration forces produced by falls and motor vehicle accidents can produce axonal dysfunction and injury, brain 
contusions and axial and extraaxial haematomas. Such macroscopic injury is associated with microscopic and ultramicroscopic 
changes, including ischaemia, astrocyte swelling with microvascular compromise, blood–brain barrier disruption and inflammatory 
cell recruitment16,22 (Fig. 21.2). These microscopic changes are underpinned by early, multiphasic gene activation and later 
recruitment of repair mechanisms. Several secondary neuronal injury processes have been classically associated with fatal brain 
trauma, the most consistent one of which is cerebral ischaemia.24 Mechanisms involved in secondary neural injury include excitatory 
amino acid (EAA) release, intracellular calcium overload, free radical-mediated injury and activation of inflammatory processes (Fig. 
21.3).22–24 There is also good evidence now that there is a local inflammatory response in the human brain following a variety of 
insults,16,25,26 with production of proinflammatory cytokines and adhesion molecule upregulation.27,28 These changes result in early 
neutrophil influx and later recruitment of lympho-

Figure 21.1 
Effect of the duration and magnitude 
of acceleration/deceleration forces on 

the type of injury produced in the brain.
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Figure 21.2 
Sequential activation of injury processes in acute head injury.

cytes and macrophages and transformation of microglial cells into dendritic antigen-presenting cells.29 These mononuclear cells may 
then contribute to the later stages of a prolonged inflammatory response, which may be associated with the laying down of amyloid. 
Indeed, head injury is a recognized risk factor for amyloid deposition in the brain and for Alzheimer's disease.30,31 Further, the risk of 
these outcomes is related to an individual's apolipoproteinE (ApoE) genotype,30,31 with an increased risk conferred by possession of 
the ApoE∈4 genotype. Even more intriguingly, the ApoE∈4 genotype has been shown to directly affect outcome in patients admitted 
with a severe head injury.32 Identification of such genetic influences on outcome may enable us, in the future, to select high-risk 
patients for intensive neuroprotection strategies.

There is an intimate and continuing interplay between the processes described above. Intracranial haematomas may not only raise 
ICP and worsen cerebral hypoxia but may also be responsible for EAA release, inflammation and microvascular dysfunction. The 
microvascular dysfunction, in turn, may limit the ability of the injured brain to cope with minor variations in physiology, with 
elevation of the lower limit of autoregulation to a CPP of 60–70 mmHg, in contrast to normal individuals who tend to maintain 
cerebral blood flow down to CPP values of 50 mmHg. At later stages, the presence of extravascular blood may predispose to large 
vessel spasm, with the potential for distal hypoperfusion and ischaemia.

These varied consequences of a single structural pathology are well reflected by sequential changes in cerebrovascular physiology 
that are observed following head injury. Classically, cerebral blood flow (CBF) is thought to show a triphasic behaviour.33 Early after 
head injury (<12 h), global CBF is reduced, sometimes to ischaemic levels. Between 12 and 24 h postinjury, CBF increases and the 
brain may exhibit supranormal CBF. While many reports refer to this phenomenon as hyperaemia, the absence of consistent 
reductions in cerebral oxygen extraction suggests retention of flow–metabolism coupling and a more appropriate label of 
hyperperfusion. CBF values begin to fall again several days following head injury and in some patients, these reductions in CBF may 
be associated with marked increases in large vessel flow velocity on transcranial Doppler ultrasound that suggest vasospasm.

These haemodynamic responses also define the vascular contribution to ICP elevation in time.22 Immediately after head injury there 
is no vascular engorgement and though a transient blood–brain barrier (BBB) leak has been reported immediately after impact in 
experimental animals, this phenomenon is too shortlived to be clinically appreciated. Apart from surgical lesions (e.g. intracranial 
haematomas), ICP elevation during this phase is commonly the consequence of cytotoxic oedema, usually secondary to cerebral 
ischaemia. Increases in CBF and cerebral blood volume (CBV) from the second day postinjury onward make vascular engorgement 
an important contributor to intracranial hypertension. The BBB appears to become leaky between the second and fifth days 
posttrauma and vasogenic oedema then contributes to brain swelling. Unfortunately, patients vary enormously and different 
mechanisms responsible for intracranial hypertension may operate concurrently even within a single individual at any given time 
point. However, the discussion above does provide a useful basis on which to select initial 'best guess' therapy in an individual 
patient, especially when data from multimodality monitoring are also available to help guide therapy choices.

Monitoring in Acute Head Injury

None of the monitoring techniques and interventions that are widely used by specialist centres in severe head injury have ever been 
subjected to prospective randomized control trials. Indeed, some procedures such as ICP monitoring are now so widely accepted as 
being central to the management of patients with severe head injury that it may have become ethically impossible to mount a 
randomized trial addressing the efficacy of the procedure. However, the large body of
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Figure 21.3 
Induction of inflammatory responses following acute brain injury: TNFα, IL-1β and IL-6 are 

secreted by astrocytes and microglial cells, with later production of chemokines, including IL-8, 
cytokine-induced neutrophil chemotactic factor (CINC), monocyte chemoattractant protein-1 

(MCP-1) and monocyte chemotactic and activating factor (MCAF, which attracts monocytes and 
macrophages). Leucocytes attracted by these chemokines subsequently interact with adhesion 

molecules such as P- and E-selectin and intercellular adhesion molecule-1 (ICAM-1). The initial 
cellular response is mainly polymorphonuclear (PMN) and later cellular responses predominantly 

consist of invading macrophages and CD4+ lymphocytes. These cells, along with microglia-derived 
HLA-DQ+ tissue macrophages with the morphology of dendritic antigen-presenting cells (DAPC), 

may be responsible for a sustained inflammatory response, the magnitude of which may show genetic 
polymorphism. TNF? also produces activation of the nuclear factor NFkB, which has wide ranging 
effects (from Menon DK. Cerebral protection in severe brain injury. Br Med Bull 1999 (in press).

clinical evidence that supports the use of many of these interventions provides a relatively strong basis for their recommendation as 
treatment guidelines.

Defining Therapeutic Targets: 
A Rational Approach to Selecting Monitoring Modalities

Basic physiology suggests the benefit of maintaining cerebral blood flow and oxygenation and these assumptions are confirmed by 
data from the Traumatic Coma Data Bank (TCDB)11,34 and from other sources10 which demonstrate the detrimental effects of 
hypotension (systolic blood pressure <90 mmHg) and hypoxia (PaO2 levels < 60 mmHg (8 kPa)) in the early and later phases of head 
injury on outcome. Several studies that have addressed break points for cerebral autoregulation in patients with head injury have 
suggested preserved cerebrovascular autoregulation with maintenance of cerebral blood flow (CBF) at cerebral perfusion pressures 
above 60–70 mmHg.9,35–37 Further, ischaemia is a consistent finding in fatal head injury24 and retrospective studies from several 
groups have suggested that outcome is improved in patients who have fewer episodes of CPP or MAP reduction,36 aggressive CPP 
management38 or



Page 305

retained autoregulation.39 There is, however, some emerging concern that relatively high perfusion pressures may contribute to 
oedema formation post-head injury and at least one group have focused on targeting relatively low cerebral perfusion pressures in 
order to minimize oedema formation.40 Other small studies have shown that outcome may be worsened in patients who suffer 
episodes of jugular venous desaturation below 50%41 or blood glucose elevation.42 There appears to be general agreement that rises 
in body temperature may worsen outcome in acute brain injury.16,43

These findings make several points. First, they suggest that autoregulation may be impaired in these patients, since the CPP 
thresholds for loss of pressure autoregulation are higher than in healthy subjects. Second, they emphasize the importance of 
maintenance of cerebral perfusion pressure, rather than isolated attention to intracranial pressure as a therapeutic target. There are, 
however, data that show that ICP is an independent, albeit weaker, determinant of outcome in severe head injury,43 with levels 
greater than 15–25 mmHg constituting an appropriate threshold for initiation of therapy.

Monitoring Systemic Physiology

The need to maintain cerebral oxygenation and CPP predicate the monitoring required to achieve these therapeutic targets. 
Consequently, monitoring of direct arterial blood pressure along with measurement of ICP are essential for computing and 
manipulating CPP. The need to rationally manipulate mean arterial pressure will also require the placement of a right atrial or 
pulmonary artery catheter as appropriate. Continuous pulse oximetry, regular arterial blood gas analysis, core temperature monitoring 
and regular measurement of blood sugar are also required in order to optimize physiology in these patients.

Global CNS Monitoring Modalities

While the monitoring described above may help to ensure the maintenance of optimal systemic physiology, detection of local 
changes in CNS physiology will require other tools. Commonly used bedside monitoring techniques in this area include transcranial 
Doppler ultrasound for non-invasive estimation of CBF, jugular venous saturation (SjvO2) monitoring and monitoring of brain 
electrical activity. These techniques seek to estimate cerebral blood flow in the presence of an adequate CPP, estimate the adequacy 
of oxygen delivery to the brain and document the consequences of possible oxygen deficit or drug therapy on brain function 
respectively.

Intracranial Pressure Monitoring6,44

The need to optimize CPP predicates the requirement of monitoring ICP in all patients with severe head injury. Clinical signs of 
intracranial hypertension are late, inconsistent and non-specific. Further, it has been shown that episodic rises in intracranial pressure 
may occur even in patients with a normal X-ray CT scan.45 While intraparenchymal micromanometers (Codman, USA) or fibreoptic 
probes (Camino, USA) are increasingly being used instead of ventriculostomies due to ease of use and a lower infection risk, they are 
more expensive and do not permit CSF drainage for the reduction of elevated ICP.

In addition to static ICP elevation, patients with head injury may develop phasic increases in ICP, often triggered by cerebral 
vasodilatation in response to a fall in CPP (Fig. 21.4). 'A-waves' tend to occur on a high

Figure 21.4 
Vasodilatory/vasoconstrictor cascades (after Rosner). 

On the left, changes in cerebral blood volume 
(CBV) induced by vasodilatory responses to CPP 
reduction tend to increase ICP and further reduce



   

CPP, resulting in a vicious circle. Conversely 
(right panel), CPP elevation will not only improve 
cerebral perfusion but also trigger autoregulatory 

vasoconstriction and reduce CBV and ICP.
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baseline pressure and elevate ICP to 50–100 mmHg for several minutes, usually terminated by a marked increase in mean arterial 
pressure consequent to a Cushing response which results in catecholamine secretion. Shorter lived fluctuations lasting about a minute 
are referred to as B-waves. The frequency of both A and B-waves may be decreased by increasing MAP, thus preventing the reflex 
cerebral vasodilatory cascade that initiates CBV increases and ICP elevation.

Transcranial Doppler (TCD) Ultrasonography

Reductions in middle cerebral artery flow velocity (MCA FV) provide a useful marker of reduced cerebral perfusion in the setting of 
intracranial hypertension but episodic rises in ICP may also be caused by hyperaemia, which may be diagnosed by increases in TCD 
FV. Transcranial Doppler ultrasonography can also be used as a non-invasive monitor of cerebral perfusion pressure. As the ICP 
increases and cerebral perfusion pressure correspondingly decreases, a characteristic highly pulsatile flow velocity pattern is seen. 
Continuing increases in ICP result first in a reduction and then loss of diastolic flow, progressing to an isolated systolic spike of flow 
in the TCD waveform and eventually to an oscillating flow pattern which signifies the onset of intracranial circulatory arrest.37,46 The 
pulsatility index (PI) is one way of mathematically describing the waveform pattern and correlates more with cerebral perfusion 
pressure than with ICP.47 This form of monitoring may become particularly useful in centres where ICP measurements are not 
routinely used (such as district general hospitals) or in patients in whom ICP monitoring is unavailable or may not be clearly 
indicated (e.g. mild closed head injury). Cerebral vasospasm results in increases in TCD flow velocity, as blood is pushed through 
narrow arterial segments into a widely dilated microvascular bed.33,48–50

The loss of cerebral pressure autoregulation and vasoreactivity to CO2 are indicators of poor prognosis after head injury.51,52 Classic 
tests of autoregulation involve recording TCD responses to induced changes in mean arterial pressure. Cerebral autoregulatory 
reserve is also assessed by the transient hyperaemic response test53 (THRT). More recent algorithms constantly assess autoregulation 
by on-line calculation of changes in MCA FV in response to small spontaneous alterations in MAP.39 Such analysis permits the on-
line calculation of indices of cerebrovascular reactivity and compensatory reserve, which may allow prediction rather than recording 
of physiological behaviour, and facilitates the selection of patients for intensification of therapy.

Jugular Venous Oximetry

Classically right jugular venous oximetry has been used to assess the adequacy of CBF in head injury but a case can be made for 
targeting the side of injury or for using bilateral catheterization.54 Reductions in SjvO2 or increases in arteriojugular differences in 
oxygen content (AJDO2) to greater than 9 ml/dl provide useful markers of inadequate CBF55 and can guide therapy,56 and SjvO2 
values below 50% have been shown to be associated with a worse outcome in head injury.41 Conversely, marked elevations in SjvO2 
may provide evidence of cerebral hyperaemia. While SjvO2 monitoring has been widely used in head injury, it is technically difficult. 
The use of continuous SjvO2 monitoring with a fibreoptic catheter will detect episodes of cerebral desaturation associated with 
intracranial hypertension, hypocapnia, systemic hypotension and cerebral vasospasm but as many as half of the episodes identified as 
cerebral desaturation (SjvO2<50%) may be false positives.57

Newer Techniques for Brain Oximetry

The major deficiencies of jugular venous oximetry are its invasiveness and the poor reliability of signal obtained. Other techniques 
that have been employed investigationally in acute head injury include near infra-red spectroscopy (NIRS),57,58 direct tissue 
oximetry59,60 and cerebral microdialysis.61,62,63 These techniques are discussed elsewhere in this book.

Cerebral Blood Flow Measurement

Despite the neuropathological evidence of ischaemia in fatal head injury, antemortem evidence of ischaemia from CBF studies was 
unconvincing in early studies.64 CBF reductions were generally modest in the first few days following injury. Further, most patients 
exhibited AJDO2 in the normal range, implying that the CBF reductions were appropriately coupled to decreases in cerebral 
metabolic rates for oxygen (CMRO2).64 Two different approaches have provided explanations for these observations. Ultra early (<12 
h) CBF measurements after head injury have provided clear evidence that over 30% of patients exhibit global CBF reductions below 
commonly accepted ischaemic thresholds (<18 ml/100 g/min).65 Later measurements in this study showed elevation of CBF to non-
ischaemic levels by 24–48 h post-injury (Fig. 21.5).65 These findings have been generally confirmed by other studies.33 However, 
even at early time points, AJDO2 remained relatively low despite a markedly low CBF (Fig. 21.5), with few patients demonstrating 
increases above 9 ml/100 ml.33,65
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Figure 21.5 
Global CBF (bars show means + standard error), 
percentage of patients below ischaemic threshold 
(solid circles and lines), and AVDO2 (circles in 

upper panel) in the first 48 h following head 
injury (redrawn from data in reference65).

One explanation for the conflict between these clinical findings and the neuropathological evidence of ischaemia66 may be found in 
the physiological heterogeneity in the injured brain. Both conventional monitoring methods and newer techniques are limited by the 
fact that they detect either globally averaged or highly localized abnormalities in cerebral physiology and may be unable to detect 
regional abnormalities in the metabolically heterogeneous injured brain.

Imaging Physiology and Metabolism in Head Injury

The need to detect changes in regional physiology and the insensitivity of structural imaging changes (as detected by X-ray CT or 
conventional MRI) to early, reversible pathology have lead to the conclusion that there is a need to image physiology and metabolism 
in such patients. Marion et al67 used stable xenon-enhanced CT to confirm that CBF values were reduced in the first 24 h following 
head injury. However, global CBF misrepresented regional CBF values in 48% of subjects and lobar or basal ganglia levels were 
often higher than might have been expected from global values.67 They also demonstrated variations in global and regional perfusion 
patterns in different structural pathologies, with lowest perfusion in patients with diffuse swelling or bihemispheric contusions. 
Bouma et al68 confirmed the presence of early ischaemia and demonstrated reductions in hemispheric CBF on the side of intracranial 
haematomas. Several studies have demonstrated marked heterogeneity in perfusion patterns and CO2 reactivity in the injured brain, 
especially in the vicinity of contusions.67–69 In recent studies we have shown (Fig. 21.6) that moderate reductions in PaCO2 (to 4.2 
kPa in some instances) can decrease CBF to values below well-recognized ischaemic thresholds (<20 ml/100 g/min).70 The 
development of these ischaemic areas is not reflected by reductions in jugular bulb oxygen saturations below commonly accepted 
thresholds for ischaemia (<55%). Recent interest has focused on increased uptake of the PET tracer 18F-deoxyglucose around 
contusions and adjacent to haematomas, which are probably unaccompanied by increases in oxygen metabolism.71,72 These data 
concur with previous animal studies and imply cerebral hyperglycolysis (anaerobic glucose utilization) and may represent metabolic 
changes associated with local epileptiform activity, high ECF glutamate or inflammatory activation.

Multimodality Monitoring

While individual monitoring techniques provide information regarding specific aspects of cerebral function, the correlation of data 
from several modalities has several advantages in head injury management. Integration of monitored variables allows crossvalidation 
and artefact rejection, better understanding of pathophysiology and the potential to target therapy.

Therapy

Achieving Target CPP Values

Most centres agree on the need to maintain cerebral perfusion by keeping CPP above 60–70 mmHg, either by decreasing ICP or by 
increasing MAP. While MAP is usually maintained with volume expansion, inotropes and vasopressors, the relative efficiency of 
each of these interventions in maintaining CPP has not been investigated. Indeed, we have no data on the safety of high doses of 
vasoactive agents in the presence of blood–brain barrier disruption. Drainage of CSF (where possible), mannitol administration, 
hyperventilation and the use of CNS depressants (typically barbiturates) have all been used to reduce ICP.

The debate in this area has focused on the means of optimizing CPP at a level above 70 mmHg (although some proponents would 
quote a substantial body of data to justify a target of 60 mmHg).9,35–39,56 Rosner et al38 have been the most enthusiastic proponents of 
the use of hypervolaemia and hypertension to increase MAP and induce secondary reductions in ICP. Cruz,56
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Figure 21.6 
PET rCBF scan showing effect of hyperventilation in the first 24 h 

following head injury. Despite the maintenance of SjvO2 at acceptable 
levels, hyperventilation results in marked increases in the volume of brain 

tissue (outlined) below an ischaemic CBF threshold (20 ml/100 g/min).

on the other hand, has proposed the use of 'optimized hyperventilation' (guided by SjvO2 monitoring) to reduce ICP and hence 
increase CPP. It is likely that several different pathophysiological mechanisms coexist in individual patients and both approaches are 
likely to have a role if applied appropriately. It must be remembered that both hyperventilation and induced hypertension have clearly 
recognized systemic and cerebral side effects and their extent of use will also be limited by a risk:benefit ratio.73

The recent advent of intraparenchymal manometers or fibreoptic devices for measuring ICP has reduced infection risk but removed 
automatic access to ICP drainage in such patients. This change in practice bears review in the light of data quoted in the Brain 
Trauma Foundation guidelines for the management of severe head injury, which provide circumstantial evidence supporting the 
increased use of CSF drainage for ICP control.5

The Lund Protocol

In contrast to discussions above, publications from one centre40,74 describe the use of a protocol that focuses primarily on the 
prevention and reduction of cerebral oedema rather than maximizing cerebral perfusion. This protocol accepts CPP values as low as 
50 mmHg in adults, with reduction of mean arterial pressures using a combination of clonidine and metoprolol and reduction of 
cerebral blood volume with dihydroergotamine and low-dose thiopentone (used as a sedative). Plasma oncotic pressure was increased 
by transfusing albumin or plasma to maintain normal albumin levels. These papers report excellent results with this regime (8% 
overall mortality and 79% good outcome) which compare well with those from centres using conventional CPP-guided therapy. 
However, they used historical controls and there is some doubt as to whether the data are truly comparable to those obtained from 
other centres. In any case, their
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impressive outcome figures demand further investigation and it may well be that optimal CPP levels may vary widely, both between 
patients and at different stages after head injury in the same patient.75

Ventilatory Support and the Use of Hypocapnia for ICP Reduction

It is generally agreed that patients with a GCS of <8 require intubation for airway protection and that such patients should receive 
mechanical ventilatory support in order to ensure optimal oxygenation and PaCO2 control. Airway control and ventilation are also 
required for patients with ventilatory failure, central neurogenic hyperventilation or recurrent fits.

Hyperventilation, once the mainstay of ICP reduction in severe head injury, is now the subject of much debate.76,77 The aim of 
hyperventilation is to reduce cerebral blood volume and hence ICP but this is accompanied by a reduction in global cerebral blood 
flow, which may drop below ischaemic thresholds.41,56,64 Such ischaemia can be documented using jugular bulb oximetry and while 
conclusive data are not available, it is possible that these consequences may worsen outcome, especially when hyperventilation is 
prolonged or profound.78 More recent studies have shown that hyperventilation may result in significant focal reductions in rCBF, 
shown by contrast-enhanced dynamic computed tomography or positron emission tomography,69,70,79 which are undetected by global 
measures of cerebral oxygenation such as SjO2 monitoring. In addition to concerns regarding ischaemia, hyperventilation may have 
only short-lived effectiveness in decreasing ICP due to compensatory reductions in cerebral extracellular fluid (ECF) bicarbonate 
levels, which rapidly restore ECF pH in normal subjects.80 Although there is some evidence that these compensatory changes may be 
delayed after head injury,64 it is likely that they will, over time, attenuate the effect of low PaCO2 levels on vascular tone and result in 
rebound increases in cerebral blood volume and ICP when PaCO2 is subsequently normalized. It has been suggested that the use of 
the diffusible hydrogen ion acceptor, tetra-hydro-aminomethane (THAM), may restore ECF base levels and cerebrovascular CO2 
reactivity. While such an approach has been shown to lower ICP and the need for intensification of ICP therapy after head injury, it 
does not alter outcome.80

Fluid Therapy81 and Feeding

Accurate fluid management may be complicated by continuing or concealed haemorrhage from associated extracranial trauma but 
every effort must be made to restore normovolaemia and prevent hypotension. Fluid replacement should be guided by clinical and 
laboratory assessment of volume status and by invasive haemodynamic monitoring but generally involves the administration of 30–
40 m/kg of maintenance fluid per day. The choice of hydration fluid is largely based on inconclusive results from animal data.81 
Fluid flux across the normal BBB is governed by osmolarity rather than oncotic pressure. Consequently, hypotonic fluids are avoided 
and serum osmolality is maintained at high normal levels (290–300 mosm/l in our practice) to minimize fluid flux into the injured 
brain. Dextrose-containing solutions are avoided since the residual free water after dextrose metabolism can worsen cerebral oedema 
and because the associated elevations in blood sugar may worsen outcome.42 Some clinical data are now available to support these 
practices. Qureshi et al82 used 3% saline in patients with brain oedema due to head injury and demonstrated a rise in plasma sodium 
and osmolality and at least temporary reduction in ICP and midline shift. Simma et al83 reported that 1.6% saline, when compared to 
lactated Ringer's solution as maintenance fluid in head-injured children, resulted in lower ICP values, less need for barbiturate 
therapy, a lower incidence of acute lung injury, fewer complications and a shorter ICU stay. While these results are encouraging, it is 
important to balance them against imperfections in the design of both studies and potential side effects of hyperosmolar fluid 
therapy.84

Increases in plasma oncotic pressure might be expected to provide a distinct advantage in situations where blood–brain barrier 
disruption results in leak of sodium into the brain ECF.81 Maintenance of oncotic pressure with albumin supplements is one of the 
cornerstones of the Lund protocol40 and other authors have discussed the advantages of colloid use in this setting. Both albumin and 
gelatins have been used but the haemostatic disturbances produced by hetastarch may potentiate intracranial haemorrhage. Certain 
colloids (such as pentastarch) may be effective in reducing the cerebral oedema associated with cerebral ischaemic and reperfusion 
injury.85 Agents which 'plug leaks' by acting as oxygen free radical scavengers and or by inhibiting neutrophil adhesion may be the 
resuscitation fluids of the future.86

Head-injured patients have high nutritional requirements and feeding should be instituted early (within 24 h), aiming to replace 140% 
of resting metabolic expenditure (with 15% of calories supplied as protein) by the seventh day posttrauma.87 Enteral feeding is 
associated with a lower incidence of hyperglycaemia and may have protective effect against gastric ulceration, the
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incidence of which may be increased in these patients. Impaired gastric emptying, which is common in head injury, can be treated 
with prokinetic agents such as cisapride and metoclopramide.88 In those who cannot be fed enterally, parenteral nutrition should be 
considered together with some form of prophylaxis against gastric ulceration (H2 antagonists or sucralfate) and rigorous blood sugar 
control.

Hyperosmolar Therapy

Mannitol (0.25–1 g/kg, usually as a 20% solution) has traditionally been used to elevate plasma osmolarity and reduce brain oedema 
in the setting of intracranial hypertension.89,90 In addition to its osmotic effects, mannitol probably reduces ICP by improving CPP 
and microcirculatory dynamics.90,91 While it is reported to possess antioxidant activity, this is unlikely to be clinically important. Side 
effects include secondary increases in ICP when the BBB is disrupted, fluid overload from initial intravascular volume expansion and 
renal toxicity from excessive use. These can be minimized if its use is discontinued when it no longer produces significant ICP 
reduction, volume status is monitored and if plasma osmolality is not allowed to rise above 320 mosm/l.90 Hypertonic saline 
solutions (7.5%) are currently being evaluated for small volume resuscitation and may improve outcome in comatose patients 
suffering from multiple trauma.92 Recent reports also highlight the successful use of 23.4% saline for treatment of intracranial 
hypertension refractory to mannitol.93 While more studies are required, it appears hypertonic saline will find a place in the treatment 
of brain swelling.94

Sedation and Neuromuscular Blockade

Intravenous anaesthetic agents preserve pressure autoregulation and the cerebrovascular response to CO2, even at doses sufficient to 
abolish cortical activity,95,96 and decrease cerebral blood flow, cerebral metabolism and ICP.96–99 While the reduction in flow and 
CBV are secondary to a reduction in metabolism, flow–metabolism coupling is not perfect and the decrease in CBF may exceed the 
corresponding decrease in CMRO2, with a widening of the cerebral arteriovenous oxygen content difference.100 Such uncoupled CBF 
reductions may be at least partially due to changes in systemic haemodynamics.

Barbiturates are now less commonly used for routine sedation, owing to the availability of other agents such as propofol which 
possess similar cerebrovascular effects but better pharmacokinetic profiles.101 However, propofol can induce hypotension and 
decrease in cerebral perfusion pressure. The lipid load imposed by a 20 ml/h continuous infusion of propofol must be taken into 
account in the calculation of daily caloric intake. In our hands, the use of 200 μg/kg/min propofol to produce burst suppression for 
long periods has often resulted in unacceptable levels of plasma lipids. These problems with lipid loading have been substantially 
ameliorated by the introduction of a 2% formulation of propofol.

Midazolam is often used in combination with fentanyl and propofol for sedating the patient with head injury. Midazolam reduces 
CMRO2, CBF and CBV with both cerebral autoregulation and vasoreactivity to CO2 remaining intact.102,103 However, these effects 
are inconsistent and transient and even large doses of midazolam will not produce burst suppression or an isoelectric EEG. Opioids 
generally have negligible effects on CBF and CMRO2. However, the newer synthetic opioids fentanyl, sufentanil and alfentanil can 
increase ICP in patients with tumours and head trauma104 due to changes in PaCO2 (in spontaneously breathing subjects) and reflex 
cerebral vasodilatation secondary to systemic hypotension.105,106 These changes can be avoided if blood pressure and ventilation are 
controlled.107–109

Neuromuscular blockade in the head-injured patient receiving intensive care is currently the subject of much debate.110–112 
Neuromuscular blockers can play an important role in the head-injured patient by preventing rises in ICP produced by coughing and 
'bucking on the tube'.112 However, use of these agents is not associated with better outcomes, perhaps because of increased 
respiratory complications. Further, long-term use of neuromuscular blockade has been associated with continued paralysis after drug 
discontinuation113 and acute myopathy,114 especially with the steroid-based medium to long-acting agents. However, atracurium is 
non-cumulative and has not been associated with myopathy and theoretical concerns about the accumulation of laudanosine, a 
cerebral excitatory metabolite of atracurium, in head-injured patients have not been shown to be clinically relevant.112

Antiepileptic Therapy

Seizures occur both early (<7 days) or late (>7 days) after head injury, with a reported incidence of between 4–25% and 9–42% 
respectively.115 Seizure prophylaxis with phenytoin or carbamazepine can reduce the incidence of early posttraumatic epilepsy but 
has little impact on late seizures, neurological outcome or mortality.115,116 The incidence of posttraumatic seizures is greatest in 
patients with a GCS <10 and in the presence of an intracranial haematoma, contusion,
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penetrating injury or depressed skull fractures.115 Since it is important to balance the possible benefit from seizure reduction against 
the side effects of antiepileptic drugs, such patients may form the most appropriate subgroup for acute (days to weeks) seizure 
prophylaxis following head injury.

Cerebral Metabolic Suppressants

Intravenous barbiturates have been used in the setting of acute head injury for ICP reduction for over 20 years.117 While they clearly 
result in cardiovascular depression, increased ICU stay and increases in pulmonary infections, it appears that they have a significant 
role to play in patients whose problem is intractable intracranial hypertension that responds to intravenous anaesthetics.118,119 They 
are administered as an intravenous infusion, titrated to produce burst suppression on EEG. One major disadvantage of barbiturates is 
prolonged recovery. This might suggest a role for other intravenous anaesthetics (etomidate and propofol) with more desirable 
pharmacokinetic profiles. However, the efficacy of these agents remains unproven and they have their own drawbacks. The 
adrenocortical suppression produced by etomidate has been well documented and the high doses of propofol required to achieve burst 
suppression (up to 200 μg/kg/min) necessitate the deliver of high lipid loads with resultant abnormalities in plasma lipid status.

Novel Neuroprotective Interventions

While a variety of novel pharmacological neuroprotective agents are currently under investigation, none of the drugs tested thus far 
in phase III trials have proved to provide benefit on an intention-to-treat basis.16,17

Excitatory Amino Acid (EAA) Antagonists17,120,121

While the role of EAAs and protection by EAA antagonists have been documented in experimental head injury, early clinical studies 
have been disappointing. The prototype non-competitive glutamate antagonist acting at the NMDA receptor, dizocilpine (MK-801), 
never reached large-scale clinical trials because of fears regarding hippocampal neurotoxicity. More recent compounds have either 
been competitive or non-competitive antagonists, acted as allosteric modifiers of NMDA channel activity, acted at presynaptic sites 
to reduce glutamate release or at non-NMDA glutamate receptors. However, none of these has been proved to be effective in 
outcome trials.

Calcium Channel Blockers

Successful clinical trials of nimodipine in subarachnoid haemorrhage prompted trials of this agent in head injury. Recent studies have 
suggested that the agent may improve outcome in a subgroup of head-injured patients who have traumatic subarachnoid 
haemorrhage,122,123 though this remains controversial.124

Antioxidants

Animal studies have suggested a prominent role for free radicals in head injury and demonstrated protection by antioxidants. 
However, although initial clinical trials of polyethylene glycol-conjugated superoxide dismutase (pegorgotein) were encouraging,125 
a more recent large randomized outcome study has failed to demonstrate any benefit126 and large phase III trials of the novel 
antioxidant tirilazad (which had proven efficacy in experimental models) have shown no improvement in outcome in clinical head 
injury.127

Corticosteroids

A large outcome trial demonstrated small but significant benefit of early high-dose methylprednisolone in traumatic spinal cord 
injury.128 Although isolated studies have reported benefit from steroids in acute head injury, a systematic review of the literature 
suggested that corticosteroids were ineffective or harmful in severe head injury.129 However, a recent metaanalysis has reawakened 
interest in mounting a megatrial of early corticosteroid therapy in patients with head injury130 but this approach is the subject of some 
debate.131

Hypothermia

Mild to moderate hypothermia (33–36°C) has been shown to be neuroprotective in animal studies which demonstrated improved 
outcome from cerebral ischaemia with small (1–3°C) reductions in temperature. Three early clinical studies demonstrated benefit 
from moderate hypothermia in head injury132–134 and interim results from a large ongoing outcome trial have been encouraging, 
suggesting benefit in a subgroup of patients with GCS scores of 5–7.135 There has been lively correspondence in various journals 
regarding the methodology and conclusions of this report136–140 and publication of the final results of the study is awaited. 
Demonstration that temperature elevation can worsen outcome following brain injury144 is particularly relevant in the context of 
findings that cerebral temperature tends to be above core temperature in the injured brain143 and is more accurately estimated by 
brain tissue probes141 or jugular bulb catheters.142
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Figure 21.7 
Addenbrooke's NCCU ICP/CPP management algorithm.
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Sequential Escalation Versus Targeted Therapy for the Intensive Care of Head Injury

It is clear that a diverse range of pathophysiological processes operate in acute head injury and that there exist a wide range of 
therapeutic options, few of which have proven efficacy. One of two approaches may be used in the choice of therapy in such a 
setting. The first of these is to use a standard protocol in all patients and introduce more intensive therapies in a sequence based either 
on intensity of intervention or on local experience and availability. While such a scheme is simple, it does not provide for 
individualization of therapy in a given patient.

Alternatively, individual therapies can be targeted at individual pathophysiological processes. Examples are the use of 
hyperventilation in the presence of hyperaemia, mannitol for vasogenic cerebral oedema or the use of blood pressure elevation in the 
presence of B-waves. This intellectually appealing approach is hindered by the fact that pathophysiology is usually mixed, and global 
monitors of CNS physiology may miss critical focal abnormalities. Further, some interventions (e.g. hypothermia) work via multiple 
mechanisms and do not easily find a place in a strictly targeted therapy plan.

In practice, many established head injury protocols represent a hybrid approach. Initial baseline monitoring and therapy are applied to 
all patients and refractory problems are dealt with by therapy escalation, with the choice of intervention determined by clinical 
presentation and physiological monitoring. Often, interventions that are more difficult to implement or present significant risks (e.g. 
barbiturate coma) are used as a last resort. Figure 21.7 represents the ICP/CPP management protocol used in the neurosciences 
critical care unit (NCCU) at Addenbrooke's Hospital.
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Epidemiology

The epidemiology of trauma has been discussed in Chapter 00. Traumatic head injury in England continues to be a major cause of 
morbidity and mortality. The incidence of paediatric head injury has been estimated at 200–300/100,000 children per year and 
although a larger proportion of these injuries are mild (86% versus 79% in adults), traumatic brain injury remains an important cause 
of disability and death, especially in older children and adolescents.77

Pathophysiology

The Normal Child

The anatomy and physiology of the normal human brain in relation to traumatic injury has been described in Chapter 00. In this 
chapter we will consider particular constraints and differences relevant to the child.

The infant head is proportionally larger that that of the adult and consequently proportionally heavier. Head control in this age group 
is less developed and this can affect the degree of injury, particularly following injuries involving significant flexion and extension. 
Relatively minor acceleration/deceleration forces may produce disproportionate injury due to the increased inertia of the head and its 
limited stability. The skull is thinner but also more flexible and can deform substantially without fracturing. The sutures are not fused 
and the anterior fontanelle is open for the first year or so of life. Because of the skull deformity, significant intracranial injuries can 
occur in the absence of bony damage and substantial intracranial injuries may be found with little or no external sign of injury. 
However, the brain is also better protected against raised intracranial pressure due to the ability of the skull to expand and this acts to 
reduce the risk of secondary injury due to cerebral oedema.1

The child's head shows features of both adulthood and infancy. Compared to the infant, neck support is greater and the relative size 
of the head is smaller, reducing the inertia of major flexion extension injuries. The skull is more rigid, however, reducing the capacity 
for the skull to tolerate increases in intracranial volume without increasing pressure. Damage to the spinal cord can be difficult to 
assess in young children.2 The spine is more flexible than in adulthood and spinal cord injury is well recognized in patients with 
normal radiology.3 Cervical injury is more frequent in children, possibly due to the relative size of the head, and complete dislocation 
and relocation of the spinal column may occur, with transection of the underlying cord but no radiographic evidence of damage.2,3 
Conversely, cervical spine X-rays may show pseudosubluxation of upper vertebrae in the normal child.4

There are other important anatomical differences in children. The larynx is conical and lies anteriorly compared to adults. This means 
that its narrowest point is at the level of the cricoid cartilage. There is relatively more mucosa in the hypopharynx and the adenoids 
are larger. All these factors tend to complicate the maintenance of a clear airway in children, increasing the risk of hypoxia in an 
obtunded child. The optimal positioning of a child's airway is therefore the neutral position and not with neck overextension as this 
may also compress the soft trachea.5 Fractures of the ribs are uncommon due to their increased plasticity and significant pulmonary 
contusions may occur without bony injury. A more mobile mediastinum can also affect airway patency if, for example, an acute 
pneumothorax develops.

Physiological differences in breathing need to be accounted for. Respiratory rate varies with age and the closing volume of the lung is 
close to functional residual capacity. In infants with a strong expiratory effort (such as crying) the lungs may reach closing volume, 
giving rise to a shunt across occluded alveoli and rapid cyanosis. Maintaining a high inspired oxygen concentration is therefore 
important.

Head Trauma in Children

Impact Injury

Impact injury for the brain can be widespread and not just confined to impact points on the skull. The external damage may include 
scalp/facial injuries or skull fractures. Simple lacerations often bleed profusely but, after careful examination for foreign material, can 
usually be directly closed.6 'Degloving' injuries with significant avulsion are more difficult to treat and often require grafting. 
Significant facial injuries require a multidisciplinary approach involving plastic surgeons and maxillofacial input.

Skull Fractures

As discussed above, the relative plasticity of the paediatric (and especially infant) skull means that relatively greater force is needed 
to produce a fracture. If present, therefore, a fracture should raise concern about underlying cerebral injury.7 Some authors do query 
the value of routine skull X-rays which have been shown to be of little predictive value for severe injury.8,9 The majority (around 
90%) of skull fractures are linear.10,11 These
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can be dramatic on X-ray with significant widening of the suture line (diastasis) although this is rarely a problem. Very occasionally, 
a persistently increasing gap is seen ('growing fracture' or leptomeningeal cyst) which may require surgical repair. Comminuted or 
depressed skull fractures suggest a greater degree of trauma and should be an indication for CT scanning.12 Associated dural damage 
or cortical lacerations may be found in 50% of such fractures12 and require surgical repair. Other indications for further investigation 
or treatment of simple fractures include a fracture over a major vessel (e.g. middle meningeal) or an open fracture with an associated 
scalp laceration. The latter clearly runs significant risk of CSF infection, although prophylactic antibiotics are not needed if the 
wound is clean.

Basilar Skull Fractures

These are not uncommon although again signify substantial trauma.13,14 Their prognosis is usually very good.15 They have certain 
characteristic signs, such as Battle's sign (mastoid bruising without direct trauma), blood behind the tympanic membrane, CSF 
otorrhoea or rhinorrhoea (which will test positive to glucose but is rare under five years of age)16 or racoon eyes (periorbital 
bruising). Basilar fractures often produce more symptoms than other fractures15 and nasal intubation (including nasogastric tubes) 
should be avoided in case of cribriform damage.6 Meningitis may occur in patients with CSF leak17,18 but prophylactic antibiotics are 
not recommended.19,20

Brain Injury

Because the brain is suspended in CSF and has its own inertia, sudden deceleration of the skull results in the brain continuing to 
move and striking the inside of the skull. It may then rebound, causing contusions on the opposite pole of the brain ('contrecoup' 
injury). The anatomy of the skull increases the likelihood of particular injuries, with contusion especially likely around bony 
promontories (e.g. the sphenoidal ridges) or dividing membranes (falx cerebri and tentorium).

Direct damage to the brain can be broadly divided into contusions, haemorrhages or diffuse axonal injury. Contusions are caused by 
direct impact of brain on bone. They classically appear at the site of impact or directly opposite that point. Extradural haemorrhage is 
reportedly rare in childhood due to the close adherence between the dura and skull21 although it can be found. When it is, the classic 
history of acute deterioration following lucid interval is much rarer in children and infants than in adults.22,23 Prompt investigation 
with CT scan and surgical drainage leads to a good outcome. Subdural haemorrhage has a worse prognosis,24,25 arising from bleeding 
points on the surface of the brain, and may frequently be associated with significant cerebral injury, especially when acute.24 Chronic 
subdural haemorrhage is usually seen in younger children and may follow trauma, although the suspicion of non-accidental injury 
(NAI) should be raised in such cases.26,27 Such cases may present with irritability and seizures and often with rather non-specific 
symptoms. Subarachnoid haemorrhage is common following trauma. Headaches, fever and vomiting are quite frequent but unless 
there is significant mass effect, conservative management is usually adequate.

Diffuse Axonal Injury

This is caused as a result of shearing forces involved in trauma. Classically, it involves the basal ganglia and thalamus and the corpus 
callosum. Shearing of axonal tracts and damage to fine bridging vessels occurs but early scans may show no abnormality. Raised ICP 
develops over 24–48 h and the long-term outcome can be devastating.28,29 Such injuries are particularly seen after repetitive 
rotational injury such as severe shaking.29,30

Resuscitation

Emergency treatment of the head-injured child should follow algorithms common to the management of any trauma victim (Box 
22.1). Resuscitation should be directed towards the prevention of secondary brain insult, the majority of which is related to anoxia, 
ischaemia or brain haemorrhage. Simple resuscitative priorities therefore remain the best approach to the child with head injury.

1. Provide airway 
2. Protect cervical spine 
3. 100% oxygen 
4. IV access 
5. Control external bleeding and replace loss 
6. Assess conscious level and pupillary reaction 
7. Elevate head (30%) in midline position 
8. Minimize noxious stimuli 
9. Plan further investigations and management 

Box 22.1 Early management of paediatric head injury
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ABCS

Following trauma, care of the airway and the cervical spine merit equal priority and stabilization of the cervical spine with 
sandbags/tape or trauma board immobilization should be initiated immediately in any child arriving in hospital following head or 
neck trauma.5 In children who are combative, however, such immobilization may be detrimental and such children are better off left 
with a hard collar only or, if absolutely necessary, with no collar at all. Important anatomical differences between adults and children 
have been identified above and are of great importance when resuscitating so experienced paediatricians or paediatric anaesthetists 
should be used wherever possible.

One major priority in resuscitating the head-injured patient is the avoidance of ischaemia due to hypovolaemia. Early intravenous 
(IV) access is therefore needed and intraosseous access should be used if IV lines cannot be sited rapidly.5 This technique can be 
used in children up to the age of eight using the upper tibia but any bone marrow access is acceptable.

In children, signs of shock can be more difficult to assess, as peripheral vasoconstriction protects blood pressure until late in shock. 
The most sensitive markers of shock are therefore measures of peripheral perfusion such as capillary refill time (<2 s), toe/core 
temperature difference (<2°C) and colour.

Early assessment of neurological damage should be simple. A graded assessment of conscious level (alert, voice responsive, pain 
responsive or unresponsive) coupled with pupillary reaction and any localizing features is usually adequate in the first assessment. 
This will allow early planning of investigations and imaging (Box 22.2). Subsequently a more detailed review and full examination 
(front and back) are needed.

The resuscitation process is one of constant review and reaction to problems as they arise. In view of this, patients may go to theatre 
and subsequently arrive in intensive care before all elements of the process have been completed. Coordination between emergency 
care and ITU staff is therefore essential to ensure that a full assessment is properly completed.

Further Evaluation

Following resuscitation, careful evaluation and planning are required.

Management

Principles of Management in the Injured Brain

These principles have been discussed in detail in Chapter 00. Specific differences in children and the effect this has on their 
management are discussed below.

General Issues

Following resuscitation and early intervention, the management of the traumatic head injury follows a systematic approach common 
to many intensive care problems.

Ventilation

Neurogenic pulmonary oedema (NPE) is common in adults and is most frequently seen in severe or fatal injuries.31 Its aetiology is 
unclear but may result from an endothelial insult caused by a massive sympathetic outflow from an ischaemic brainstem.32,33 
Ventilation should be directed to ensure adequate oxygenation and positive end-expiratory pressure (PEEP) may be essential to 
counteract NPE or avoid atelectasis.32,34 Theoretical adverse effects of PEEP on cerebral venous drainage need to be considered but 
in children under eight years of age the benefits of PEEP (2–4 cmH2O) will almost always outweigh the risks.

Indications for skull X-ray Indications for CT scan

<1 year 
LOC 
Obvious fracture 
CSF, otorrhoea/rhinorrhoea
Battle's sign/racoon eyes 
Focal signs 
Suspected child abuse

Skull fracture <1 year 
Depressed skull fracture 
Fracture over major vessel 
Reduced level of consciousness (GCS< 12)

Box 22.2 Imaging in head injury
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Physiotherapy and endotracheal suction can be very harmful to maintenance of cerebral perfusion and their use should be limited, 
with appropriate sedation/paralysis.35,36

Fluids

Conventionally, fluids have been restricted in this group of patients. However, the major goal in head-injured patients is the 
maintenance of adequate cerebral perfusion. Maintenance fluids should therefore be restricted to 60–80% of requirements. This 
should include all nutrition (see below) and drug infusions wherever possible. In small children (<2 years) it is important to include 
dextrose-containing fluids to avoid hypoglycaemia, but in older children and adults glucose solutions may exacerbate intracranial 
insult. Further supportive fluids (saline or colloid) may be needed in addition to this. Blood pressure should be maintained to ensure 
that the cerebral perfusion pressure is adequate. If this falls, fluids should be given to maintain central venous pressure at 7–10 
cmH2O and inotropes may be needed if this fails to maintain an adequate pressure. If inotropes are required consideration of 
myocardial dysfunction should be undertaken. This may be as a result of contusion, pericardial effusion or sepsis. Massive 
vasodilatation secondary to spinal trauma may also be seen, warranting vasoconstrictor therapy. Arrhythmias including ventricular 
arrhythmias or reentry tachycardias can be seen, especially if myocardial trauma has occurred, and acute lung injury may occur in 
isolated head injury and is associated with a poor prognosis.37

Specific Issues

Raised Intracranial Pressure (ICP) and ICP Monitoring

As discussed above, one of the mainstays of neurological intensive care in these patients is to sustain adequate cerebral perfusion.

In simple terms this requires a reduction in intracranial volume. As discussed earlier, mass effects from extradural or acute subdural 
haemorrhages require surgical drainage. In the more diffusely swollen brain, other measures have to be used but aggressive treatment 
can influence outcome unlike the situation following global hypoxic ischaemic damage.38,39 Patients should be optimally sedated and 
paralysed although this can hamper the ability to assess neurological function. Midline positioning (to avoid obstruction to cerebral 
venous return) and 30° head elevation may also be helpful. Monitoring ICP can influence management and has been shown to affect 
outcome.40 Hyperventilation has been historically used but may in fact do more harm than good.78 Initial responses do include a 
reduction in cerebral blood volume if CO2 is lowered but continued hyperventilation diminishes this response41 and outcome may be 
worse.42 The CO2 levels should therefore be maintained around 4–4.5 kPa although acute rises in ICP may be treated by brief 
reduction of CO2 levels, using hand bagging.

Seizures

These occur in 5–10% of head-injured children, a higher incidence than reported in adults.43,44 In severe head injuries, early seizures 
may occur in a third of patients45 and are more common following depressed skull fractures or cortical laceration.46 Late-onset 
seizures are less common. Children with preexisting seizures or who fitted in the early stages of their injury, together with atrisk 
patients (see above), can be put on prophylactic anticonvulsants (phenytoin or phenobarbitone). These should be continued for a few 
weeks following the injury at which time they can often be stopped.

Drug Therapy

Specific drug therapies have met with limited success in the treatment of paediatric head injury. Diuretics such as frusemide and 
mannitol have been tried but long-term benefits in reducing cerebral oedema or improving outcome remain uncertain. Steroids and 
barbiturates have not been shown to be of uniform benefit in improving intracranial hypertension47–50 and the latter may be positively 
harmful if blood pressure is lowered. A number of novel drug treatments are under current investigation.51 Antioxidants, such as 
superoxide dismutase (SOD), 21-aminosteroids and lazaroids can theoretically scavenge damaging oxygen radicals. Some 
experimental global ischaemia models have shown improved outcomes following treatment with albumin-binding SOD52 but clinical 
evidence in trauma is as yet unavailable and similar mixed results with synthetic 21-aminosteroids have been reported.53,54 
Intracellular calcium accumulation has been strongly implicated as a factor in neuronal damage and calcium antagonists such as 
nimodipine have been used to treat postischaemic brain injury, especially after subarachnoid haemorrhage. There is no good evidence 
of a benefit following trauma. Similar interest in glutamate antagonists, blocking NMDA and non-NMDA receptors has yet to show 
clinical benefit.55,56

Hypothermia

This has been brought back into favour recently. Initial use of profound hypothermia did not improve
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outcome but recent work using mild hypothermia (32–34ºC) has shown both experimental57,58 and clinical benefits59–61 although it 
has to be instituted rapidly.58,62 Studies looking at core temperature and whole-body energy expenditure failed to show an effect of 
hypothermia on cerebral blood flow63 and the relationship between whole-body energy expenditure and cerebral requirements is 
complex.64,65

Non-Accidental Injury (Box 22.3)

Some of the most serious injuries and those with the greatest morbidity in paediatric intensive care relate to non-accidental injury 
(NAI).66 Head injury in NAI usually relates to a combination of shaking and direct trauma (the 'shaken-impact' syndrome) and is 
most commonly seen in small infants.67 The presentation is often very non-specific (e.g. poor feedings, 'off his feeds') but may 
include comatose infants.29,68 Clinical findings often show signs of cerebral irritation, with large heads (often above the 90th 
centile).29,68 Convulsions are common69,70 and CT imaging shows diffuse injury to grey and white matter, often with sparing of the 
brainstem and basal ganglia.26 Subdural haemorrhage is common26 (but not necessarily due to NAI71) and there may also be blood 
along the falx or in the subarachnoid space.27

All such children should be examined for external bruising (which may often not be present), retinal haemorrhages (which are 
extremely suggestive of NAI) or other bony injury.72 The prognosis in this group is extremely poor30 with a very high morbidity in 
surviving children.29,30 The injuries are predominantly due to shearing damage caused by the rotational element of the shaking73 but 
some authors argue68 that impact remains a major feature of serious damage.

Small children and especially premobile infants presenting with injuries should be considered as potential victims of NAI unless the 
history is clearly inappropriate.72 Bruising is unusual in an infant who is not walking or crawling and significant cerebral or bony 
injury is rare following normal household accidents.74–76

Features that may suggest NAI Investigations in suspected NAI

1. Inappropriate history for injuries
2. <1 year 
3. Rib fractures 
4. Subdural haemorrhages 
5. Retinal haemorrhage 
6. Suspicious bruising

1. Photography 
2. Retinal examination 
3. Full skeletal survey 
4. Clotting screen 
5. Early involvement of child protection team

Box 22.3 Clues that suggest NAI and investigations that need to be triggered

References

1. Lang DA, Teasdale GM, Macpherson P, Lawrence A. Diffuse brain swelling after head injury: more often malignant in adults than 
children? J Neurosurg 1994; 80: 675–680.

2. Osenbach R, Menezes A. Pediatric spinal cord and vertebral coloum injury. Neurosurgery 1992; 30: 385–390.

3. Pang D, Wilberger JE. Spinal cord injury without radiographic abnormalities in children. J Neurosurg 1982; 52: 114–129.

4. Connolly JF. DePalma's the management of fractures and dislocations, an atlas, 3rd edn. 1981.

5. Advanced Life Support Group. Advanced paediatric life support. BMJ Publishing Group, London, 1997.

6. Allen EM, Boyer R, Cherny WB, Brockmeyer D, Fan Tait V. Head and spinal cord injury. In: Rogers MC (ed) Textbook of 
pediatric intensive care. Williams and Wilkins, Baltimore, 1996, pp 809–857.

7. Bonadio WA, Smith DS, Hillman S. Clinical indicators of intracranial lesion on computed tomographic scan in children with 
parietal skull fracture. Am J Dis Child 1989; 143: 194–196.

8. Lloyd DA, Carty H, Patterson M, Butcher CK, Roe D. Predictive value of skull radiography for intracranial injury in children with 
blunt head injury. Lancet 1997; 349: 821–824.

9. Ong L, Selladurai BM, Dhillon MK, Atan M, Lye MS. The prognostic value of the Glasgow Coma Scale, hypoxia and 
computerised tomography in outcome prediction of pediatric head injury. Pediatr Neurosurg 1996; 24: 285–291.

10. Levi L, Guilburd JN, Linn S, Feinsod M. The association between skull fracture, intracranial pathology and outcome in pediatric 
head injury. Br J Neurosurg 1997; 5: 617–625.

11. Rosenthal BW, Bergman I. Intracranial injury after moderate head trauma in children. J Pediatr 1989; 115: 346–350.



   

12. Jamieson KG, Yelland JD. Depressed skull fractures in Australia. J Neurosurg 1972; 37: 150–155.

13. Henrick EB, Harwood-Nash DC, Hudson AR. Head injuries in children: a survey of 4465 consecutive cases



Page 326

      at the Hospital for Sick Children, Toronto, Canada. Clin Neurosurg 1964; 11: 46.

14. Mealey JJ. Pediatric head injuries. Charles C Thomas, Springfield, 1968.

15. Einhorn A, Mizrah EM. Basilar skull fractures in children. Am J Dis Child 1978; 11: 1121–1124.

16. Jefferson A, Reilly G. Fractures of the flood of the anterior cranial fossa: the selection of patients for dural repair. Br J Surg 
1972; 59: 585–592.

17. Lewin W. Cerebrospinal fluid rhinorrhoea, meningitis and pneumocephalus due to non-missile injuries. Clin Neurosurg 1964; 12: 
23–52.

18. MacGee EE, Cauthen JR, Brackett CE. Meningitis following acute traumatic cerebrospinal fluid fistula. J Neurosurg 1970; 33: 
312–316.

19. Klastersky J, Sadeghi M, Brihaye J. Antimicrobial prophylaxis in patients with rhinorrhoea or otorrhoea: a double blind study. 
Surg Neurol 1976; 6: 111–114.

20. Shulman K. Late complications of head injuries in children. Clin Neurosurg 1972; 19: 371–380. 21. Singounas EG, Volikas ZG. 
Epidural haematoma in a pediatric population. Childs Brain 1984; 11: 250–254.

22. Galbraith S, Teasdale G. Predicting the need for operation in the patient with an occult traumatic intracranial hematoma. J 
Neurosurg 1981; 55: 75.

23. Ceviker N, Baykaner K, Keskil S, Cengel M, Kaymaz M. Moderate head injuries in children as compared to other age groups, 
including the cases who had talked and deteriorated. Acta NeurochirWien 1995; 133: 116–121.

24. Shenkin HA. Acute subdural haematoma: review of 39 consecutive cases with high incidence of cortical artery rupture. J 
Neurosurg 1982; 57: 254–257.

25. Britt RH, Hamilton RD. Large decompressive craniotomy in the treatment of acute subdural hematoma. Neurosurgery 1978; 2: 
195–200.

26. Sinal AH, Ball MR. Head trauma due to child abuse: serial computerized tomography in diagnosis and management. South Med 
J 1996; 80: 1505–1512.

27. Zimmerman J, Bilaniuk LT, Bruce D, Schut L, Uzzell B, Goldberg HI. Interhemispheric acute subdural hematoma: a computed 
tomographic manifestation of child abuse by shaking. Neuroradiology 1978; 16: 39–40.

28. Sarsfield JK. The neurological sequelae of non-accidental injury. Dev Med Child Neurol 1974; 16: 826–827.

29. Haviland J, Ross Russell RI. Outcome after severe non-accidental injury. Arch Dis Child 1997; 77: 504–507.

30. Duhaime AC, Christian C, Moss E, Seidl T. Long-term outcome in infants with the shaking-impact syndrome. Pediatr Neurosurg 
1996; 24: 292–298.

31. Weisman S. Edema and congestion of the lungs resulting from intracranial hemorrhage. Surgery 1939; 6: 722–729.

32. Kaufman T, Timberlake G, Voelker J, Pait TG. Medical complications of head injury. Med Clin North Am 1993; 1: 43–60.

33. Demling R, Riessen R. Pulmonary dysfunction after cerebral injury. Crit Care Med 1990; 18: 768–774.

34. Beckman D, Bean J, Baslock P. Neurogenic influence on pulmonary compliance. J Trauma 1974; 14: 111–115.

35. Prasad A, Tasker RC. Guide lines for the physiotherapy management of critically ill children with acutely raised intracranial 
pressure. Physiotherapy 1990; 76: 248–250.

36. Hsiang J, Chestnut R, Crisp C, Klauber M, Blunt B, Marshall L. Early, routine paralysis for intracranial pressure control in severe 
head injury: is it necessary? Crit Care Med 1994; 22: 1471–1476.

37. Bratton SL, Davis RL. Acute lung injury in isolated traumatic brain injury. Neurosurgery 1997; 40: 707–712.

38. Marshall LW, Smith RW, Shapiro HM. The outcome with aggressive treatment in severe head injuries, 1: the significance of 
intracranial pressure monitoring. J Neurosurg 1979; 50: 20–25.

39. Saul T, Ducker T. Effect of intracranial pressure monitoring and aggressive treatment on mortality in severe head injury. J 
Neurosurg 1981; 56: 498–503.



   

40. Pople IK, Muhlbauer MS, Sanford RA, Kirk E. Results and complications of intracranial pressure monitoring in 303 children. 
Pediatr Neurosurg 1995; 23: 64–67.

41. Muizelaar JP, Van Der Poel H, Li Z, Kontos H, Levasseur J. Pial arteriolar vessel diameter and CO2 reactivity during prolonged 
hyperventilation in the rabbit. J Neurosurg 1988; 29: 743–749.

42. Muizelaar JP, Marmarou A, Ward J et al. Adverse effects of prolonged hyperventilation induced cerebral hypoxia. Am Rev 
Respir Dis 1980; 122: 407–412.

43. Cruz J, Miner M, Allen S, Alves W, Gennarelli T. Continuous monitoring of cerebral oxygenation in acute brain injury: 
assessment of cerebral hemodynamic reserve. Neurosurgery 1991; 29: 743–749.

44. Beni L, Constantini S, Matoth I, Pomeranz S. Subclinical status epilepticus in a child after closed head injury. J Trauma 1996; 
40: 449–451.

45. Humphreys R. Complications of pediatric head injury. Pediatr Neurosurg 1991; 17: 274–278.

46. Ong LC, Dhillon MK, Selladurai BM, Maimunah A, Lye MS. Early post-traumatic seizures in children: clinical and radiological 
aspects of injury. J Paediatr Child Health 1996; 32: 173–176.

47. Dearden NM, Gibson J, McDowall DG, Gibson RM, Cameron M. Effect of high dose dexamethasone on outcome from severe 
head injury. J Neurosurg 1986; 64: 81–88.

48. Cooper P, Moody S, Clark WK et al. Dexamethasone and severe head injury: a prospective double-blind study. J Neurosurg 
1979; 51: 307–316.



Page 327

49. Marshall L, Smith R, Shapiro H. The outcome with aggressive treatment in severe head injuries, II: acute and chronic barbiturate 
administration in the management of head injury. J Neurosurg 1979; 50: 26–30.

50. Pittman T, Bucholz R, Williams D. Efficacy of barbiturates in the treatment of resistent intracranial hypertension in severely 
head-injured children. Pediatric Neuroscience 1989; 15: 13–17.

51. McIntosh T. Novel pharmacologic therapies in the treatment of experimental traumatic brain injury: a review. J Neurotrauma 
1993; 10: 215–261.

52. TakedaY, Hashimoto H, Kosaka F, Hirakawa M, Inoue M. Albumin-binding superoxide dismutase with a prolonged half-life 
reduces reperfusion brain injury. Am J Physiol 1993; 264: H1708–H1715.

53. Hall ED, Yonkers PA. Attenuation of postischemic cerebral hypoperfusion by the 21-aminosteroid U7400F. Stroke 1988; 19: 
340–344.

54. Sutherland G, Haas N, Peeling J. Ischemic neocortical protection with U74006F — a dose-response curve. Neurosci Lett 1993; 
149: 123–125.

55. Lanier WL, Perkins WJ, Karlsson BR et al. The effects of dizocilpine maleate (MK-801), an antagonist of the N-methyl-D-
aspartate receptor, on neurologic recovery and histopathology following complete cerebral ischaemia in primates. J Cereb Blood 
Flow Metab 1990; 10: 252–261.

56. Vornov JJ, Tasker RC, Coyle JT. Delayed protection by MK-801 and tetrodotoxin in a rat organotypic hippocampal culture 
model of ischaemia. Stroke 1994; 25: 457–465.

57. Busto R, Dietrich WD, Globus MY, Valdes I, Scheinberg P, Ginsberg MD. Small differences in intraischemic brain temperature 
critically determine the extent of ischemic neuronal injury. J Cereb Blood Flow Metab 1987; 7: 729–738.

58. Carroll M, Beek O. Protection against hippocampal CA1 cell loss by post-ischemic hypothermia is dependent on delay of 
initiation and duration. Metab Brain Dis 1992; 7: 45–50.

59. Marion D, Obrist W, Carlier P, Penrod L, Darby J. The use of moderate therapeutic hypothermia for patients with severe head 
injuries: a preliminary report. J Neurosurg 1993; 79: 354–362.

60. Shiozaki T, Sugimoto H, Taneda M et al. Effect of mild hypothermia on uncontrollable intracranial hypertension after severe 
head injury. J Neurosurg 1993; 79: 363–368.

61. Clifton G, Allen S, Barrodale P et al. A phase II study of moderate hypothermia in severe brain injury. J Neurotrauma 1993; 10: 
263–271.

62. Busto R, Dietrich WD, Globus MY, Ginsberg MD. Postischemic moderate hypothermia inhibits CA1 hippocampal ischemic 
neuronal injury. Neurosci Lett 1989; 101: 299–304.

63. Matthews DS, Bullock RE, Matthews JN, Aynsley Green A, Eyre JA. Temperature response to severe head injury and the effect 
on body energy expenditure and cerebral oxygen consumption. Arch Dis Child 1995; 72: 507–515.

64. Matthews DS, Matthews JN, Aynsley Green A, Bullock RE, Eyre JA. Changes in cerebral oxygen consumption are independent 
of changes in body oxygen consumption after severe head injury in childhood. J Neurol Neurosurg Psychiatry 1995; 59: 359–367.

65. Sharples PM, Stuart AG, Matthews DS, Aynsley Green A, Eyre JA. Cerebral blood flow and metabolism in children with severe 
head injury. Part 1: Relation to age, Glasgow coma score, outcome, intracranial pressure, and time after injury. J Neurol Neurosurg 
Psychiatry 1995; 58: 145–152.

66. Bax M. Sombre reading. Dev Med Child Neurol 1993; 35: 847–848.

67. Duhaime AC, Gennarelli TA, Thibault LE, Bruce DA, Margulies SS, Wiser R. The shaken baby syndrome. J Neurosurg 1987; 
66: 409–415.

68. Duhaime AC, Alario AJ, Lewander WJ, et al. Head injury in very young children: mechanisms, injury types, and ophthalmologic 
findings in 100 hospitalized patients younger than 2 years of age. Pediatrics 1992; 90: 179–185.

69. Bonnier C, Nassogne M, Evrard P. Outcome and prognosis of whiplash shaken infant syndrome; late consequences after a 
symptom-free interval. Dev Med Child Neurol 1995; 37: 943–956.

70. Frank Y, Zimmerman R, Leeds NMD. Neurological manifestations in abused children who have been shaken. Dev Med Child 
Neurol 1985; 27: 312–316.

71. Howard MA, Bell BA, Uttley D. The pathophysiology of infant subdural haematomas. Br J Neurosurg 1993; 7: 355–365.



   

72. Hobbs CJ, Hanks HGI, Wynne JM. Child abuse and neglect: a clinician's handbook. Churchill Livingstone, Edinburgh, 1993.

73. Gilliland MG, Folberg R. Shaken babies – some have no impact injuries. J Forensic Sci 1996; 41: 114–116.

74. Johnson DL, Braun D, Friendly D. Accidental head trauma and retinal hemorrhage. Neurosurgery 1993; 33: 231–234.

75. Reiber GD. Fatal falls in childhood. How far must children fall to sustain fatal head injury? Report of cases and review of the 
literature. Am J Forensic Med Pathol 1993; 14: 201–207.

76. Wilkins B. Head injury – abuse or accident? Arch Dis Child 1997; 76: 393–396.

77. Ward JD. Paediatric head injury. In: Narayan RK, Wilberger JE Jr, Povlishock JT (eds) Neurotrauma. McGraw Hill, NewYork, 
1996, pp 859–868.

78. Skippen P, Seear M, Poskitt K et al. Effect of hyperventilation on regional cerebral blood flow in head-injured children. Crit Care 
Med 1997; 25: 1402–1409.



   

 

Page 329

23— 
Intensive Care Management of Intracranial Haemorrhage

Leisha S. Godsiff & Basil F. Matta

Introduction 331

Pathophysiology 331

Acute Care on Admission 331

Monitoring 333

Specific Conditions 334

Outcome 338

Rehabilitation 339

Future Developments 339

References 339



   

Page 331

Introduction

Whereas nothing can be done about the primary brain injury associated with intracranial haemorrhage, secondary damage can be 
anticipated and prevented with good management. Regardless of the cause of the intracranial haemorrhage, common 
pathophysiological mechanisms exist. These include alterations in cerebral blood flow (CBF), impaired autoregulation, intracranial 
hypertension, cerebral arterial vasospasm with delayed ischaemic deficit, hydrocephalus and seizures. Many of the adverse events are 
associated with the release of compounds such as excitory amino acids and superoxide radicals that can promote further damage.1,2

Neurointensive care of patients with intracerebral haemorrhage aims to recognize, treat and prevent secondary cerebral ischaemia. 
This chapter discusses the common complications and basic management of patients with intracranial haemorrhage (ICH). It is not 
meant as a comprehensive review of more general intensive care issues.

Pathophysiology

Cerebral perfusion pressure (CPP) represents the pressure gradient acting across the cerebrovascular bed and may be estimated using 
the formula:

Based on data obtained from head-injured patients, CPP >70 mmHg is generally considered adequate for most neurologically injured 
patients.3,4 In common with most brain injuries, the processes which modulate CBF, namely autoregulation, vasoreactivity to carbon 
dioxide (PaCO2) and flow–metabolism coupling, may be impaired in patients with intracranial haemorrhages. Therefore, blood 
pressure instability, changes in PaCO2 and increases in metabolism may result in cerebral ischaemia.

Acute Care on Admission

Once the patient with ICH is admitted to the neurointensive care unit, a detailed history and clinical examination are obtained. The 
information available is influenced by the nature of the admission: elective postoperative care or emergency.

For elective postoperative patients, the preoperative medical history and neurological state, operation performed, intraoperative drugs 
and fluids, postoperative instructions and problems encountered are usually available. For patients with subarachnoid haemorrhage 
(SAH), immediate postoperative problems encountered include brain swelling, bleeding into the operative site, fluid and electrolyte 
disturbances, hydrocephalus and cerebral vasospasm.

For emergency admissions, the mechanism of injury (traumatic or non-traumatic) will guide continued resuscitation, further 
investigations and treatment. This is of particular importance in patients who have suffered multiple trauma where an unrecognized 
cervical spine injury, tension pneumothorax or intra-abdominal haemorrhage may adversely affect outcome.5

The admission CT scan must be studied carefully for any factors that may be responsible for late neurologic deterioration. For 
example, patients with small extracerebral haematomas require careful observation as these may enlarge to cause a mass effect.6 If 
there is any doubt a repeat CT scan is performed. Urgent evacuation of an extracerebral haematoma is generally required if there is a 
large volume of blood and midline shift. If the history is unclear, a SAH may have been the initial insult leading to the head injury 
and, when suspected, angiography is required.

Sedation and Muscle Relaxation

There is no excuse for having a brain-injured patient coughing or straining on the endotracheal tube. Inadequate sedation increases 
cerebral stimulation, with concomitant increase in cerebral metabolism, CBF and ICP. Thus, it is of paramount importance to ensure 
adequate levels of sedation. However, assessing the level of sedation is difficult in these patients, because the cardiovascular signs 
are at best unreliable and muscle movements are usually prevented with neuromuscular blockade.

Intravenous anaesthetic and sedative agents reduce the cerebral metabolic rate, leading to a reduction in ICP. However, this is 
dependent on tight cerebral blood flow–metabolism coupling which may not be the case after brain injury. The main sedative agents 
used in our neurointensive care are propofol and midazolam. Both drugs approximate the ideal sedative by having a rapid and smooth 
onset of action, decreasing cerebral metabolism and ICP, preserving cerebral autoregulation and vasoreactivity to CO2, allowing easy 
control of depth of sedation and providing windows for neurologic assessment.7–10 However, propofol is not without its side effects. 
At high doses, it can induce hypotension with a decrease in cerebral perfusion pressure. The lipid load imposed by a 20 ml/h 
continuous infusion of propofol is not
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insignificant and must be taken into account in the daily caloric intake. In our hands, the use of 200 μk/kg/min propofol to produce 
burst suppression for long periods has often resulted in unacceptable levels of plasma lipids. The availability of the 2% propofol 
solution may help reduce the lipid load associated with its use.

Barbiturates are less commonly used for sedation and for the induction of cortical suppression, once advocated as a method of 
cerebral protection.11 The reduction in barbiturate use may be attributed to the conflicting evidence about their efficacy in improving 
outcome, the increased risk of nosocomial infection and pneumonia, the cost of extended intensive care from the prolonged sedative 
effect and the availability of other agents (mainly propofol) with similar cerebrovascular effects but better pharmacokinetic profile 
than thiopentone.12 In a recent survey, less than 5% of the units caring for head-injured patients in the UK routinely used barbiturates 
for sedation.13

Opioids generally have negligible effects on cerebral metabolism and CBF. However, the newer synthetic opioids fentanyl, sufentanil 
and alfentanil can increase ICP in patients with head trauma.14,15 This increase, originally assumed to be secondary to an increase in 
CBF, is more likely to be the result of changes in PaCO2 and/or systemic hypotension.16,17 When blood pressure is carefully 
supported, there are no clinically relevant increases in ICP with intravenous administration of alfentanil or sufentanil.18 Irrespective 
of the actual mechanism causing the increase in ICP, these observations underscore the importance of avoiding systemic 
hypotension.

Although neuromuscular blockade in patients receiving intensive care is controversial,19,20 94% of units caring for head-injured 
patients in the UK use atracurium or vecuronium routinely.13 Neuromuscular blockers are used in conjunction with additional 
sedation to allow physiotherapy and therapeutic interventions to occur without increasing ICP further. They are also used to prevent 
shivering when hypothermia is employed in patients with a raise ICP. Although the prolonged use of neuromuscular blockers in 
intensive care patients has been associated with continued paralysis after drug discontinuation and acute myopathy,21,22 these effects 
are more commonly associated with the steroid-based medium to long-acting agents. The most commonly used agent is atracurium, a 
quinolinium ester, which has not been associated with myopathy and is non-cumulative. Fears about the accumulation of 
laudanosine, a cerebral excitatory metabolite of atracurium, in head-injured patients without significantly compromised renal 
function are unjustified.

Neuromuscular blockers play an important role in the care of the brain-injured patient with reduced intracranial compliance. 
Coughing and ''bucking on the tube" can result in an increase in ICP even when the patient is adequately sedated and hence, the 
administration of non-depolarizing muscle relaxants prevents such rises in ICP.23 Coughing and related phenomena produce 
increases in intrathoracic and central venous pressure, thus increasing cerebral blood volume as well as increases in CBF from 
cortical stimulation by the afferent muscle activity.24,25 Pulmonary toilet, frequent repositioning and suctioning can reduce the 
incidence of pneumonia and sepsis associated with the use of neuromuscular blockers.

It is difficult to identify seizure activity without monitoring the electroencephalogram (EEG) in sedated and paralysed patients 
receiving neurointensive care. Seizures increase cerebral metabolism, CBF and ICP and are associated with the release of excitatory 
amino acids, all of which can cause further cerebral damage. Data from head-injured patients suggest that those with reduced GCS 
(<10), haematoma contusion and depressed skull fractures are at greater risk for seizures. Seizures can occur following a SAH and 
lead to acute increases in blood pressure and rebleeding. When present, seizures should be controlled with anticonvulsants but there 
is currently no evidence to support the prophylactic use of anticonvulsants in this patient population and hence, they are not routinely 
administered at our institution.

Fluids, Electrolytes and Nutrition

Fluid management is aimed at preventing hypotension and cerebral oedema. Large volumes of crystalloid, colloid and blood may be 
required for trauma patients. For non-trauma patients intravenous isotonic crystalloid solutions are preferred to maintain normal 
intravascular volume and plasma osmolality except when hypervolaemic, haemodilutional and hypertensive therapy is used to treat 
vasospasm.

Fluid replacement should be guided by blood pressure, pulse rate, urine output and the central venous and/or pulmonary artery 
occlusion pressure. The choice of fluid (colloid vs crystalloid) remains controversial. Colloids can expand the intravascular volume 
more efficiently but should the blood–brain barrier become disrupted, more cerebral oedema can occur. However, there is some 
evidence indicating that certain colloids (pentastarch) may be effective in reducing the cerebral oedema associated with
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cerebral ischaemic and reperfusion injury.26 Those agents able to "plug leaks" by acting as oxygen free radical scavengers and/or by 
inhibiting neutrophil adhesion may be the resuscitation fluids of the future.27 Anaemia will reduce cerebral oxygen delivery and 
effort should be made to maintain the haemoglobin concentration above 10 g/dl for optimal cerebral oxygen delivery.

Glucose-containing solutions are avoided because of the poor outcome associated with hyperglycaemia after head injury.28,29 
Furthermore, 5% dextrose solutions become hypotonic once the glucose is metabolized. Hypotonic solutions may cause more 
cerebral oedema and should be avoided.30 Elevated blood glucose should be treated with insulin infusion.

Brain-injured patients have high nutritional requirements and feeding should be instituted early. Enteral feeding is preferred because 
it is simpler, is protective against gastric ulceration, the incidence of which may be increased in these patients,31 and because of its 
beneficial effects on the immune system.32 A nasogastric tube is used except in those patients with basal skull fractures when the 
orogastric route is utilized. In those who cannot be fed enterally, parenteral nutrition should be considered together with some form 
of prophylaxis against gastric ulceration (H2 antagonists or sucralfate). There is some concern that altering gastric acidity with H2 
blockers creates an increased risk of aspiration pneumonia. However, although sucralfate does not alter the gastric pH it may affect 
the absorption of some oral drugs such as anticonvulsants.

Patients admitted to neurointensive care following brain injury are predisposed to electrolyte abnormalities as a result of the primary 
injury or secondary to the administration of osmotic diuretic. Electrolyte abnormalities, which may result in neurologic deterioration, 
can be avoided or treated early by the regular analysis of serum electrolytes.

Hyponatreamia

Patients with Na <130 mmol/l may be confused and irritable. If the plasma sodium is allowed to fall below 120 mmol/l, seizures and 
coma can result. Hyponatraemia may be iatrogenic (administration of hypotonic solutions), the result of cerebral salt wasting 
syndrome or syndrome of inappropriate secretion of antidiuretic hormone (SIADH).33,34 In the cerebral salt wasting syndrome, 
patients are hyponatraemic with a reduced extracellular volume and therefore require fluid loading with normal saline. Only 
occasionally is hypertonic saline required but it should be used cautiously because if the serum sodium is corrected too rapidly, there 
is a risk of central pontine myelinosis, cerebral oedema and seizures.

In SIADH, the plasma osmolality is low in the presence of an inappropriately high urine osmolality. Fluid restriction is required but 
hypotension must be avoided. Regular serum and urine osmolalities should be performed. Demeclocycline, which inhibits the action 
of ADH, may be required.

Hypernatraemia

Iatrogenic causes include the excess administration of hypertonic sodium solutions including total parenteral nutrition, osmotic 
diuretics or from overaggressive fluid restriction. Diabetes insipidus, resulting from the inadequate secretion of ADH and the 
inability to concentrate urine, is also a likely cause in this patient population. It is characterized by high urine output (>200 ml/h), low 
urine specific gravity (<1.005), low urine osmolality (<300 mosm/l) and plasma osmolality >295 mosm/l. Desmopressin acetate 
(DDAVP) is used to inhibit free water clearance. In severe brain injuries the presence of raised intracranial pressure and diabetes 
insipidus is associated with poor prognosis.

General Care

Pressure sores should be avoided by the use of general skin care measures including regular turning. Fear about increasing ICP 
should not prevent high-quality nursing and physiotherapy. Chest physiotherapy, frequent turning, eye care and full hygiene care 
must be given. Frequent dressings of lines and catheter sites will minimize infection risk. Lignocaine, thiopentone, fentanyl, 
midazolam or propofol boluses may be used to reduce the response to physiotherapy and endotracheal suction.

Heparin and aspirin are not routinely used in this neurosurgical population for prophylaxis against deep venous thrombosis. 
Prophylaxis is restricted to the use of graduated compression stockings and passive or active exercises depending on the conscious 
level of the patient.

Monitoring

As many intensive care patients are sedated and ventilated, neurologic deterioration is difficult to detect clinically. Therefore, 
monitoring CBF, CPP and cerebral oxygenation are now important components of neurointensive care.35,36

Pulse oximetry, electrocardiography, invasive arterial blood and central venous pressures, temperature and
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urine output are routinely monitored in all patients admitted to our neurointensive care with intracerebral bleeds. A pulmonary artery 
catheter is used in elderly patients, those with cardiac disease and in poor-grade subarachnoid haemorrhage patients, especially if 
hypertensive, hypervolaemic, haemodilution therapy is contemplated.

Intracranial pressure is monitored with an intraventricular catheter or a subarachnoid bolt. Patients with an intracerebral bleed are at 
risk of developing raised ICP and in those with a GCS <9, ICP should be monitored. However, ICP monitoring in patients is not 
without its risks which include infection, intracranial haemorrhage and epilepsy. In our centre, SAH patients who remain of poor 
grade after resuscitation and/or have evidence of raised ICP on CT scan will have an ICP bolt inserted. A jugular bulb catheter 
measures jugular venous oxygen saturation and lactate and is used to monitor alterations in ventilation and blood pressure.57,58 A 
cerebral function analysing monitor is used when seizures are suspected.

Other methods currently undergoing evaluation include near infrared spectroscopy, laser Doppler flowmetry and cerebral 
microdialysis which measures extracellular glutamate, pyruvate and lactate levels. An intraparenchymal probe, often sited at 
operation, measures cerebral oxygenation, carbon dioxide, pH and temperature and can be used in the ICU to guide postoperative 
care.

Laboratory investigations include regular full blood counts, coagulation, electrolyte, glucose and arterial blood gases. Serum and 
urine osmolalities are obtained if mannitol or diuretics are used or if diabetes insipidus is suspected.

Specific Considerations

Intracranial Hypertension

ICP becomes elevated when one of the intracranial components (blood, brain, CSF) increases beyond the compensatory mechanisms. 
The normal ICP is between 1 and 10 mm Hg and active treatment is instituted when the ICP exceeds 20 mmHg.37,38 Treatment is 
aimed at reducing cerebral oedema, cerebral blood volume (CBV) and CSF to maintain a CPP >70 mmHg. A more detailed account 
of ICP management can be found in Ch. 21.

General Considerations

In the event of a neurological deterioration, such as the development of focal neurological signs, reduced level of consciousness or 
raised ICP, contributing factors (as shown in Box 23.1) need to be rapidly excluded before a CT scan is performed to rule out 
rebleeding, hydrocephalus or cerebral oedema.

Respiratory: Obstructed airway 
Hypoxia 
Hypercarbia 
Excessive PEEP

Cardiovascular: Hypertension 
Hypotension 
Hypovolaemia

Neurological: Expanding haematoma
Aneurysmal rebleed 
Hydrocephalus 
Cerebral oedema 
Seizures

Others: Inadequate sedation 
Inadequate neuromuscular blockade
Obstructed neck veins 
Pain 
Pyrexia 
Hyponatraemia

Box 23.1 Factors contributing to raised ICP

Systemic hypotension, hypoxaemia, hypercapnia, impaired cerebral venous drainage and high intrathoracic pressures will increase 
CBV as a result of cerebral vasodilatation. Patients are best nursed in a 15° head-up position with the neck in the neutral position, 
thus ensuring that cerebral venous drainage is not obstructed.11 The level of sedation is adjusted to avoid excessive stimulation during 
line insertion, endotracheal suctioning and physiotherapy. Ventilation is adjusted so that normoxia and mild hypocania are 
maintained (PaO2 >11 kPa and PaCO2  ~ 4.5 kPa). The excessive use of PEEP is avoided whenever possible as it may hinder cerebral 
venous drainage.39 Permissive hypercapnia, tolerated in general intensive care patients with ARDS, may result in intracranial 



   

hypertension.

Marked Hyperventilation

Market hyperventilation (PaCO2 level of <4.0 kPa) can be used to acutely reduce elevated ICP.40 Hypocarbia induces a CSF alkalosis 
and cerebral vasoconstriction with a concomitant reduction in CBV, brain bulk and ICP. However, this effect is short-lived as 
compensatory mechanisms restore the CSF pH to normal within 24 h. The long-term use of marked hyperventilation is controversial 
as rebound increase
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in ICP can occur when normocarbia is restored and it is associated with poorer outcome.42 Other organs are also affected by the 
resulting alkalaemia. Myocardial contractility may be reduced, coronary vasospasm can be precipitated and the oxygen dissociation 
curve is shifted to the left, impairing the release of oxygen to tissues. Hypocalcaemia and hypokalaemia may also be precipitated.

Hyperventilation is only effective in reducing ICP when the cerebral vasculature is responsive to changes in carbon dioxide tension. 
Cerebral vasoreactivity to CO2 is often impaired in patients with brain injury and therefore, hyperventilation may be ineffective in 
reducing CBV and ICP.

Marked hyperventilation should not be used without monitoring cerebral oxygenation or CBF. We routinely use jugular venous 
oximetry (SJO2) to guide hyperventilation in all neurologically injured patients admitted to our intensive care unit. The normal SJO2 
value is between 55% and 75%. An SJO2 <55% implies increased cerebral oxygen utilization which can lead to cerebral ischaemia. 
Increasing the inspired concentration of oxygen can be a useful temporary measure to increase cerebral oxygen delivery during short 
periods of marked hyperventilation; however, it is preferable to increase PaCO2 provided CPP is not compromised.41

Diuretics

Mannitol is used in doses of 0.25–1 g/kg to control ICP. It is an osmotic diuretic which reduces ICP by drawing fluid from the brain 
tissue into the vascular compartment. However, its initial action is thought to be independent of its diuretic effect. It may act by 
reducing blood viscosity which improves cerebral blood flow leading to cerebral vasoconstriction and a reduction in ICP.42 Mannitol 
must be given carefully as rapid infusions have been shown to transiently increase cerebral blood flow and cerebral blood volume 
causes rises in ICP.43 It can also precipitate pulmonary oedema in patients with poor myocardial function. Repeat doses of mannitol 
can be given until the serum osmolality reaches 315–320 mosm/l. Above this level there is a risk of systemic acidosis, renal failure 
and neurological deterioration. Mannitol is also thought to act as a free radical scavenger and inhibit CSF production.44

Frusemide, a loop diuretic, reduces ICP and although its mechanism of action is unclear, it might act via its ability to block chloride 
ion transport. It potentiates the effect of mannitol and also reduces the production of CSF. Diuretics can precipitate hypotension by 
depleting the intravascular volume and fluid balance must be carefully monitored to prevent this.

Temperature Control

Hyperthermia is avoided in patients with brain injury as the cerebral metabolic rate changes in proportion to body temperature. There 
is approximately a 5% increase in cerebral metabolism for each °C temperature rise. This increases CBF, CBV and ICP. Antipyretics 
and cooling blankets are used to treat the pyrexia and although blood in the subarachnoid space may be responsible, a source of 
infection must be excluded.

Conversely, hypothermia reduces cerebral metabolism, CBV and ICP. Patients with uncontrolled ICP may be cooled to 33°C.45 
Whenever hypothermia is used, muscle relaxants are required to prevent shivering.

Drainage of CSF

The removal of CSF via a ventricular drain reduces ICP, especially when hydrocephalus is present. When intracranial hypertension is 
mainly due to cerebral oedema, CSF drainage may only produce a temporary decrease in ICP as ventricular collapse prevents further 
CSF drainage.

Barbiturate Coma

In cases with intractable intracranial hypertension, an infusion of thiopentone can be used to achieve and maintain burst suppression 
of the EEG.46,47 A loading dose of 3–5 g is given in incremental doses before an infusion is started at 4–8 mg/kg/h. Inotropes are 
likely to be needed to prevent hypotension. Patients whose ICP remains elevated have a poorer outcome than those who respond.47

Surgical Decompression

Surgical decompression is required if there is uncontrolled cerebral oedema and the ICP remains persistently elevated despite 
aggressive medical therapy. Intracranial tissues or masses (haemorrhagic frontal or temporal lobes) may be resected and large bone 
flaps removed. This may cause further neurological damage and is normally only performed once other treatments to control ICP 
have failed.

Cerebral Arterial Vasospasm (Delayed Cerebral Ischaemia)

Delayed cerebral ischaemia secondary to cerebral arterial vasospasm is a leading cause of morbidity and mortality in patients who 
survive a subarachnoid haemorrhage (SAH)48,49 and has also been described after severe head injuries.50 Vasospasm is the result of 
the focal or diffuse narrowing of intracranial arteries
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confirmed by angiography. Although radiological evidence of vasospasm has been reported in up to 70% of angiograms performed 
within the first week of aneurysmal rupture, the incidence of clinically significant vasospasm approximates 20%.48,51,52 The aetiology 
remains uncertain but appears to be related to the amount and distribution of blood in the subarachnoid space.52,53 Several mediators 
have been postulated including oxyhaemoglobin, serotonin, histamine, catecholamines, prostaglandins, endothelin, angiotensin and 
lipid peroxidase.53–55

In the patient with SAH, the appearance of new focal neurological signs or a decrease in the level of consciousness may be an early 
sign of vasospasm. This is normally confirmed by CT scan and angiography. The onset of vasospasm is generally 3–5 days after the 
initial bleed, with a peak incidence at 6–8 days and duration of 2–4 weeks.51 Patients present with focal or global neurological 
deficits, such as drowsiness, confusion and headache. A pyrexia and leucocytosis may also be present. Up to 14% patients with 
clinically significant vasospasm will die or have severe neurological deficits.56

Management of Cerebral Vasospasm

Diagnosis and Monitoring

Cerebral angiography remains the gold standard for diagnosing vasospasm, which is seen as smooth constrictions in the cerebral 
vessels (Fig. 23.1). Vasospasm may be limited to the area surrounding the ruptured aneurysm or it may be widespread, when it is 
associated with poorer prognosis.57 Although transcranial Doppler ultrasonography (TCD) is unreliable as a measure of CBF in 
patients with SAH because of vasospasm-associated changes in vessel diameter, it has become valuable for diagnosing vasospasm 
non-invasively prior to the onset of clinical symptoms. As the vessel diameter is reduced, for a given blood flow, red blood cell 
velocity (FV) increases. Hence, cerebral vasospasm is considered present when FV > 120 cm/s or the ratio between the FV in the 
middle cerebral artery (MCA) and the FV in the internal carotid artery (ICA) exceeds 3.58,59 TCD is increasingly being used to 
diagnose vasospasm,48 especially in sedated and ventilated patients, as it has the advantage of being a noninvasive bedside test. 
Wardlaw et al showed, in a prospective observational study, that routine TCD examinations made a positive contribution to the 
diagnosis of ischaemic neurological deficits in 72% of patients with this complication and led to altered management for the benefit 
of the patient in 43%.60 More importantly, TCD results did not have any adverse influence on management or outcome.



   

Figure 23.1 
(A) The arrow points to a vasospastic segment 

of the basilar artery in a patient with a large 
basilar tip aneurysm. (B) The arrow indicates 

spasm in the posterior cerebral artery in 
a patient with basilar tip aneurysm.

In the sedated patient, the diagnosis of cerebral vasospasm relies on gross neurological signs, CT scan, cerebral angiography and 
TCD. Cerebral angiography and CT scan can only be performed intermittently, leaving TCD as the only way of diagnosing, judging 
the severity and the efficacy of treatment. The ratio of FV in the MCA to ICA should decrease with effective treatment. Needless to 
say, in order to rule out cerebral
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vasospasm by TCD, a thorough examination of the basal arteries is mandatory. Unfortunately, it is not possible to detect "small" 
vessel spasm. Our policy is to perform daily TCD examination in all patients with SAH. Initial impressions suggest that the incidence 
of TCD-diagnosed vasospasm is much higher than clinically significant vasospasm and therefore, we rarely escalate therapy purely 
on TCD findings alone. Cerebral angiography should be performed in any patient with clinically suspected vasospasm despite 
negative TCD findings. Other methods which can be used to diagnose vasospasm include single-photon emission tomography and 
positron emission tomography (PET).

Treatment

Early Surgery

There is a general belief that early surgery and the removal of blood reduce the risk of developing cerebral vasospasm.61 The benefits 
of early surgery for SAH patients have been discussed in Chapter 14.

Hypertension, Hypervolaemia, Haemodilution Therapy (Triple H)

The aim is to optimize cerebral perfusion so that cerebral ischaemia progressing to infarction can be prevented. As autoregulation is 
often impaired, factors that increase the CPP are likely to increase blood flow to the ischaemic areas.62,63 The use of triple H therapy 
has not been subjected to a prospective randomized controlled clinical trial but there is strong evidence to support its efficacy.64 
However, this treatment is not without complications which include pulmonary oedema, congestive cardiac failure. cerebral oedema, 
hypertensive cerebral bleeding and myocardial infarction as well as the risks associated with invasive monitoring.65,66 It is performed 
only in the neurocritical care setting and is continued until the neurological deficits resolve or complications from this treatment 
develop.

Triple H therapy aims to increase cerebral perfusion by increasing CBF and improving flow characteristics by haemodilution. The 
initial step is to increase cardiac output and blood pressure with aggressive volume expansion. In addition to maintenance fluids of 2–
3 litres per day, colloids or packed red cells are used to obtain the following:

• haematocrit of 30–35%;

• pulmonary artery occlusion pressure of 14–18 mmHg;

• cardiac index of 4.5 l/m2/min;

• systemic vascular resistance index of 1400–2000 dyne/sec/cm–5;

• systolic blood pressure of 120–150 mmHg in unclipped and 160–200 mmHg in clipped aneurysms.

In younger patients it can be difficult to achieve these parameters as many develop a brisk diuresis in response to fluid loading. 
Parenteral desmopressin (1–4 μg) or fludrocortisone (0.1–0.2 mg/day) may be required.67

If after volume expansion the above parameters cannot be achieved or there is no improvement in neurologic status, inotropes 
(usually dopamine 2.5–15 μg/kg/min) are started. The use of appropriate ionotropes (dopamine, dobutamine and/or noradrenaline) is 
guided by a pulmonary artery catheter. In some cases, nimodipine may have to be withdrawn as it can interfere with attempts to 
induce hypertension.

PET has been performed in patients not responding to triple H therapy. The aim is to diagnose any hypoperfused areas which are not 
infarcted which will benefit from an improvement in blood flow. CBF values <20 ml/100 g/min have been found in the affected 
hemispheres of patients with symptomatic vasospasm and values <12 ml/100 g/min have been associated with irreversible changes.68

The blood pressure is manipulated using ionotropes to see whether there is any increase in blood flow to these hypoperfused areas. 
This can be used to guide further blood pressure management on the intensive care unit.

Calcium Antagonists

Nimodipine, a dihydropyridine calcium antagonist, blocks the intracellular influx of extracellular calcium, preventing arterial smooth 
muscle contraction. It is more selective for cerebral than systemic vessels. In a number of prospective, randomized controlled trials, 
nimodipine was found to reduce morbidity and mortality from vasospasm in all patients with SAH irrespective of the grades.69,70 
Nimodipine's mechanisms of action are not fully understood as it does not appear to reduce the incidence of angiographic arterial 
narrowing. Postulated mechanisms of action include the dilatation of arteries at a microvascular level, neuronal protection at the 
membrane level and altering blood rheology to improve microcirculatory blood flow.

In our unit, nimodipine is routinely used in patients with SAH (60 mg 4-hourly PO). It can be given intravenously (1–2 mg/h) if the 
enteral route is not available but the dose may need to be reduced to prevent hypotension. Treatment is generally continued for three 
weeks.
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Interventional Neuroradiology

Endovascular methods are considered if the CBF and clinical picture remain poor despite aggressive medical treatment. Low-
pressure balloon angioplasty may be effective in reducing the severity of the vasospasm but there is a risk that the vessel may rupture 
and dissect with this technique.72 When vasospasm is confined to small vessels or angioplasty is inappropriate, papaverine can be 
infused. Papaverine, a phosphodiesterase inhibitor, causes the accumulation of cyclic adenyl monophosphate within smooth muscle, 
leading to vasodilatation. The effects of papaverine may only last 12–24 h and repeat infusions may be necessary. However 
papaverine can precipitate systemic hypotension and intracranial hypertension so measures to support blood pressure and control ICP 
must be immediately available.73

Drugs under Evaluation

As blood in the subarachnoid space precipitates cerebral vasospasm, it has been postulated that drugs which dissolve this blood clot 
may reduce the incidence of cerebral vasospasm and improve outcome. However, a recent trial using tissue plasminogen activator 
showed a reduction in angiographic vasospasm but no improvement in symptomatic cerebral vasospasm or neurological 
deterioration.74 Other treatments that have been tried to prevent or treat vasospasm include tirilizad, a non-glucocorticoid 21-
aminosteroid and potent free radical scavenger.75 None has demonstrated significant efficacy in reducing vasospasm and improving 
outcome in SAH. In a retrospective study, patients taking aspirin76 before their SAH had a reduced risk of delayed ischaemic deficit 
and therefore the use of aspirin postaneurysm clipping requires further study.

Outcome

The Glasgow Outcome Scale as shown in Table 23.1 can be used to assess the outcome for any brain disease.

Factors relating to outcome after SAH include the level of consciousness on admission, the amount of subarachnoid blood on CT 
scan, age and aneurysms of the posterior circulation. In the five-year period 1993–1998, patients admitted to our centre with an 
anterior circulation aneurysm who received a non-urgent operation (within 21 days of the initial event) were prospectively studied. 
The GOS was used to assess outcome at six months. Of the 391 patients studied, 44.7% had "early" surgery (day 1–3 postevent), 
46.5% had "intermediate" surgery (day 4–10) and 8.8% "late'' surgery (11–21). There were no significant differences between the 
groups in the demographics, site of the aneurysm and clinical condition of the patient. Early surgery did not adversely affect 
outcome, with a GOS at six months of 1–2 in 82.9%, 79.7% and 85.3% in the early, intermediate and late groups respectively. A 
favourable outcome (GOS 1–2) was achieved in 83.5% of patients less than 65 years and 73.3% in those over 65 years. There was a 
6.5% rebleeding rate with a mortality of 63%. Only 0.5% occurred within three days of the initial event. Early surgery also reduced 
the total inpatient stay, with a mean time of 18.3, 20.4 and 31.7 days in the three groups respectively. These data have endorsed our 
view that, with appropriate preparation and support of the SAH patient, the timing of surgery

Table 23.1 Glasgow Outcome Score

Grade Description Definition

1 Good recovery Independent life with or without 
minimal neurological deficit

2 Moderately disabled Neurological or intellectual 
impairment but is independent

3 Severely disabled Conscious but totally dependent on 
others for daily activities

4 Vegetative survival  

5 Dead  
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no longer influences surgical outcome. We therefore adopt an early surgery protocol to avoid the known effects of a rebleed.

Rehabilitation

The aim of rehabilitation is to return the patient to the maximum level of independence possible by reducing the effects of disease or 
injury on daily life. Rehabilitation is tailored to the individual patient's needs and should be assessed early on in the patient's 
admission. Indeed, some believe the prevention of secondary neuronal injury is part of the rehabilitation process. Those patients with 
minimal deficits require little rehabilitation. However, in patients with major deficits, initial efforts are focused on preventing the 
development of medical, musculoskeletal, bowel and bladder problems. After this, rehabilitation tries to provide the optimum 
medical, social and environmental conditions that will maximize the recovery process. Coping techniques and compensatory 
strategies will be taught to allow the patient to become as independent as possible.

Patients who survive a SAH will have a wide spectrum of cognitive and neurological deficits. Whilst many survivors function 
independently with few or no significant motor or sensory deficits one year after the event, many suffer from unrecognized subtle 
cognitive and emotional effects. These include confusion, amnesia, impaired judgement and emotional liability. Medical and nursing 
staff, family members, physiotherapists, occupational and speech therapists, psychologists and social services are all involved in the 
rehabilitation process. Some patients who have significant deficits but are well motivated with good social circumstances may benefit 
from transfer to a rehabilitation unit where they can continue to improve.

Future Developments

Whilst there has been an improvement in mortality rates for patients with an intracerebral haemorrhage, little has been effective in 
altering the high initial mortality in SAH patients. In those patients who survive the initial insult, early surgery has improved outcome
by preventing rebleeding. However, future developments are focused on improving our understanding of the pathophysiological 
mechanisms behind secondary neuronal injury. Once these are better understood, a specific mechanism-targeted approach may 
improve outcome.
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Introduction

While the postoperative period is important in many areas of surgery, it can be a particularly critical phase for patients undergoing 
major neurosurgery. Many such patients may present preoperatively with specific risk factors including raised intracranial pressure, 
an altered sensorium and/or depressed airway reflexes. The further deterioration in physiological homoeostasis that occurs as a 
consequence of anaesthesia or surgery may additionally expose patients to the risk of respiratory compromise or cerebral ischaemia. 
Further, the brain is an unforgiving organ and there is an imperative to rapidly detect and correct alterations in systemic and cerebral 
physiology that could result in irretrievable neurological damage if left untreated. The major categories of patients who require 
intensive or high-dependency care following neurosurgical interventions are listed in Box 24.1.

Patient Assessment and Management

On arrival in the ICU area, each patient requires full assessment with history, examination and relevant investigations. Good 
communication between theatre and ICU staff regarding any pertinent perioperative event is essential. The history should include 
admission diagnosis, surgery, problems with the surgery/anaesthetic and expected problems.

Preoperative cardiorespiratory illness 
Long surgery, large blood loss, coagulopathy, incidental hypothermia, unstable haemodynamics 
Patients at risk of or documented to have intracranial hypertension 
Patients requiring ventilation to provide stability for venous haemostasis 
Patients requiring or recovering from a period of hypothermia induced for cerebral protection 
Patients requiring postoperative intracranial pressure monitoring 
Requirement for blood pressure manipulation as a part of: 
        induced hypertension for CPP maintenance or as a part of triple H therapy 
        induced hypotension for treatment of hyperaemia following carotid or AVM surgery 

Box 24.1 Neurosurgical patients requiring postoperative intensive/ high-dependency care

Monitoring

Clinical assessment and reassessment is the primary form of monitoring. Regular consultation is required between neurosurgeons and 
intensivists. Basic physiological monitoring required for all patients in the neurointensive care unit includes blood pressure, ECG 
monitoring, pulse oximetery and careful recording of fluid balance. Monitoring of hourly urine output is of particular importance 
since neurosurgical patients are at risk of large fluid shifts from urinary losses because of their illness (e.g. due to associated diabetes 
insipidus) or as a consequence of therapy with osmotic diuretics such as mannitol.

Arterial Blood Gases and Invasive Blood Pressure

An arterial line is required in all ventilated patients for the measurement of arterial blood gases. Direct arterial pressure measurement 
is indicated in patients who have undergone neurovascular procedures (clipping of ruptured aneurysms, resection of arteriovenous 
malformations and the early postoperative period following carotid endarterectomy), patients with haemodynamic instability or 
intracranial hypertension (in whom there is a risk of compromise of cerebral perfusion pressure) and patients requiring vasoactive 
agents for blood pressure control.

Central Venous Pressure (CVP)

CVP monitoring is needed for patients with large volume losses, cardiac disease, vasoactive infusions and hypotension or oliguria 
not readily responsive to fluid challenge. CVP monitoring may also be essential in the patient with pathological polyuria due to 
diabetes insipidus or the condition of cerebral salt wasting that occurs following subarachnoid haemorrhage. It must be remembered, 
however, that the CVP is an indirect measure of the intravascular volume status and is influenced not only by venous return but also 
by right heart compliance, pulmonary or right heart disease, intrathoracic pressure and posture.

Pulmonary Artery Catheterization

Pulmonary arterial (PA) catheterization offers several advantages over CVP monitoring in selected patients. Measurement of PA 
wedge pressure provides a more
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reliable index of left ventricular preload and intravascular volume status in the critically ill patient and the use of thermodilution 
catheters allows the measurement of cardiac output and calculation of systemic vascular resistance. These data are of particular 
benefit in patients with concurrent severe cardiorespiratory disease or severe sepsis. PA catheters are also valuable to guide the use of 
complex vasoactive interventions as part of cerebral perfusion pressure augmentation in intracranial hypertension or triple H therapy 
for vasospasm following subarachnoid haemorrhage.1,2

Neurological Examination

Patients recovering from neurosurgical procedures require careful monitoring of all aspects of neurological function so that early 
signs of bleeding or cerebral oedema can be detected. The neurological system should be reviewed with particular regard to the 
operation performed and the patient's preoperative neurological status. Regular neurological observations should be undertaken 
including the measurement of pupillary size and reaction, limb power and recording of Glasgow Coma Score.3 Although originally 
designed to quantify the severity of a head injury, the Glasgow Coma Scale and Score (Box 24.2) allow categorization of patients 
with neurological dysfunction from other forms of brain injury and over a period of time act as a guide to any deterioration in a 
patient's neurological status.

Eye opening 
Spontaneous 
To voice 
To pain 
None

 
4 
3 
2 
1

Motor responses 
Obeys commands 
Localizes pain 
Normal flexion (withdrawal to pain)
Abnormal flexion (decorticate) 
Extension (decerebrate) 
None (flaccid)

 

6 
5 
4 
3 
2 
1

Verbal responses 
Orientated 
Confused conversation 
Inappropriate words 
Incomprehensible sounds
None

 

5 
4 
3 
2 
1

Box 24.2 The Glasgow Coma Scale
 

Intracranial Pressure Monitoring

Intracranial pressure (ICP) monitoring is indicated in all patients who have intracranial hypertension or are at risk of developing it. 
This is particularly true in patients who remain sedated and consequently cannot be assessed by regular neurological examination. 
While the technique used for ICP monitoring will vary between centres, it is essential that ICP measurements are related to mean 
arterial pressure (MAP) to provide continuous monitoring of cerebral perfusion pressure (CPP; where CPP= MAP–ICP). Many of the 
therapies available to treat neurosurgical patients are based on the reduction of ICP or optimization of CPP. These include a reduction 
in cerebral oedema by cerebral dehydration, administration of steroids, hyperventilation, blood pressure control, reduction of cerebral 
venous pressure, surgical decompression, cerebrospinal fluid drainage and hypothermia.

Other Monitoring Modalities

Transcranial Doppler ultrasound, jugular venous saturation monitoring, EEG and evoked potential monitoring are other modalities 
that may be useful in individual patients. Their use is dealt with elsewhere in this book.

Investigations

Routine postoperative tests – full blood count, clotting screen, urea and electrolytes – should be performed at the time of admission to 
the intensive care unit, along with arterial blood gases if the patient is ventilated or has a low oxygen saturation. A chest X-ray is 
indicated if the patient is ventilated, a central line has been inserted or gas exchange is abnormal. Neurological imaging procedures 
should be undertaken if there is deterioration in the patient's neurological state or rise in intracranial pressure.

ICU Management

Airway and Ventilation



   

Examination of the respiratory system including airway patency and airway reflexes is required to define ventilatory requirements. 
Managing the airway is of primary importance. Any patient without the ability to protect or maintain the airway needs intubation and 
ventilation, as does a patient who is breathing inadequately. The patient should be placed in the neutral position as flexion or torsion 
of the neck can obstruct cerebral venous outflow and increase brain bulk and ICP.
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Even mild hypoxia or hypercapnia can have important consequences in the neurosurgical patient. A rise in the PaCO2 will result in 
cerebral vasodilatation and can raise intracranial pressure further. Hypoxia can lead to secondary brain injury. Cerebral ischaemia 
remains a common pathway to secondary brain damage in most critically ill neurosurgical patients.4 Other indications for ventilation 
include haemodynamic instability, inadvertent postoperative hypothermia, sepsis and the need for controlled hyperventilation in 
order to reduce intracranial pressure, e.g. head injuries.

The rationale behind ventilation is to maintain oxygenation to the tissues and removal of carbon dioxide without damaging the lungs, 
interfering with venous return or raising intracranial pressure. While conventional ventilation strategies are generally applicable to 
neurosurgical patients, a few specific issues need attention. It is important to maintain PaCO2 within tight limits (we use an initial 
target value of 4.5 kPa), since even mild hypercapnia can result in cerebral vasodilatation and rises in intracranial pressure. 
Conversely, profound hypocapnia may result in dangerous cerebral vasoconstriction and ischaemia (see Ch. 00). Since central 
ventilatory drive may be compromised by drugs or disease, this precludes, in many patients, the use of ventilatory modes (e.g. pure 
pressure support ventilation) that do not assure a near constant minute volume. Similarly, while mild arterial desaturation (SaO2 
<90%) is often well tolerated by non-neurosurgical patients, the resulting hypoxic cerebral vasodilatation can result in marked 
increases in intracranial pressure when the brain is non-compliant. We therefore tend to start with FiO2 40%, tidal volume 10ml/kg, 
rate 12–16/min and PEEP 0–2.5 cmH2O using controlled or synchronized intermittent mandatory ventilation. Parameters can be 
changed to optimize ventilation.

Tracheostomy may be indicated in those patients requiring long-term ventilation. Ideally, this should be performed using the 
percutaneous dilational technique where possible. In one study elective tracheostomy for selected patients with poor Glasgow Coma 
Scale scores and nosocomial pneumonia resulted in shortened ICU length of stay and rapid weaning from ventilatory support.5

Haemodynamic Management

The cardiovascular system needs to be reviewed with particular note of the need for further fluid replacement, vasoactive drugs and 
the possibility of the need for central venous or pulmonary artery catheter monitoring. The aim is to control haemodynamics and 
ensure that any blood loss is replaced. Pulse and blood pressure with urine output and central venous pressure give a guide to the 
patient's haemodynamic state. Following assessment of the intraoperative blood loss and fluid replacement, the need for further blood 
or colloid replacement can be guided by these modalities in conjunction with the haematocrit. Fluid and electrolyte balance must be 
monitored closely with regular assessment of blood gases, urea and electrolytes. Glucose-containing solutions should be withheld 
from neurosurgical patients at risk of cerebral oedema or ischaemia, since the residual free water after glucose is metabolized will 
reduce plasma osmolality and accelerate cerebral oedema and since increases in blood sugar can worsen outcome in the ischaemic 
brain.6

Gastrointestinal System

Following examination, the early institution of enteral feeding should be considered, within the first 24 h if at all possible. While 
parenteral feeding may be needed in a small proportion of patients, it is essential that blood sugar and plasma osmolality be 
rigorously controlled.

Care needs to taken in the prevention and treatment of acute upper gastrointestinal bleeding. Gastric acid hypersecretion can be 
observed in patients with head trauma or neurosurgical procedures. Gastric mucosal ischaemia due to hypotension and shock is the 
most important risk factor for stress ulcer bleeding. The most important prophylactic measure is an optimized ICU regime aiming to 
improve oxygenation and microcirculation. Stress ulcer prophylaxis is indicated in patients at risk. This includes patients with severe 
head trauma, raised intracranial pressure and corticosteroid therapy. While it is generally recognized that enteral feeding substantially 
reduces the risk of erosive gastritis, high-risk patients will require additional cover with sucralfate, H2 antagonists or proton pump 
inhibitors. The selection of drugs depends not only on efficacy but also on possible adverse effects and on costs. In this regard, the 
most cost-effective drug may be sucralfate.7

Analgesia, Sedation and Muscle Relaxation

Pain most frequently occurs within the first 48 h after surgery but a significant number of patients endure pain for longer periods. The 
subtemporal and suboccipital surgical routes yield the highest incidence of postoperative pain. Postoperative pain after brain surgery 
is an important clinical problem.8 For non-ventilated patients
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appropriate analgesia consists of codeine phosphate 30–60 mg up to six hourly im/po/ng, paracetamol 1 g six hourly po/ng/pr and 
diclofenac 100 mg pr up to 12 hourly (if no bleeding problem/renal insufficiency). Special measures may be needed to ensure 
adequate analgesia but this is not generally a problem for cranial surgery. Morphine sulphate can be given for spinal surgery where 
changes in the level of sedation are not a critical part of postoperative monitoring.

Sedatives are used to decrease anxiety and diminish awareness of noxious stimuli. Propofol offers particular promise in neurosurgical 
intensive care9 and is particularly appropriate (in doses of 3–6 mg/kg/h) if overnight ventilation is required. If longer term ventilation 
is anticipated then midazolam up to 6 mg/h in an average adult may be used. When compared with midazolam, the quality of 
propofol sedation is better than midazolam and patients wake up significantly faster on discontinuation.10 Prolonged or high-dose 
propofol usage presents problems of cost and lipid loading.

In ventilated patients analgesia with opiates should be used sparingly. The relative lack of pain in patients who have undergone 
cranial neurosurgery predisposes such individuals to the risk of prolonged respiratory depression and delayed weaning from 
mechanical ventilation. While low-dose fentanyl is commonly employed (1–2 μg/kg/h), there may be a role for shorter acting opioids 
such as alfentanil and remifentanil. This area requires further study. There appears to be no justification for withholding non-steroidal 
antiinflammatory agents for fear of haemostatic compromise and paracetamol, diclofenac and other non-opioid analgesics can be 
used for additional analgesia or antipyresis.

Neuromuscular blockade is sometimes required to facilitate ventilation and prevent increases in intracranial pressure associated with 
the patient breathing against the ventilator. These drugs should be used with caution because of their associated incidence of 
prolonged weakness or myopathy, the potential for neurotoxicity and their direct effect on outcome.9 Since these problems appear to 
be most commonly reported with the long-acting or steroid-based neuromuscular blockers, atracurium is commonly used if paralysis 
is indicated.

Postoperative Complications and Their Management

Complications can be divided up into general and those associated with specific operations.

General

Cardiac Arrhythmias, Myocardial Infarction and Cardiac Failure

Cardiac arrhythmias in the ICU are commonly due to underlying cardiac disease but may be precipitated or exacerbated by other 
factors including hypoxia, hypercarbia, drugs, electrolyte and acid–base balance. Such adverse factors may need to be corrected 
before treatment of the arrhythmia can be safe or effective. Postoperative myocardial infarction can be a complication in patients with 
ischaemic heart disease. Specific treatment with thrombolytic agents is precluded in the early postoperative period due to the risk of 
postoperative bleeding. Treatment consists of supportive therapy. Cardiac failure can be a complication in patients with preexisting 
myocardial disease.

Pulmonary Emboli

Pulmonary embolism (PE) is a complication of deep vein thrombosis (DVT). It is a frequent cause of mortality in postoperative 
patients. The mortality in treated patients is significantly lower than in those undiagnosed or untreated. Hence prophylactic measures 
against DVT and early diagnosis and treatment of PE are important, especially in critically ill ICU patients. There are no clear data 
regarding the timing of initiating heparin therapy for DVT prophylaxis in patients who have undergone neurosurgical procedures but 
most units initiate low molecular weight heparin therapy between 24 and 48 h postsurgery. It is essential that non-pharmaceutical 
methods of reducing DVT risk (graduated pressure stockings, circulatory pumps, etc.) be used in all patients in the intra- and 
postoperative period. If patients do develop a DVT or PE systemic heparinization is contraindicated and it is often necessary to resort 
to a caval filter to prevent recurrence of PE.

Infection

Postoperative infections can be life threatening. Prevention has a much greater impact on reducing patient morbidity and mortality 
than treatment. Basic infection control is essential, with all staff washing hands on entry to the unit and on passing from one patient 
to the next. All invasive procedures should be carried out with full aseptic technique, gloves and gowns used. Patients with 
methicillin-resistant strains of staphylococcus should be isolated in a side room and barrier nursed.

A conservative approach to the use of antibiotics is indicated. Samples from CSF, blood, urine, sputum and
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lines taken out should be sent to the laboratory for microscopy and culture if there is any suspicion of infection. Antibiotics should be 
prescribed once the organism and its sensitivity are known. Therapy should be continued based on the clinical response observed.11 If 
the patient is septic then antibiotics should be started in consultation with the microbiologist. Early involvement of the 
physiotherapist is needed for prevention and treatment of chest infections.

Complications Specific to Neurosurgical Operation

Management of Raised Intracranial Pressure

Raised intracranial pressure is multifactorial and may be due to hydrocephalus, vascular congestion and/or cerebral oedema. 
Techniques for reducing ICP are aimed at the aetiological factor causing the ICP elevation. A patent airway, adequate oxygenation 
and hyperventilation provide the foundation of care in such patients.

The specific goals are:

• to limit oedema formation, maintain cerebral perfusion pressure and cerebral blood flow and maintain blood pressure in the normal 
range to optimize blood flow through non-autoregulated areas;

• to create an osmotic gradient toward the intravascular compartment;

• to eliminate obstruction to normal CSF flow or to prevent acute hydrocephalus.

There is no role for dehydration in patients with raised intracranial pressure, since cerebral hypoperfusion will worsen cerebral 
ischaemia and cause further increases in ICP by promoting cerebral vasodilatation. Reduction in vasogenic oedema can be achieved 
by using osmotic agents. Mannitol is the osmotic diuretic of choice for ICP reduction. This removes brain water more than the other 
organs because the blood–brain barrier impedes penetration of the osmotic agent into the brain, thus maintaining an osmotic diffusion 
gradient. In addition, it may improve cerebral perfusion via microcirculatory and rheological effects. Frusemide has been the loop 
diuretic most frequently used to lower ICP acutely and provides intracranial decompression by a diuresis-mediated brain dehydration, 
reduced CSF formation and resolution of cerebral oedema via improved cellular water transport.

Corticosteroids are effective in reducing vasogenic oedema associated with mass lesions (e.g. intracerebral tumour). Often 
neurological improvement will precede ICP reduction and is usually accompanied by some degree of restoration of previously 
abnormal blood–brain barrier. Steroids require many hours for their ICP effects to become apparent and are ineffective (and probably 
detrimental) in the setting of brain trauma and intracranial haemorrhage.

Lowering arterial PaCO2 can increase cerebral vascular resistance and reduce cerebral blood volume, thereby reducing brain bulk and 
ICP. Aggressive hyperventilation has been used in the past but a real danger of severe vasoconstriction with resultant ischaemia may 
result from such a technique. Mild to moderate hyperventilation (PaCO2 4.0–4.5 kPa) may be relatively safe but is best employed 
with the safeguard of jugular bulb oximetry, which will provide warning of cerebral ischaemia.12

Changes in cerebral venous pressure can have a marked influence on ICP. Cerebral blood volume rapidly increases when cerebral 
venous return is impeded. Flexion or torsion of the neck can obstruct cerebral venous outflow and increase brain bulk and ICP. Large 
increases in central venous pressure can also increase ICP. Application of positive end-expired pressure (PEEP) or other ventilatory 
patterns that increase intrathoracic pressure can theoretically increase ICP but rarely do so in practice, since central venous pressures 
will dictate ICP only when ICP < CVP. While it is important to avoid unnecessary increases in intrathoracic pressure, there is no 
reason to withhold PEEP if it is required to optimize gas exchange. Muscle relaxation and sedation can indirectly reduce elevated 
ICP in patients by decreasing mean intrathoracic pressure and spikes in pressure caused by coughing.

Intracranial hypertension can be reduced by CSF drainage or by lowering CSF secretion rates, especially (but not exclusively) in the 
presence of hydrocephalus documented on imaging studies. The first of these two options is commonly employed in the perioperative 
period, typically by the use of an external ventriculostomy. While this allows the controlled and variable drainage of CSF and permits 
catheter flushing in the event of blockage, it is associated with a significant risk of infection and regular microbiological surveillance 
is mandatory.

Reducing the brain temperature lowers brain metabolism, cerebral blood flow, cerebral blood volume and CSF secretion rate with a 
resultant reduction in ICP. While the ability of induced hypothermia to reduce an elevated ICP is well documented, there is currently 
much debate as to whether hypothermia may be applied as a neuroprotective intervention in the absence of intracranial hypertension. 
There is no doubt at all that elevations in body temperature are severely injurious to the ischaemic or traumatized
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brain and aggressive treatment of pyrexia is essential in neurosurgical patients.

In the event of intractable intracranial hypertension with preserved electrical activity on EEG, the use of high-dose intravenous 
anaesthetics such as barbiturates or thiopentone, titrated to burst suppression, may reduce metabolic needs and result in cerebral 
vasoconstriction and ICP reduction.

Surgical removal of intracranial tissue or masses may be used for uncontrollable brain swelling. Besides reducing ICP, surgical 
decompression can reduce shifts in brain tissue that are associated with herniation and/or focal neurological dysfunction.

Intracranial Bleed

Awake patients may suffer reductions in GCS and/or focal neurological deficits related to the site of bleeding. The level of 
consciousness is commonly altered early in the clinical course as mass effect impairs bilateral hemispheric or brainstem function. In 
sedated patients ICP monitoring may provide an early indication of postoperative intracranial haemorrhage, which should prompt 
early CT scanning for confirmation.

Seizures

Prolonged seizure activity produces irreversible cerebral damage, independent of any accompanying hypoxia and acidosis. Cell death 
is thought in part to occur as a result of the excessive metabolic demands and nutrition depletion in continuously firing neurones. 
Cerebral oedema and lactic acid accumulation ensue. Treatment with phenytoin (intravenous loading dose 15 mg/kg over 1 h, with 
maintenance at 3–4 mg/kg/day) is appropriate as a first line in the neuro ICU as, unlike other anticonvulsants in therapeutic doses, it 
does not cause significant depression of the conscious level.

Fluid and Electrolyte Imbalance

Both hypokalaemia and hypomagnesaemia are common in neurosurgical patients who have received mannitol and since they may 
predispose to cardiac arrhythmias, aggressive correction is advised.

Hyponatraemia in neurosurgical patients may be due to the syndrome of inappropriate antidiuretic hormone (SIADH) secretion. 
SIADH may accompany hypothalamic and cerebral lesions, including cerebral infarction, tumour, abscess, trauma or subarachnoid 
haemorrhage. Such patients present with a low plasma sodium and osmolality, preserved or expanded intravascular volume and a 
high urinary osmolality. Progressive symptomatology of headache, nausea, confusion, disorientation, coma and seizures is often 
observed when the plasma sodium falls below 120 mmol/l.

Treatment depends on the presence or absence of clinical manifestations, which may also relate to the speed of onset of 
hyponatraemia. In hyponatraemia of rapid onset, treatment with hypertonic saline may be needed. If the patient has seizures then 
rapid treatment of cerebral oedema is required. Outside the ICU SIADH commonly occurs as a consequence of drug therapy 
(chlorthiazide, chlorpropamide, cyclophosphamide, vincristine) or as a result of ADH secretion by tumours. While such patients are 
treated with fluid restriction, this approach is inappropriate in the setting of critically ill patients where maintenance of intravascular 
volume and cerebral perfusion is paramount. Since hyponatraemia may worsen cerebral oedema, we have a low threshold for treating 
SIADH with demeclocycline (300–1200 mg/day) when fluid therapy with normal saline does not restore plasma sodium to the 
normal range. Occasional patients who present with severe acute hyponatraemia, coma and fits may require hypertonic saline 
therapy. It is important not to elevate plasma sodium levels too rapidly in patients who have been chronically hyponatraemic, since 
this may predispose to the development of central pontine myelinolysis. In such patients plasma sodium should not be raised at a rate 
greater than 1 mmol/h or 12 mmol in any 24-h period.

Hyponatraemia in other neurosurgical patients, especially following subarachnoid haemorrhage, may be the consequence of 'cerebral 
salt wasting'.13 Such patients present with a low plasma sodium and high urinary sodium and output and are usually fluid depleted. 
This syndrome may be the consequence of excessive secretion of brain natriuretic peptide and is treated with aggressive volume 
expansion with sodium containing crystalloid or colloid.

Many neurosurgical conditions, including trauma, intracranial hypertension, tumours, subarachnoid haemorrhage and brainstem 
death, can lead to diabetes insipidus. The relative lack or absence of ADH in these patients results in the passage of large volumes of 
dilute urine (up to 0.5–1 l/h) with the rapid development of hypovolaemia, plasma hyperosmolality and hypernatraemia. Diagnosis in 
the appropriate clinical setting is made by detection of a high plasma osmolality coupled with a low urinary osmolality and treatment 
is with des-amino d-arginine vasopressin (DDAVP; 1–8 μg boluses, repeated as required) and
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hypotonic fluids. Mild elevations in plasma sodium may be best left untreated, since they may help to minimize vasogenic oedema, 
and aggressive and rapid reduction of plasma sodium and osmolality in patients who have been chronically hypernatraemic may 
result in cerebral oedema.

Intrahospital Transfer14

Imaging is important in the diagnosis of postoperative CNS deterioration. For some patients this will involve multiple journeys. 
Transfer of the patient from the neuro ICU to the CT scanner can be fraught with hazards.15 Careful planning of the journey with 
appropriate monitoring, including the presence of an anaesthetist if the patient is ventilated or haemodynamically compromised, is 
essential. Communication with the imaging department is a priority to prevent any delays. Particular attention should be paid to 
assessment of the airway and the adequacy of intravenous access. As far as possible, the same degree of monitoring should continue 
with the patient from the ICU to the scanner. This includes pulse oximetry, ECG, blood pressure (invasive if arterial line in situ), 
intracranial pressure monitoring and capnography if available. Portable monitoring equipment with functioning batteries is required.

Care must be taken when moving the patient from the bed to the CT scanner to ensure that all lines remain intact and the 
endotracheal tube, if present, is not dislodged during transfer. If the patient is being ventilated a portable ventilator with full oxygen 
cylinder is required. In addition, equipment such as a self-inflating Ambu bag with oxygen tubing, a laryngoscope, spare 
endotracheal tube and drugs to facilitate reintubation should accompany the patient.

It is important for the patient to be as stable as possible during this period. Infusions required on the intensive care unit should 
continue, including appropriate doses of sedation, analgesia and muscle relaxant. Haemodynamic control in a ventilated patient can 
be difficult during transfer with periods of hyper/hypotension. Gentle movement, with carefully considered use of sedation, can help 
minimize this problem.15 Resuscitative drugs should be carried with the patient.

During the time spent in the scanner careful attention must be paid to the patient's physiological state with particular regard to 
airway, breathing and circulation. Ideally, the scanning room should have its own anaesthetic machine, ventilator with a piped 
oxygen supply and suction apparatus with full monitoring capabilities. Without this, the hazards of running out of oxygen from a 
cylinder during a long investigation and problems of running out of battery power on the monitors need to be borne in mind. 
Monitoring must continue throughout the procedure with the equipment being easily seen by the attending physician. Any 
intervention to stabilize the patient needs to take priority over the scanning procedure. Careful placement of the ventilator and 
ventilator tubing, drip stands and infusions is essential. The length of any tubing connected to the patient needs careful consideration, 
bearing in mind the movement required to actually scan the patient. Vigilance must be high at all times for potential hazards.
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Introduction

The burden of stroke disease in the Western world is a significant problem. Stroke is the third most common cause of death behind 
heart disease and cancer and is the most common cause of disability in patients living at home. The United States spends 
approximately $67 billion on stroke per annum, with one-third spent directly in hospital and nursing homes.1 In the UK stroke care 
accounts for 5% of the health service budget, much of which is directed to the care of disabled stroke patients.2 The incidence of first 
stroke is approximately two per 1000 per year.3 Despite advances in primary prevention such as effective hypertension screening, 
secondary prevention with antiplatelet therapy and carotid endarterectomy, it is unclear as to whether these measures have had an 
impact on overall stroke incidence.4 Nevertheless in an ageing population stroke is a major health concern, as 75% of patients with 
ischaemic stroke are over 75 years old. In terms of research efforts, stroke has often been a 'poor third' when compared to the huge 
interest and research effort in ischaemic heart disease and cancer. However, over the last 10 years stroke has moved up the political 
agenda and has been the subject of two recent government Green Papers in the UK.5,6 Research efforts are expanding and there is an 
increasing interest, particularly from the pharmaceutical industry, in the development of new acute treatments.

Given this accelerating interest, it is perhaps surprising that the most significant advance in the management of stroke in the last 5–10 
years pertains to the process of service delivery with the improved organization of stroke services to provide coordinated care at 
every level. It is now recognized that a comprehensive stroke service should have a neurovascular clinic for the assessment of 
transient ischaemic attacks (TIAs) and 'mini-strokes', a stroke unit for the acute phase of care, with facilities for continued 
rehabilitation followed by secondary prevention.7 The implementation of these changes and the introduction of thrombolytic therapy 
in some countries has now shifted the debate. Stroke physicians are beginning to ask whether there is a role for more intensive 
management for the majority of stroke patients in the acute stages and whether this will have an impact on stroke outcome.

This chapter will address the following issues based on the available evidence:

• Is there a role for more intensive care of acute stroke?

• If so what should be offered in terms of monitoring and therapy?

• In the light of the prevalence of stroke, these questions are of major importance to health-care systems as the impact on the costs of 
service delivery could be huge.

What Is a Stroke Unit?

The evidence for the efficacy of stroke units is now clear. Organized inpatient care has been shown to be more effective than 
conventional care for three major primary outcome measures: death, dependency and institutionalization.8 On a stroke unit patients 
are more likely to survive, regain their physical independence and return home. All categories of stroke patients are shown to benefit 
and there is no reason to exclude patients on the basis of gender, age or stroke severity.7 Stroke units are also effective in reducing 
the length of inpatient hospitalization. There have been many suggestions as to how organized stroke care can improve outcome. It is 
important to note that these benefits were found from reorganization of relatively 'low-tech' ward environments with no acute 
monitoring facilities, no new acute treatments and no increase in the amount of rehabilitation staff or sessions.7 What seems to be 
important is the process of care for stroke patients. On a stroke unit, there can be standardized assessment and early management 
protocols, better prevention and treatment of the secondary medical complications and earlier active rehabilitation. The benefits of 
stroke unit care do not happen in the acute stages (when the neurological complications of stroke occur) but are seen in the first four 
weeks, i.e. when the medical complications of stroke and immobility occur.7 Box 25.1 summarizes the essential components of the 
stroke units referred to in these studies.

The following discussion is in three parts: the first assesses the evidence base for the management of stroke on a general stroke unit. 
The second examines the case for more high-dependency management and the third the available evidence for managing acute stroke 
in a neurocritical care setting.

Stroke physician/neurologist 
Nurses with an interest in stroke 
Physiotherapists 
Occupational therapists 
Speech and language therapists 
Dietician 

Box 25.1 Essential components of a general stroke unit
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Acute Management of Stroke (0–48 Hours): 
Evidence-Based Specific Management on a General Stroke Unit

Aspirin

Aspirin should be given as soon as possible after acute ischaemic stroke in an initial dose of 160–300 mg (patients with swallowing 
difficulties can be given aspirin via rectal suppository or nasogastric tube as the evidence suggests that aspirin confers an early 
benefit which is additional to the long-term secondary preventive actions.9,10 Strictly speaking, aspirin should not be given until a CT 
brain scan has excluded a haemorrhage but recent pooled data from two large studies have shown that early use of aspirin does not 
confer a significant risk of worsening in a primary intracerebral haemorrhage and so can be given before the CT brain on clinical 
grounds. Aspirin 300 mg od should be continued for the first four weeks and then can be reduced to 75 mg od which is proven to be 
an adequate dose for effective secondary prevention.11

Anticoagulation

Data from the International Stroke Trial (IST) and other randomized controlled trials do not support the routine early use of heparin 
in acute stroke.12,13 This is because heparin has not been shown to affect mortality or incidence of second stroke but does increase the 
risk of early haemorrhagic stroke and major extracranial haemorrhage. Even in patients with atrial fibrillation or emboli from the 
heart, there was no net reduction in the risk of further stroke because the risk of haemorrhagic complications outweighed the 
reduction in early recurrent stroke.10 These findings contrast with the clear benefit for secondary prevention of long-term 
anticoagulation in patients with atrial fibrillation.14 It is unclear at what time following acute stroke anticoagulation should be started. 
In clinical practice it is usual that warfarin is not substituted for aspirin until two weeks following stroke onset to minimize the risk of 
haemorrhage. To date, studies on use of the low-molecular weight heparins and heparinoids in acute stroke provide no convincing 
evidence of long term benefit.13

Other General Measures

Deep vein thrombosis (DVT) is common following stroke and general measures should be taken to try and prevent it, i.e. ensuring 
optimal fluid balance, use of graded compression stockings and if the patient is still immobile after two weeks the use of low-
molecular weight (LMW) heparins. Although the use of LMW heparin is shown to reduce thromboembolic complications, there is 
little evidence that this translates into a net reduction in the longer term rates of death or dependency.13

Management of Dysphagia and Aspiration

Dysphagia can be complicated by aspiration, pneumonia and hypoxia, dehydration and poor nutrition. Pneumonia is one of the major 
causes of death in stroke in the second week. Improvements in the assessment and management of dysphagia may be one of the 
reasons why development of stroke units has been so beneficial to stroke patients.7 Assessment of swallowing should be made before 
any food or fluid is given to the patient and testing for a gag reflex alone is an inadequate way of assessing a safe swallow.15 The 
simple bedside assessment can be done by trained nurses with advice from speech therapists.15 Initially, if there is any doubt about a 
patient's swallowing abilities then the patient should be put 'nil by mouth' (NBM) and an intravenous line put up. Dysphagia often 
improves significantly during the first week following stroke and so it is clinical practice to use a nasogastric feeding route after day 
3 and then wait until about 10 days before deciding on whether a percutaneous endoscopic gastrostomy (PEG) tube is necessary.16 
Whether early feeding and nutritional support affect outcome in stroke is the subject of an ongoing randomized controlled trial 
(FOOD Trial – MS Dennis, personal communication).

Management of 'Extracranial' Sequelae: 
The Case for More 'Multimodal' Monitoring and Stroke High-Dependency Units

Closer monitoring of parameters known to be deranged by acute stroke – such as blood pressure, ECG abnormalities, temperature, 
oxygen saturation and glycaemia – will only be worthwhile if the effect of the change in the parameter on the extent of ischaemic 
damage is known and it is shown that 'correction' of the given change has a beneficial effect on the ischaemic damage and subsequent 
outcome of the patient.

Hypertension

High blood pressure is a sequelae of acute stroke17,18 and is generally higher in patients with intracerebral haem-
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orrhage. Of course there is a proportion of patients who are either chronically hypertensive or who have previously undiagnosed 
hypertension within this group. Usually, this acute blood pressure rise falls spontaneously over the first few days. Whether this initial 
hypertension should be treated is not known and there are no randomized controlled trials on which to base any recommendations. 
Theoretically, control of hypertension may reduce the risk of vasogenic oedema formation and also the risk of haemorrhagic 
transformation of the infarct. However, reductions in systemic blood pressure may actually worsen the ischaemic damage. It is 
known that collateral arteries dilate in response to acidosis in the ischaemic area and that the autoregulatory mechanisms controlling 
flow in these vessels are lost. This means that even modest reductions blood pressure can affect the rCBF and worsen the degree of 
ischaemic damage.19,20 In one animal model, a reduction of only 5 mmHg shifted EEG patterns consistent with a reversible injury to 
activity indicating irreversible damage.21 In three small human trials of calcium channel antagonists (IV and po nimodipine and IV 
nicardipine), there was evidence that functional status and early survival may have been worse in the treatment groups because the 
induced systemic hypotension increased the infarct volume.22,23,24

In view of this evidence, there is general agreement that in clinical practice antihypertensive medication should be withheld in the 
acute stages unless there is evidence of hypertensive encephalopathy, aortic dissection, cardiac failure or acute renal failure.20 Only if 
the blood pressure readings exceed the upper limits of autoregulation (i.e. systolic > 220, diastolic >120) should the blood pressure be 
cautiously reduced to try to prevent vasogenic oedema formation and haemorrhagic transformation. The aim of therapy should be a 
moderate reduction in blood pressure over a day or so rather than minutes and usually an oral [gb] β [xgb]-blocker is sufficient. 
Nifedipine is often used in Europe but the disadvantage of this is unpredictability of response and the overshoot hypotension that can 
occur. Labetalol or enalapril are known to have minimal effects on cerebral blood vessels and can be tightly titrated. In the 'NINDS' 
trial of tPA in acute stroke,25 a protocol for the management of hypertension was used with the aim of reducing the risk of 
haemorrhagic transformation; this has gained widespread acceptance in centres in the United States where thrombolysis protocols are 
used but has not been tested per se in any randomized controlled trial. A summary of the antihypertensives that may be used in acute 
stroke is shown in Table 25.1. Patients remaining hypertensive following the acute phase (i.e. week 2 post-stroke) should obviously 
be treated as part of a secondary prevention strategy.

Hypotension

Low blood pressure is a less common finding in acute stroke but is often caused by volume depletion.26 It seems appropriate to treat a 
systolic blood pressure of < 90 mmHg with plasma expanders or vasopressive drugs, based on the evidence in head injury patients, to 
ensure an adequate perfusion pressure.27 There are

Table 25.1 Antihypertensive agents used in acute stroke

Drug Dose Onset Duration Adverse effects

Nifedipine 5–10 mg sublingual 5–15 min 3–5 h Overshoot 
hypotension

Captopril 6.25–50 mg od oral 15–30 min 4–6 h Decrease in CBF 
hypotension

Enalapril 2.5–30 mg od oral 15–30 min 8–10 h Not for use in 
renal failure

Nitroprusside 0.25–10 
mg/kg/min 
IV

Immediate 1–5 min Nausea, vomiting, 
muscle twitching 
sweating

Labetalol 20–80 mg IV bolus 
or 2 mg/min IV 
infusion

5–10 min 3–5 h Vomiting, 
hypotension, 
dizziness 
nausea 
Not for use in 
respiratory disease
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very few data about the risks and benefits of such an intervention in stroke patients but a recent study showed that pharmacological 
elevation of blood pressure with phenylephrine in acute stroke is safe and may be beneficial in certain patients.28

Cardiac Arrhythmias

Abnormalities of the cardiac rate and rhythm are very common following stroke.29 A small proportion of ischaemic strokes 
(approximately 5%) will be in patients presenting within six weeks of an acute myocardial infarction. It is not known whether 
continuous monitoring of the ECG is necessary in the acute stages of stroke. In one study a few patients were noted to develop a 
prolonged QT interval and ventricular repolarization changes that are significant risks for ventricular arrhythmias. This could 
certainly contribute to mortality as well as stroke extension due to arrhythmia-induced hypotension. Conversely, in other studies 
there were very few arrhythmias and very few cardiac sequelae, making the need for wholesale cardiac monitoring rather 
unecessary.30,31

Perhaps the most important arrhythmia in terms of management and secondary prevention strategy is AF which occurs in about 17% 
of patients with stroke and in the majority precedes the stroke. This can be easily picked up by a 12-lead ECG and does not require 
monitoring unless the ventricular rate is uncontrolled.

Oxygenation and Abnormalities of Respiration

In areas of cerebral ischaemia it has been shown that hypoxaemia does worsen ischaemic damage.32 Many patients with stroke have 
abnormal respiratory function due to abnormal breathing patterns caused by the stroke itself. Also significant problems such as 
aspiration, atelectasis and pneumonia can be caused by the sequelae of the stroke. All these are potential causes of hypoxaemia and 
affect the oxygen availability to the brain. It would seem a pragmatic step to offer oxygen routinely to stroke patients, particularly 
those with abnormalities on pulse oximetry (oxygen saturations below 95%, for example). However, it is not known whether this 
would confer any benefit on subsequent outcome. Rather paradoxically in animal ischaemic stroke models and also in vitro studies 
there is evidence to suggest that excessive oxygen might increase the generation of free radicals, thereby enhancing lipid 
peroxidation and worsening outcome, especially during any reperfusion of thrombi.33,34

The disordered patterns of breathing are common and probably result from indirect or direct damage to the respiratory centre in the 
medulla. The most commonly observed abnormality is periodic hyperventilation-hypoventilation (Cheyne–Stokes respiration) 
observed in 12% of cases in one study and 53% in another.35,36 In general these abnormal patterns do not necessarily imply a poor 
prognosis and are an acute phenomenon noted quite frequently in patients who subsequently make a good recovery.35

Several other abnormalities of respiratory pattern have been described, including complete and central sleep apnoea.37 Often there is 
also evidence of chronic coexisting pulmonary disease and occasionally respiratory depression can be provoked by the overuse of 
sedative medication.

At the moment particularly in the UK there is very little routine monitoring of oxygen saturation on general stroke units, something 
which could easily be introduced onto general stroke units using pulse oximetry. There has been some recent success in using 
oximetry in high-risk patients in order to predict aspiration pneumonias but the central question about oxygenation and acute stroke 
remains unanswered. This is obviously an important area for further work as it would be a simple (and cheap) way to make a 
difference.

Hyperglycaemia

Hyperglycaemia occurs in up to 43% of patients with acute stroke (random blood sugar > 8.0);. 25% of these have diabetes already 
and another 25% have a raised HBA1C, indicating latent diabetes. The acute rise in blood sugar in the remainder suggests this is a 
response to the stroke itself. The precise mechanism of this effect is not known but aetiological factors may be increased release of 
catecholamines and corticosteroids in response to cerebral ischaemia.38,39,40

There is a substantial amount of evidence from animal stroke models and patient studies that hyperglycaemia enhances ischaemic 
brain injury and worsens outcome.38,39,42,43 Myriad detrimental effects have been demonstrated in experimental models of 
hyperglycaemia and cerebral ischaemia.42,43 In the ischaemic brain anaerobic glycolysis occurs producing lactic acid from pyruvate. 
Hyperglycaemia enhances the entry of glucose into the brain and provides more substrate for this anaerobic glycolysis particularly 
within the ischaemic area. This results in an intracellular lactic acidosis which has detrimental effects on neurones, glial cells and 
endothelial cells. In neurones it exacerbates the biochemical events that precipitate irreversible cell damage by facilitating release of 
mitochondrial calcium. Patients who have hyperglycaemia following stroke have higher levels of neurone-
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specific enolase (NSE) an enzyme released from dying neurones compared with normoglycaemic patients.44 Lactic acidosis also has 
a critical role in glial oedema inhibiting collateral flow and affecting the microcirculation. Astrocytes are damaged by the effects of 
hyperglycaemia and as a result, the nutritional and metabolic support to the neurones adjacent to the astrocytes fails. Hyperglycaemia 
also worsens the degree of acute blood–brain barrier breakdown.41

It would seem good clinical practice, therefore, to maintain tight glycaemic control with insulin and fluids if necessary (to aim for a 
blood sugar of 4–8) and to perform regular monitoring using BM stix. A randomized controlled trial is in progress to assess the 
impact of this approach on eventual outcome from stroke (CJ Weir, personal communication). One note of caution is that 
hypoglycaemia can worsen the neurological deficit so the blood sugar control should not be overdone.42

Body Temperature

An elevated body temperature is an independent predictor of poor outcome from stroke.45,46,47 In a recent human stroke study only 
20% of the patients had a fever associated with an underlying infection demonstrating a central effect of cerebral ischaemia on body 
temperature.47 The exact mechanism producing this effect is unknown but in animal models it is well known that neuronal damage is 
worsened by hyperthermia and reduced by hypothermia.48 A possibility is that hypothermia may be neuroprotective because it 
reduces cerebral blood flow (rCBF) and improves the cerebral arteriovenous oxygen difference.49–50 In the animal models, the timing 
of hypothermia appears crucial for its beneficial effects. To date, no effect of hypothermia has been observed in which hypothermia 
was induced one hour or more after ischaemia in animal models of global ischaemia. This obviously presents a problem in translating 
this to human stroke management.

However, based on the above evidence, it would seem that normothermia should be achieved following acute stroke, using 
antipyretics if necessary and that infections should be treated promptly and aggressively.51,52 Whether hypothermia in acute stroke 
improves outcome remains a subject of debate.51,52 Hypothermia is not without potential harmful side-effects: in moderate to deep 
hypothermia electrocardiographic changes and arrhythmias can be provoked and hypothermia increases the danger of infection. Also 
the effect on CBF can potentially become detrimental – particularly if CBF reaches critical levels that are found below 27 degrees.

Brain Temperature Monitoring

Knowledge about the differences between body temperature, jugular vein temperature and brain temperature is not very precise. In 
addition, it may well be that the temperature varies in different parts of the brain. For example, it has been shown that very early 
following stroke, the temperature in the ischaemic area is higher than in the unaffected hemisphere, and that after several hours this 
gradient shifts.50 Hence much more work is required in this area to answer the question of what temperature measurement, and from 
where, correlates best with severity and outcome and, if hypothermia is neuroprotective in acute stroke.

Summary

Table 25.2 summarizes the evidence for an increased intensity of monitoring following acute stroke. Using the available data, there is 
not enough evidence to support the immediate upgrading of general stroke units into higher dependency settings. However, there is 
certainly enough encouraging evidence to support further trials comparing the effect of acute stroke patients managed in this way 
with the usual general care. More specific research is required to investigate the effect of the individual components discussed above 
and, more generally, to assess the overall effect of this type of higher dependency management.

Specific Treatments for Acute Stroke

Thrombolysis Trials

The idea that reperfusion with a thrombolytic would affect outcome in acute stroke is not new. Small trials of thrombolysis were 
started almost 50 years ago but were virtually abandoned because of an increased risk of death.53 However, there has been a 
resurgence of interest over the last 10 years, in part due to the widespread availability of CT scanning allowing for easy identification 
of brain haemorrhage and the success of thrombolytic therapy in cardiology.54 Because the major beneficial effect of thrombolysis 
(clot lysis and reperfusion) and the major detrimental effect (haemorrhage) both occur spontaneously in acute stroke, there has been a 
move towards large randomized controlled trials (RCTs) to eliminate systemic bias in the analysis of the results. The most recent 
randomized trials of intravenous thrombolysis are shown in Table 25.3. Only one of these trials was unequivocally positive, i.e. the 
NINDS-rt-PA Stroke Study.55 In this trial where patients were randomized within three hours of stroke onset (48% within 90
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Table 25.2 Summary of the evidence for more intensive monitoring in acute stroke

Monitoring Suggested intervention Available evidence Key references

Blood pressure Aim to keep systolic <220 
mmHg and diastolic <120 
mmHg

No RCT evidence for 
risk/benefits of intervention. 
Relative hypotension known to 
reduce CBF in acute stages

17,20,23,25

Oxygen saturation Aim to keep arterial 
saturation > 95%

Evidence of effect of oxygen on 
ischaeic brain limited. Probable 
benefit of monitoring in 
predicting aspiration 
pneumonias

35

Body Temperature Aim to keep at 37 or less Fever worsens outcome. No 
RCT evidence of benefit of 
induced hypothermia

47,50,51

ECG Acute treatment of 
arrhythmias (particularly 
ventricular)

Incidence of beneficial 
interventions based on 
monitoring lacking. Sensible to 
monitor high risk cases

29,30,31

Blood glucose Aim to keep glucose 
concentration 4.2–7.8 mmol/l 
with insulin pump if 
necessary (e.g. blood glucose 
> 15 mmol/l)

Hyperglycaemia worsens 
outcome. No RCT evidence of 
beneficial effects of tight 
control. Avoid hypoglycaemia

38,39,42

min), there was a trend towards neurological recovery at 24 h and at three months 50% of survivors had no or minimal disability 
compared with 38% of controls. However, the rate of symptomatic brain haemorrhages rose by a factor of 10 but despite this 
mortality at three months was the same in both groups. On the basis of this trial tPA was licensed for use in the USA in June 1996 
and there are published guidelines for its administration.25 However, partly because of the practical difficulties of the three hour time 
window both for patient time to presentation and logistic difficulties within hospitals in centres offering thrombolysis, only 5% of the 
strokes are eligible to receive it.

There remains considerable uncertainty, particularly in Europe, about the widespread use of thrombolysis especially as the recent 
European ECASS II Study did not show any definite benefits over placebo.56 Therefore, outside the USA thrombolysis still remains 
an experimental treatment.

A systematic metaanalysis of 12 RCTs involving 3435 patients (still very small by cardiological standards) where thrombolysis was 
started within six hours has shown that thrombolysis reduced the proportion of patients who died or who remained dependent at the 
end of trial follow-up (i.e. at six months) and more so if therapy was started within three hours.61,62 This treatment effect appeared 
clearer in those trials using tPA. However overall, patients given thrombolysis had an increased risk of death within two weeks and 
also by the end of follow-up. In one trial where there was a subgroup randomized to aspirin and streptokinase there was a highly 
significant interaction for the risk of haemorrhage.57 Table 25.3 summarizes the results from the major trials of thrombolysis to date. 
Some of the debates resulting from these studies have tried to identify factors that will enable better patient selection for 
thrombolysis, i.e. to ensure that patients treated have the most to gain at the least risk possible.



   

 

Page 361

Table 25.3 Summary of intravenous thrombolysis trials.

Trial eponym 
and reference

Agent used Dose Stroke 
subtypes

Time from 
onset to 
treatment

Main effects

MAST-I57 Streptokinase 1.5 × 10 IU Cortical 6 h Excess of early deaths. Non 
significant reduction in death and 
disability in treatment group. 
Particularly high risk of 
haemorrhage in aspirin plus 
streptokinase subgroup.

MAST-E59 Streptokinase 1.5 × 10 IU All 6 h Stopped due to a twofold 
increase in odds of early death in 
treatment group

ECASS 160 tpa 1.1 mg/kg Cortical 6 h Mortality higher in treatment 
group. Trends towards better 
outcomes in survivors, however

NINDS55 tpa 0.9 mg/kg All 3 h 12% absolute increase in 
likelihood of good outcome at 
three months. No significant 
differences in mortality. 
Haemorrhage rate increased in 
treatment group by factor of 10

ASK58 Streptokinase 1.5 × 10 IU All 4 h Risk of early death increased. 
For the 0–3 h treatment subgroup 
there was a strong trend towards 
better outcome

ECASS 256 tpa 0.9 mg/kg Cortical 6 h Non significant benefit in 
outcome at three months. 
Increase in haemorrhage rate but 
no significant increase in 
mortality

Possible ways of improving patient selection for thrombolysis

Time Window to Treatment

One of the major differences in the NINDS Trial when compared to the other RCTs was the short time window to treatment and, in 
theory, it makes sense that a fresher thrombus occluding an artery is more likely to respond to lytic agents than an old more organized 
thrombus. However, data from functional imaging studies using positron emission tomography (PET) suggest that the therapeutic 
time window in terms of viable ischaemic but not infarcted brain may last less than one hour in some patients but up to 16 hours in 
others.61,62 A simple imaging technique to detect ischaemic but still viable tissue in individual patients is urgently needed to help 
make these treatment decisions. If an area of salvageable brain was demonstrated then it would be easier to persuade patients to take 
the added haemorrhagic risk of the treatment. Developing MR technology looks promising in this respect.63

Predictors of Brain Haemorrhage and Complications of Thrombolysis

From the trials predictors of those more likely to haemorrhage are emerging. General predictive factors are time to treatment, the 
dose of thrombolysis, the
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initial blood pressure level and the severity of neurological deficit and Of ischaemia. More work is needed to delineate these 
indicators more precisely. Other potential complications of thrombolysis include reperfusion injury, arterial reocclusion and 
secondary embolization due to thrombus fragmentation.64

Problems of Definition and Intraarterial (IA) Thrombolysis

One of the problems with IV thrombolysis is that it is not known whether the patient actually had an occluded artery at the time of 
treatment. The large IV trials have been non-angiographic and assumed that one large or small artery occlusion was present. From 
previous angiographic studies performed within 6–8 h of stroke this is the case in 75% of patients.65 It is not known whether there is 
a differential response to IV thrombolysis in angiographically positive versus negative patients. One obvious advantage of IA 
thrombolysis is that it allows a more accurate selection of patients. Also it allows a higher local concentration of the drug. There have 
been some trials demonstrating success with IA thrombolysis for strokes within the posterior cerebral circulation66 and a recent RCT 
of IA lysis using a prokinase showed good evidence of recanalization but too few patients were randomized to assess the impact on 
outcome67 More studies are awaited with interest.

The Impact of Thrombolytic Treatments on Intensive Care Treatment of Stroke

Should patients who are thrombolysed be managed on an intensive care unit? At the moment, this question remains open mainly due 
to the uncertainties surrounding thrombolysis itself. However, rather akin to the postthrombolysis management of myocardial 
infarction patients could easily have infusions of intravenous thrombolysis on a high dependency section of a general stroke ward. 
Protocols for the management of the infusion and potential complications such as hypertension and bleeding would help to ensure 
treatment was administered according to strict guidelines. IA thrombolysis may require a more intensive setting, particularly if there 
was a restless patient and a protracted angiographic procedure. This may necessitate an anaesthetic for the first 24–48 h although the 
proportion of patients in whom this would be applicable would probably be small.

Neuroprotection for Acute Stroke

Table 25.4 summarizes the neuroprotective agents which have shown efficacy in animal ischaemic models and have been tested in 
phase II and III human RCT's. To date, the results have been disappointing and there is much debate as to why promising results in 
animal studies have not translated into successful results in human stroke trials.75,76,77 There are several possibilities: one may be the 
inclusion of stroke patients in trials on the basis of stroke rating scales rather than an objective assessment of the neuroanatomical 
and neurophysiological deficit. As most animal models involve cortical ischaemia in the MCA territory it would seem sensible to 
only include these strokes in the human studies. Unfortunately most rating scales assess the severity of the impairment and in most of 
the trials to date, no subgroup analysis based on neuroanatomical infarct site has been possible. Therefore, a potential benefit in 
cortical strokes may be diluted by the inclusion of other stroke syndromes (e.g. lacunar strokes with white matter ischaemia) in the 
analysis. It is interesting to note that in the CLASS Study,73 where strokes were classified according to the Oxfordshire Community 
Stroke Project(OCSP) system, subgroup analysis demonstrated benefit in total anterior circulation strokes despite an overall negative 
result.

Another important consideration is the lack of a widely available imaging technique which demonstrates the existence of the 
ischaemic penumbra in an acute stroke patient. This is of crucial relevance to the efficacy of a neuroprotective agent. PET studies 
have shown that only around one-third of patients presenting 5–18 hours after onset have evidence of an ischaemic penumbra and in 
these patients the outcome is variable.78 Also, in some patients the penumbral region is gone by one hour and in others it remains for 
up to 24 hours.61,62,78 Therefore clinical trials of potential neuroprotective agents in the future will require more detailed phase II 
studies with carefully selected patient groups and functional imaging techniques of which there are several new possibilities, 
particularly perfusion and diffusion-weighted magnetic resonance imaging (PW and DW MRI).63 More advanced imaging 
technology will also be important in defining evidence of beneficial effect with neuroanatomical and neurophysiological endpoints as 
well as clinical data.

Intensive Care Management of Acute Stroke

Causes of Death in Stroke and Indicators of Poor Prognosis

In the first few days following stroke, most patients who die do so as a result of the direct effects of the brain damage.79 In brainstem 
strokes, the respiratory
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Table 25.4 Neuroprotective agents tested or being tested in Phase 111 acute stroke trials

Agent and reference Mode of action Results

Nimodipine22,69 Calcium antagonist Large RCTs did not demonstrate 
benefit. One suggested nimodopine 
induced hypotension was detrimental

Selfotel68,70,76 NMDA antagonist Large RCTs stopped because of side 
effects/efficacy ratio

Cerestat68,71,76 NMDA antagonist Side effects significant. 
Benefit unproven

Elipordil68,76 NMDA antagonist Trials in progress

Magnesium76 NMDA antagonist Trials in progress

Lubelozole72,76 Na channel antagonist and inhibitor of 
glutamate release

USA study showed benefit (5% 
reduced mortality and 7% increase in 
those with little or no disability. 
European study showed no benefits. 
Concerns over prolonged QT interval

Chlomethiazole73,76,77 Inhibitor of glutamate release No significant benefit in large RCT 
(CLASS Trial). Some benefit in MCA 
stroke

Anti-ICAM-1 antibody 
(Enlimomab)74

Monoclonal antibody to ICAM-1 
preventing leucocyte activation

High rates of fever, infection and poor 
outcome

CDP-choline (Citicholine)75 May prevent membrane breakdown 
and free radical production

Phase II studies promising. RCT trial in 
progress

centre may be affected by the stroke itself whereas in cortical infarctions the dysfunction of the brainstem results from displacement 
and herniation caused by vasogenic oedema and raised intracranial pressure (ICP). General predictors of an early death include Age, 
AF cardiac failure and ischaemic heart disease, diabetes, fever, incontinence, previous stroke and a depressed conscious level (e.g. 
Glasgow Coma Scale <9). Neurological features include a severe motor deficit, any visuospatial deficit and a large volume lesion 
with mass effect on CT. For a brainstem stroke, a decreased conscious level, conjugate gaze palsy, severe bilateral motor weakness, 
abnormal respiratory patterns and bilateral extensor plantars indicate a severe stroke and poor prognosis.80,81 Having survived the 
first few days of stroke, subsequent deaths are most often caused by consequences of immobility the most common being pneumonia 
and pulmonary embolism followed by dehydration and renal failure, UTI's and sepsis and other comorbidities for example, ischaemic 
heart disease and cancer.

Severe Strokes and Intensive Care

It is estimated that an intensive care setting for stroke might be appropriate for up to 10% of stroke patients because of life-
threatening stroke with patients having many of the features discussed above.83–86 Ostensibly, management of these patients would 
focus on respiratory care, cardiac care and intracranial pressure management. The stroke subtypes would most likely be acute and 
severe proximal middle cerebral artery (MCA) occlusions, basilar thromboses and space-occupying cerebellar infarctions or 
haematomas. Other patients who might benefit would be those with severe aspiration pneumonias and pulmonary emboli. If IA 
thrombolysis were to prove the most effective and safe means of clot lysis then it is likely that patients receiving this sort of 
management would be appropriate for this setting also, as they may well require ventilation for the procedure. For the majority of 
patients who will have a proximal MCA infarction the
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prognosis is poor.81 60% will die within the first year and 35% will be dependent on others for activities of daily living, leaving only 
5% who will regain any form of functional independence.

Resuscitation Decisions in Stroke Patients

These issues in stroke at the present time remain controversial. Whether to ventilate a stroke patient or not and admit them to an 
intensive care unit depends on an objective assessment of each individual patient, the severity of the stroke and prospects for 
recovery, relevant comorbidities and, if possible, the wishes of the patient and their family. Often such patients are unable to give an 
informed decision themselves. There has been little specific work so far on resuscitation decisions in stroke patients.82

Evidence for the Efficacy of Specific Monitoring and Management of Stroke Patients on Intensive Care

There have been several small non-randomized studies of stroke intensive care units but to date, there is no good evidence that care 
in this setting has any beneficial impact on patient outcome.83–86 What specific management strategies are possible and do they have 
any evidence base for benefit?

Ventilation

Laryngoscopy and intubation may lead to a substantial haemodynamic response and may raise the ICP. Therefore short-acting agents 
such as thiopental (3–5 mg/kg) or propofol (1.5–3 mg/kg) are suggested along with a depolarizing neuromuscular blocking agent to 
avoid a reflex rise in the blood pressure and ICP during the procedure.85,86 If artificial ventilation becomes necessary then it should 
initially be without positive end-expiratory pressure (PEEP) to minimize venous backflow. In general adequate sedation, volume 
controlled respiration, slight PEEP and prolongation of the inspiratory period are helpful. In addition a low pCO2 leads to a fall in 
ICP by reduction in the intracranial blood volume.86 It remains unknown as to whether ventilating and sedating in the context of 
acute stroke confers any neuroprotective benefit.

Intracranial Pressure Monitoring and Control

There are several mechanisms of ICP elevation in cerebrovascular disease that can exist independently or in conjunction. ICP is 
determined by the relative volumes of the cranial vault contents, i.e. brain 80%, blood 10%, CSF 10% and mass (variable %) the 
notion of the mass can encompass an infarction, haemorrhage, oedema, hydrocephalus and cerebral blood volume. ICP changes 
associated with particular cerebrovascular diseases include the accumulation of cytotoxic oedema, the volume or mass of 
parenchymal haemorrhage, obstructive hydrocephalus, as seen with intraventricular haemorrhage or cerebellar haemorrhage and 
infarction. The purpose of ICP monitoring is to try and prevent secondary cerebral injury or ischaemia. Large ischaemic cerebral 
infarctions can be accompanied by mass effect and elevated ICP which can cause additional infarction and herniation leading to brain 
death. To date, there have only been a few studies of ICP monitoring in stroke and these have not demonstrated any benefit.87,88

Specific Medical Treatments to Reduce Raised ICP in Stroke

Low molecular-weight hypertonic solutions such as glycerol, mannitol and sorbitol are used frequently to reduce brain water content 
by producing an osmolar gradient between brain and plasma and driving water from brain tissue into plasma.

Glycerol

This is a hyperosmolar agent said to reduce cerebral oedema and possibly increase CBF.86 It can be given intravenously (125 or 250 
ml of a 10% solution over one hour four times a day) or orally (50 ml of an 80% solution four times a day). Glycerol is metabolized 
by glycolysis within brain tissue and is cleared by the kidney. Volume overload, haemolysis and electrolyte disturbances are frequent 
problems associated with glycerol treatment86 and renal function and central venous pressure (CVP) must be closely monitored 
during its administration. To date, there have been 10 RCTs of glycerol in acute stroke involving 593 patients.89 From these trials it 
emerges that glycerol was associated with a marginally significant (42%) reduction in the odds of early death (95% CI: 6–64% 
reduction in the odds of death). However, at final follow-up early glycerol treatment was associated with only a non-significant 18% 
reduction in the odds of death (95% CI: 46% reduction to 23% increase). Therefore the use of glycerol cannot be recommended on 
the present evidence.

Mannitol

Mannitol 20% (0.25–0.5 g/kg every 4–6h) is an osmotic diuretic with a faster onset of action than glycerol. However, because 
equilibration between brain osmo-
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lality and plasma osmolality occurs, mannitol loses its effect after a few days. A reverse osmotic drive resulting in a marked rebound 
phenomenon may occur if treatment with mannitol is suddenly discontinued or reduced too rapidly. Electrolyte disturbances, renal 
dysfunction and hypovolaemia are known complications. The use of mannitol has not been tested in randomized controlled trials in 
stroke patients and therefore its use cannot be recommended in acute stroke.

Decompressive Surgery

Cerebellar Infarction

Space-occupying cerebellar infarcts are caused by unior bilateral posterior inferior cerebellar artery (PICA) occlusion or by bilateral 
superior cerebellar artery (SCA) occlusion. Changes in consciousness can occur between days 2 and 4 and result from the 
compression of the fourth ventricle leading to occlusive hydrocephalus or from additional brainstem compression. The surgical 
decompression of cerebellar infarcts has been claimed to improve cerebral perfusion pressure (CPP) and also relieve obstructive 
hydrocephalus improving outcome in survivors. However, data from RCT's is lacking and results quoted are from open small case 
series. Also there is debate as to which patients should have surgery and at what point is the optimal time for surgical 
intervention.90,91

Large MCA Infarcts with Massive Oedema

Some patients with severe and extensive MCA infarction develop massive oedema and subsequent uncal herniation. They usually 
have severe hemiplegia and gaze palsies and show a rapid decline in conscious level with brainstem signs of herniation within 2–4 
days after the onset of symptoms. This pattern of deficits has been referred to by some as the 'malignant MCA infarction'92 and is 
mostly caused by occlusion of the distal internal carotid artery (ICA) or the proximal MCA trunk and is almost always associated 
with little or no collateral flow. This syndrome has a mortality of 80% and survivors are usually very disabled. If ICP monitoring is 
performed ICP values can exceed 30 mm.

Surgical decompression is claimed to be effective in reducing the ICP and preventing transtentorial herniation, the rationale being to 
allow expansion of the oedematous tissue away from the lateral ventricle, the diencephalon and the mesencephalon to reduce the ICP 
to increase the perfusion pressure and to preserve cerebral blood flow by preventing further compression of the collateral vessels. In 
an animal study it has been shown that animals treated within one hour and within 24 h of MCA stroke had a significantly reduced 
infarct size and improved outcome relative to controls.93 In the literature to date there have been 111 hemicraniectomies performed 
for human MCA stroke during the last 50 years. It has been claimed that this method does have a beneficial effect on both mortality 
and morbidity in a trial of 32 patients. However, this trial was not randomized and included data from a non-randomized control 
group.94 Obviously, more RCT's are required to assess the efficacy of this method. Also the selection criteria for patients will need to 
be better defined and at what point patients should have surgery.

Haemodilution

Haemodilution is achieved by giving an infusion of dextran, hydroxyethyl starch or albumin.95 Haemodilution can be achieved using 
this method and isovolemically by simultaneously removing several hundred mls of blood. The resulting effect is a reduction in 
whole blood viscosity and an increase in cerebral oxygen delivery, the theory being that this might be neuroprotective and reduce 
infarct volume. There have been 15 RCT's of haemodilution involving 2268 patients which have been reviewed.95 No overall effect 
was seen on survival and, in the survivors, neurological outcome was similar in both groups with no subgroup deriving definite 
benefit.

Summary and Conclusion

There is no doubt that the management of stroke has been improved with changes towards organized stroke care on stroke units. 
Whether more intensive management and monitoring of acute stroke will provide the means for further improvement remains to be 
proven but evidence is accumulating that more intensive management of certain parameters may be indicated. The neurocritical care 
management of acute stroke and the benefit of specific monitoring modalities and interventions remain the subject of debate. More 
randomized controlled studies to assess the benefit of these expensive techniques assessing their impact particularly on the long-term 
outcome of stroke are required before more intensive management can be widely recommended. There is still no proven effective 
acute treatment for stroke although treatment with thrombolytic agents looks promising. It is likely that advances in this area as well 
as success in the search for effective neuroprotective agents will drive the management of acute stroke into the more intensive arena.
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Introduction

Even in neurological intensive care units, neuromuscular disease is a relatively infrequent cause of admission. In Fink and Rowland's 
survey of 272 admissions to a New York neurological intensive care unit, only two patients presented with neuromuscular disease.1 
Yet it is important for intensivists to be familiar with at least the major neuromuscular diseases, namely the Guillain–Barré syndrome 
and myasthenia gravis, for failure to recognize eminent respiratory failure in these conditions and institute appropriate care remains 
an appreciable cause of unnecessary morbidity and mortality. The fall in the mortality of Guillain–Barré syndrome from 9–13% in 
early series2,3 to the 5% of more recent series4 is entirely attributable to improved intensive supportive rather than any specific 
therapy.

In the early 1970s, an account of neuromuscular diseases presenting with respiratory failure would have been sufficient for an 
analysis of neuromuscular disease on the neurological intensive care unit.3 However, since that time, a family of neuromuscular 
diseases has been recognized that are acquired on the intensive care unit. After its first description in patients with asthma on steroid 
therapy, the entity of a critical illness necrotizing myopathy has been proposed.5 Then, in the early 1980s, a diffuse axonal 
polyneuropathy that delayed weaning from non-neurogenic respiratory failure was described6 and the designation 'critical illness 
polyneuropathy' emerged (although, in fact, it had been recognized as early as 19567). Impairment of neuromuscular transmission, 
due to the prolonged action of neuromuscular blocking agents, was recognized in the early 1990s.8 These neuromuscular 
complications of intensive care therapy are a significant cause of morbidity and usually delay discharge from the intensive care unit. 
They are the most common indication for electrophysiological studies in the intensive care unit; in a study of 92 patients with 
weakness in the intensive care unit requiring electromyography, 25 patients had preexisting neuromuscular disease that had prompted 
admission, 37 had acquired a 'critical illness myopathy' and 12 had a critical illness polyneuropathy.9

This chapter reviews briefly both those neuromuscular diseases presenting to the intensive care unit and those that may be acquired 
during intensive treatment of unrelated conditions. Within the first of these categories, particular attention is paid to the two most 
common neuromuscular causes of admission to the intensive care unit: Guillain–Barré syndrome and myasthenia gravis. Other 
similar reviews are available to the interested reader.10–13

Neuromuscular Diseases Presenting to the Neurological Intensive Care Unit

Rapidly progressive paralysis that includes the respiratory muscles is a frightening condition for patient and doctor alike. When faced 
with such a patient, the first step is to assess respiratory function. The physician's goal is to anticipate respiratory failure with 
sufficient time to organize admission to the nearest intensive care unit and institute therapy and plan elective intubation. Traditional 
bedside tests of vital capacity, such as the ability to blow out a candle or the duration of an exhaled breath, are useful only when 
spirometry is unavailable. Important physical signs are confusion, agitation and headache, which may indicate hypoxaemia; the use 
of accessory muscles of respiration and tachypnoea; paradoxical indrawing of the abdomen during inspiration, suggesting 
diaphragmatic paralysis; and the signs of right heart failure which may imply chronic respiratory failure.

The key investigation is vital capacity, which should be measured in all patients with an acute neuromuscular syndrome, regardless 
of the level of suspicion of respiratory compromise. Not only is the absolute measure of vital capacity important but also the rate of 
change in successive measures. The normal vital capacity is about 70 ml/kg. From the experience in Guillain–Barré syndrome, it is 
recommended that elective intubation be considered at 12–15 ml/kg or at 15 ml/kg if there is evidence of a progressive deterioration 
over the preceding 4–6 h.14 For a 70 kg person, intubation should therefore be considered when the vital capacity has reached 1 l. 
Ideally, patients should be admitted to an intensive care unit well before intubation is necessary, with vital capacity at 20–30 ml/kg. 
A practical difficulty in measuring vital capacity arises in patients with a facial diplegia that causes weakness of the lips sufficient to 
compromise the seal necessary for accurate spirometry or bulbar weakness that allows nasal escape. The appropriate masks to correct 
these problems may not be available. Common errors in respiratory assessment of neuromuscular disease are the measurement of 
peak flow rates (which may be normal in patients with advanced neuromuscular respiratory failure) and reliance on serial arterial 
blood gases. The vital capacity may have fallen by 60% or so – to 25 ml/kg – before hypoxaemia is first measured and hypercapnia is 
seen usually only after a fall to 5–10 ml/kg.

Having secured safe ventilation, thoughts should turn to the cause of respiratory failure. The list of neuromuscular conditions that 
may cause acute respiratory
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failure is lengthy (Table 26.1), although in practice the principal causes are Guillain–Barré syndrome and myasthenia gravis, a 
detailed account of which follows. It is not always easy to arrive quickly at a clinical diagnosis. Physical signs may be confusing or 
misleading. For instance, it is relatively common to have difficulty distinguishing an acute myelopathy from a rapid polyneuropathy, 
despite the clearcut distinctions described in textbooks. Acute myelopathies may present with areflexia and an absent spinal cord 
level and bladder dysfunction is occasionally seen in Guillain–Barré syndrome. Investigations are usually necessary and those to 
consider urgently are spinal cord imaging, a creatinine kinase and electrophysiology.

Many myopathies and muscular dystrophies cause insidious respiratory failure when at an advanced stage. Ideally appropriate 
domiciliary ventilation will have been instituted long before ventilation on an intensive care unit is necessary but occasional such 
patients will present acutely because of a pulmonary infection that depletes a previously unnoticed dwindling ventilatory capacity. 
Finally, some neuromuscular disorders may require the attentions of an intensivist to protect the upper airways in bulbar failure rather 
than respiratory failure (Box 26.1).

Guillain–Barré Syndrome

The eponym Guillain–Barré syndrome derives from the description of an acute ascending paralytic

Table 26.1 Differential diagnosis of respiratory failure due to neuromuscular disease

Site Disease Clues to diagnosis

Spinal Cord Transverse myelitis 
Epidural haematoma, abscess

Early sphincter disturbance, spinal cord level back pain

Motor neurone Amyotrophic lateral sclerosis Mixed upper and lower motor neurone signs, sensation 
normal

 Poliomyelitis Flaccid paralysis, lymphocytic encephalitis, developing 
world

Acute polyneuropathy AIDP (Guillain–Barré) See text

 Acute axonal polyneuropathy See text

 Porphyria Abdominal pain, mental state disturbance, drugs

 Diphtheria Pharyngitis, cranial polyneuropathy, reduced pupillary 
accommodation

 Shellfish poisoning Facial and limb paresthesiae, vomiting and diarrhoea

 Hypophosphataemia Parenteral alimentation, cranial neuropathies, 
encephalopathy

Neuromuscular failure Myasthenia gravis See text

 Lambert-Eaton myasthenia syndrome Autonomic disturbance, posttetanic potentiation

 Hypocalcaemia Renal failure, drugs

 Hypermagnesaemia Encephalopathy, renal failure

 Botulism Tinned food, bulbar weakness and pupillary paralysis

 Organophosphate poisoning Insecticides, cholinesterase inhibitors

Myopathy Dermato- and polymyositis Ck very elevated, possible underlying malignancy

 Myoglobinuric myopathy Ck very elevated, drugs, toxins

 Hypokalaemic paralysis Thyrotoxicosis in Asian males

 Trichinosis myositis Periorbital oedema, cardiomyopathy, trichinella on 
muscle biopsy

 Acid maltase deficiency Acute-on-chronic respiratory failure, usually due to 
superadded infection

 Mitochoindrial myopathy Acute-on-chronic respiratory failure, usually due to 
superadded infection

 Myotonic dystrophy Acute-on-chronic respiratory failure, usually due to 
superadded infection

 Limb girdle muscular dystrophy Acute-on-chronic respiratory failure, usually due to 
superadded infection
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Myasthenia gravis 
Polymyositis 
Motor neurone disease (ALS) 
Craniocervical Guillain–Barré syndrome 
Botulism 
Diphtheria 

Box 26.1 Neuromuscular causes of acute laryngeal and bulbar failure

illness by Guillain, Barré and Strohl in 191615 (although Landry's 185916 account was earlier). On the basis of clinical criteria, 
electrophysiological characteristics and serum antiganglioside antibodies, several different variants of Guillain–Barré syndrome are 
now recognized; whether these are distinct disease entities or represent the spectrum of one pathogenic process is unclear and for 
practical purposes irrelevant. The prototypical form of Guillain–Barré syndrome is acute inflammatory demyelinating 
polyneuropathy, which occurs with an incidence of 1–2 cases per 100 00017 affecting any age with no familial tendency or defined 
genetic susceptibility. Conventional diagnostic criteria for acute inflammatory demyelinating polyneuropathy are summarized in Box 
26.2, derived from Asbury's work.18,19

Pathogenesis

In cases of acute inflammatory demyelinating polyneuropathy that come to postmortem, which necessarily represent the most severe 
cases, there is mononuclear cell infiltration and segmental demyelination of cranial nerves, dorsal and ventral nerve roots, dorsal root 
ganglia and peripheral nerves.20 The

Clinical features required for diagnosis 
Progressive motor weakness of more than one limb 
Areflexia, usually complete, or distal areflexia with reduced biceps and knee jerks 

Clinical features supportive of diagnosis 
Progression 
Relative symmetry 
Mild sensory symptoms and signs 
Cranial nerve involvement, especially facial weakness
Absence of fever 
Autonomic dysfunction

Clinical features casting doubt on diagnosis
Marked, persistent asymmetry of weakness 
Persistent bladder or bowel disturbance 
More than 50 lymphocytes per ml in CSF 
Sharp sensory level

Cerebrospinal fluid abnormalities in support of diagnosis
Elevated protein after the first week of the illness 
Less than 10 lymphocytes per ml of CSF

Electrophysiological features in support of diagnosis 
Three of the following four are required: 
Reduction in conduction velocity in two or more motor nerves 
Conduction block or temporal dispersion in one or more motor nerves
Prolonged distal latencies in two or more nerves 
Absent or prolonged F waves in two or more nerves

Features that exclude the diagnosis 
Current history of volatile substance abuse
Porphyria 
Recent diphtheria 
Lead neuropathy 
Pure sensory syndrome

Box 26.2 Diagnostic criteria for Guillain–Barré syndrome
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eventual distal preponderance of signs probably simply reflects the increased susceptibility of these nerves to disruption by virtue of 
their greater length. At first CD4+ T-cells dominate the infiltrate,21 followed by macrophages which lie under the basement 
membrane of the nerve fibre, adjacent to the superficial lamellae of the nerve.22 The myelin sheath is first disrupted at the node of 
Ranvier, where there is retraction and then myelin breakdown. In severe lesions, there is axonal degeneration as well. After the first 
week of illness, there are signs of Schwann cell proliferation and then remyelination of denuded axons, even while active 
demyelination persists in other areas.23

As Guillain–Barré syndrome is relatively common, many of the claimed antecedent infections may be attributable to chance. But 
there does appear to be robust evidence for a pathogenic role for prior infection with the herpesviruses CMV (in 15% of cases) and 
EBV.24 Acute inflammatory demyelinating polyneuropathy may also occur at the time of primary infection with HIV as a 
seroconversion illness.25 Evidence of Campylobacter jejuni infection has been found in up to 40% of patients with Guillain–Barré 
syndrome, often in the absence of a history of diarrhoea,26 and in similar studies evidence of recent exposure to Mycoplasma 
pneumoniae has been found in 5%.27 In their considered review, Arnason and Soliven concluded that the only additional established 
precipitants of Guillain–Barré syndrome were surgery and immunization with vaccines containing nervous tissue (such as old forms 
of rabies vaccine) and possibly lymphoma.23

A pathogenic mechanism of antecedent infection in Guillain–Barré syndrome is suggested by the presence of circulating antibodies 
against neural gangliosides. Epitopes on Campylobacter jejuni have been found that mimic ganglioside antibodies.28–30 It is proposed 
that the immune response to the infection generates self-reactive antibodies that mediate the inflammatory demyelination.

Clinical Features

Two-thirds of patients describe an antecedent illness of diarrhoea or a 'flu-like' upper respiratory tract infection with cough. The 
neurological illness starts 1–3 weeks later, usually after the antecedent symptoms have settled. The natural history of acute 
inflammatory demyelinating polyneuropathy is an evolution phase that is complete in two weeks in 50% and by four weeks in 90%,31

followed by a plateau phase lasting less than four weeks in 85% and less than three weeks in 70%.32 In a large, community-based 
study 33% of patients required ventilation acutely and 3% died in the acute illness without ventilation. At one year, 13% of patients 
were dead, 14% were unable to walk and 7% were severely disabled.31

The usual presenting complaint is of symmetrical weakness. This commonly ascends from the legs to the arms and may be heralded 
by distal parasthesiae. For reasons that are not clear, interscapular back pain may be prominent as the first symptom. Later 
neuropathic pain may be a significant management problem, all too easily forgotten in the management of the paralysed patient. It is 
usual for patients to be areflexic at presentation. Proximal limb weakness is the earliest motor sign usually. Sensory abnormalities at 
presentation are less severe than might be expected from the complaints of dysethesiae. Facial weakness is found in half of cases and 
oropharnygeal involvement is seen in 40%.31

Some 65% of patients with Guillain–Barré syndrome have impaired autonomic function. If this is expressed as a resting tachycardia 
treatment may not be required but bradycardia may lead to sinus arrest and the requirement for pacing.33 Orthostatic hypotension can 
arise, due to diminished peripheral vascular tone. Hypotensive episodes may follow suctioning or intubation and persistent 
hypertension is also seen.

Variants of Guillain–Barré Syndrome

Any number of clinical syndromes have been attributed to variants of acute inflammatory demyelinating polyneuropathy. The most 
robust candidates are the Miller Fisher syndrome and the pharyngealcervical-brachial variant. The Miller Fisher syndrome consists of 
the triad of ataxia, ophthalmoplegia and areflexia, without weakness.34 Ventilatory support is not usually required but typical Miller 
Fisher patients may evolve into acute inflammatory demyelinating polyneuropathy syndromes and thus lead to respiratory failure. 
The presence of electrophysiological evidence of a demyelinating peripheral neuropathy in Miller Fisher syndrome supports the 
association with acute inflammatory demyelinating polyneuropathy. So too does the fact that such patients often have the 
antiGMQ1b ganglioside antibody29 that is also found in the 5% of patients with otherwise classic acute inflammatory demyelinating 
polyneuropathy who have an opthalmoplegia. In the pharyngeal-cervical-brachial variant, leg reflexes may be spared throughout the 
illness.35 Intubation may be required to protect the airway.

In northern China, Japan and Mexico, an acute motor axonal neuropathy is more usually encountered than acute inflammatory 
demyelinating polyneuropathy.36–38 Pathological studies show little inflam-
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mation and demyelination but macrophages accumulate at nodes of Ranvier and there is Wallerian degeneration.39 In these patients 
there is a specific antiganglioside antibody, anti-GD1a, that is not found in acute inflammatory demyelinating polyneuropathy.40 The 
prognosis for recovery is worse than for acute inflammatory demyelinating polyneuropathy.

Management of Guillain–Barré Syndrome on the Intensive Care Unit

Between 10% and 33% of patients with acute inflammatory demyelinating polyneuropathy will need admission to an intensive care 
unit.41,42 This is predominantly to manage respiratory failure, although bulbar weakness, dysautonomia, sepsis and hypotension are 
also indications for admission. Ropper et al have made a careful clinical study of Guillain–Barré syndrome and highlight 
oropharyngeal weakness, as well as weakness of shoulder elevation and neck flexion, as harbingers of impending respiratory 
failure.32 Ng et al noted in their patients that respiratory failure always paralleled limb and axial weakness and, furthermore, that 
bulbar weakness was always associated with ventilatory failure.4

Amongst a population of 79 patients with severe Guillain–Barré syndrome receiving intensive care, the mortality was 5% and the 
median duration of ventilation was 21 days.4 Half the patients had respiratory tract infections and two patients required pacing for 
complete heart block; 20 patients developed severe persistent hyponatraemia due to the syndrome of inappropriate antidiuretic 
hormone secretion. Half the patients complained of pain that was resistant to simple analgesics and opiates; relief was obtained by 
the combination of an antidepressant and midazolam. Factors predicting a poor prognostic outcome were the duration of the plateau 
phase and the duration of ventilation. As well as mechanical ventilation, supportive treatment of Guillain–Barré syndrome should 
include monitoring for dysautonomia, rigorous physiotherapy to avoid contractures, eye care in patients with facial weakness, 
parenteral nutrition, analgesia and prophylaxis against DVT. The early involvement of speech therapists to facilitate communication 
is a boon to patients' morale, which usually fluctuates during the course of an intensive care unit admission. In discussion with 
patients who have recovered from Guillain–Barré syndrome, many report that they expected to die and that they did not believe their 
physicians' assurances of a recovery.

Two immunomodulatory therapies have proven efficacy in acute inflammatory demyelinating polyneuropathy: plasma exchange and 
intravenous immunoglobulin. Plasma exchange of 3–5 treatments, exchanging 200 ml/kg, in 245 patients reduced the time to 
recovery of ambulation from 85 days in controls to 53 days.43 Three studies have now shown that intravenous immunoglobulin is as 
effective as plasma exchange in reducing the duration of disability and hospital stay.44–46 In the largest of these studies,46 there was a 
third arm of plasma exchange followed by intravenous immunoglobulin, which conferred no additional benefit. Once an 
improvement was seen in this study, only 1.6% of patients experienced an acute relapse. Intravenous immunoglobulin is easier to 
administer than plasmapheresis but it is expensive. Patients with dysautonomia or cardiovascular disease may tolerate intravenous 
immunoglobulin more easily but it is not without adverse effect: anaphylaxis, aseptic meningitis and renal failure are all reported and 
the potential dangers of transfusing a blood product should be recognized. Interestingly, despite the clear impact of immunotherapies 
on hospital stay and residual disability, the mortality rate of 5% in these studies is similar to that of series of untreated patients.

Myasthenia Gravis

In 1893, Jolly described a disease which he termed 'myasthenia gravis pseudoparalytica', pointing out that weakness increased with 
exercise and decreased with rest and that physostigmine might be an appropriate treatment.47 Then in 1936, the therapeutic effect of 
thymectomy was noted.48 Since then, there has been an outpouring of immunological studies on myasthenia gravis and its 
experimental counterparts, as it has become a prototypical organ-specific autoimmune disease. Despite this, the pathogenic link 
between thymic hyperplasia and the disease process remains mysterious.

Myasthenia gravis is an autoimmune disorder in which antibodies are directed against the acetylcholine receptor antibodies of the 
neuromuscular junction. The prevalence of 1–10 per 100 000 is made up of two broad populations: one mainly women in their 20s 
and 30s and one predominantly men aged between 50 and 70. A thymoma may occur in association with myasthenia gravis at any 
age; it is an absolute indication for a thymectomy although this will not influence the myasthenia gravis. In contrast, thymectomy is a 
disease-modifying treatment, especially in young women with thymic hyperplasia. The cardinal feature of myasthenia gravis is 
fatiguability; as movements are repeated, so the occupancy of acetylcholine receptors at the neuromuscular junction increases and 
less power is generated. The distribution of muscle weakness is also characteristic. In 70% of patients, there is ptosis and 
ophthalmoplegia due to weakness of
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some or all of the external ocular muscles. In 15%, weakness remains confined to the ocular muscles but the remainder develop 
generalized myasthenia within two years which usually presents as oropharyngeal or proximal limb weakness.49 The progression 
from ocular to generalized disease commonly proceeds in a march from facial to bulbar weakness and then to truncal and limb 
muscles. The clinical diagnosis of myasthenia gravis is supported by a positive Tensilon test (see below), positive acetylcholine 
antibodies in 85% of patients with generalized myasthenia gravis50 and a decremental response to repetitive stimulation on 
electromyography. The two classes of maintenance treatment are anticholinesterase inhibitors and immunomodulators, such as 
corticosteroids with or without azathioprine. It is common practice in the UK, but not the USA, to introduce corticosteroids slowly, 
because they may rarely cause an exacerbation of the disease.51

Myasthenia Gravis in the Intensive Care Unit

It is very rare for myasthenia gravis to present initially with such severity as to require intensive care. In a study of 1036 patients 
followed between 1940 and 1980, only 1% presented with dyspnoea.52 There are two common situations in which intensivists 
encounter patients with myasthenia gravis. The first is during the pre- and postoperative management of patients undergoing a 
thymectomy. In some centres, even well patients are treated aggressively with plasma exchange prior to thymectomy. The procedure 
may be transcervical,53 in which case there is a danger of leaving thymic tissue, or transsternal, which carries a slightly greater 
morbidity.54 After the procedure, there is usually a dramatic symptomatic improvement within 24 h which lasts for a few days.

The most common presentation of myasthenia gravis to the intensive care unit is rapidly progressive bulbar or respiratory failure in a 
patient in whom the diagnosis has previously been established. This is usually due to a myasthenic crisis in which case the disease 
process has overwhelmed attempts at therapy. However, neuromuscular blockade can also be induced by excessive use of 
anticholinesterase inhibitors, which is termed a cholinergic crisis. In theory, these may be distinguished clinically by the muscarinic 
effects associated with a cholinergic crisis. A more robust discriminator is a Tensilon test. In a cholinergic crisis, the test dose of 1 
mg of intravenous edrophonium increases weakness and provokes cramps, miosis, vomiting and diarrhoea. However, a reduction of 
weakness with 1–10 mg indicates a myasthenic crisis. In an acute situation, a controlled Tensilon test may be impractical and, 
furthermore, it is claimed that myasthenic and cholinergic crises can coexist in the same patient and even the same muscle.55 A 
pragmatic approach is to withdraw or at least reduce all anticholinesterase drugs in patients who proceed to more potent treatments or 
mechanical ventilation.

Myasthenic crises occur in 15–20% of patients with myasthenia gravis, most (74%) within the first two years of the disease and at a 
median of eight months after the onset of symptoms. It is more common in patients with a thymoma and carries a mortality of 10% 
due to comorbid medical illness. In two-thirds of patients a precipitating cause can be found, most commonly infection.56 It is very 
important to identify any drugs that may have an anticholinergic effect (Box 26.3).

The indications for intubation and ventilation of the patient in myasthenic crisis are similar to those listed above for Guillain–Barré 
syndrome. Unlike in

Antibiotics 
Neomycin 
Kanamycin 
Streptomycin 
Gentamicin 
Tetracyclines 
Erythromycin 
Polymixin 
Ampicillin 

Cardiovascular 
β-Adrenergic blockers
Quinidine 
Procainamide 
Verapamil

CNS drugs 
Chlorpromazine
Lithium 
Morphine

Drugs for rheumatoid arthritis
D-penacillamine 
Chloroquine 
Quinine

Other 
Lidocaine 
Corticosteroids (see text) 
Procaine 



   

 

Gadolinium (contrast agent for MRI)

Box 26.3 Drugs that may exacerbate myasthenia gravis (from 
references12,55)
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Guillain–Barré syndrome, though, it would be expected that bulbar failure would precede respiratory failure and so accurate 
measurement of the vital capacity may be difficult. Having secured safe ventilation, initiated treatment of any provoking infections 
and withdrawn anticholinesterase and any drugs with anticholinergic effect, consideration should be given to acute disease-modifying 
treatment. The orthodox approach is plasma exchange. Various regimes have been tried, ranging from exchange of 5% of body 
volume every 2–15 days to daily exchanges of 2 1, and there is no absolute consensus.57 Objective improvement may be noticed after 
a few days of plasmapheresis with a consequent fall in the acetylcholine antibody titre. Over recent years, intravenous 
immunoglobulin has been suggested as a treatment of the myasthenic crisis. But it has not yet acquired the established role in this 
condition as in Guillain–Barré syndrome.58–60

Once plasma exchange is stopped, the acetylcholine receptor antibody titre rises again within a few days, so it has no role in the long-
term management of myasthenia gravis. It does, however, ameliorate a myasthenic crisis with sufficient time to correct its 
precipitating cause and initiate maintenance immunosuppression in the form of corticosteroids. Two schools of thought exist on the 
dosage of steroids in this situation. One. mindful of the potential of high-dose corticosteroids to transiently exacerbate myasthenia 
gravis, advocates the gradual increase of a low initiating dose (such as 10 mg prednisolone on alternate days). The other suggests that 
high doses (including giving pulsed intravenous methylprednisolone up to 2 g/day61,62) can be given abruptly because any such 
deterioration will occur in the controlled environment of the intensive care unit. Azathioprine is increasingly used to minimize the 
steroid dose required to control myasthenia gravis but it takes several months to exert its effect,63 so has no place in the management 
of the myasthenic crisis.

Neuromuscular Complications of Intensive Care

Neuromuscular illness may develop during the course of an admission to an intensive care unit and usually presents as a failure to 
wean patients off ventilation. The principal causes of such a syndrome are critical illness polyneuropathy, prolonged neuromuscular 
blockade and a necrotizing myopathy (see Box 26.4). Because such patients are often encephalopathic and treated with muscle 
relaxants and sedatives, clinical examination may be distinctly unrewarding. The presence of sensory symptoms points to a 
polyneuropathy, whereas their lack suggests either prolonged neuromuscular blockade or a myopathy. Reflexes may be both present 
or absent in critical illness polyneuropathy and the critical illness myopathies. Critical investigations are a serum creatinine kinase 
and neurophysiological examination of the nerves, which in skilled hands may include assessment of phrenic nerve conduction.64

Critical Illness Neuropathy

Critical illness polyneuropathy is a diffuse axonal polyneuropathy that most usually manifests as delayed weaning from ventilation. It 
was first recognized in 19567 and redescribed in the 1980s.6,65 In a prospective study, electrophysiological evidence for a critical 
illness neuropathy was found in 70% of patients with sepsis and multiorgan failure.66 Sepsis is its usual setting, although it has also 
been described in other conditions that promote multiorgan failure such as pancreatitis, trauma, burns and cardiovascular shock of 
any cause. These associations have raised the possibility that critical illness polyneuropathy is caused by some component of the 
inflammatory response such as nitric oxide and the Th1 cytokines IFN-γ and TNF-α. Some experimental studies lend support to this 
hypothesis,67,68 but in morphological studies in man no inflammation is seen

Critical illness polyneuropathy 
Prolonged neuromuscular blockade 
 
Critical illness myopathy 
 
Phrenic nerve palsy 
Guillain–Barré syndrome 
Porphyria 
Wound botulism

 
Non-depolarizing neuromuscular blockade 
Aminoglycoside antibiotics 
Non-depolarizing neuromuscular blockade 
Steroids 
Trauma, surgery 
Associated with e.g. mycoplasma pneumonia 
Precipitated by drugs

Box 26.4 Neuromuscular causes of failure to wean from mechanical ventilation
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but rather axonal degeneration and loss of dorsal root ganglia.65 Unlike critical illness myopathy, drugs are not implicated in critical 
illness polyneuropathy. In patients who survive the precipitating illness, it pursues a monophasic course that usually recovers, over 
weeks in mild cases and over months in more severe.69 There is no established treatment.

The physical signs of critical illness polyneuropathy are weakness and muscle wasting, usually with loss of deep tendon reflexes; 
however, the presence of reflexes does not exclude the diagnosis.65 The face is usually spared clinically although may be involved 
electrophysiologically.11 Often patients are receiving muscle relaxants and sedatives, in which case physical examination is largely 
unrewarding. The investigations of choice are nerve conduction studies, which usually show reduced compound muscle action 
potentials and sensory nerve action potentials, and electromyography, which shows fibrillations and positive sharp waves in proximal 
and distal muscles.70

A differential diagnosis that should tax the physician making the diagnosis of critical illness polyneuropathy – because of its potential 
implications for therapy – is Guillain–Barré syndrome, which may occur following surgery or sepsis. The clinical features that 
distinguish these conditions are the presence of facial weakness, raised CSF protein and conduction velocity slowing (indicating 
demyelination) in Guillain–Barré syndrome.71 As noted above, though, there is a predominantly motor axonal variant of Guillain–
Barré syndrome which may mimic critical illness polyneuropathy.

Prolonged Neuromuscular Blockade

In patients being treated with high doses of non-depolarizing neuromuscular blocking agents (pancuronium, vecuronium, 
atracurium), elevated plasma levels and abnormal decrement of the compound muscle action potential on repetitive stimulation may 
be found for up to 14 days after stopping the drug.72 This may be due to impaired drug metabolism due to renal failure8 or to the 
concomitant use of aminoglycosides and polypeptide antibiotics which increase the neuromuscular block.73

Critical Illness Myopathies

It is probable that several different myopathies occur in the context of intensively treated patients. These range from mild disuse 
atrophy, in which there is loss of type II fibres and normal creatinine kinase, to a necrotizing myopathy in which there is elevation of 
the serum creatinine kinase. The latter was first seen in patients with asthma treated using steroids and non-depolarizing 
neuromuscular blockade5 and has been compared histologically to the myopathy seen in myasthenia gravis treated with high-dose 
steroids.74 Electron microscopy shows a loss of thick filaments in the centre of muscle filaments so the syndrome has been called a 
thick-fibre myopathy. From these associations has emerged the concept that blockade of neuromuscular transmission accentuates the 
myopathic effect of steroids.75 In Lacomis et al's series,9 34 of 92 patients studied electrophysiologically in a neurological intensive 
care unit had evidence of a myopathy acquired whilst on the unit. Of these, 27 had received intravenous corticosteroids and 28 non-
depolarizing neuromuscular blockers. The diagnosis was based on the low motor amplitudes and normal sensory amplitudes.
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Introduction

From the earliest times the process of dying has preoccupied man. The definition and diagnosis of death itself, however, have 
changed over time. Although the absence of respiration, heart sounds and a palpable pulse was used to diagnose death, this diagnosis 
was not always certain and the fear of premature burial gave rise to a variety of means to alert watchers to any signs of life. One such 
device, invented by Count Karnice-Karnicki in 1897, consisted of a glass ball resting on the chest of the buried corpse that was 
attached by a tube to a flag and a bell above ground.

One of the earliest references to the idea of brain death was made in 1902 by Harvey Cushing who described how a patient with a 
cerebral tumour was kept alive by artificial respiration for 23 hours.1 However, it was not until the introduction of cardiopulmonary 
resuscitation techniques and the development of intensive care units, where the circulation and ventilation could be maintained in 
patients who had suffered irreversible brain injury, that the traditional concept of death was challenged. In 1959, two French 
neurologists, Mollaret and Goulon,2 used the term coma dépassé to describe 23 patients with irreversible brain damage who had the 
classic signs of brain death. These patients were unresponsive, apnoeic, poikilothermic and had developed diabetes insipidus. 
Although Mollaret and Goulon did not equate this state with death, all patients became asystolic within a short time. Other reports of 
coma dépassé noted the absence of cerebral blood flow.3 These reports encouraged change from the traditional view that death 
occurred when the heart stopped to the philosophical concept of death being the permanent loss of consciousness and ability to 
breathe.

The Report of the Ad Hoc Committee of the Harvard Medical School on brain death,4 published in 1968, stimulated greater interest 
in the concept of brain death. The report suggested that those patients who are unresponsive with absent spontaneous movement, 
spontaneous respiration and brainstem and deep tendon reflexes should be considered clinically dead, provided hypothermia and drug 
overdose had been excluded. Although a flat or isoelectric electroencephalogram was of value, the committee did not consider it 
mandatory.

Two neurosurgeons from Minneapolis proposed that to diagnose brain death, the coma should be the result of an irreparable 
intracranial lesion from a recognized cause.5 Mohandas and Chou also made the important suggestion that irreversible damage to the 
brainstem was the 'point of no return' and that without a functioning brainstem there is irreversible loss of function of the brain and 
the organism as a whole. The brainstem is responsible for consciousness and respiration. Lesions affecting the paramedian tegmental 
areas of the brainstem cause permanent coma because they damage the ascending reticular activating system. If the brain stem is 
irreversibly damaged, asystole is inevitable.6

The memorandum on brain death issued by the Conference of the Royal Colleges in 19767 laid down the conditions under which the 
diagnosis of brain death should be considered and described clinical tests for the diagnosis of brain death with certainty. In 1979, a 
further memorandum concluded: 'Identification of brain death means that the patient is dead, whether or not the function of other 
organs is still maintained by artificial means'.8

Death is now regarded as the 'irreversible loss of the capacity for consciousness, combined with the irreversible loss of the capacity 
to breathe'.9 Death of the brainstem will produce this state and therefore brainstem death should equate with death of the individual.

The Uniform Determination of Death Act of 1981 in the United States defines death as follows:

An individual who has sustained either (i) irreversible cessation of circulatory and respiratory functions, or (ii) irreversible functions of 
the entire brain, including the brainstem, is dead. Determination of death must be made in accordance with accepted medical standards.

This is now law in nearly all American states.

It is important to remember that the concept of brain death has evolved from changes in medical practice before organ transplantation 
had become established. The concept was not developed in order to fulfil the need for organ donation. The majority of the medical 
profession and general public now accept the concept of brain death; to prolong mechanical ventilation in a patient with a diagnosis 
of brainstem death (BSD) is futile and causes unnecessary suffering to the patient and their relatives.

The recognition and legal status of brain death in other countries is shown in Table 27.1.

Mechanics of Brainstem Death

Brainstem death usually occurs after an irreversible rise in intracranial pressure (ICP) as a result of a supratentorial injury. It is 
commonly due to cerebral
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Table 27.1 Examples of the medical and legal status of brain death

Country BSD accepted by the 
medical profession as 
death

BSD legally 
accepted as death

Clinical criteria 
sufficient for diagnosis 
of BSD*

Australia Yes Yes Yes

Belgium Yes Yes Yes

Denmark Yes Yes No

France Yes Yes No

Germany Yes No No

Holland Yes No No

Italy Yes Yes No

Japan Yes Yes No

New Zealand Yes Yes Yes

South Africa Yes No Yes

Spain Yes Yes No

UK Yes No Yes

USA Yes Some states Yes

*Diagnosis is based on clinical test only. EEG or cerebral angiography not required for 
diagnosis.

hypoxia, traumatic head injury, subarachnoid or intracerebral haemorrhage and bacterial meningitis. It may also be associated with 
primary brainstem pathology or other conditions that cause cerebral oedema and raised ICP (Table 27.2).

Classically, BSD secondary to a raised ICP is described as 'coning'. As ICP rises, a cone of brain tissue, usually the uncus or medial 
temporal lobe, will herniate through the tentorial opening. The midbrain lies within this opening, separated from the rigid tentorial 
margin by 1 mm. It is compressed against the margin by the cone of tissue or is 'strangled' between two cones of brain tissue. 
Unilateral or bilateral coning produces well-described patterns of injuries. As the brain is compressed, it becomes ischaemic in a 
rostrocaudal manner, i.e. diencephalon, midbrain, pons and finally medulla. Clinical signs are associated with this progression, but 
they may not be seen in all patients (Table 27.3).

Table 27.2 Causes of non-traumatic cerebral oedema

Diabetic ketoacidosis

Hepatic encephalopathy

(Pre) eclampsia

Water intoxication

Aspirin overdose

Malignant hypertension

In unilateral injuries, the lateral midbrain is compressed and the ipsilateral third cranial nerve is stretched or compressed as it runs 
over the tentorial margin, resulting in an ipsilateral dilated pupil that reacts to light. This is accompanied by ipsilateral decerebrate 
posturing. With increasing ICP the contralateral third cranial nerve is also affected and there is bilateral decerebrate posturing. If the 
ICP continues to rise, irreversible brain injury occurs.

Although the mechanisms responsible for BSD are widely accepted, they have been recently challenged by Fisher10 who argued that 
the lateral displacement of the midbrain is the critical event producing BSD and that the herniation accompanies rather than causes 
this process. Following BSD nervous tissue undergoes pannecrosis throughout the cerebrum and brainstem. This is followed by 
autolysis despite a functioning cardiovascular system. There is no cerebral blood flow.11 Part of the blood supply to the 
hypothalamus and the pituitary gland, particularly its posterior lobe, may continue for some time after BSD,12 which may explain 
why panhypopituitarism is not a consistent feature of BSD.13,14

The descriptions of BSD highlighted above are based mainly on animal experiments under controlled conditions. Patients receiving 
intensive care are usually sedated and paralysed and are often being treated for intracranial hypertension with its associated 
complications so the classic rostrocaudal progression of cerebral ischaemia and associated signs may not be seen.
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Table 27.3 Signs associated with a rising ICP

Ischaemic area of brain Signs

Diencephalon Reduction in conscious level 
Small 1–3 mm pupils that react to light 
Paratonic rigidity, decorticate (flexor) posturing (bilateral 
corticospinal and extrapyramidal tract dysfunction) 
Periodic or Cheyne–Stokes respiration

Midbrain Fixed, dilated or mid-position pupils 
Decerebrate (extensor) posturing

Pons Cushing's reflex (see Physiological changes)

Medulla Sympathetic storm (see Physiological changes) followed by 
sympathetic outflow failure 
Apnoea

Physiological Changes Accompanying Brainstem Death

Neurological Changes

The motor and autonomic changes associated with the events preceding and accompanying BSD are described in the 'Physical 
causes' and 'Cardiovascular changes' sections respectively. Changes associated with the failure of the hypothalamic-pituitary axis 
have generated much interest in the last decade and are discussed in the 'Endocrine changes' section.

The temperature regulation centre in the hypothalamus is impaired following BSD and the patient becomes poikilothermic and 
hypothermic. Vasodilatation, intravenous fluid therapy and a low basal metabolic rate may exacerbate hypothermia.

Cardiovascular Changes

The cardiovascular and electrocardiographic (ECG) changes commonly associated with BSD are summarized in Table 27.4. These 
ECG changes are sometimes referred to as 'neurogenic', implying they do not indicate actual structural damage. As the ECG detects 
specific changes in the electrical activity of the heart, it is hard to see how the changes manifest in BSD are not the result of direct or 
indirect cardiovascular compromise.

Brainstem compression, medullary ischaemia and raised ICP may cause severe elevations of blood pressure. This hyperdynamic 
response mediated by the dramatic rise in catecholamines, the so-called 'sympathetic storm', is responsible for the cardiac 
dysrhythmias, ECG abnormalities, myocardial damage and functional renal impairment commonly seen after intracranial injury.15 In 
animal models, BSD produces up to 750- and 400-fold rises in plasma epinephrine and norepinephrine levels respectively.16,17 This 
sympathetic storm is well recognized clinically although the rise in catecholamine levels may not always be this dramatic.18 
Brainstem death in animals results in the release of noradrenaline from cardiac sympathetic fibres that produce interstitial 
concentrations far higher than the plasma levels at BSD.19 Histological changes, which include petechial haemorrhages, contraction 
banding, coagulative myocytolysis, a loss of the linear arrangement of myofibrils, cytoplasmic banding and subendocardial necrosis, 
have been described after BSD.16 This damage is not always associated with a rise in serum myocardial creatinine kinase 
concentration.

Cooper et al20 describe an inhibition of mitochondrial function (cf. endocrine changes) resulting in a reduction in aerobic metabolic 
oxidative processes and a depletion of myocardial energy stores. These findings have been questioned by others.21 White et al22 
demonstrated a marked uncoupling of β1 and β2-adrenergic receptors from adenyl cyclase and a reduction in the contractile response 
of the myocardium in brain-dead patients. They noted a lack of the receptor down-regulation found in chronic heart failure and 
suggested that the early implementation of β-blockade could attenuate the catecholamine-induced damage as described by 
Cruickshank.23 Yoshioka24 found that epinephrine had a reduced pressor effect in BSD patients, which was reversed by the 
concomitant administration of vasopressin. The overall result of these changes is a poorly functioning myocardium with poor 
myocardial perfusion and increasing myocardial dysfunction.
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Table 27.4 Typical cardiovascular and ECG changes associated with BSD

Event Result Clinical change ECG changes

Cerebral ischaemia Vagal activation Increased heart rate, cardiac 
output and blood pressure

Sinus bradycardia and 
bradyarrhythmias

Ischaemia in the pons 
sympathetic stimulation

Vagal activation and output 
and increased blood

Decreased heart rate, cardiac no 
ischaemia pressure → MAP 
(Cushing's reflex)

Sinus bradycardia,

Medullary ischaemia Ischaemic vagal cardiomotor 
nucleus Unopposed 
sympathetic 
stimulation – 'storm'

Increased heart rate, cardiac 
output, blood pressure, vascular 
resistance and left atrial pressure
(pulmonary oedema)

Sinus tachycardia, multifocal 
ventricular ectopics, marked 
ischaemia

Spinal cord ischaemia Ischaemic sympathetic 
nuclei

Decreased heart rate, cardiac 
output, blood pressure and 
vascular resistance (spinal 
shock)

Sinus rhythm, reduced R-
wave size, persistent 
ischaemic changes

The classic rostrocaudal progression of events may not develop in the clinical setting.

Following BSD, catecholamine levels fall. Together with relative hypovolaemia, hypothermia, autonomic dysfunction and the 
myocardial changes described above, this leads to a fall in cardiac output, systemic vascular resistance and mean arterial pressure.

Asystole usually occurs within 48 h without cardiovascular support but there is evidence that infusions of epinephrine and 
vasopressin can delay this for several weeks,24 information that may be of relevance if organ donation is being considered.

Pulmonary Changes

During the sympathetic storm, the rapid rise in left atrial pressure (LAP) which may even exceed pulmonary artery pressure, in 
combination with an expanded lung blood volume (from an enhanced venous return and subsequent increased right ventricular 
output), may result in capillary disruption, protein-rich pulmonary oedema and interstitial haemorrhage.20 This may lead to a 
deterioration in gas exchange and hypoxaemia.

Endocrine Changes

Hypothalamic-Pituitary Axis

The discovery that BSD in animals is often followed by a decrease in plasma levels of T3, insulin and cortisol20 has stimulated 
research on the hypothalamicpituitary axis (HPA) during and after BSD, with mixed results.12,13,17,25–28 Ill-defined hormone reference 
ranges in acutely ill patients, the use of free-standing hormone levels rather than their dynamic axis function and poor understanding 
of the interactions between various hormones probably accounts for the inconsistency of the results.

Posterior Pituitary Function

Neurogenic diabetes insipidus (DI) occurs in up to 84% of patients with BSD.14 Polyuria >200 ml/h should alert the clinician to the 
possibility of DI. The serum osmolality is usually >310 mosmol/l with a urine osmolality of <200 mosmol/l. Electrolyte disturbances 
such as hypernatraemia, hypokalaemia, hypocalcaemia, hypophosphataemia and hypomagnesaemia occur rapidly without treatment.

Antidiuretic hormone (ADH) has intrinsic vasoconstrictive properties. Therefore, decreased levels of ADH may contribute to the 
cardiovascular instability associated with BSD. Replacement therapy has been shown to attenuate some of this instability in BSD 
patients.32 Prolactin levels may be normal or low. The use of dopamine infusions in BSD patients may account for some of the low 
values that have been reported.29

Anterior Pituitary Function

There are conflicting reports regarding changes in anterior pituitary hormones following BSD.14,29,30 Follicule stimulating hormone 
(FSH) and luteinizing hormone (LH) remain relatively unchanged. Circadian release of growth hormone (GH) and its
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Figure 27.1 
Cardiovascular effects of brainstem death

role in the stress response complicate interpretation of the changes seen in its levels after BSD.12,14,29 Levels of adrenocorticotrophic 
hormone (ACTH) remain within the normal laboratory range after BSD.12,14,30 Cortisol levels may also be 'normal' for non-stressed 
patients but this may indicate a relative deficiency, which might be uncovered with stress testing (short synacthen test). No 
relationship between cortisol levels and severe hypotension has been demonstrated.14

Thyroid Hormones

Changes in thyroid hormone levels after BSD are similar to those found in patients with sick euthyroid syndrome (Table 27.5).12–14,29

The syndrome, often associated with acute illness, results in impaired peripheral conversion of thyroxine (T4) to triiodothyronine (T3) 
and a rise in reverse T3 (rT3).

Table 27.5 Thyroid hormones levels in the 
sick euthyroid syndrome

Hormone Level

Total T3 Increased

Free T3 Decreased

rT3 Normal or increased

Total T4 Normal or decreased

TSH normal

T4 = thyroxine; T3 = triiodothyronine; TSH = thyroid-stimulating hormone

Although the exact significance of a reduced T3 level is unknown, experimental work suggests an association with reduced 
myocardial function and an alteration in cellular mitochondrial metabolism from aerobic to anaerobic producing a lactic acidosis.20 
Furthermore, hypothyroidism reduces myosin Ca2+ activated ATPase activity and T3 is probably an important regulator of Na+/K+ 



   

ATPase in the heart.30 Although haemodynamics or metabolic acidosis is not improved by the sole administration of T3 in 
BSD,11,12,26,27 when used in combination with other hormones T3 has been shown to result in cardiovascular and metabolic 
improvements which lead to an increase in the number of suitable organs for transplantation in potential donors.20,25,29

Insulin

A degree of peripheral resistance to insulin is common in BSD patients.32 This may be aggravated by the increased level of 
catecholamines (endogenous and exogenous), the use of steroids and the concomitant acidosis often present.

Renal Changes

The cardiovascular changes associated with BSD, vasoconstriction with subsequent reduced cardiac output, hypotension and 
hypovolaemia may result in renal damage.32 Experimental evidence suggests that in BSD renal parenchymal cell integrity, as 
measured by cellular Na+:K+ ratio, is impaired.33 Damage to renal cell parenchyma may be prevented (in animals at least) by the 
administration of T3, cortisol and insulin independent of improvement in systemic haemodynamics.33
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Hepatic and Coagulation Changes

In an animal model of BSD, hepatic function remained unaffected by profound hypotension.34 The arterial ketone body ratio did not 
change significantly, suggesting an adequate oxygen supply.

Fibrinolytic agents and plasminogen activators are released from damaged brain tissue into the circulation in patients with BSD and 
can cause coagulation defects, including disseminated intravascular coagulopathy. These defects may be aggravated by hypothermia.

Metabolic Changes

Changes in oxidative processes have been demonstrated after BSD.20 Reductions in plasma glucose, pyruvate and palmitate with 
parallel rises in lactate and fatty acids may indicate a shift from aerobic to anaerobic mitochondrial metabolism. This change could 
lead to reductions in cellular high-energy phosphates and thus cellular and organ function. Delivery-dependent oxygen consumption 
and high plasma lactate levels have been reported in BSD patients. It is not clear whether this is due to a reduction in tissue oxygen 
extraction or mitochondrial impairment.21,35

The possible complications of BSD are highlighted in Tables 27.6 and 27.7 and Figure 27.1 and 27.2.

Diagnosis of Brain Death

The criteria for the diagnosis of brain death published by the Honorary Secretary of the Royal Colleges and their faculties in the 
United Kingdom,7 and the Harvard Report in the United States, became the basis for the confirmation of brain death in many other 
countries.7 However, the exact criteria upon which brain death is diagnosed vary between countries, with

Table 27.6 Complications associated with BSD

Complication Frequency Contributing factors

Haemodynamic instability Very common Autonomic dysfunction

  Myocardial damage

  β-receptor dysfunction

  Hypovolaemia

  Hypothermia

Hypoxia Common Pulmonary oedema, retained secretions, atelectasis

Hypovolaemia Common Diabetes insipidus

  Endothelial damage

  Diuretics

  Hyperglycaemia

  Fluid restriction

  Haemorrhage

Hyperosmolality Common Diabetes insipidus

Hyperglycaemia Common Insulin resistance

  Acidosis

  Intravenous dextrose

  Endogenous and exogenous steroids

  Endogenous and exogenous catecholamines

Hypothermia Common Hypothalamic ischaemia

  Vasodilatation

  Reduced basal metabolic rate

Coagulation defects Uncommon Fibrinolytic agents

  Cytokines

  Plasminogen activators



   

 

  Hypothermia

  Transfused blood products
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Table 27.7 Electrolyte disturbances associated with BSD

Electrolyte disturbances Contributing factors

Hypernatraemia Diabetes insipidus

Hypokalaemia Diabetes insipidus

 Insulin

 Diuretics

 Catecholamines

 Hyperventilation

 Endogenous and

 exogenous steroids

Hypomagnesaemia Diabetes insipidus

 Diuretics

Hypocalcaemia Diabetes insipidus

 Diuretics

Hypophosphataemia Diabetes insipidus

 Diuretics

 Insulin

some but not all countries requiring confirmatory tests of absent brain function, such as EEG or cerebral angiography. The diagnosis 
of BSD in the United Kingdom will be described in detail. A revision of the Code of Practice for the Diagnosis of Brainstem Death 
was published in 1998.36

There are three sequential steps in making the diagnosis of BSD. To avoid unnecessary testing and to eliminate the chance of making 
an incorrect diagnosis, it is essential that steps 1 and 2 are completed before beginning step 3.

Step 1— 
Preconditions

The patient is deeply comatose and is being maintained on a ventilator because spontaneous ventilation had previously been inadequate or 
had ceased altogether. There should be no doubt that the patient's condition is due to irremediable brain damage of known aetiology.7

An accurate history of events before and after the onset of the coma is essential.

Step 2— 
Exclusions

If the preconditions have been fulfilled, the necessary exclusions must be considered. These are to ensure that neither the state of 
apnoea nor the coma is contributed to or caused by a reversible condition. The major groups of conditions that may produce this 
clinical picture are:



   

Figure 27.2 
End-organ effects of brainstem death

• hypothermia, < 35°C;

• depressant drugs, both therapeutic and non-therapeutic;

• metabolic disorders, e.g. hyponatraemia;

• endocrine abnormalities, e.g. myxoedema.

Altered drug metabolism due to concurrent pathology or, less commonly, enzyme variants should be borne in mind at this stage. In 
the absence of toxicological screening, it has been suggested that three days is a reasonable time to allow potential drug effects to 
disappear.37,38 Metabolic and endocrine abnormalities may be suspected from the history, examination and routine blood tests, i.e. 
full blood count, arterial blood gas, electrolytes and blood glucose measurements,
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although more sophisticated tests may be necessary. Certain abnormalities accompanying BSD (e.g. hypernatraemia) do not preclude 
the diagnosis of BSD.38

Specific conditions, such as the 'locked-in' syndrome and brainstem encephalitis (Bickerstatt's encephalitis or the Miller Fisher 
syndrome), may produce a clinical picture similar to that seen in BSD. When such conditions are suspected, BSD tests should not be 
undertaken as the patient does not comply with the precondition 'there should be no doubt that the patient's condition is due to 
irremediable brain damage of known aetiology.37 The 'locked-in' syndrome is produced by a lesion in the pons which paralyses the 
limbs, respiratory muscles and lower cranial nerves. Patients are conscious and able to blink and produce vertical eye movements. 
Brainstem encephalitis may produce a comatose, areflexic, apnoeic patient, with motor and central nerve paralysis including internal 
and external ophthalmoplegia. Full recovery from brain encephalitis is possible.39 Therefore, the importance of obtaining an adequate 
history consistent with the clinical picture together with strict adherence to the preconditions and exclusions before BSD testing 
cannot be overemphasized. If any doubt exists as to the cause of the patient's condition, BSD tests should not be performed.

Step 3— 
The Tests

The tests should not be performed unless steps 1 and 2 have been fulfilled.

Who and When?

BSD tests should be performed by two medical practitioners who have been registered for more than five years and are competent in 
this field. At least one of the practitioners should be a consultant and neither practitioner should be a member of the transplant team. 
Two sets of tests should be performed; the two practitioners may perform the tests separately or together. The tests should be 
repeated to ensure no observer error has occurred. The timing of this second set of tests is a matter for the doctors involved but 
should be adequate for the reassurance of all those directly concerned.40 The interval between the two sets of tests can be used to 
discuss the possibility of organ donation with the relatives if they have not already raised the subject.

How?

For confirmation of BSD, five tests of the brainstem reflexes and testing for apnoea are required (Table 27.8). The tests are easily 
performed at the bedside and have unambiguous endpoints. In the United Kingdom there is no requirement to perform cerebral 
angiography or electroencephalography for the confirmation of BSD.

Testing for Apnoea

This test is considered positive if the patient does not exhibit any respiratory movements whilst disconnected from the ventilator 
despite a PaCO2 of at least 6.65 kPa

Table 27.8 The five tests of reflexes

Test BSD criteria Cranial nerves tested

1. A bright light is shone into both 
pupils

No reaction in either pupil II and III

2. A strong stimulus is applied to 
the corneas

No blinking V and VII

3. 20 ml of iced water is injected 
into both external auditory 
meatae

No eye movement III, VI and VIII

4. painful stimulus is applied – 
supraorbital pressure**

No motor response in the 
cranial nerve distribution

III, IV, V, VI, VII, IX, X, XI and 
XII

5. suction catheter is passed into 
the trachea

No coughing or gagging IX and X

*The tympanic membranes should first be visualized and seen to 
be intact.

**Spinal reflexes may be present.
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(50 mmHg). The lungs are normally hypoventilated with 100% O2 for 10 min prior to disconnection to achieve a PaCO2 >6.6 kPa and 
to prevent hypoxaemia. Insufflation of oxygen at 6 l/min via a catheter passed into the trachea during disconnection will further 
reduce the risk of hypoxaemia during disconnection.

Common Difficulties Encountered When Performing Tests for BSD

The difficulties commonly encountered during BSD testing are summarized in Table 27.9.

Death is pronounced after the second set of tests but the legal time of death is recorded when the patient fulfils the first set of BSD 
criteria. When BSD has been diagnosed the relatives should be informed and the clinician should ensure that the relatives fully 
understand that death has occurred. If there is no absolute contraindication to organ donation, management of the patient should now 
be directed to preservation of organ function (Tables 27.10, 27.11).

The completion of the first set of BSD tests is a suitable time to discuss organ donation with the patient's relatives. In the United 
Kingdom, refusal by relatives accounts for the failure to donate organs in about 30% of potential organ donors. The local transplant 
coordinator should be contacted as soon as possible after the first set of BSD criteria have been fulfilled as they are experienced in 
dealing with bereaved relatives who are considering organ donation.

Management of Patients with Brainstem Death

After permission for organ donation has been obtained from the patient's relatives, the intensivist in charge of the patient's care 
should contact the local transplant coordinator to discuss specific treatments which may be requested by the transplant team, e.g. 
hormone therapy. A continued high standard of nursing care, the use of invasive monitoring and prompt treatment to preserve organ 
function will increase the chances of successful organ donation. The patient management goals are similar to those before the 
diagnosis of BSD with the exception of specific measures to maintain cerebral perfusion pressure and oxygen delivery.

Optimize Cardiac Output and Tissue Oxygen Delivery

Cardiac output is optimized by volume loading guided by central venous and/or pulmonary artery wedge pressures. Blood, colloid 
and crystalloid solutions are used as appropriate to maintain the circulating volume. A combination of inotropes and peripheral 
vasoconstrictors is usually required to improve cardiac

Table 27.9 Common difficulties encountered when performing the tests for BSD

Difficulty Advice

Patients with cataract(s)/false eye(s) and or 
disrupted tympanic membrane(s)

The published criteria are 'guidelines rather than rigid rules'. 'It is 
for the doctors at the bedside to decide when the patient is dead'.40

The patient is now hypothermic and/or has a 
metabolic disturbance, e.g. hypernatraemia

Abnormalities accompanying BSD do not preclude the diagnosis 
of BSD.37 Although the exact temperature below which 
hypothermia is likely to be the cause of coma is uncertain, we do 
not perform BSD tests in patients whose core temperature is <35°
C.

The patient has chronic obstructive pulmonary 
disease

A 'normal' set of arterial blood for that patient is obtained during 
disconnection and then the PaO2 is allowed to fall by a further 1–2 
kPa whilst observing for respiratory effort.40

Does the patient have other conditions that can 
account for the symptoms? (differential 
diagnosis) 

Ensure the preconditions and exclusions have been strictly adhered 
to.
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Table 27.10 Absolute contraindications to organ donation

 Contraindication Notes

Legal Coroner refuses consent See Table 27.11

Moral Patient directive, relative(s) refusal  
Age >70 years Corneas > 90 years

Transmissible disease Active bacterial, fungal, protozoan or viral 
infection

Includes patients in high-risk 
groups for HIV infection. Hepatitis 
C is not an absolute 
contraindication

Malignancy Past or current diagnosis of malignancy including 
the following primary CNS tumours: Anaplastic 
astrocytoma (Grade III), glioblastoma 
multiforme, medulloblastoma, anaplastic 
oligodendroglioma, malignant ependymoma, 
pineoblastoma, anaplastic and malignant 
meningioma, intracerebral sarcoma, chordoma, 
primary cerebral lymphoma*

Exceptions: Low grade skin 
tumours e.g. basal cell carcinoma 
Carcinoma in situ of the uterine 
cervix 
Primary brain tumours that 
exceptionally spread outside the 
central nervous system

Hormone 
replacement

Treatment with human pituitary extract  

Organ specific  Discuss with transplant 
co-ordinator

*Council of Europe International Consensus Document: 'Standardization of Organ Donor Screening to Prevent 
Transmission of Neoplastic Disease' 1997.

Table 27.11 Referral to the coroner in the UK

The coroner should be informed if:

death is the result of an accident

death occurred intraoperatively or before recovery from anaesthesia

death is of unknown cause

death is the result of suicide

death is from violent or unnatural or suspicious cause

death is due to self-neglect or neglect by others

death is due to an abortion

the deceased was not seen by the certifying doctor either after death or within the 14 days before death

death occured during or shortly after detention in police or prison custody

death may have been due to an industrial disease or related to the deceased's employment
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Table 27.12 Physiological goals for heart or heart-lung donation

Criteria Goal

Mean arterial pressure >60 mmHg

Left ventricular stroke work index >15 g/m2

Cardiac index >2.1 l/min

Pulmonary artery wedge pressure 12 mmHg

Central venous pressure 12 mmHg

Inotropic support 5 mg/kg/min

Table 27.13 Rule of 100s

Systolic blood pressure >100 mmHg

Urine output >100 ml/h

PaO2 >100 mmHg

Haemoglobin >100 g/l

contractility and to increase organ perfusion pressure. Although dopamine is the most commonly used agent, dobutamine, 
epinephrine and norepinephrine may be required depending on the cardiac index and systemic vascular resistance at the time. The 
transplant team may specify their most favoured regimen for organ preservation, as shown in Table 27.12.28

The 'rule of 100s' has been suggested as a guide to treatment (Table 27.13).

Adequate Oxygenation

As these patients are intubated and ventilated they are at risk of atelectasis, retained secretions and nosocomial pneumonia. 
Physiotherapy, aseptic tracheobronchial suction and low levels of positive end-expiratory pressure (PEEP) of 5 cmH2O may be used 
to prevent basal atelectasis and improve gas exchange. Bronchoscopy may be necessary to facilitate clearance of secretions but care 
must be taken to avoid damaging the lungs if lung donation is being considered. To minimize the risk of barotrauma and volutrauma, 
the peak inspiratory ventilatory pressure should be kept below 35 cmH2O and tidal volume less than 10 ml/kg. The lowest 
concentrations of inspired oxygen that give adequate haemoglobin saturation should be used to reduce the risk of oxygen toxicity. 
The end-tidal CO2 should be kept within normal limits. However, this may be difficult as CO2 production is low in brain-dead 
patients and dead space may have to be added to the ventilator circuit.

Maintenance of Homeostasis with Failing Autonomic and Hormonal Systems

Diabetes insipidus is treated with intravenous or subcutaneous boluses of desmopressin (DDAVP) 0.5–4.0 μg or, if the patient is 
hypotensive, intravenous vasopressin (AVP, Pitressin) 5–20 units. Repeat doses should be given to keep the urine output <200 ml/h. 
Rapid treatment is essential to prevent the development of electrolyte abnormalities and hypotension. Urine losses should be replaced 
with the appropriate crystalloid solution according to plasma and urine electrolyte measurements. Infusions of insulin should be used 
to maintain blood glucose concentrations within normal limits. By using a combination of hormone replacements, it is possible to 
increase the number of suitable donors (Table 27.14).

Table 27.14 Hormone replacement combination (adapted from reference29)

Hormone/drug Dose

Methylprednisolone 15 mg/kg bolus

Triiodothyronine 4 μg bolus + 3 μg/h infusion

Antidiuretic hormone (pitressin) 1 IU bolus + 1.5 IU/h infusion

Insulin Minimum 1 IU/h – to maintain blood glucose of 6–11 mmol/l

Epinephrine 1–5 μg/min – to maintain SVR 800–1200 dyne/s/cm–5

Hypothermia should be prevented by keeping the patient covered, the use of a warm air blanket, warmed fluids and humidification of 
the breathing circuit.



   

Conclusion

The change from the idea of a cardiovascular death to the concept of brain death arose as a result of advances in medical technology. 
Death of the brainstem, which can be reliably diagnosed by clinical tests, implies death of the whole brain and thus death of the 
individual. The preconditions that must be fulfilled before
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a diagnosis of brainstem death can be considered are essential to prevent any errors in the diagnosis. Brainstem death results in a loss 
of homeostasis and therefore successful organ transplantation is only possible after careful management of the organ donor.41
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The investigation of neurosurgical conditions by radiology began surprisingly early. Dandy (1918)1 injected air into a lateral 
ventricle to allow its visualization by X-rays. Angiography followed in 1927 when Moniz2 reported the injection of sodium iodide 
into a surgically exposed carotid artery, demonstrating the cerebral vessels. The technique was improved subsequently by 
percutaneous injection and the development of less toxic contrast agents and remains a mainstay of neuroradiology. Contrast studies 
of the ventricular system have lessened in number following the improvement of imaging techniques and the introduction of 
computed tomographic (CT) scans3 and magnetic resonance imaging (MRI).

The demands made of anaesthetists in the X-ray department have changed considerably over the last 10 years as the techniques of 
imaging have changed and expanded. Improvement in imaging techniques and equipment has meant that very few neurosurgical 
patients require anaesthesia for diagnostic neuroradiology, but the continued development of interventional radiology, where some 
neurosurgical conditions may be treated in the X-ray department, makes new demands of the anaesthetist. The new procedures pose 
their own problems but usually share the dangers of anaesthesia and surgery in the operating theatre.4,5,6

Diagnostic Radiology

Some patients still require anaesthesia for diagnostic radiology:

• children;

• unconscious patients;

• movement disorders;

• adults with learning difficulties.

Procedures

Angiography

The usual access to the cerebral vasculature is via a femoral arterial puncture. Under screening control, a catheter is advanced from 
the femoral artery to the arch of the aorta and the appropriate cerebral vessel entered. The catheter is placed in each of the major 
cerebral vessels in turn as indicated by the clinical presentation and injections of radiographic contrast are made to delineate the 
vascular anatomy of the lesion. Once the major vessels have been visualized in various projections, the catheter may be advanced 
into smaller vessels, where the detailed anatomy will be evaluated. Various patterns of catheter and guidewire are available to 
facilitate the process.

CT Scan

Anaesthesia is only rarely required for a diagnostic CT scan. Children may require anaesthesia, especially if a high-definition scan is 
required, because they may be unable to lie still enough for good-quality images to be obtained.

MRI Scan

The requirements for anaesthesia and sedation in MRI are discussed in Chapter 00.

Myelography

Imaging of the spinal cord has been greatly simplified by improvements in CT scanning and MRI. It is only occasionally necessary to 
perform a myelogram under general anaesthetic, especially for children. The practical problems centre around positioning the patient 
because in order to visualize the vertebral column and spinal cord, the radiologist tips the patient head up and head down, thus 
allowing the contrast agent to flow up and down the vertebral column. It is important to make sure that the patient is securely fixed 
and that cardiovascular function is preserved so blood pressure is maintained in the head-up position.

Problems of Anaesthesia in the X-ray Department

Neuroradiological procedures are associated with a significant morbidity and mortality.7,8,9 Anaesthesia constitutes an additional 
hazard. There are a number of factors that add to the difficulties of the anaesthetist in the neuroradiological department:

• strange environment;

• hostile environment;

• bulky X-ray equipment;

• reduced lighting;

• patient movement;



   

• no skull decompression.

Strange Environment

The neuroradiology department is best situated close to the neurosurgical operating theatre. It is, however, frequently part of the 
radiology department, so that expensive imaging equipment may be best used. This physical separation means that the X-ray staff 
may not be familiar with operating theatre disciplines and patient care. The anaesthetist must ensure that there is adequate, skilled 
help available and that the X-ray department staff are familiar with the requirements of anaesthesia. All the facilities available to the 
anaesthetist



   

Page 402

in the operating theatre are required and there should be a dedicated recovery area, staffed by appropriately trained nurses.

Hostile Environment

The dangerous nature of X-rays is well known. The anaesthetist must know how to minimize personal exposure to radiation and 
advise any assisting personnel. The anaesthetist and any staff helping should wear 0.35 mm lead-equivalent aprons and avoid close 
exposure to the X-ray source. It is important, in minimizing exposure, to keep some distance away from the X-ray source as the 
inversesquare law determines the intensity of X-rays. It is also valuable, remembering that there is some scatter of X-rays, to keep 
behind the source of X-rays. The X-ray room should be so arranged that the anaesthetic machine and the monitoring equipment are 
easily visible from behind a lead glass screen and the anaesthetic team should take refuge behind the screen wherever possible. The 
importance of a clear line of sight from behind the screen is crucial; the anaesthetic machine, the lung ventilator and monitoring and 
also the endotracheal tube and its fixation must be clearly seen from the protected position.

Bulky X-ray Equipment

The equipment required for X-ray is frequently expensive and bulky. In the neuroradiology room, surrounding the couch on which 
the patient lies, there will be the X-ray tube on its support (usually a balanced, motor-driven assembly), several monitors and 
computer controls. There may be automatic injectors. Careful planning is needed in setting up the room so that the X-ray equipment 
and the anaesthetic equipment do not impede each other. In particular, the X-ray tube, on its gantry, must be swung out of the way for 
induction of anaesthesia and at the end of the anaesthetic. It should be possible to move the tube assembly out of the way without 
delay in case of an emergency during a radiological procedure. Particular thought must be given to the likely movement required in 
the X-ray equipment (tube and couch) during an examination, so that such movement does not imperil the patient's life support 
systems.

Reduced Lighting

Despite the improvement in screening techniques and display monitors, reduced lighting may be helpful for viewing X-ray monitors. 
The anaesthetic machine and anaesthetic monitors in use must be designed to be clearly visible in such circumstances.

Patient Movement

The neuroradiologist performing cerebral angiography frequently needs to move the couch on which the patient lies, to clarify the 
vascular anatomy. During screening, the movement may be considerable and all connections to the patient (endotracheal and 
breathing tubes, monitoring cables, infusions) must not only be secure but arranged in such a way as not to impede the couch 
movement. Wherever possible, we mount equipment on the X-ray couch; if this is not possible, we ensure that there is adequate slack 
in cables, infusion lines or breathing tubes.

No Skull Decompression

In the operating theatre, the fact that the surgeon will be performing a craniotomy means that the brain is being decompressed and 
probably that CSF will be aspirated, so that the patient is to a certain extent protected from high ICP. In the X-ray room, the skull 
remains intact, so great care must be taken by the anaesthetist to avoid an increase in ICP in patients with space occupation.

Angiography

In Interventional procedures a complex arrangement of catheters and guidewires may be used.6,10 A large sheath (7.5 Fr gauge) is 
placed in the femoral artery and through it another catheter is passed into one of the major vessels, such as a carotid or vertebral 
artery. Finer catheters or guidewires, passed through main catheter, are used to access the vessel or lesion requiring treatment. Recent 
development of small catheters and guidewires has made the catheterization of small vessels a practical proposition.

The process is aided by modern digital radiographic techniques, where the bone and other non-vascular structures can be subtracted 
from the image. Another aid is the ability to make a 'road map' image. In this technique, the radiologist makes an injection of contrast 
into a major vessel, so outlining the vascular anatomy. This image is saved and computer techniques allow the live image obtained 
from screening to be superimposed on the saved image, so that the radiologist can see the position of the catheter relative to the 
vasculature. This facility helps the radiologist to advance the catheter along the cerebral vessels. It requires that no movement of the 
patient take place once the vessel anatomy has been visualized and stored; though, of course, repeated 'road map' injections may be 
made.

Interventional Procedures

Interventional neuroradiology has advanced dramatically in recent years as improved imaging techniques
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and new tools for intervention have been developed. A wide variety of conditions, both intracranial and spinal, can be treated and 
sometimes the procedure is complete in itself. On other occasions, the procedure may be an adjunct to other forms of treatment. 
Intracranial aneurysms may be occluded completely (Fig. 28.1). A vascular tumour may be partially embolized before surgery in an 
attempt to reduce operative blood loss. It may be possible to obliterate an arteriovenous malformation (AVM), but commonly the 
AVM will be incompletely embolized to reduce its size and make it more amenable to surgery or radiotherapy. Dural venous 
malformations may also be completely embolized.

The tools and materials for interventional procedures are under rapid development. The treatment of intracranial aneurysms has 
recently been advanced by the development of the Guglielmi detachable coils (GDC).11,12 These are coils of platinum wire attached 
to a stainless steel guidewire. The coil is manoeuvred into the aneurysm sac through a fine catheter and opens to hold itself in 
position. The position of the coil is checked, as it is important to ensure that there is no tendency for the coil to prolapse into the 
feeding vessel or to interrupt blood flow past the aneurysm. If the position is unsatisfactory, the coil can be removed. When the 
position is satisfactory, the connection between the guidewire and the platinum coil is fused (by passing an electrical current through 
the joint) so that the guidewire can be removed, leaving the coil in place. Several coils may be needed before the aneurysm is 
completely occluded but partial occlusion may allow recurrence of the subarachnoid haemorrhage. Giant aneurysms may be 
obliterated by coiling but occlusion of the feeding vessel by balloons is possible and may be combined with a subsequent 
extracranial-to-intracranial vascular anastomosis.13

Obliteration by coiling is not possible for all aneurysms. It may be impossible to reach the aneurysm with the catheter and the shape 
of the aneurysm must be such as to retain the coil within the aneurysmal sac.

Arteriovenous malformations can be treated in a number of ways, the main problems being presented by the morphology of the 
AVM. The AVM may have a dramatic appearance on angiography (Fig. 28.2), with many feeding vessels, multiple fistulae and large 
arterialized draining veins, through all of which the blood flow is extremely rapid. The high flow may be associated with the 
concomitant formation of an aneurysm.14 Treatment is aimed at obliterating the fistulae in turn and because manipulating the catheter 
into each part of the AVM can be difficult, the



   

Figure 28.1 
(A) Radiograph showing an aneurysm of the bifurcation 

between middle and anterior cerebral arteries. (B) 
Radiograph showing the obliteration of the aneurysm by 
Guglielmi detachable coils. Six coils were placed in all.
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Figure 28.2 
(A) Radiograph showing an arteriovenous dural fistula supplied mainly by 

the occipital artery but with feeders from middle cerebral artery and internal 
carotid artery. Aneurysmal dilatation is visible. (B) Radiograph showing the 
use of coils to produce a reduction in the high flow through the dural fistula.

procedure can be quite prolonged. Embolization therefore is frequently performed in several stages. Jaffar et al15 suggest that 
embolization before surgical excision of an AVM reduces the intraoperative haemorrhage, making resection easier.

The position of the microcatheter used for the embolization is visualized radiographically and embolization is performed when the 
catheter feeds only the abnormal mass. Some units arrange anaesthesia or sedation so that the safety of the catheter placement can be 
checked8 When testing is required, the sedation is reduced and a neurological examination relevant to the area under study is 
performed.16 Sodium amylobarbital (30 mg) or lignocaine (30 mg), mixed with contrast, is given through the microcatheter. The 
neurological examination is repeated to determine any change in the patient's clinical state. While the testing is generally reliable, 
there are problems and false-positive results may occur if vigorous injection produces a reflux of the agent into normal vessels. False-
negative results may occur if the flow to the AVM is so high that it carries the agent away quickly. Sodium amytal is used for 
investigation of grey matter, lignocaine for white matter.17 Lignocaine may produce seizures if injected into the brain and it is 
suggested that, if it is to be used, amytal is injected first.

The usual material for embolization is contact adhesive (N-butyl-cyanoacrylate), which can be made up in various concentrations so 
that the rate of setting may be controlled between fast and slow. Other solid materials may be used for embolization, including 
balloons which may be detached from a catheter, Oxycel (oxidized cellulose) or pellets of materials such as silastic.18,19

The procedure may be helped in specific circumstances by the use of hypo- or hypercapnia or by induced hypo- or hypertension.

Anaesthetic Technique

Patients should be seen and assessed for anaesthesia in the same way as for neurosurgery. Premedication is advisable, not least 
because many X-ray rooms, with a mass of complex, bulky equipment may be forbidding places to patients. Many patients are 
undergoing neuroradiological procedures or treatment because they have intracranial vascular pathology and therefore a sedative 
premedication producing a calm patient is of value because it minimizes hypertension produced by apprehension. Some patients 
(such as those with an AVM) may require several procedures before the treatment is completed and it is therefore essential to ensure 
that each procedure is not so unpleasant as to stop them returning for completion of the course of treatment.

Conscious Sedation

The improvement in radiological techniques allows most diagnostic neuroradiological procedures to be
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performed under sedation with local anaesthesia as required. In interventional radiology, local anaesthesia with mild sedation allows 
the patient's conscious state to be monitored, which is of particular value if embolization is being performed near critical areas of the 
cerebral circulation. Any technique of sedation needs to relieve anxiety and pain and to provide such relief from discomfort that the 
patients lie still for prolonged periods of time. Young and Pile-Spellman8 suggest that patients undergoing conscious sedation for 
interventional neuroradiology can only tolerate 4–5 h. The requirements of interventional neuroradiology are exacting in that when 
small vessels are being studied, patient immobility is vital. There are considerable problems with sedation and as well as patient 
discomfort during long procedures, they include the dangers of airway incompetence and of high PaCO2, if the sedation is excessive. 
If an emergency occurs during a procedure being performed under conscious sedation, it is first necessary to secure the airway and 
ventilation before the cause of the emergency can be actively treated.

Several techniques are described for sedation. Young and Pile-Spellman8 document their technique of neuroleptanalgesia with 
subsequent infusion of propofol. They begin with 2–4 μg/kg fentanyl and 2.5–5 mg droperidol intravenously, also using midazolam 
3–5mg. During the procedure, they infuse propofol at low rates (10–20 μg/kg/min). They adjust the rate of propofol infusion to 
produce an unconscious patient with a clear airway. If neurologic assessment is required, then the propofol infusion rate may be 
turned down.

Manninen et al.20 investigated two techniques of conscious sedation. All patients received 0.75 μg/kg fentanyl and midazolam 15 
μg/kg before the procedure started. Conscious sedation was produced either by a second dose of midazolam (7.5–15 μg/kg) if 
required and then infusion of 0.5 μg/kg/min or by a bolus of propofol 0.25–0.5 mg/kg, followed by an infusion of 25 μg/kg/min. 
They aimed for a level of sedation, which they defined as producing a patient who was resting comfortably but easily rousable and 
alert to obey commands. There was general satisfaction with the technique of conscious sedation from both radiologists and patients. 
Complications were similar in the two groups. Of special interest is the incidence of movement which affected the procedure: 17 
patients (there were 40 in the study) showed inappropriate movements or restlessness during critical periods. In only three patients 
did the restlessness occur during an angiographic series, requiring a rerun of the series.

Techniques of sedation were reviewed by Menon and Gupta.21 They report many different sedative regimes, reflecting the difficulty 
of providing reliable sedation for children. They note the increasing use of propofol infusion for sedation during imaging either as the 
sole agent or in combination with other drugs.22,23 They comment that many of the regimes involve sedative and anaesthetic drugs in 
doses that may produce airway, respiratory or cardiovascular compromise and that in some studies of sedation, the patients 'exhibited 
clinically significant falls in haemoglobin oxygen saturation, mean arterial pressure and respiratory rate'.

General Anaesthesia

The use of general anaesthesia for interventional radiology has both advantages and disadvantages. The fact that the airway is 
protected and ventilation controlled is of value if there is a problem such as aneurysmal rupture or vascular occlusion. Alteration of 
PaCO2 is easier under general anaesthetic, as is the use of controlled hypo- or hypertension.

The anaesthetic should aim to produce a stable blood pressure, with reduction of ICP in patients with intracranial space occupation 
and maintenance of cerebral perfusion. Interventional procedures may be quite long and special care should be taken to control the 
patient's temperature, to provide extra padding for pressure points, and to control fluids and airway humidity. The patients usually 
require urinary catheterization.

We induce anaesthesia with propofol or thiopentone and provide analgesia with a synthetic opioid, typically fentanyl or remifentanil. 
Muscle relaxation is achieved with an infusion of either atracurium or vecuronium. Anaesthesia is maintained with propofol infusion 
but as the degree of painful stimulation during the procedure is often quite limited, care must be taken in choosing drug dosage to 
avoid the development of hypotension.

Ventilation is controlled to produce moderate hypocapnia and the level of PaCO2 checked by arterial blood gas estimation. The use of 
high-frequency jet ventilation (HFJV) is of considerable practical value in spinal interventional radiology because the high 
ventilation rates and low tidal volumes can be set so that they do not interfere with the use of the 'road map' image. The alternative, 
with conventional lung ventilators, is that ventilation must be halted repeatedly through the procedure, so that there are no ventilatory 
movements interfering with the acquisition of radiographic images.

Major procedures require the quality of monitoring used in the neurosurgical operating theatre.
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Oximetry, direct intraarterial pressure, CVP and ECG are all required. Some workers suggest the use of the arterial catheter used by 
the radiologist for measurement of the arterial pressure.8 We prefer to establish a line independent of the main investigating catheter. 
Central venous pressure measurement is useful not only for controlling fluid therapy but the central venous catheter may be used for 
administration of hypotensive agents, if indicated. Fluid overload from the flushing fluid used by the radiologist may also be 
detected.

Drug Effects

It has already been mentioned that, because the skull remains intact, great care is needed to avoid dangerous increases in ICP. It is 
interesting to recall that only recently, the use of vasodilating anaesthetic agents or of hyperventilation had a significant effect on the 
quality of radiographic films.24

When cerebral vasodilatation occurs, the bolus of contrast injected by the radiologist may not fill the arterial lumen so that the edge 
of the shadow produced by the contrast will not be sharp, because blood is travelling through the arteries at the same time. 
Vasoconstriction allows the contrast to fill the arterial lumen and therefore a sharper, clearer picture is obtained. The slowing of the 
cerebral circulation produced by hyperventilation has been valuable in allowing more films to be taken during the arterial phase of 
the angiogram. Indeed, Samuel et al25 showed tumour vessels becoming more clearly defined when hyperventilation was instituted, 
so that normal cerebral vessels were constricted.

Current practice is to utilize digital processing of the X-ray image to enhance the quality of the radiographic films.

Anticoagulation

Thrombus formation on intravascular catheters has been known for many years and the dangers of circulatory stasis when selective 
catheters are placed in small cerebral vessels are obvious. Heparinization should be used whenever there is selective catheterization 
of small intracranial vessels, which may result not only in endothelial damage but also in thromboembolic phenomena.

Monitoring of the level of anticoagulation varies from centre to centre. We measure APTT and PT after femoral arterial cannulation 
and give heparin IV (5000 units), so that the APTT is at least doubled. Measurements of APTT are repeated every hour.

Blood Pressure Control

Controlled Hypotension

Controlled hypotension is often of value during embolization of an AVM. An AVM may have a rich blood supply with an increased 
flow, so that materials injected into the feeding vessels of the AVM may pass straight through, carried by the fast flow, into the 
venous circulation. In this situation, slowing the blood flow by lowering the arterial pressure and simultaneously raising the venous 
pressure, to slow venous outflow, may allow materials such as glue to set within the AVM, rather than being carried straight through. 
The duration of hypotension required is usually short but several periods of hypotension may be needed for successive attempts at 
embolization. Before hypotension is used, the patient's fitness should have been confirmed and the anaesthetic and monitoring should 
be appropriate for induced hypotension.

The blood flow through the AVM is not under autoregulatory control so any reduction of MAP will be associated with a reduction in 
blood flow. The necessity for controlled hypotension and the level chosen can be estimated by observing the characteristics of the 
AVM as radiographic contrast is injected; if the contrast is carried through the AVM rapidly, some form of hypotension is likely to 
be of value. Young and Pile-Spellman8 suggest that 'flow arrest' through the AVM needs to be achieved and they judge flow arrest by 
repeated contrast injections as the MAP is lowered.

Many agents have been used for inducing hypotension, which is easier to produce if the patient is anaesthetized, as Young and Pile-
Spellman8 confirm. In our practice, in which most of our patients are under general anaesthetic, we use a combination of a bolus of 
labetalol (10–20 mg) followed by infusion of 0.01% sodium nitroprusside (SNP) given through a central venous catheter. The choice 
of SNP is primarily because of its effectiveness and short duration of action.26,27 It is possible that the cerebral vasodilatation 
produced by SNP may also be of value in reducing the flow through the AVM as CBF is diverted to the vasodilated normal cerebral 
vasculature. Sodium nitroprusside has been criticized as an agent because of the dangers of cerebral steal produced by the cerebral 
vasodilatation. Young and Pile-Spellman8 point out that the extreme potency and rapidity of action of SNP mean that it is possible to 
make the patient unduly hypotensive and that, if the procedure is being performed with conscious sedation, the nausea and vomiting 
resulting from the hypotension 'can be disastrous'.

The main problems with SNP are associated with its potency and toxicity. It is easily possible to lower the
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MAP too far with SNP. We choose to give SNP along a centrally placed venous catheter, so that the time lag between administration 
of the infusion and the lowering of blood pressure is kept to a minimum. The use of labetalol28,29 before the SNP infusion starts 
avoids the development of a tachycardia in response to the production of hypotension and therefore makes the eventual achievement 
of hypotension much smoother. The short duration of hypotension means that toxicity is unlikely to occur.

Other agents that have been used for hypotension in this situation include esmolol, trimetaphan and nitroglycerin.8

The value of reducing the venous outflow from an AVM is undoubted but slowing the venous outflow from an AVM needs to be 
considered with care, because of the danger of causing considerable swelling of the AVM. Certainly, when the skull is open, 
neurosurgeons avoid obstructing venous blood flow from an AVM until they have isolated the feeding vessels. It is possible that 
distension of an AVM is limited when the skull is intact. The application of positive end-expiratory pressure (PEEP) is a time-
honoured way of reducing cerebral venous flow and, in combination with controlled hypotension, effectively slows blood flow 
through an AVM. It must be remembered that application of PEEP during hypotension is potentially dangerous, because of the 
combined effect lowering cerebral perfusion. PEEP should only be applied for short periods and removed completely between 
embolization attempts.

Manipulation of PaCO2

Hyperventilation

We normally employ a moderate degree of hyperventilation (PaCO2 30–34 mmHg) because of the effect of hyperventilation on the 
quality of the vascular imaging.25 The reduction in ICP is also of value when intracranial space occupation exists.

Hypercapnia

Young and Pile-Spellman8 recommend the use of deliberate hypercapnia when treatment of a venous malformation of the face or 
dural fistula is attempted by an injection into the venous circulation. In this situation they raise the PaCO2 to 50–60 mmHg, so that 
the cerebral venous outflow is greater than the extracranial venous flow. This avoids the danger of the sclerosing agent or glue 
entering the intracranial venous drainage.

Complications

There is a significant morbidity associated with cerebral angiography. Earnest et al7 list complications as new techniques were 
coming into use. In 1517 patients there was an overall complication rate of 8.5%, though neurologic complications were only 2.6%, 
with a permanent neurologic deficit in 0.33%. A more recent study8 reported a total 30-day complication rate of 14% in 243 
procedures; the rate for death and major complications was 1.2%.

Major Vascular Problems

The major vascular problems that complicate interventional neuroradiology are haemorrhage and cerebral infarction.

Intracranial bleeding, either from the rupture of an aneurysm or AVM or by perforation of normal vessels, takes place into the closed 
skull. The patient receiving conscious sedation may complain of headache, nausea or vomiting. The airway and ventilation need to be 
secured as appropriate in the clinical circumstances. If intubation is required it must be performed with adequate doses of intravenous 
induction agent and relaxant, so that further bleeding is not caused by hypertension on intubation. The use of thiopentone or propofol 
will in any case tend to limit the extent of the bleeding. If the bleed takes place under general anaesthetic, it is relatively easy to 
increase the dose of the intravenous hypnotic so that dangerous degrees of hypertension in response to the bleeding are avoided and 
to control arrhythymias which develop. Young and Pile-Spellman8 recommend the immediate reversal of any heparinization, 
commenting 'the dispatch with which heparin is reversed may very well be the critical step between a good and a poor outcome from 
the bleed'.

Cerebral infarction results from vascular occlusion which may occur for a number of reasons, including thrombosis, and 
misplacement of injected material such as glue or equipment such as a balloon or coil. Vessels may also be blocked by a catheter. 
Subarachnoid haemorrhage is frequently associated with vascular spasm and the manipulation involved in placing a catheter to treat 
an aneurysm may also produce vascular spasm.

Treatment of a vascular spasm includes the induction of hypertension30 so that perfusion through narrowed vessels is increased and 
flow along collateral vessels is maintained. With the vascular catheter in place, specific therapies can be used: vascular spasm may be 
treated by intraarterial injection of phentolamine or rogitine and occlusion of an artery can be treated by thrombolysis.

Contrast Reactions

The injection of radiopaque contrast containing iodine is a central part of most radiological procedures. The
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contrast can be used intravenously (particularly in diagnostic scanning), intraarterially or intrathecally. The contrast agents have been 
associated with serious side effects but continued development is reducing the incidence of some toxicity. Older agents were ionic in 
nature and often hyperosmolar. The newer agents are non-ionic and have a lower osmolality. The incidence of serious reactions may 
be similar for both types of agents but non-ionic contrast agents have a lower incidence of moderate reactions. Patients with 
recognized sensitivity need steroid cover before contrast injection is undertaken.

The study by Manninen et al20 also noted that 12 patients out of 40 complained of pain or moderate discomfort either during 
placement of the catheter or during embolization, when they experienced a hot sensation or headache.

Conclusion

Interventional radiology is under continuous and rapid development. The indications for interventional radiological procedures and 
their value in the treatment of neurosurgical conditions are constantly being reviewed. Evaluation of the common complications and 
their effective management must be part of the review, especially in relation to accepted therapies. New equipment and procedures 
are likely to be developed.

Anaesthesia is also likely to change quickly in the face of changing demands and this chapter is likely to be superseded very soon.
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Introduction

The radiofrequency signals emitted when the nuclei of certain elements are placed in a strong uniform magnetic field and subjected 
to radiofrequency pulses at their resonant frequency forms the basis of nuclear magnetic resonance (NMR). Over the years it has 
become convenient to divide NMR into two separate branches: magnetic resonance imaging (MRI), which is based on the detection 
of signals from water and its application to the delineation of normal and pathological tissue, and magnetic resonance spectroscopy 
(MRS), which is mainly used for the detection of metabolites and uses signals from a variety of nuclei. In recent years the distinction 
between MRS and MRI has become blurred. Magnetic resonance imaging (MRI) is now clearly established as a valuable noninvasive 
imaging technique. It is particularly useful in imaging the central nervous system and the techniques of doing so and their 
applications continue to expand. Anaesthetists are increasingly involved in both anaesthesia and sedation for adults and children in 
this 'unfriendly' and often isolated environment and it is now possible to safely monitor critically ill patients for MRI. The use of 
high-strength gradient magnetic fields and radiofrequency waves during MRI poses particular problems for the anaesthetist and has 
major implications regarding patient safety.

In the last 15 years MRI research has focused on the development of different ways of interrogating the MR phenomenon by design 
of new pulse sequences and their application in particular clinical situations. Intrinsic to this has been the rapid advances in computer 
technology. Recent developments include functional MRI which allows visualization of local physiological changes within the brain 
that are associated with activation of the visual, motor and other brain systems. Magnetic resonance angiography (MRA) is being 
developed but has yet to supersede more traditional methods of angiography. Perhaps the most exciting area of MR is in application 
to the early diagnosis of stroke. Diffusion weighted imaging (DWI) and perfusion weighted imaging (PWI, obtained using rapid 
imaging after IV contrast administration) are new variants of MR which detect imaging changes within minutes to hours of 
ischaemia. Although still predominantly a research tool, MRS is finding clinical applications, particularly in the evaluation of tissue 
metabolism. MRI is increasingly used in conjunction with other imaging modalities, e.g. SPECT (single proton emission computed 
tomography) and PET (positron emission tomography) scanning, to improve anatomical and functional localization.

Physical Principles of MRI1,2

All atomic nuclei possess a charge (due to the presence of protons) and mass (due to the presence of neutrons and protons). Some 
nuclei also possess a property known as 'spin', which can be visualized as the nucleus rotating around its own axis. Just as a flow of 
electrons along a wire creates a magnetic field around that wire, so the rotation of neutrons and protons in a nucleus creates a local 
magnetic field and the nucleus behaves like a miniature bar magnet. Such nuclei are NMR sensitive. Hydrogen is the most sensitive 
of the biologically significant NMR-sensitive nuclei. Other MR sensitive nuclei include carbon, phosphorus, fluorine and sodium.

When these aligned nuclei are repeatedly subjected to a transient magnetic field oscillating at their resonant frequencies (typically in 
the radiofrequency range, between 20 and 120 MHz) they produce an MR signal. Clinical MR images are produced by mapping MR 
signal from hydrogen nuclei in tissue water, with the intensity of the signal being modified by the physico-chemical environment in 
tissues and modulated by the parameters used to produce the image. It is this variation in signal intensity that delineates anatomy and 
pathology ('contrast') in MR images. Signal from different parts of the imaged object are converted into pixels on an image by 
tagging them with spatially varying magnetic fields ('gradients') which enable the scanner to localize their position in space.

In summary, during MRI the subject is placed in a high-strength, static magnetic field. Radiofrequency magnetic fields are pulsed 
across the static magnetic field in order to elicit MR signal. This signal is spatially tagged by using gradient fields, which enable the 
scanner to allocate signal from different parts of the imaged object to individual pixels in the image. The resultant signal in each pixel 
is dependent on the concentration and physicochemical environment of tissue water, and variations in these parameters produce 
image contrast. This contrast can be modified by altering image acquisition conditions (which are defined by the pulse sequence).

While the natural image contrast produced during MR imaging can delineate anatomy and pathology, it is also possible to use an 
injectable MR contrast agent, which may provide further information about vascularity and blood–brain barrier integrity.

Practical Aspects of MRI

Magnets and Field Strengths

Magnetic field strengths are measured in gauss (G) or tesla (T). 10,000 gauss equals 1 tesla. A refrigerator
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magnet usually measures 150–250 G. Field strengths used for MRI in clinical practice are usually 0.5–2 T with some newer systems 
as strong as 4T. Essentially the greater the static magnetic field, the better the spatial resolution but the greater the associated 
technical problems.

High-field MRI magnets (>0.5T) are superconducting coils operating in liquid helium at 4.22°K. Older systems also contained liquid 
nitrogen (77.3°K). Lower field strength systems may employ resistive electromagnets or permanent magnets. A high-field whole-
body magnet consists of a long tube, usually about 2 m in length. The hardware required for imaging and spectroscopy is contained 
within the magnet bore, leaving a free central bore of about 50–65 cm diameter in which the patient is positioned. The part of the 
body to be imaged may be placed in a smaller coil and positioned at the centre of the magnet. Once inside the magnet, access to the 
patient is limited; the part being imaged is approximately 1 m from the entrance to the magnet. Lower field systems may provide 
better patient access, as do some newer high-field magnets.

Time Considerations

MR scans can take a considerable period of time to perform: 20 min to an hour or longer. Repeated data acquisitions, involving a 
variety of pulse sequences, are necessary to obtain the required information.

Sources of Interference During MRI

MRI signals are of very low intensity and interference occurs readily. The main sources of interference are high-frequency 
electromagnetic radiation (e.g. radio waves transmitted by FM radio stations) and interference arising from electrical equipment and 
monitoring devices. It is common practice to enclose the magnet in a radiofrequency shield or Faraday cage (Fig. 29.1). This may be 
built into the fabric of the room or immediately surround the magnet itself. Non-conductive devices such as ventilator tubing can 
safely traverse the Faraday cage, provided they are shielded at the point of entry by specially constructed copper-lined ports. 
However, any wires that traverse the Faraday cage act as aerials and feed noise in from the external environment. The 
electromagnetic noise that results may be so great that it is impossible to interpret the images.

In respect of monitoring equipment, this problem can be overcome in several ways. The equipment may be located at a safe distance 
from the scanner with long monitoring leads which are filtered. Standard3 or ECG-gated4 bandpass electronic filters are the most 
commonly used. Care must be taken to ensure that filters are matched to specific monitors.2 Alternatively, the monitor may be 
located closer to the scanner and an optical5 or radio link6 employed. Or the monitoring equipment may be housed in a smaller 
Faraday cage situated within the radiofrequency shield.7

Figure 29.1 
Layout of an idealized MR installation, showing 
the fringe field (in grey) extending beyond the 

boundaries of the Faraday cage (which excludes 
RF interference from the imaging suite). The 5 
gauss (5 G) line is marked. AC power and gas 
pipes pass through specially designed ports in 

the cage (which may have filters incorporated in 
them). These supply power and anaesthetic 

gases to monitoring equipment (M) and 
ventilatory and anesthetic equipment (V).

Similarly, considerations apply to power sources for monitoring equipment. Mains wiring will carry interference into the Faraday 
cage unless it is adequately filtered and isolated. If this option is chosen it must be remembered that the small leakage currents 
present in π filters may activate isolation fault detectors in medical equipment even though the equipment may continue to function 
normally.3 Alternatively, batteries may be used. These are usually strongly ferromagnetic and must be properly secured. Also, many 
devices operated by rechargeable batteries tend to switch off and blank their screens in the presence of magnetic gradients.2

Another source of interference during MRI is the presence of any large metallic mass in the vicinity of the magnet. This can subtly 
alter the magnetic field and degrade the quality of the images. Before each scan such sources of field inhomogeneity are compensated 
for by a process known as 'shimming'. Once the magnet has been shimmed it is vital that large metallic
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objects, like the anaesthetic machine, are not moved until scanning is complete. Other metallic objects, especially those which by 
necessity enter the scanner, can also degrade images. Anaesthetic apparatus,2 including the valve on a laryngeal mask,8 tattoos, 
cosmetics and implanted metallic objects have all been implicated. Patient movement is a potential source of poor-quality imaging in 
MRI.

Fringe Fields (Fig. 29.1)

The field strength that characterizes a magnet is measured at the centre of the magnet, where it is maximal. However, the magnetic 
field extends beyond the magnet, gradually decreasing in strength. These magnetic fields surrounding the magnet are known as fringe 
fields. The strength of the fringe field is principally determined by the strength of the magnet and the distance from the magnet and 
will vary from one magnet to another. Newer, actively shielded magnets possess fringe fields which fall off more rapidly, although it 
is important to remember that the converse of this is also true; as one approaches the magnet the fringe fields rise rapidly.

Fringe fields are significant as they determine where ferromagnetic equipment may be located in relation to the magnet and how 
close patients with potentially ferromagnetic implants, such as intraocular foreign bodies and cerebral aneurysm clips, may get to the 
magnet. Electrical equipment, for example monitoring equipment, may malfunction in fringe fields, computer disks and magnetic 
tape may be erased and implanted electronic devices, such as pacemakers, may also malfunction or cease working altogether. In 
practice, it is important for the anaesthetist to determine where the 50 G and 5 G lines of the fringe field lie as these have various 
safety implications as outlined below.

Safety Considerations in MRI

Ferromagnetic Objects and Implants

The attractive force of the magnet is considerable. There are anecdotal reports of impalement by runaway forklift trucks during 
construction near an MR imaging facility, as well as wheelchairs, fans, steeltipped shoes and nailclippers being attracted, to name 
just a few. Oxygen cylinders, identification badges, scissors and paging devices constitute a less dramatic but more frequent risk to 
patients. The attractive force on ferromagnetic objects becomes significant at field strengths above 50 G. It is generally agreed that 
ferromagnetic objects that must be in the vicinity of the MRI suite, such as oxygen cylinders, should be stationed outside the 50 G 
line. Any person entering the suite must actively check for and remove any ferromagnetic objects from their person prior to entering.

Movement of implanted ferromagnetic objects under the influence of the magnet can be catastrophic. The problem is not as great as it 
first appears as most are non-ferromagnetic. However, it is imperative to determine whether or not an object is MRI compatible, 
particularly if it is in a vulnerable position. Of particular concern are cerebral aneurysm clips, shrapnel located adjacent to sensitive 
areas and intraocular foreign bodies. Individual objects can be tested with a powerful hand-held magnet. Lists of the properties of 
implants do exist.11 However, it is worth being cautious of these as manufacturers have been known to change the composition of 
objects without notification. Some implanted ferromagnetic objects are safe, either because they are too small or they are firmly 
anchored in place by the surrounding tissue; for example, surgical clips that have been in for years. Most units have a comprehensive 
checklist for patients to complete prior to entering the scanning suite2,9,10 (Fig. 29.2).

Metal detectors are too insensitive to play any role in screening patients prior to MR examinations11 and safety demands obsessional 
attention to local rules and documentation. The risks involved in scanning patients with MR-incompatible implants are not trivial and 
too ready acceptance of implants in vulnerable positions can result in serious morbidity or mortality. Screening for intraocular 
foreign objects has caused controversy, since movement of a metal foreign body in the eye can cause vitreous haemorrhage and loss 
of the eye. If a patient has no symptoms and a series of plain radiographs of the orbits does not demonstrate a radiopaque foreign 
body, most centres would agree that an MR scan can be performed safely.12 However, some units use thin-slice X-ray CT13 for 
screening for intraocular foreign bodies.

Another major area of concern applies to aneurysm clips. While product information supplied with such implants will make 
statements regarding MR compatibility, it is important to recognize that repeated handling and sterilization can induce 
ferromagnetism in some previously non-magnetic alloys. It has been concluded by some authorities that only one of two criteria 
permit completely safe MR studies in a patient who has an intracranial aneurysm clip: a previous uneventful MR scanning at the 
same field strength or the
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Figure 29.2 
A sample checklist for screening for metallic implants prior to MR scans.
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implant having been tested with a powerful hand-held magnet prior to application by the neurosurgeon.

Reference books and websites on the Internet provide useful information regarding a large range of other implants and devices. These 
are listed in Box 29.1.

Non-Ferromagnetic Objects and Implants

These must also be treated with caution, particularly if they are in close proximity to the region being scanned. As described earlier, 
they can distort or degrade the quality of the image. Further, the application of the oscillating radiofrequency field can lead to heating 
and burns from any metallic equipment or implants. Burns are the most common injury to patients associated with MRI.10 Numerous 
first, second and third-degree burns have been described in relation to the use of monitoring equipment.11,14,15 They result when a 
conductive loop is created between the patient's skin and a conductor, such as electrocardiographic leads or pulse oximeter probes. 
The risk of burns may be minimized by following some simple precautions.2,11

1. Check that the insulation on the surface coil and all monitoring wires and MR cables is intact. 
2. Do not form large-diameter loops of wire or cross cables (heat generated in a conductive loop is typically greatest at the point 
where conductive materials cross each other). However, it is recommended to plait leads around each other so as to prevent large 
loops inadvertently forming in loose leads. 
3. Remove any leads or wire not in use. 
4. Separate all cables from skin (by padding if necessary). 
5. Keep the cable and sensor as far away from the examination area as possible, e.g. place pulse oximeters on a toe for a patient 
whose head is being imaged. 
6. Use only devices that have been tested to be MR compatible, both electronically and magnetically. 
7. Burns have been caused when limb extremities in contact with each other form a conducting loop with a high-resistance region at 
the point of contact. Ensure that such contacts do not occur.

When patients have metallic implants it is standard practice to ask them to indicate if the area in question feels warm or 
uncomfortable. This is not possible in the anaesthetized patient. An assessment of risk should be obtained from the radiological staff 
in the MRI unit prior to the scan and the patient warned accordingly. Also, such potential sites must be checked for evidence of 
injury at the end of the procedure.

Implanted Electrically, Magnetically and Mechanically Activated Devices

MRI may interfere with the operation of such devices. There is also the potential for heating, which may result in burns, and image 
distortion, as already described. Cardiac pacemakers are the most common electrically activated device found in patients referred for 
MRI. Although MRI has been performed safely in patients with pacemakers,16 fatalities have also been reported.11 The acceptable 
safe level for exposure to magnetic fringe fields for patients with cardiac pacemakers are currently set at 5 G. At fields above this, the 
pacemaker will go into fixed rate mode. In these circumstances the delivery of a pacing spike on the upstroke of a T-wave following 
a spontaneously generated QRS complex can result in an R-on-T phenomenon and trigger ventricular fibrillation. Similar 
considerations apply to people with implanted cardiac defibrillators.

Other devices which may malfunction during MRI include implanted drug infusion systems, cochlear implants, bone growth 
stimulators and neurostimulators. In essence, MRI is contraindicated in any person who has one of these devices, unless it is known 
for absolute certainty that the device will function safely. Special precautions should be taken to establish a security zone in the 
vicinity of the MR suite. This should include warning signs and barriers to limit access to the area and to alert people with implanted 
devices which may be inactivated.

Noise

The levels of noise permitted by regulatory bodies are clearly defined and MR systems should not exceed

Federal Drug Agency (USA) 
UK Medical Devices Agency 
International MR safety central website

http://www.fda.gov/cdrh/ode/primerf6.html 
http://www.medical-devices.gov.uk/ 
http://kanal.arad.upmc.edu/mrsafety.html

Box 29.1 Useful Internet sites for information regarding MR safety
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these.2 Despite this, MRI is extremely noisy. The noise occurs during the rapid alterations of the magnetic currents within the 
gradient coils. These currents, in the presence of the static magnetic field, produce significant forces on the gradient coils, so causing 
them to impact upon their mountings.11 The noise level is independent of the strength of the static magnetic field.17 Temporary 
hearing loss has been reported following MRI,18 although there are no substantiated reports of permanent loss.

To reduce acoustic noise, patients and technicians can be supplied with MRI-compatible earplugs. Antinoise techniques19 have been 
described in which signals, opposite in phase from those produced by the scanner, are fed back into earphone covers. Repetitive 
gradient magnetic field noise is attenuated whilst verbal communication is maintained.

Contrast Agents

The contrast agents most commonly used for MRI are based on gadolinium. The incidence of side effects is low (2–4%), particularly 
as compared with iodinated contrast agents.11 Reported side effects include headaches, nausea and vomiting, pain at the site of 
injection and hives. There have also been reports of transient elevations in serum iron and bilirubin levels which resolve within 24–
48 h.20 The incidence of anaphylaxis has been estimated at 1: 100,000.10 The safety of administering gadolinium-based agents to 
patients with impaired renal function has not been fully established. However, several studies suggest that it is well tolerated.21,22

Cryogens and Quenches

Modern high-field (>0.5 T) MRI systems are based on cryogenic magnets maintained in liquid helium at 4.22°K. Older systems also 
contained a cryostat buffer of liquid nitrogen at 77.3°K. Helium in its gaseous state is lighter than air and tends to rise to the top of a 
room whereas nitrogen has a similar density to air and stays at floor level. Losses due to evaporation are normally small. A sudden 
change in temperature of the magnet can result in a boil-off of cryogen, which is termed a quench. This has several implications. 
Available oxygen may be diluted. Asphyxiation can occur rapidly and with little warning.11 The condensing vapour may result in 
frostbite or burns. The pressure inside the scanning room may be so great as to make opening doors impossible. In reality, such leaks 
occur gradually and can be difficult to detect. For this reason an oxygen monitor should be installed at an appropriate height in any 
room in which there is a cryogenic installation.

Biological Effects of MRI11

There is some controversy at present regarding safe limits of occupational exposure to static, gradient and RF fields involved in MR 
imaging, athough it is possible that the next 12–24 months may see a consensus being achieved. The known facts regarding 
biological effects associated with MR are outlined below.

Effects of Static Magnetic Fields

Data from human studies suggest that static magnetic fields do not have any significant deleterious biological effects at field 
strengths up to 2.5 T. The data regarding higher strength static fields (up to 4 T) are less clear. Volunteers exposed to such fields 
report a variety of symptoms, such as visual disturbances, metallic taste, nausea, vertigo, particularly when rapidly pushed into the 
magnet.20

Effects of Rapidly Switching Gradient Magnetic Fields

Rapidly switching magnetic fields induce currents and voltages in patient tissues, the magnitude of which is determined by the 
resistance of the tissue, the crosssectional area of induced current flow, the position of the tissue in relation to the end of the gradient 
coil and the rate of change of the gradient field with time.11 Induced currents are greatest when there are large variations in the 
gradient over short time periods, i.e. in tissues located close to the ends of the gradient coils. The thermal effects that result from 
switching are clinically insignificant.11 However, the electrophysiological consequences may be significant. Patients with underlying 
seizure disorders have had fits during MRI scans, although whether there is a causal relationship is unclear11 Amputees have also 
reported an increase in phantom limb pain.23 Peripheral muscle has been stimulated in gradient fields varying at 60 T/s. Extrapolation 
from this and other data suggests that it would require switching rates of 300 T/s or greater to induce ventricular fibrillation in normal 
myocardium.2

Effects of Oscillating Radiofrequency Electromagnetic Fields (B1 fields)

These fields also induce electric currents in tissues. In contrast to switching the gradients across the static field, application of the B1 
field can have significant heating effects (although it does not have significant electrophysiological effects). There is particular 
concern over the effects on the eye and testes and in neonates. Data to date indicate that fears are unsubstantiated.11 However, there is 
very little information
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regarding high-field magnets (4–5 T), which use 7–10 times as much radiofrequency energy as a 1.5 T system.

Carcinogenic and Teratogenic Effects

Although the evidence regarding the teratogenic effects of MRI is confusing and contradictory, it is safer than other equivalent forms 
of imaging that require ionizing radiation.11 It is the imaging technique of choice in pregnant women where the alternative would 
involve exposure to ionizing radiation.11 Many units limit occupational exposure during pregnancy. There does not appear to be any 
evidence that the fields used in MRI pose an increased risk for developing cancer.

MRI and Monitors and Other Electrical Equipment Used During Anaesthesia

Reliable and accurate monitoring is an essential component for the safe examination of any individual undergoing MRI, but 
particularly for those who are unconscious or sedated. The problems associated with monitoring patients during MRI are listed in 
Table 30.1. The Federal Drug Administration in the USA (http://www.fda.gov/cdrh/ode/primerf6.html) has provided useful 
definitions against which the performance of clinical equipment can be assessed in an MR environment. The terms 'MR safe' and 
'MR compatible' are used to define equipment properties such that their possible use within an MR environment can be ascertained 
(see Table 29.1). The phrase 'MR safe' indicates that when a device is used in the MR suite it presents no additional risk to the 
patient, while the phrase 'MR compatible' indicates that a device is both MR safe and has been demonstrated to neither significantly 
affect the diagnostic quality of the imaging procedure nor have its operations affected by the MR scanning system. The criteria for 
labelling a device with either of these terms cover its interactions with the static magnetic field (usually < 2 T for clinical systems), 
magnetic field gradients used for image localization and the radiofrequency (RF) fields and signals used in MR image production and 
detection, respectively. In practice, many monitoring and infusion devices function normally at fields of 50 G or less but may be 
neither MR safe (since they present a projectile risk due to ferromagnetic components) nor MR compatible (since stray RF from the 
device may make imaging impossible). Some devices such as colour cathode ray screens may be distorted by fields that exceed 1–2 
G, while monochrome screens function reasonably well up to 5 G. Liquid crystal display screens are not distorted.25 Magnetic tape 
and computer disks are corrupted in fields greater than 30 G. Devices operated by rechargeable batteries may switch off and blank 
their screens. There are now integrated monitoring systems which have been developed specifically for use in MRI.

In evaluating monitors produced specifically for use during MRI, it is important to determine the conditions under which it has been 
tested. Monitors acceptable for use in low-strength magnetic fields may not function reliably in higher strength fields.26 There are 
now numerous publications outlining the function of specific makes and models of monitoring equipment in the MRI 
environment.11,26 It is not the purpose of this review to present these but to outline the general problems with the monitors and some 
of the solutions to such problems. Up-to-date lists of MR-compatible equipment are given on websites operated by MR equipment 
manufacturers such as GE (General Electric, USA).

Electrocardiography (ECG)

The ECG shows significant changes within a static magnetic field.27 Leads I, II, V1 and V2 are the worst affected, with changes in 
early T-waves and late ST segments which may mimic hyperkalaemia or

Table 29.1 Potential problems with medical devices in an MRI environment

MRI factor Effect on/due to device Possible problems

Static magnetic field Torque on object Tearing of tissues

Static magnetic field gradient Translational force on object Missile effect/tissue tearing

Gradient magnetic field Induced currents Device malfunction

RF field Heating from RF currents Burns

 *EM interference Device malfunction

 *EM interference from device Poor images and diagnosis

 Device in imaging volume Poor images and diagnosis

*EM: electromagnetic.
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pericarditis.25 These changes are produced by currents that are induced in flowing aortic blood since it represents a conductive fluid 
moving in a magnetic field. These changes are directly related to the field strength and may make the ECG completely 
uninterpretable at fields above 4 T. The radiofrequency currents used during MRI also produce artefacts on the ECG due to current 
induction in ECG cables. Electrodes and leads which contain metal worsen ECG interference, as well as producing image artefacts. 
Carbon fibre leads are available, as are electrodes which do not cause interference. The relative length of ECG leads is critical to 
preventing gradient-induced artefacts and manufacturers advise against modifying ECG leads that are provided with MR systems.

There are several ways of improving ECG output during MRI. Low-pass filters (7–10 Hz) are incorporated into some commercial 
monitors.28 A 'gated' ECG signal is obtained by subtraction of the MRI field and radiofrequency pulses from the measured ECG 
signal, leaving the net patient ECG signal.26 The use of shielded cables, lossy transmission lines, telemetry and a fibreoptic system 
has also been described.25 The recommendations of Dimick et al29 and Wendt et al30 include:

1. braiding or twisting the leads to reduce the loops across which potential differences can be generated;

2. placing ECG electrodes as close as possible to the centre of the magnetic field where the gradients should be changing the least;

3. keeping limb leads as close together as possible and in the same plane;

4. when using the chest leads, V5 and V6 are the least likely to develop and record artefacts.

Not all units routinely monitor the ECG during the MRI scan, relying on other monitors to measure the heart rate.31

Pulse Oximetry

Pulse oximetry has proved to be the most difficult monitor to adapt for MRI, because of both magnetic interference with the oximeter 
signal and degradation of the MR image by the pulse oximeter. Of particular concern is that patients have received burns from pulse 
oximeter probes.32 Pulse oximetry systems based on fibreoptic technology are now available.32 These devices operate without 
interference during MRI and it should not be possible for burns to occur as they do not contain metallic materials.32,33

Capnography and Inspired Oxygen Monitoring

Standard capnographs have been used satisfactorily.25,31 There is a maximum length of catheter (approximately 9 m) that can be used 
before the resistance to flow becomes too great and the machine alarms continuously.31 The lag and alarm times are increased to 
about 10 s.25 The long gas pathway results in a prolonged upslope, even in individuals with healthy lungs. However, trends in expired 
carbon dioxide can be observed and the respiratory rate estimated. MR-compatible gas monitors have made the use of such long 
sampling tubes unnecessary.

Precordial and Oesophageal Stethoscopes

These may be unsatisfactory. Long tubing is required and with the noise that occurs during a scan, heart and breath sounds can be 
difficult to hear.

Non-Invasive Blood Pressure (NIBP) Monitoring

Satisfactory NIBP readings can be obtained from both a conventional manual sphygmomanometer and from standard automated 
systems.11 Any ferrous connections between the cuff and tubing should be changed to nylon ones and the tubing lengthened as 
necessary.

Invasive Blood Pressure Monitoring (IBP)

IBP can be measured accurately.34 The lead from the pressure transducer should be passed through a radiofrequency filter. The 
transducer should be as close to the patient as possible (within 1.5 m) to avoid the damping effect of excessively long saline-filled 
tubing.

Intracranial Pressure (ICP) Monitoring

ICP can also be measured accurately via a ventriculostomy. Parenchymal sensors present more of a problem but there are early 
reports of the safe use of a Codman microtransducer, monitored through a fibre-optic link (Fig. 29.3). Non-metallic subarachnoid 
bolts should be used to prevent undue interference with the image.

Temperature

Both peripheral and central temperature, can be measured accurately using temperature probes which incorporate radiofrequency 
filters,25 although artefacts (e.g. induced eddy currents in the leads/probe causing heating) may distort the recording.11 Fibreoptic 
systems with photoluminescent sensors are safe and reliable.11
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Figure 29.3 
Validation of MR-compatible Codman ICP 

microtransducer (transduced through a 
fibreoptic link) against a standard Camino 

fibreoptic ICP probe (upper and lower 
panels, respectively) showing excellent 

concordance during simulated changes in 
pressure. (Figure courtesy of Dr M. Czosynka)

Integrated Monitoring Units

Units designed specifically to function in highstrength magnetic fields have now been developed.25 In the past, many departments 
have adapted existing equipment to form satisfactory integrated monitoring systems.31,34 The availability of commercial systems for 
safe monitoring makes such home-made solutions completely unacceptable (Box 29.2). A typical MR system costs in excess of a 
million pounds and there seems little justification to avoid spending £30 000 to ensure safe anaesthesia in this context.

General Anaesthesia and Sedation for MRI

Indications

Anxiety/Claustrophobia

Three to five percent of patients have been reported to terminate their MRI study due to anxiety or claustrophobia.35,45 
Claustrophobia is particularly high in patients requiring brain MRI, as well as those with neurological diseases and those who have 
had previous scans.45 Of those patients remaining awake for MRI, 12–14% will require some form of sedation to tolerate the 
procedure.45 Non-pharmacological techniques, such as patient counselling, presence of a companion and the prone position can be 
explored before embarking on sedation. It is particularly important to provide patients with information about the sensations that will 
be experienced as providing patients with procedural information alone has been shown to be particularly anxiety provoking.46

Immobility

Patient movement during a scan degrades the final image with movement artefact and subsequent images may be affected. Infants, 
small children, confused and mentally ill patients may not be able to lie still for the requisite period.

Airway Protection

This is necessary in unconscious and critically ill patients.

Control of Ventilation

This is necessary to control PaCO2 in some patients, e.g. head injuries, raised intracranial pressure.

Considerations for the Safe Conduct of Anaesthesia for MRI

Anaesthesia for MRI requires modifications of anaesthetic techniques and equipment. The same standards of care apply to patients 
requiring sedation or general anaesthesia for MRI as apply to those in the operating theatre. Many imaging suites are constructed 
without thought for the need for general anaesthesia and require modification at a later date. This is far from ideal (see below).

Monitoring MR Equipment Corporation, USA 
InVivo Corporation, USA 
Bruker GmbH, Germany

Anaesthetic equipment Ohmeda, UK
Drager, USA



   

 

Ventilators Pneupac, UK

Infusion pumps Mammendorfer Institut fur 
Physik und Medizin, Germany

Box 29.2 Representative list of manufacturers of MR-compatible anaesthetic 
equipment
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Prior to instituting anaesthesia, it is essential to ascertain that there are no patient contraindications to MRI. The anaesthetist must 
also ensure that they are familiar with the MR installation, particularly the extent of the fringe fields and the location of resuscitation 
equipment.

Location of Anaesthetic Equipment

• Outside the magnetic field, i.e. outside the 50 G line, from where the attraction of ferromagnetic objects is unlikely to occur. 
Several metres of monitoring leads and ventilator tubing will be required and the risk of disconnection is increased.25

• Within the magnetic field. The anaesthetic machine and its components must be non-ferromagnetic. Once imaging has commenced, 
the machine cannot be moved as this will degrade the image. Any equipment used in the magnetic field must be tested for safe 
function in the MR environment.

Conduct of Anaesthesia

Induction

Ideally this should take place outside the 50 G line with a dedicated anaesthesia machine/monitoring apparatus, etc. Standard 
Macintosh laryngoscopes are not ferromagnetic but do undergo a degree of torque in a strong magnetic field. Standard laryngoscope 
batteries are highly magnetic. Fibreoptic light sources or plastic laryngoscopes powered by paper-jacketed lithium batteries are 
available. Standard hospital trolleys are highly ferromagnetic and special trolleys should be used in the MR suite.

Sedation

The use of sedation, particularly in children, is controversial. More than 80% of toddlers are sedated for CT in some units.36 
Techniques employed for sedation of children include ketamine, barbiturates, benzodiazepines, high-dose chloral hydrate (50–150 
mg/kg) and low-dose propofol infusions.37,38 Sedation can safely be employed for MRI in children provided they are accompanied by 
trained personnel and are adequately monitored.38 Supplementary oxygen should be given to sedated infants,39 as well as any other 
patients requiring sedation for MRI.

Airway Management

Controversy exists over the use of the laryngeal mask airway (LMA) for anaesthesia during MRI. Safe use has been reported,40 but 
others consider the technique to be unsafe.31.While LMAs reinforced with a metal spiral are ferromagnetic and produce substantial 
imaging artefact, newer reinforced LMAs contain a plastic spiral that can be used during MR studies. Where intubation is 
undertaken, use of a preformed endotracheal tube is preferable as once the head coils are in place, there may be little room for 
anything protruding from the mouth.

Maintenance of Anaesthesia

Unless there is a specific indication, it is not absolutely necessary to ventilate patients for MRI. Both inhalational anaesthesia using 
halothane or isoflurane and total intravenous anaesthesia, with propofol, have been used successfully for spontaneously breathing and 
ventilated patients.25,31,41

Recovery

A suitable recovery area, equipped with monitoring equipment, suction apparatus, oxygen and trained staff, should be located outside 
the 50 G line.

Anaesthetic Equipment

There are now numerous publications assessing the function of specific makes and models of anaesthetic equipment in the MRI 
environment.25,26 It is not the purpose of this chapter to review these, but to outline the particular problems regarding the use of 
anaesthetic apparatus in the MRI suite. Past experience focused on the use of MR-incompatible anaesthetic machines and ventilators. 
Major problems with these included the need for long ventilator tubing which resulted in an increased risk of disconnection and 
concerns about increased expiratory pressures and compressible volume losses. Coaxial breathing systems were generally preferable 
as the number of lines running between the anaesthetic machine and the patient is reduced. Modified versions of the coaxial and non-
coaxial versions of Mapleson D systems and T-pieces have been described.25,31,42 Because of the long lengths of tubing, all these 
systems are cumbersome to store and must be checked meticulously before use. A particular concern is the resistance to respiration 
posed by such long tubing (up to 10 m), particularly in coaxial systems. However, the major cause of resistance in these circuits is the 
adjustable pressure relief valve.42

These issues have ceased to be active problems because of the availability of commercially constructed MR-compatible anaesthetic 
machines and ventilators, which can be sited close to the scanner. Vaporizers have been found to work satisfactorily during MRI.3,43 
Table 29.2 provides a representative (but not
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Table 29.2 Representative list of manufacturers of MR-compatible 
anaesthetic equipment

Monitoring MR Equipment Corporation, 
USA 
InVivo Corporation, USA 
Bruker, GmbH, Germany

Anaesthetic Ohmeda, UK

equipment Drager, USA

Ventilator Pneupac, UK

Infusion pumps Mammendorfer Institut fur 
Physik und Medizin, Germany

exhaustive) list of manufacturers who produce MR-compatible monitoring anaesthetic and ventilatory apparatus.

However, there continue to be problems with infusion devices, which may be ferromagnetic or malfunction or be inaccurate in fringe 
fields, although a number do function accurately.26 Pumps must be supported on non-ferromagnetic poles. Needles and intravenous 
cannulae are usually non-ferromagnetic but should be tested first. Non-ferromagnetic suction apparatus should be available. The 
trolleys used for MR are very firm and should be suitably padded to prevent the development of pressure sores, especially for 
critically ill patients.

Strategic Issues

Perhaps the most common continuing problems in connection with anaesthesia in MR enviroments pertain to a lack of strategic 
thinking when such facilities are being constructed. It is almost invariable for a claim to be made that the scanner will never be used 
for sedated, anaesthetized or critically ill patients. It is almost equally likely that this statement will be proved wrong within 12 
months of opening the facility. It is therefore important that anaesthetists insist that they provide input when MR scanners are being 
planned or constructed. The provision of filtered AC power, piped anaesthetic gases and ports in the RF shield costs relatively little at 
the time of initial construction. Retrofitting these facilities after the scanner is operational may involve substantial costs and 
disruption to scanner use. It is equally important that a realistic assessment be made of needs for anaesthesia and supervised sedation 
during scans and resources identified (in terms of both money and people) to meet these needs.

Interventional MR46–48

There has been increasing interest in using MR to guide both minor and major surgical interventions (with procedures ranging from 
needle biopsies to craniotomies; Fig. 29.4). This use of MRI is classified as interventional (when MR imaging occurs while the 
procedure is underway) or intraventional (when the procedure is interrupted for repeated imaging to provide updates on the anatomy 
and extent of residual pathology). The latter approach may provide significant advantages in that surgical instruments need not be 
MR compatible. In anaesthetic terms, however, there is little difference between the two approaches, since anaesthesia and 
monitoring continue even when surgery ceases. However, both approaches substantially heighten patient risk when compared to 
anaesthesia for simple MR imaging, mainly because of the increased amount of people and hardware present in the MR suite, with an 
attendant increase in the risk of injury from ferromagnetic projectiles that have escaped screening.

Information Resources

The rapid development of MR means that safe practice is dependent on up-to-date information regarding individual devices whose 
MR incompatibility may be responsible for serious morbidity or mortality. If there is any doubt about the MR compatibility or safety 
of an implant or device, the assumption must be that it is unsafe. It is important that the decision regarding the safety of an individual 
MR examination is taken by people who are well informed about the risks and

Figure 29.4



   

General Electric interventional MRI scanner 
showing double-doughnut magnet, with operator 

space between the two parts of the scanner. 
Note the trolley with MR-compatible instruments.
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benefits of the procedure. Further, it is important that the responsibility for taking such decisions is clearly delegated to individuals 
within an organization. Several Internet sites provide useful information regarding individual implants or pieces of equipment. These 
are listed in Table 29.3.

Cardiopulmonary Resuscitation

It is impossible to resuscitate a patient in the bore of the magnet. The patient must be removed from the bore as speedily as possible 
and as far out of the fringe field as is practicable. In reality, this can be particularly cumbersome and the MRI suite staff must be well 
rehearsed. If the hospital cardiac arrest team is called, they must remove all ferromagnetic items from their person before entering the 
MRI suite.

Defibrillators should be kept outside the 5 G line. There is one report of a defibrillator failing at the edge of a magnetic field.44 The 
leads to the defibrillator can be lengthened. This has not been shown to cause any decrease in the output.25 The cathode ray 
oscilloscope trace on the defibrillator may be distorted but should still provide adequate clinical data. Common self-inflating 
resuscitators have no magnetic parts and can be used safely within the magnetic field. Similarly, a non-ferromagnetic suction unit 
should be available.

Conclusion

Anaesthesia for MRI has a multitude of potential hazards associated with it. However, with careful strategic planning, stringent 
safety procedures, compatible monitoring and anaesthetic equipment and a thorough understanding of the potential difficulties, 
anaesthesia for magnetic resonance studies can be relatively straightforward and rewarding and the information gained can be of high 
diagnostic quality.

Table 29.3 Useful internet sites for information regarding MR safety

Federal Drug Agency (USA) http://www.fdagov/cdrh/ode/primerf6.html

UK Medial Devices Agency http://www.medical-devices.gov.uk/

International MR Safety central website http://kanal.arad.upmc.edu/mrsafety.html
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