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Objectif	/	plan

• Métabolisme	cérébral
• Déterminants	du	débit	sanguin	cérébral
• Autorégulation	cérébrale
• Réponse	vasomotrice	chimique
• Couplage	métabolique
• Effet	des	agents	anesthésiques
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Métabolisme	cérébral
• Cerveau	avare	et	énergivore	

• 2%	du	poids	corporel	total	
• 15%	du	débit	cardiaque	
• 20%	de	consommation	basale	totale	d’O2
• 25%	de	consommation	basale	totale	de	glucose	(principal	substrat	énergétique)

• Débit	sanguin	cérébral	(DSC)	=	50	mL/100g/min
• Matière	blanche	20	mL/100	g/min
• Matière	grise	80	mL/100	g/min

• Consommation	d’O2 du	cerveau	(CMRO2)	=	3	mL/100g/min
• Consommation	de	glucose	du	cerveau	(CMRglu)	=	0,05	mmol/100g/min

• Extraction	de	10%	du	glucose	sanguin	
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Métabolisme	cérébral

• Dépendant	d’approvisionnement	constant	
de	substrats	énergétiques	(O2 +	glucose)

• Métabolisme	aérobique =	
• 30-38	ATP	/	glucose

• Métabolisme	anaérobique	=	
• 2	ATP	/	glucose	
• Acidose	intracellulaire		
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ATPase, which transports Na ions and maintains the energy 
gradient of Na; examples of these exchange pumps include the 
Na/Ca, the Na/H and the Na/glutamate transporters. Examples 
of the former category of pump are the Na/K ATPase, the ma-
jor user of energy in neurons, and the Ca ATPase. The pri-
mary ion pumps that directly use ATP are important because 
they establish the electrochemical gradients necessary for the 
secondary pumps, the ion exchange pumps, to work in the de-
sired direction. Indeed, during ischemia these pumps do not 
have enough energy to operate, and this condition is a primary 
cause of neuronal depolarization and cell death. Neuronal ac-
tivity markedly increases the flow of sodium, potassium, and 
calcium by opening Na, K, and Ca ion channels; this opening 
raises the rate of ion pumping required to maintain normal 
cellular ion concentrations. Because ion pumping uses ATP 
as an energy source, the ATP requirement of active neurons 
is greater than that of unexcited neurons. Approximately 60% 
of the energy the brain uses is required for functional activ-
ity, and the remainder is used to maintain cellular integrity. 
Anesthetics reduce neuronal activity and thereby ATP utiliza-
tion by functional activity, but they do not reduce the energy 
required for the integrity of the brain. If energy production 
does not meet the demand of energy use in the brain, the neu-
rons become first unexcitable and then irreversibly damaged.

Neurons require energy to maintain their structure and 
internal function. Each cell’s membranes, internal organelles, 
and cytoplasm are made of carbohydrates, lipids, and pro-
teins that require energy for their synthesis. Ion channels, en-
zymes, and cell structural components are important protein 
molecules that are continuously formed, modified, and bro-
ken down in the cell. If ATP is not available, protein synthe-
sis cannot continue, and the neuron will die. Carbohydrates 
and lipids are also continuously synthesized and degraded in 
normally functioning neurons; their metabolism also requires 
energy. Most cellular synthesis takes place in the cell body, and 
energy is required for transport of components down the axon 
to the nerve terminals. Thus, energy is required to maintain 

the integrity of neurons even in the absence of electrophysio-
logic activity.

NEUROANATOMY
The brain is regionally differentiated structurally and func-
tionally; this section will provide an overview of the func-
tionality of the different brain regions. This is important with 
regard to stroke, since when an artery is blocked the function 
of the neurons in the region perfused by that artery is com-
promised. The details of the neuroanatomy and neurophysi-
ology of the brain would require a book of its own; two that 
are recommended for detail are Clinical Neuroanatomy, by RS 
Snell and Neurophysiology and Principles of Neural Science by 
Kandel et al.2,3

The cerebral cortex has four main lobes on each side: 
the frontal, parietal, occipital, and temporal lobes (Fig. 1.2). 
Sensory pathways from one side of the body cross the mid-
line and provide input to the opposite somatosensory cortex. 
Motor pathways that originate from the motor cortex on one 
side decussate in the medulla, travel down the spinal cord in 
the lateral corticospinal tracts, synapse on ventral motor neu-
rons in the gray matter of the cord and deliver motor output 
to the opposite side of the body. The anterior part of the fron-
tal lobe (prefrontal area) influences personality, orientation, 
concentration, and judgment; it is important for directing in-
tellectual activity towards a goal. The precentral gyrus of the 
frontal lobe is the primary motor cortex, has output to the mo-
tor neurons in the spinal cord, and controls fine movement. 
Premotor association areas are located rostral to it and receive 
input from other motor areas of the brain, such as the basal 
ganglia, cerebellum, and red nucleus. Thus the premotor and 
motor cortex are responsible for integrating input from motor 
areas throughout the brain leading to purposeful movement. 
Adjacent to the precentral gyrus, across the central sulcus is 
the postcentral gyrus of the parietal lobe; this is the primary 
somatosensory cortex and receives information about fine 
touch. Posterior to the postcentral gyrus are the somatosen-
sory association areas which help interpret and analyze touch 
sensations. All primary sensory areas of the brain have sen-
sory association areas which further analyze and interpret 
these signals. The temporal lobe is located below the frontal 
and parietal lobe and contains the primary auditory and au-
ditory association areas. One hemisphere in the brain is con-
sidered dominant and one particular area in it is important for 
the interpretation of language and the production of speech; 
this area has been labelled Wernicke’s area. Wernicke’s area is 
of critical importance and lesions in it lead to profound apha-
sia; it is generally considered to include the posterior part of 
superior temporal gyrus and the angular gyrus in the domi-
nant cerebral hemisphere. The angular gyrus is an important 
multimodal association area in the parietal lobe adjacent to 
the temporal lobe. Multimodal association areas analyze input 
from single sensory association areas and provide complex 
analysis of the inputs and determine the response to complex 
stimuli. Wernicke’s area of the brain is most carefully mapped 
out during neurosurgery and damage to it is assiduously 
avoided if possible. It is supplied by the middle cerebral artery 
and there are profound deficits following occlusion of this ar-
tery due to ischemic stroke. Lesions in this area are isolating 
to the person and he/she cannot communicate or understand 
verbal or written communication. This area directly acti-
vates Broca’s area in the frontal lobe, a premotor speech area. 
Lesions to the parietal lobe of the nondominant hemisphere 
lead to visuospatial deficits and hemi-neglect (ignoring half 
of external space).
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Fig. 1.1 Energy metabolism in the brain. Lines indicate metabolic 
pathways, dashed lines indicate anaerobic glycolysis. The dashed line 
across the oxidative phosphorylation reaction indicates this reaction is 
blocked during ischemia. ADP, adenosine diphosphate; ATP, adenosine 
triphosphate; NAD, nicotinamide adenine dinucleotide; NADH, 
nicotinamide adenine dinucleotide reduced.
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Métabolisme	cérébral	– pourquoi?		

• Maintient	de	gradient	transmembranaire	(Na+,	K+,	Ca++)	
• Sinon,	dépolarisation	et	mort	neuronale	

• Pompe	Na/K	ATPase	=	principale	utilisatrice	d’ATP	
• Gradient	électrochimique	Na	permet	fonctionnement	des	échangeurs	ioniques	
(Na/Ca,	Na/H,	Na/glutamate)

• Fonction	neuronale	60%
• Activité	électrophysiologique		

• Intégrité	cellulaire	40%
• Synthèse	et	transport	de	composante	cellulaire
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Métabolisme	cérébral

• Peu/pas	de	réserve	énergétiques
• Réserves	de	glycogène	limité,	épuisée	théoriquement	<	3	minutes		

• Faible	tolérance	à	l’hypoperfusion
• Si	O2	intracellulaire	limité	è réserves	phosphocréatine,	glycolyse	anaérobique,	
cessation	d’activité	électrophysiologique		

• Chute	de	DSC	en	deçà	du	seuil	ischémique	è interruption	de	fonction	neuronale	
temporaire	(pénombre)	ou	permanente	(infarctus)	

è Nécessite	apport	ininterrompu	de	substrat	énergétiques	
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Métabolisme	cérébral	– extraction	d’O2

• Débit	cardiaque	=	5	L/min
• Débit	sanguin	cérébral	=	5	L	x	15%	=	750	mL/min
• Contenu	O2 =	20	mL O2	/	100	mL
• Typiquement	livraison	de	150	mL O2 /	min	

• Besoins	métaboliques	O2 =		40	– 70	mL O2 /	min	
• Extration O2 par	le	cerveau	(OEF)	=	60	mL /	150	mL =	40%	
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Mécanismes	de	compensation	ad	mort	neuronale

Hakim.	Neurology 1998
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Mécanismes	de	compensation	ad	mort	neuronale

Hakim.	Neurology 1998

• Normal	≥	50	mL/100g/min
• Mécanismes	redondants	pour	
maintenir	DSC	adéquat

• Changements	hémodynamiques
• Maintient	du	DSC	

• Changements	métaboliques	
• Maintient	CMRO2

• Limite	inférieure	20	mL/100g/min
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Mécanismes	de	compensation	ad	mort	neuronale

Hakim.	Neurology 1998

• Pénombre	<	20	mL/100g/min	

• Mécanismes	excédés…

• Arrêt	d’activité	électrique	
• Dépolarisation	neuronale
• Accumulation	de	glutamate	
extracellulaire	(excitotoxicité)

• Ouverture	des	canaux	calciques	
voltage-dépendants	

• Augmentation	de	calcium	
intracellulaire	
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Mécanismes	de	compensation	ad	mort	neuronale

Hakim.	Neurology 1998

• Infarctus	<	10-15	mL/100g/min	

• Mort	neuronale	

• Arrêt	de	synthèse	d’ATP
• Défaillance	de	pompes	ioniques
• Augmentation	dysrégulée de	
glutamate	extracellulaire	

• Influx	massif	de	calcium	intracellulaire
• Activation	phopholipases/protéases
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Déterminants	du	débit	sanguin	cérébral
• Pression	de	perfusion	cérébrale
• Résistance	vasculaire	cérébrale
• Autorégulation
• Réponse	vasomotrice	chimique
• Couplage	métabolique	
• Autres	déterminants

• Contrôle	neurogénique
• Rhéologie	sanguine
• Température
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Déterminants	du	débit	sanguin	cérébral

Débit		~		D Pression		/		Résistance

DSC			~			PPC			/			RVC

PPC = PAM – PIC
(PPC = PAM – PVC) RVC ~ 1 / diamètre vaisseaux 

Loi de Hagen-Poiseuille 
R = 8 ηL / πr4 
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Déterminants	du	débit	sanguin	cérébral

Résistance	vasculaire	cérébrale	(RVC)	
et	volume	sanguin	cérébral	(VSC)

Vasodilatation�↑	VSC

Vasoconstriction	�↓	VSC

RVC ~ 1 / diamètre vaisseaux 
Loi de Hagen-Poiseuille 

R = 8 ηL / πr4 
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Déterminants	du	débit	sanguin	cérébral

Résistance	vasculaire	cérébrale	(RVC)	
et	volume	sanguin	cérébral	(VSC)

Vasodilatation�↑	VSC

Vasoconstriction	�↓	VSC

è Impact	possible	sur	PIC
Parenchyme

Sang

LCR
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Autorégulation	cérébrale

• Processus	physiologique	permettant	de	minimiser	les	variation	
du	DSC	malgré	un	changement	de	la	PPC	

• Mécanisme	myogénique	intrinsèque	régulant	le	tonus	vasculaire	
• Délai	de	quelques	secondes	– PAS	INSTANTANÉ
• Augmentation	de	PPC	è vasoconstriction	artérielle	(↓	VSC)
• Diminution	de	PPC	è vasodilatation	artérielle	(↑	VSC)
• Carotides	distales	+	artères	vertébrobasilaires ad	artérieoles piales	100-200	µm

• Modulé	par	tonus	sympathique	è déplacement	de	courbe	vers	la	droite	
• P.ex.	HTA	chronique	
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Autorégulation	cérébrale
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Pression	de	perfusion	cérébrale

HYPOPERFUSION

HYPERPERFUSION

AUTORÉGULATION

Limite	inférieure	d’autorégulation
Vasodilatation	maximale

Limite	supérieure	d’autorégulation
Vasoconstriction	maximale
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Autorégulation	cérébrale

• PPC	<	limite	inférieure	d’autorégulation	(LIA)	è hypoperfusion
• Dommage	cérébral	dépend	de	sévérité et	durée de	l’hypoperfusion
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metabolic consequences, and, most importantly, regional or 
focal ischemia carries with it the possibility of collateral sup-
ply of CBF.

Fig. 2.16  is an idealized expansion of the left side of the au-
toregulatory curve shown in Fig. 2.4 . As CPP decreases toward 
the lower limit of autoregulation (approximately 50  mmHg), 
arteriolar resistance vessels dilate and CBV increases. At the 
lower limit of autoregulation, however, the capacity for vasodi-
lation is exhausted, the circulation cannot decrease resistance 
further to maintain flow, and CBF begins to decline passively 
as CPP decreases further. At first, an increase in oxygen ex-
traction compensates for the passive decline in CBF. When 
oxygen extraction is maximum, CMRO2 begins to diminish. 
Accordingly, synaptic transmission becomes impaired and 

eventually fails completely, as manifested by an isoelectric 
EEG. At this point, sufficient energy is available to keep the 
neurons alive, but neuronal “work” is abolished. Proceeding 
to even lower flow levels results in “membrane failure” (Na+, 
Ca2+, and water enter, and K+ exits the cell; i.e., cytotoxic 
edema). Such reductions in CBF are in the lethal range and 
result in infarction if not corrected.

The development of cerebral infarction depends both on 
the degree to which flow is reduced to ischemic levels and 
on its duration (Fig. 2.17 ). Neuronal tissue can receive flow 
at a level that prevents normal function but does not result 
in permanent damage. If flow is returned to adequate levels, 
function returns. As shown in Fig. 2.17 , two such states may 
exist, the penlucida, from which tissue recovers function irre-
spective of the ischemic time, and the penumbra, from which 
tissue is salvageable only if flow is restored within a certain 
time. The term penumbra, which means “almost shadow,” 
was introduced by Branston and associates.229  They originally 
used the term to denote all such tissue that was nonfunctional 
but that had the capacity to regain function. To make the dis-
tinction between tissue that survives without intervention 
and tissue that succumbs if left untended, Drummond and 
colleagues230  designated the former as ischemic penlucida 
(“almost light”).

Although any clinical event that results in EEG changes sug-
gesting ischemia should be assumed to represent a threat for 
irreversible damage and should be treated accordingly, many 
such events probably reflect flow reduction to the penumbral 
range (see Fig. 2.16 ). An example of this phenomenon is the 
patient undergoing carotid endarterectomy in whom EEG 
changes suggesting ischemia develop after carotid clamping. 
With shunt placement, the EEG normalizes, and the patient 
awakens without sequelae.

CCP

CBF

CVR

CBV

OEF

CMRO2

EEG TP

Ionic shifts

Thresholds

Hemodynamic
compensation

Synaptic inhibition

Synaptic failure

Membrane failure

20 504030

Fig. 2.16  Autoregulatory failure. The left side of Fig. 2.4 is expanded 
here to show idealized changes in various physiologic functions (some 
of the pathophysiologic events indicated overlap). The values for 
cerebral perfusion pressure (CPP) are only approximate, and many of 
the changes in the various covariates may overlap. They are stylized 
here for the sake of clarity. Cerebral blood flow (CBF), cerebrovascular 
resistance (CVR), cerebral blood volume (CBV), oxygen extraction 
fraction (OEF), cerebral metabolic rate for oxygen (CMRO2), total 
power of the cortical EEG signal (EEG TP), and ionic shifts (eg, water 
and Na+ into the cells and K+ out of the cells) are shown along the left 
of the figure. The various CBF thresholds are indicated by the broken 
lines and labeled at the bottom of the figure. The functional state 
between thresholds is shown along the bottom. In this figure the loss 
of EEG power is still above the line for membrane failure. Clinically, 
any event that results in EEG signs of ischemia should be assumed to 
represent the potential for irreversible damage and should be treated 
accordingly. (From Young W: Clinical Neuroscience Lectures. Munster, 
Cathenart, 1999.)
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Fig. 2.17  Interaction of extent and duration of flow reductions on 
neurologic function. Tissue receiving flow between approximately 
18 and 23 mL/100 g/min is functionally inactive, but function can 
be restored at any time with re-institution of increased perfusion 
(penlucida). For tissue perfused at lower blood flows, the development 
of infarction is a function of time. If tissue is restored to adequate 
perfusion before the time limit for infarction, it will recover function 
(penumbra). (From Young W: Clinical Neuroscience Lectures. Munster, 
Cathenart, 1999; modified from data in Jones TH, Morawetz RB, 
Crowell RM, et al: Thresholds of focal cerebral ischemia in awake 
monkeys. J Neurosurg 1981;54:773–782.)
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Autorégulation	cérébrale

• PPC	>	limite	supérieure	d’autorégulation	LSA
èHyperémie,	œdème	cérébral	
èHémorragie	
èConvulsions	

• Exemples	pathologiques	
• Encéphalopathies	hypertensives	(PRES)
• Syndrome	d’hyperperfusion cérébrale	(post	CEA)
• Normal	perfusion	pressure	breakthrough (post	MAV)
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Autorégulation	cérébrale	– origine	de	la	courbe
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Autorégulation	cérébrale	– données	récentes	
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There are occasionally intraoperative circumstances 
in which reduction of mean arterial pressure (MAP) 
to levels well below those that occur in nonanesthe-

tized adultsa is necessary or unavoidable. In these situa-
tions, clinicians are inevitably concerned about the limits of 
the tolerance of the central nervous system (CNS) for MAP 
reduction. Simply put, what are the thresholds at which 
the risk of ischemic injury becomes substantial in adult 
humans? That is the question that this submission attempts 
to address. The question invites answers expressed as 
numeric thresholds. However, it should be understood at 
the outset that any numeric values that are offered represent 
population averages. There are large SDs on most biologi-
cal responses, and pushing physiology on the basis of aver-
ages will almost certainly lead practitioners occasionally to 
discover individual outliers who are less tolerant of hypo-
tension. There is a second variable, “time,” in the injury/
no injury equation. Inevitably, there are MAPs that will be 
tolerated when hypotension is brief but that will not be tol-
erated when it is sustained. In the “MAP × time = sufficient 
to cause injury” equation, MAP and time will inevitably 
be inversely proportional, and the threshold values will be 
impossible to predict for individual patients.

Any discussion of the tolerance of the CNS to relative 
hypotension will inevitably give emphasis to the topic of CNS 
blood flow autoregulation. Cerebral blood flow autoregula-
tion refers to the capacity of the CNS to maintain blood flow 

levels relatively constant across a range of MAPs, assuming 
that other elements of physiology are held constant. Figure 1 
includes a typical cerebral blood flow autoregulation “curve” 
(the solid line) depicting the relationship between MAP and 
cerebral blood flow. There is a central plateau bounded by 
inflection points representing the lower and upper limits of 
cerebral blood flow autoregulation, below and above which, 
respectively, the cerebral circulation is pressure passive, with 
cerebral blood flow varying pari passu with MAP. In Figure 1, 
the lower limit of cerebral blood flow autoregulation and the 
upper limit of cerebral blood flow autoregulation are repre-
sented as a value in the low 70s and 150 mm Hg, respectively. 
The parameter on the x-axis of cerebral blood flow autoregu-
lation curves is sometimes cerebral perfusion pressure, rather 
than MAP. Cerebral perfusion pressure is calculated as MAP 
– intracranial pressure (ICP). Cerebral perfusion pressure is 
used less often because a measure of ICP measures is often 
unavailable. Normal ICP is 5–10 mm Hg. A MAP of 70 mm 
Hg can be viewed as equivalent to a cerebral perfusion pres-
sure of 60–65 mm Hg. The details of the physiological mecha-
nisms of cerebral blood flow autoregulation are not critical 
to this review. While other processes may be involved,1 cere-
bral blood flow autoregulation is probably largely myogenic 
(ie, a function of local vascular smooth muscle response to 
changing intraluminal pressure in vessels between the distal 
carotid and vertebrobasilar arteries and pial arteries down to 
diameters in the vicinity of 100–200 μm).2

MISUNDERSTANDINGS ABOUT AUTOREGULATION
There appear to be several aspects of the cerebral blood flow 
autoregulation phenomenon that may not be fully appreci-
ated by all clinicians. Chief among them are: (1) that the aver-
age lower limit of cerebral blood flow autoregulation (ie, that 
MAP below which cerebral blood flow is pressure passive 
and MAP and cerebral blood flow vary linearly), resides at 
a MAP significantly greater than the widely advertised value 

There are occasionally intraoperative circumstances in which reduction of mean arterial pres-
sure (MAP) to levels well below those that occur in nonanesthetized adults is necessary or 
unavoidable. In these situations, clinicians are inevitably concerned about the limits of the tol-
erance of the brain for hypotension. Reference to the phenomenon of cerebral blood flow auto-
regulation is frequently made in discussions of safe MAP limits. However, in several respects, 
prevalent conceptions about cerebral blood flow autoregulation may be incomplete or inaccu-
rate. The principal theses offered by this review are: (1) that the average lower limit of cerebral 
blood flow autoregulation in normotensive adult humans is not less than a MAP of 70 mm Hg; 
(2) that there is considerable intersubject variability in both the lower limit of cerebral blood flow 
autoregulation and the efficiency of cerebral blood flow autoregulation; (3) that there is a sub-
stantial blood flow reserve that buffers the normal central nervous system against critical blood 
flow reduction in the face of hypotension; (4) that there are several common clinical phenomena 
that have the potential to compromise that buffer, and that should be taken into account in 
decision making about minimum acceptable MAPs; and (5) that the average threshold for the 
onset of central nervous system ischemic symptoms is probably a MAP of 40–50 mm Hg at the 
level of the circle of Willis in a normotensive adult in a vertical posture and 45–55 mm Hg in 
a supine subject. However, these MAPs should probably only be approached deliberately when 
the exigencies of the surgical situation absolutely require it.  (Anesth Analg 2019;128:759–71)
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± 11 mm Hg, with a cerebral blood flow reduction 
of 35%. Whichever of Finnerty et al’s6 patients are 
represented on the Lassen5 figure, it seems unlikely 
that the lower limit of cerebral blood flow autoregu-
lation is actually the value suggested by his graph. 
The lower limit of cerebral blood flow autoregula-
tion is likely to be substantially greater than the 
MAP at which symptoms and a 35%–40% reduction 
of cerebral blood flow are observed. Furthermore, in 
several other investigations, the average threshold 
for the onset of ischemic symptoms was determined 
to occur at MAPs that support the improbability of 
an average lower limit of cerebral blood flow auto-
regulation of 50 mm Hg in adult humans: Morris  
et al,8 62 mm Hg; Moyer et al,9 “approaching”  
55 mm Hg; Strandgaard,10 43 mm Hg; and Njemanze7 
(vide infra), 49 mm Hgb. Nonetheless, the apparent 
impact of the Lassen5 publication has been remark-
ably durable. One continues to see reference, in nom-
inally rigorously reviewed forums, to a lower limit 
of cerebral blood flow autoregulation of 50 mm Hg.11

The Table presents the results of the available studies per-
formed in neurologically normal adult humans which 
yielded either specific determinations of the lower limit of 
cerebral blood flow autoregulation10,12–16 or data that pro-
vide insight into the MAP range above or below where 
it must reside.9,17,18 All of the studies, except that of Joshi  

et al,16 entailed static determinations (ie, they used a measure 
of cerebral blood flow or some variable that can reasonably 
be expected to vary in a linear relationship with cerebral 
blood flow, during sustained periods of stable MAP). The 
data collectively indicate that average lower limit of cerebral 
blood flow autoregulation for a nonanesthetized adult can-
not be less than a MAP in the low 70s. Two of the entries are 
superficially inconsistent with that conclusion. The study 
by McCall16 used hydralazine or veratrum viride to induce 
hypotension in pregnant women late in the third trimester. 
The effects of late pregnancy on the cerebral circulation are 
not well characterized; and hydralazine is known to be a 
cerebral vasodilator. The effect of veratrum viride is obscure. 
The report by Joshi et al16 offers the lowest estimated average 
human lower limit of cerebral blood flow autoregulation (66 
mm Hg, CI, 43–90) and deserves detailed comment, in large 
part because it is the only entry in the Table that involves anes-
thetized subjects. First, for at least for 2 reasons, the observed 
mean lower limit of cerebral blood flow autoregulation of 
66 mm Hg is not inconsistent with the conclusion offered 
above that average adult lower limit of cerebral blood flow 
autoregulation is not less than a MAP in the low 70s. That 
investigation was performed in patients on cardiopulmonary 
bypass (CPB). The experimental conditions were such that a 
given MAP would be likely to achieve a better than typical 
cerebral perfusion pressure (cerebral perfusion pressure = 
MAP − ICP). Under the conditions of the study, the patients 
probably had very low ICPs. The combination of depressed 
cerebral metabolic rate (isoflurane 0.5%–1.0%, 33°C) and very 
low venous pressures because of gravity drainage of the right 
heart drainage on CPB was likely to render ICP as low as it is 

Table. Data for the Lower Limit of Cerebral Blood Flow Autoregulation Obtained in Adult Human Subjects

Authors Hypotensive Technique Cerebral Blood Flow Method

Mean Lower Limit of Cerebral Blood 
Flow Autoregulation (mm Hg) 

(Range, SD, or CI)
Morris et al17 Hexamethonium Kety-Schmidt technique, using nitrous oxide as the tracer >62 (54–78)
McCall18a Hydralazine Veratrum viride Kety-Schmidt technique, using nitrous oxide as the tracer <64 (33–80)

<57 (40–72)
Moyer et al9 Hexamethonium Pendiomide 

Trimethaphan
Kety-Schmidt technique, using nitrous oxide as the tracer >62 (53–80)

>61 (54–72)
>57 (44–75)

Strandgaard10 Trimethaphan/tilt 1/arterial-jugular venous oxygen content difference 73 ± 9
Waldemar et al12 Lower body negative pressure/ 

trimethaphan ± captopril
Single proton emission computed tomography and, 1/

arterial-jugular venous oxygen content difference
79 (57–101)

Larsen et al13 Lower body negative pressure/ 
labetalol or trimethaphan

Single proton emission computed tomography and, 1/
arterial-jugular venous oxygen content difference

Cerebral blood flow velocity (middle cerebral artery)

79 (53–113)

91 (41–108)
Olsen et al14 Lower body negative pressure/ 

labetalol
Single proton emission computed tomography and, 1/

arterial-jugular venous oxygen content difference
88 (76–101)

Olsen et al15 Lower body negative pressure/ 
labetalol

1/arterial-jugular venous oxygen content difference
1/arterial-transcranial near infra-red spectroscopy 

saturation difference

73 (60–100)
79 (73–101)

Joshi et al16b Spontaneous variation on 
cardiopulmonary bypass

Mean velocity index (∆cerebral blood flow 
velocity/∆MAP)

66 (43–90)

Data are presented as mean values with ranges, SDs (±), or CIs. The constancy of cerebral metabolic rate was assumed, and the fraction 1/arterial-jugular 
venous oxygen content difference is used to determine relative cerebral blood flow; single proton emission computed tomography was used where indicated to 
calibrate relative cerebral blood flow values; near-infrared spectroscopy was used to determine regional cerebral oxygen saturation. The constancy of cerebral 
metabolic rate was assumed, and the fraction 1/arterial-transcranial near infra-red spectroscopy saturation difference was used to determine relative cerebral 
blood flow; < indicates that the lower limit of cerebral blood flow autoregulation was not identified, but that cerebral blood flow was unchanged from the control 
value at the MAP indicated; > indicates that the lower limit of cerebral blood flow autoregulation was not identified, but that cerebral blood flow was less than the 
control cerebral blood flow value at the MAP indicated.
Abbreviation: MAP, mean arterial pressure.
aSubjects were pregnant women near term (see text).
bSubjects were receiving general anesthesia (see text). All others were nonanesthetized.

bNjemanze7 used a blood pressure cuff on the arm. I have applied a correction 
for the hydrostatic gradient, assuming a 12-inch vertical difference between 
the arm and the external auditory canal.
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• LIA	moyenne	>	50	mmHg
• LIA	moyenne dans	population	
probablement	~	70	mmHg
(non	anesthésié)

Conclusion:	

• LIA	probablement	> 50	mmHg

• Plateau	plus	étroit	
• Si	plateau	AR,	probablement	
légèrement	ascendant	

• Pas	de	« one-size-fits-all »

• *Variabilité	interindividuelle*
• Impact	de	pathologie
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• Réserve	cérébrovasculaire	et	seuil	ischémique
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• Dommage	neurologique	aigu	(TCC,	HSA…)	
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• Hypertension	chronique	
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• Position	assise	/	semi-assise	et	perfusion	cérébrale
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travel cephalad with the roots of the cauda equina. 
These vessels typically originate from the internal 
iliac artery.66 The arteria radicularis magna proba-
bly delivers very little cephalad flow in the anterior 
spinal artery in most subjects and the diameter of 
the anterior spinal artery cephalad to the junction 
with the arteria radicularis magna is typically very 
narrow.66 In some individuals, the anterior spinal 
artery is discontinuous at this level.67 This means 
that the majority of the blood supply to the spinal 
cord at and above approximately the T10 vertebral 
level is descending caudally from the upper por-
tions of the anterior spinal artery. In some indi-
viduals, there is, as a result, a boundary zone, or 
“watershed,”c territory in the mid-thoracic and 
low thoracic spinal cord region.66 These vascular 
variations have the potential to make some indi-
viduals unpredictably more vulnerable to spinal 
cord ischemia in the event of hypotension or the 
loss of or sacrifice of intercostal or intervertebral 
feeding vessels. The author has encountered an 
instance in which it appeared that induced hypo-
tension resulted in infarction of the conus medul-
laris and the upper portions of the cauda equina.68

  c.  The optic nerve. Two regions of the optic nerve are 
variably and potentially precariously collateralized. 
The first is the optic disk. The blood supply to the 
optic disk comes via the posterior ciliary arteries, 
which are noncollateralized end arteries that are 
variable in number.69 Well before the phenomenon 
of postoperative visual loss after spine surgery 
brought ischemic optic neuropathy to prominence, 
anterior ischemic optic neuropathy was well known 
to ophthalmologists. Anterior ischemic optic neu-
ropathy presents most often as partial or “altitu-
dinal” visual loss, typically in patients with optic 
discs with specific anatomic characteristics (small 
disk, small cup-to-disk ratio, “crowded” disk) and 
with risk factors for vascular disease, and especially 
in patients in whom nocturnal hypotension, often 
in association with new treatment of hypertension, 
has occurred.69–71 Posterior ischemic optic neuropa-
thy was much less familiar before the phenomenon 
of blindness after prolonged prone surgery.72 The 
precise location of the pathology of posterior isch-
emic optic neuropathy occurring after spine surgery 
is not well characterized73 because (fortunately) 
patients are rarely submitted to postmortem exami-
nation after spine surgery. However, Baig et al74 has 
proposed that there is a region of relatively sparse 
collateralization in the midportion of the optic nerve 
(ie, midway between the globe and the optic canal), 
where the nerve is usually supplied entirely by cen-
tripetal arterioles arising from the pia on the surface 
of the nerve, and that this is where the insult of poste-
rior ischemic optic neuropathy occurs. Insufficiency 
of this blood supply pathway would be expected 

to produce a lesion in the axial center of the nerve, 
which would, in turn, be expected to cause the cen-
tral visual deficit that is, in fact, most common with 
posterior ischemic optic neuropathy.72 Furthermore, 
posterior ischemic optic neuropathy occurring in 
other surgical situations (gastrointestinal bleeding 
and radical neck dissection) has yielded pathologic 
specimens in which the location of the lesion is con-
sistent with Baig et al’s74 hypothesis.75,76 I should 
hasten to mention that while this author believes 
that posterior ischemic optic neuropathy is often 
a boundary zone ischemia phenomenon to which 
relative hypotension may contribute, that opinion 
is not confirmed by the existing literature. In par-
ticular, the American Society of Anesthesiologists’ 
Advisory on Post Operative Visual Loss states spe-
cifically “that the use of deliberate hypotensive tech-
niques during spine surgery has not been shown to 
be associated with the development of perioperative 
visual loss.”77

Figure 3. Cerebral blood flow autoregulation in acute injury states. 
In acute injury states, most notably traumatic brain injury and sub-
arachnoid hemorrhage, cerebral blood flow is frequently reduced to 
levels approximately half of normal, and autoregulation is impaired 
(ie, the mean arterial pressure [MAP]/cerebral blood flow relation-
ship is pressure passive [dotted line]). MAPs that might be tolerated 
in normal subjects may reduce cerebral blood flow to critically low 
levels (vertical arrow). CBF indicates cerebral blood flow.

Figure 4. Perfusion pressure and transmural pressure. See text 
(“Raised Local Tissue Pressure”) for discussion. The magnetic reso-
nance image on the right is from a patient with severe cervical spinal 
stenosis. + indicates raised local tissue pressure; MAP, mean arte-
rial pressure; VP, venous pressure.

cThe common term “watershed” will hereafter be avoided because the 
metaphor is not apt. Water flows away from a watershed. Boundary zone 
is preferred.

Fig. 4 Example of two patients who developed DCI: a Patient with
Fisher 3 SAH developed DCI on day 6 with a marked perfusion deficit
in the left MCA territory and left MCA vasospasm. Monitoring
demonstrated impaired autoregulation in the hypoperfused hemi-
sphere and intact autoregulation on the contralateral side,
demonstrating high asymmetry. 3-month MRI did not demonstrate
ischemic lesions. The patient had a good outcome with mRS of 0.
b Patient with Fisher 3 SAH developed DCI on day 8 with perfusion

deficit seen in the right ACA territory. Monitoring demonstrated
bilateral impairment of autoregulation with low asymmetry. The
follow-up imaging demonstrated extensive hypodensities not only in
the ACA territory, but also on the contralateral side. His mRS at
3 months was 4. Interhem. diff. interhemispheric difference of Sxa,
mRS modified ranking scale, SAH subarachnoid hemorrhage, Sxa
transcranial Doppler-based autoregulation index

Neurocrit Care (2015) 22:65–73 71
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• Réduction	du	DSC	basal
• Altération	de	l’autorégulation	
cérébrale

• Altération	asymétrique	de	
l’autorégulation	cérébrale
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travel cephalad with the roots of the cauda equina. 
These vessels typically originate from the internal 
iliac artery.66 The arteria radicularis magna proba-
bly delivers very little cephalad flow in the anterior 
spinal artery in most subjects and the diameter of 
the anterior spinal artery cephalad to the junction 
with the arteria radicularis magna is typically very 
narrow.66 In some individuals, the anterior spinal 
artery is discontinuous at this level.67 This means 
that the majority of the blood supply to the spinal 
cord at and above approximately the T10 vertebral 
level is descending caudally from the upper por-
tions of the anterior spinal artery. In some indi-
viduals, there is, as a result, a boundary zone, or 
“watershed,”c territory in the mid-thoracic and 
low thoracic spinal cord region.66 These vascular 
variations have the potential to make some indi-
viduals unpredictably more vulnerable to spinal 
cord ischemia in the event of hypotension or the 
loss of or sacrifice of intercostal or intervertebral 
feeding vessels. The author has encountered an 
instance in which it appeared that induced hypo-
tension resulted in infarction of the conus medul-
laris and the upper portions of the cauda equina.68

  c.  The optic nerve. Two regions of the optic nerve are 
variably and potentially precariously collateralized. 
The first is the optic disk. The blood supply to the 
optic disk comes via the posterior ciliary arteries, 
which are noncollateralized end arteries that are 
variable in number.69 Well before the phenomenon 
of postoperative visual loss after spine surgery 
brought ischemic optic neuropathy to prominence, 
anterior ischemic optic neuropathy was well known 
to ophthalmologists. Anterior ischemic optic neu-
ropathy presents most often as partial or “altitu-
dinal” visual loss, typically in patients with optic 
discs with specific anatomic characteristics (small 
disk, small cup-to-disk ratio, “crowded” disk) and 
with risk factors for vascular disease, and especially 
in patients in whom nocturnal hypotension, often 
in association with new treatment of hypertension, 
has occurred.69–71 Posterior ischemic optic neuropa-
thy was much less familiar before the phenomenon 
of blindness after prolonged prone surgery.72 The 
precise location of the pathology of posterior isch-
emic optic neuropathy occurring after spine surgery 
is not well characterized73 because (fortunately) 
patients are rarely submitted to postmortem exami-
nation after spine surgery. However, Baig et al74 has 
proposed that there is a region of relatively sparse 
collateralization in the midportion of the optic nerve 
(ie, midway between the globe and the optic canal), 
where the nerve is usually supplied entirely by cen-
tripetal arterioles arising from the pia on the surface 
of the nerve, and that this is where the insult of poste-
rior ischemic optic neuropathy occurs. Insufficiency 
of this blood supply pathway would be expected 

to produce a lesion in the axial center of the nerve, 
which would, in turn, be expected to cause the cen-
tral visual deficit that is, in fact, most common with 
posterior ischemic optic neuropathy.72 Furthermore, 
posterior ischemic optic neuropathy occurring in 
other surgical situations (gastrointestinal bleeding 
and radical neck dissection) has yielded pathologic 
specimens in which the location of the lesion is con-
sistent with Baig et al’s74 hypothesis.75,76 I should 
hasten to mention that while this author believes 
that posterior ischemic optic neuropathy is often 
a boundary zone ischemia phenomenon to which 
relative hypotension may contribute, that opinion 
is not confirmed by the existing literature. In par-
ticular, the American Society of Anesthesiologists’ 
Advisory on Post Operative Visual Loss states spe-
cifically “that the use of deliberate hypotensive tech-
niques during spine surgery has not been shown to 
be associated with the development of perioperative 
visual loss.”77

Figure 3. Cerebral blood flow autoregulation in acute injury states. 
In acute injury states, most notably traumatic brain injury and sub-
arachnoid hemorrhage, cerebral blood flow is frequently reduced to 
levels approximately half of normal, and autoregulation is impaired 
(ie, the mean arterial pressure [MAP]/cerebral blood flow relation-
ship is pressure passive [dotted line]). MAPs that might be tolerated 
in normal subjects may reduce cerebral blood flow to critically low 
levels (vertical arrow). CBF indicates cerebral blood flow.

Figure 4. Perfusion pressure and transmural pressure. See text 
(“Raised Local Tissue Pressure”) for discussion. The magnetic reso-
nance image on the right is from a patient with severe cervical spinal 
stenosis. + indicates raised local tissue pressure; MAP, mean arte-
rial pressure; VP, venous pressure.

cThe common term “watershed” will hereafter be avoided because the 
metaphor is not apt. Water flows away from a watershed. Boundary zone 
is preferred.
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Acute Focal Cerebral Ischemia
The management of the patient with acute focal cerebral isch-
emia (stroke) merits mention in the context of a discussion 
of collateral blood flow. It is almost entirely in the setting of 
neurovascular interventions (thrombectomy, thrombolysis) 
after acute stroke that anesthesiologists provide general anes-
thesia for individuals known to have recently experienced a 
focal stroke. In that situation, it is generally understood that 
perfusion of the potentially salvageable tissue at the periph-
ery of a stroke, the so-called penumbra, is dependent on col-
lateral perfusion, sometimes across boundary zone territories 
between cerebral artery distributions, and that this type of 
perfusion requires the maintenance of high-normal MAPs. 
Few anesthesia providers need to be instructed that main-
tenance of blood pressure in this situation is important.78 
However, focal ischemic lesions (strokes) occasionally occur 
spontaneously during anesthesia.38,79 It seems likely, albeit 
unproven, that the effects of such insults will be aggravated 
that by relative hypotension during general anesthesia.45 This 
possibility provides another incentive not to induce or permit 
degrees of hypotension that are not specifically necessary for 
the conduct of the surgical procedure, especially in patients 
at risk for stroke.80

 5. Vertical hydrostatic gradients: Intraoperative patient 
positions in which the head is substantially above the 

heart result in vertical hydrostatic gradients. It is this 
author’s conclusion that such gradients have impor-
tant physiologic implications and that blood pres-
sure should be obtained or arithmetically corrected 
to the cranial level.81 The lack of adverse effects on 
the brain of a 25% reduction from a typical awake 
MAP in the common horizontal surgical positions 
has contributed to the casual attitude toward blood 
pressure reductions of this order. However, bringing 
this same attitude to situations in which the surgi-
cal position results in the head being substantially 
above the heart has resulted, in this author’s opin-
ion, in a significant incidence of neurological injury.82 
Since before the time that the term “neuroanesthe-
sia” achieved currency, it has been an article of faith 
among neuroanesthetists that blood pressure during 
sitting neurosurgical procedures be transduced and 
maintained at the level of the external auditory canal. 
However, when the beach chair position was intro-
duced into orthopedics, somehow the laws of phys-
ics were perceived to be different when the surgical 
objectives were bones rather than brains. Figure  6 
attempts to depict the issues. If a MAP that is widely 
deemed to be acceptable in a supine orientation (eg, 
65 mm Hg, as measured by a blood pressure cuff 
on the arm is accepted during beach chair position 

Figure 5. Common variations in the anatomy of 
the circle of Willis expressed as percentage prev-
alence (%) in disease-free adults. See text for dis-
cussion. ACA indicates anterior cerebral artery; 
AComm, anterior communicating artery; MCA, 
middle cerebral artery; PCA, posterior cerebral 
artery; Pcomm, posterior communicating artery.

Drummond	JC.	Anesth Analg 2019 Radiopaedia.org
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• PPC	=	PAM	- PIC
• PAM	perçue	a/n	polygone	Willis

• Estimée:	PAM	axe	phlebostatique – 15	mmHg
• Mesurée:	PAM	tragus	

• PIC	semi-assise	<	PIC	couchée
• PIC	couchée	8	mmHg
• PIC	semi-assise	2	mmHg

Si	PAM	70	mmHg au	brassard
• PPC	couchée	=	70	– 8	=	62	mmHg
• PPC	semi-assise	=	70	– 15	– 2	=	53	mmHg

Particularités	de	position	assise	sur	PPC	

 
 
 
 
 
 
 
 
 
 
 

SAFE PRACTICE: INVASIVE ARTERIAL BLOOD PRESSURE (ABP) MONITORING 
TRANSDUCERS TO BE POSITIONED AT EAR LEVEL FOR ALL NCCU PATIENTS 

WHY ARE WE MEASURING ABP AT EAR LEVEL? 
For two reasons. The first is that pressure measured at ear level accurately reflects ABP driving cerebral perfusion. When the transducer is 
positioned at heart level we are at risk of overestimating cerebral perfusion pressure (CPP) by up to 15 mmHg (depending patient’s height and position). 
The second reason is that this practice complies with a joint position statement by NASGBI and SBNS “arterial transducer used to estimate mean arterial 
pressure (MAP) for the calculation of CPP [MAP – ICP]  should be positioned at the level of the tragus”. 
 
WILL THE “STANDARD” CPP TARGET FOR TBI PATIENTS CHANGE? 
YES. Target CPP will be 50-70 mmHg as per international guidelines. 
 
WILL THERE BE A DISCREPANCY BETWEEN NIBP AND ABP? 
YES. ABP will be lower than NIBP by up to 15mmHg, depending on patient’s height and position. This is not a problem. 
 
WILL CVP BE MEASURED AT EAR LEVEL AS WELL?  
NO. CVP will continue to be measured at heart level. In patients nursed in the sitting position we will require 2 transducer holders (Figure A). In patients 
nursed in the recumbent position a single transducer holder will be sufficient (Figure RUN). 
 
WILL THIS CHANGE APPLY TO ALL PATIENTS? EVEN THOSE WITHOUT TBI OR NEUROLOGICAL PROBLEMS? WHY? 
YES, for two reasons. The first reason is that cerebral perfusion is paramount even in patients without TBI. MAP > 50 (at ear level) should be 
considered the absolute minimum in all patients, as below this level of blood pressure even healthy patients are at risk of developing a stroke. 
Patients at risk of cerebral events (such as septic patients with known cardiovascular disease) may require significantly higher targets. The second 
important reason is that by using the same approach in each and every patient we are less likely to get confused and make mistakes with MAP targets.  

A RUN 

ABP 280/180 

ABP 130/80 

GIRAFFE? 

20	cm	/	1.36	=	15	mmHg
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SAFE PRACTICE: INVASIVE ARTERIAL BLOOD PRESSURE (ABP) MONITORING 
TRANSDUCERS TO BE POSITIONED AT EAR LEVEL FOR ALL NCCU PATIENTS 

WHY ARE WE MEASURING ABP AT EAR LEVEL? 
For two reasons. The first is that pressure measured at ear level accurately reflects ABP driving cerebral perfusion. When the transducer is 
positioned at heart level we are at risk of overestimating cerebral perfusion pressure (CPP) by up to 15 mmHg (depending patient’s height and position). 
The second reason is that this practice complies with a joint position statement by NASGBI and SBNS “arterial transducer used to estimate mean arterial 
pressure (MAP) for the calculation of CPP [MAP – ICP]  should be positioned at the level of the tragus”. 
 
WILL THE “STANDARD” CPP TARGET FOR TBI PATIENTS CHANGE? 
YES. Target CPP will be 50-70 mmHg as per international guidelines. 
 
WILL THERE BE A DISCREPANCY BETWEEN NIBP AND ABP? 
YES. ABP will be lower than NIBP by up to 15mmHg, depending on patient’s height and position. This is not a problem. 
 
WILL CVP BE MEASURED AT EAR LEVEL AS WELL?  
NO. CVP will continue to be measured at heart level. In patients nursed in the sitting position we will require 2 transducer holders (Figure A). In patients 
nursed in the recumbent position a single transducer holder will be sufficient (Figure RUN). 
 
WILL THIS CHANGE APPLY TO ALL PATIENTS? EVEN THOSE WITHOUT TBI OR NEUROLOGICAL PROBLEMS? WHY? 
YES, for two reasons. The first reason is that cerebral perfusion is paramount even in patients without TBI. MAP > 50 (at ear level) should be 
considered the absolute minimum in all patients, as below this level of blood pressure even healthy patients are at risk of developing a stroke. 
Patients at risk of cerebral events (such as septic patients with known cardiovascular disease) may require significantly higher targets. The second 
important reason is that by using the same approach in each and every patient we are less likely to get confused and make mistakes with MAP targets.  

A RUN 

ABP 280/180 

ABP 130/80 

GIRAFFE? 

20	cm	/	1.36	=	15	mmHg

• Plus	l’élévation	est	importante,	plus	
l’impact	est	notable…

• Impact	sur	retour	veineux	et	DC	(et	PAM)
• Impact	réel	sur	PIC	dépend	de	compliance	
intracrânienne	(cf cours	#2)

• ATTENTION	aux	position	assises	« beach chair »
• Éviter	PNI	au	mollet
• Garder	marge	de	manœuvre	sécuritaire	
• Limiter	périodes	d’hypotension	relative	
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Évaluation	de	l’autorégulation	cérébrale	statique

• D PIC	en	réponse	à	↑	PAM	(bolus	vasopresseur)
• Réponse	dichotomique	(présente	ou	absente)

Rose	JC	et	al.	Neurocrit Care	2004
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• Impact	des	variations	spontanées	continues de	PAM	sur	le	DSC	
• Coefficient	de	corrélation	entre	la	PAM	et	un	paramètre	substitut	du	DSC
• Relation	PAM	~	FV	ACM èMx,	Sx DOPPLER	TRANSCRANIEN
• Relation	PAM	~	PIC	 è PRx MONITEUR	DE	PRESSION	INTRACRÂNIENNE
• Relation	PAM	~	PbO2	 è ORx MONITEUR	D’OXYGÉNATION	CÉRÉBRALE

• Corrélation	positive	(↑	PAM	~	↑	PIC)	è absence	d’autorégulation										
(pressure	passive)

• Corrélation	négative	è autorégulation	préservée

Évaluation	de	l’autorégulation	cérébrale	dynamique
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• Indices	d’autorégulation	cérébrale	(PRx – pressure	reactivity index)
• Permet	d’identifier	limite	inférieure	d’autorégulation	
• Individualisation	de	cible	thérapeutiques

• Évaluation	de	l’intégrité	et	performance de	l’autorégulation	
• PRx >	0,3	è défaillance	d’autorégulation	
• PRx <	0,3	è présence	d’autorégulation
• PRx <<<	0,3	è autorégulation	performante	

Évaluation	de	l’autorégulation	cérébrale	dynamique
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Autorégulation	cérébrale:	PRX

Lazaridis et	al.	Neurol Res 2013
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Détermination	PPC	optimale

Valeur	de	PPC	à	

laquelle	on	retrouve	

l’indice	

d’autorégulation	

témoignant	de	la	

meilleure	réactivité

(PRx le	plus	négatif)	

Lazaridis et	al.	Neurol Res 2013
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Autorégulation	cérébrale:	conclusions

• Pas	de	courbe	simpliste	idéalisée	
• Pas	de	valeur	unique	pour	tous
• LIA	>	50	mmHg,	probablement	≈	70	mmHg,	intervalle	40-110	mmHg
• Plateau	si	présent	semble	plus	étroit	et	ascendant
• Variabilité	interindividuelle	de	la	courbe	et	de	la	LIA
• Réserve	cérébrovasculaire	variable	
• Altération	par	pathologies	neurovasculaires ou	dommages	cérébraux
• Altération	de	l’autorégulation	cérébrale	peut	être	

• Complète	vs	partielle	
• Globale	vs	régionale	
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Effets	de	la	PaCO2	sur	le	débit	sanguin	cérébral
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Effets	de	la	PaCO2	sur	le	débit	sanguin	cérébral

• Puissant	modulateur	de	la	résistance	vasculaire	cérébrale	è DSC
• Diffusion	rapide	de	CO2	à	travers	la	barrière	hématoencéphalique	

• Altération	pH	extracellulaire	è réponse	vasomotrice	

• Variation	linéaire	entre	20	– 80	mmHg
• D DSC	de	2	mL/min/100g	par	1	mmHg PaCO2
• D VSC	de	0,04	mL/100g	par	1	mmHg PaCO2
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Effets	de	la	PaCO2	sur	le	débit	sanguin	cérébral

• Effet	s’atténue	après	6-10	heures
• Alcalose	du	LCR	se	normalise	

• Normalisation	rapide	de	capnie
• Hypercapnie	chronique è hypoperfusion
• Hypocapnie	chronique è hyperémie

Modifié	de	Miller’s Anesthesia,	7e éd

Figure 63-6  PaCO2, cerebral blood flow (CBF), and cerebrospinal fluid (CSF) pH changes with prolonged
hyperventilation. Although the decreased arterial PaCO2 (and the systemic alkalosis) persist for the duration of
hyperventilation, the pH of the brain and CBF return toward normal over 8 to 12 hours.
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Effets	de	la	PaO2 sur	le	débit	sanguin	cérébral
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Effets	de	la	PaO2 sur	le	débit	sanguin	cérébral

• Variations	« physiologiques »	de	PaO2	n’altèrent	pas	le	DSC	

• Hypoxémie	(<	55	mmHg)	è vasodilatation	cérébrale	exponentielle
• Hyperoxémieè réduction	modeste	du	DSC
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• Livraison	d’oxygène	demeure	constante
• ↓	PaO2 è↓	CaO2 è↑	DSC	è DO2 cérébrale	constante

P. N. Ainslie and others
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Figure 1 Changes in gCBF (A), CaO2 (B) and CDO2 (C) during pro-
gressive isocapnia hypoxaemia and hyperoxia
Note that despite the marked reduction in CaO2, CDO2 was maintained
via the elevations in gCBF. ∗Denotes significant differences from nor-
moxic baseline.

and lactate were in excess of the cerebral metabolic requirements
with progressive hypoxaemia; (iii) although there was a small net
efflux (output) of lactate across the brain during severe hypox-
aemia, the cerebral metabolic rate for oxygen, glucose and lactate
was stable; (iv) hyperoxia did not alter gCBF, substrate delivery,
arterial–venous differences or cerebral metabolism.

Cerebral metabolism and the regulation of
substrate availability in the human brain
In rest, human cerebral metabolism is supported almost exclus-
ively by carbohydrate oxidation, as indicated by a cerebral oxy-
gen/glucose uptake ratio (OGI) close to 6 [18]. Under certain
circumstances, however, the brain also uses other substrates. For
example, when the ketone body concentration is increased during
long-term fasting, ketone bodies replace glucose as the primary
energy source for the brain [19]. In addition, even though the brain
normally exhibits a net efflux of lactate (see Table 3), net cereb-
ral lactate uptake can occur when the arterial lactate is increased
during, for example, insulin-induced hypoglycaemia [20], cardi-
opulmonary resuscitation [21] and high-intensity exercise [22].

Figure 2 Changes in CMRO2 (A), CDGluc (B) and CDLac (C) during
progressive isocapnia hypoxaemia and hyperoxia
∗Denotes significant differences from normoxic baseline.

Despite the presence of hypoxaemia in both health (e.g. high
altitude) and disease (e.g. chronic lung diseases, heart failure)
the impact of oxygen availability on substrate delivery (i.e. the
net arterial inflow of glucose and lactate) has been poorly studied
in humans. Our findings show that elevations in CBF with pro-
gressive hypoxaemia and related reductions in CaO2 result in a
well-maintained CDO2; however, cerebral delivery of both gluc-
ose and lactate were in excess of the cerebral metabolic require-
ments. Since acute hypoxia is known to elevate MSNA (muscle
sympathetic nerve activity) and cause catecholamine release [23],
the mechanism mediating these increases in glucose and lact-
ate concentrations is likely via hypoxia-induced up-regulation
of non-insulin-dependent pathways stimulated by catecholamine
secretion [24].

Although there was a small net efflux (output) of lactate across
the brain during severe hypoxaemia, the cerebral metabolic rate
for oxygen, glucose and lactate was stable. These findings are
in part explained by the unremarkable increase in arterial lactate
we observed in severe hypoxia, consistent with an earlier report
in humans [4] and animals [25] with comparable levels of PaO2

(e.g. 28–35 mmHg). Although it seems that, in rats, more severe
levels hypoxia result in elevations in lactate concentration and the

666 C⃝ The Authors Journal compilation C⃝ 2014 Biochemical Society

Ainslie PN	et	al.	Clin	Sci 2014
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2.0 and 3.0.168 Below 27 °C, however, Q10 increases to near 
4.5. This finding has been explained on the basis of the neu-
roelectrical effects, wherein the major suppression of neuro-
nal function occurs between 17 ° and 27 °C. Thus the lower 
Q10 between 27 ° and 37 °C simply reflects the decrease in the 
rates of biochemical reaction (basal CMRO2), and the higher 
Q10 between 17 ° and 27 °C is due to the additive effect of the 
decrease in neuronal function.151,168 Because moderate hypo-
thermia, without major suppression of neuronal functions, 
provides better neuroprotection than isoelectric doses of bar-
biturates, identifying the biochemical mechanisms that con-
tribute to basal CMRO2 is important.169

The regulation of CBF is known to be closely coupled 
to cerebral metabolism and it is not surprising that this 
 hypothermia-induced reduction in CMRO2 is reflected by a 
parallel decrease in CBF. Some heterogeneity is found in this 
response, however; so CBF changes are most apparent in the 
cerebral and cerebellar cortex, less apparent in the thalamus, 
and not significant in the hypothalamus and brainstem.170

Intraoperative hypothermia is most often encountered 
during cardiopulmonary bypass. CBF in this setting has been 
shown to correlate with nasopharyngeal temperature, with a 
maximum 55% reduction in CBF occurring, in one study, at the 
lowest measured temperature, 26 °C. This finding corresponds 
to a 56% calculated reduction in CMRO2.171 CMRO2 continues 
to decrease with further lowering of temperature up to the point 
of EEG silence. In dogs, this level is reached at 18 °C. CBF during 
cardiopulmonary bypass with profound hypothermia (18° to 
20 °C) is disproportionately maintained172 and is determined by 
arterial blood pressure and not pump flow rate.173,174 However, 
during rewarming, CBF velocity remains lower than the pre- 
bypass value, probably because of hypothermia-induced changes 
in the cerebral vasculature. A period of cold full-flow reperfu-
sion may improve cerebral perfusion during rewarming.175

The effects of hypothermia and anesthetic drugs may be 
additive to the point at which EEG activity ceases. Thiopental 
administered during hypothermia in doses that enhance the 
hypothermia-induced suppression of EEG activity produces a 
further reduction in CMRO2, which is paralleled by an addi-
tional decrease in CBF. Although similar effects on CMRO2 
can be brought about by isoflurane, no additional drop in CBF 
appears to take place.176

Autoregulation, as well as CO2 reactivity, is well preserved 
during cardiopulmonary bypass at moderate hypothermia.171 
Some investigators suggest, however, that autoregulation may 
become impaired if the CO2 content of blood is allowed to  
rise. This effect can occur when exogenous CO2 is adminis-
tered to provide a “normal” PaCO2 corrected to the patient’s 
actual temperature during “pH-stat” acid–base manage-
ment.177 Recalculating the PaCO2 at 37 ° C for “alpha-stat” 
acid–base management reveals patients so treated to be mark-
edly  hypercapnic, which explains the grossly elevated values of 
CBF reported in some cardiopulmonary bypass studies.178,179

Pharmacology
Dose-related anesthetic or drug effects (eg, isoflurane, des-
flurane, and sevoflurane) can alter vasoactive responses just 
as blood pressure and CO2 do (Fig. 2.14).180,181 The significant 
vasodilatory effects of volatile anesthetic agents are apparent 
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Fig. 2.13  Influence of oxygen content (CaO2) and PaO2 on cerebral flood flow (CBF). A, CBF is inversely proportional to CaO2. B, Replotting the 
straight line in A by applying a sigmoid O2 dissociation curve and taking the reciprocal produces the more familiar asymptotic curve of PaO2 versus 
CBF, which disguises the dependence of CBF on CaO2. 5 kPa is approximately 40 mmHg. (Redrawn by Lesser PJA, Jones JG. In Scurr C, Feldman 
S, Soni N [eds]: Scientific Foundations of Anaesthesia: The Basis of Intensive Care, 2nd ed. St. Louis, Mosby, 1990, page 205; from original data 
reported by Brown MM, Wade JPH, Marshall J: Fundamental importance of arterial oxygen content in the regulation of cerebral blood flow in man. 
Brain 1985;108:81–93.)
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Fig. 2.14  Influence of vasodilators on blood pressure autoregulation 
and CO2 reactivity in the isoflurane-anesthetized dog. Comparing 1 and 
2 MAC isoflurane: A, With changing cerebral perfusion pressure (CPP), 
autoregulation for blood pressure is not as efficient, and cerebral blood 
flow (CBF) flow appears to increase more between 20 and 40 mmHg 
than between 40 and 60 mmHg. B, However, CBF increases at each of 
the three levels of PaCO2 (at 1 MAC isoflurane). With 2 MAC isoflurane, 
CBF increases only between 20 and 40 mmHg. Presumably the 
circulation is maximally vasodilated at 2 MAC isoflurane and a PaCO2 
of 40 mmHg, so that raising PaCO2 to 60 mmHg has less of an effect 
on total cardiovascular resistance. (Redrawn from data in McPherson 
RW, Brian JE, Traystman RJ: Cerebrovascular responsiveness to 
carbon dioxide in dogs with 1.4% and 2.8% isoflurane. Anesthesiology 
1989;70:843–850.)

Downloaded for Antoine Halwagi (a.halwagi@gmail.com) at ClinicalKey Global Guest Users from ClinicalKey.com by Elsevier on December 14, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.

Modifié	de	Cottrell and	Patel’s Neuroanesthesia,	6th	Edition,	2016
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Couplage	métabolique	(neurovasculaire)

• DSC	n’est	pas	distribué	de	façon	homogène	à	travers	
parenchyme	cérébral	

• Régulation	du	DSC	global	et	régional	selon	besoins	métaboliques

• DSC	régionale	dépend	de	consommation	d’oxygène	(CMRO2)	et	
de	glucose	(CMRglu)

• ↑	besoins	métaboliques	=>	↑	DSC	par	vasodilatation	cérébrale
• Agitation,	convulsions,	hyperthermie

• ↓	besoins	métaboliques	=>	↓	DSC	par	vasoconstriction	cérébrale
• Agents	anesthésiques,	hypothermie	
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Couplage	métabolique	(neurovasculaire)

• Régulation	du	DSC	global	et	régional	selon	besoins	métaboliques

oxygen delivered in blood is extracted. This so-called OER or OEF can be increased for short
periods when either delivery is reduced or demand is increased (Figure 4.2). However, if the
supply of oxygen remains insufficient, the energy-requiring processes that sustain normal
cellular function and integrity will fail.
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Figure 4.2 Flow-metabolism coupling. Top: In health, cerebral blood flow (CBF) and the cerebral metabolic
rate of oxygen (CMRO2) are tightly coupled such that the amount of oxygen extracted from blood is similar
across the brain despite differing levels of regional metabolism. This local matching of flow to metabolic
demand results in a normal oxygen extraction fraction (OEF) of approximately 40%. Bottom: Summary data
from a group of 10 healthy controls who underwent physiologic imaging of CBF and CMRO2 via

15O positron
emission tomography. The data demonstrate the close coupling between CBF and CMRO2 across the healthy
human brain.
Data obtained by the author within the Wolfson Brain Imaging Centre, Department of Clinical Neurosciences,
University of Cambridge, UK.
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oxygen delivered in blood is extracted. This so-called OER or OEF can be increased for short
periods when either delivery is reduced or demand is increased (Figure 4.2). However, if the
supply of oxygen remains insufficient, the energy-requiring processes that sustain normal
cellular function and integrity will fail.
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Figure 4.2 Flow-metabolism coupling. Top: In health, cerebral blood flow (CBF) and the cerebral metabolic
rate of oxygen (CMRO2) are tightly coupled such that the amount of oxygen extracted from blood is similar
across the brain despite differing levels of regional metabolism. This local matching of flow to metabolic
demand results in a normal oxygen extraction fraction (OEF) of approximately 40%. Bottom: Summary data
from a group of 10 healthy controls who underwent physiologic imaging of CBF and CMRO2 via

15O positron
emission tomography. The data demonstrate the close coupling between CBF and CMRO2 across the healthy
human brain.
Data obtained by the author within the Wolfson Brain Imaging Centre, Department of Clinical Neurosciences,
University of Cambridge, UK.
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Gupta	and	Gelb’s Essentials	of	Neuroanesthesia	and	Neurointensive Care,	2nd	Edition,	2018
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Autres	déterminants:	rhéologie	
• Relation	inverse	entre	viscosité	sanguine	et	débit

• Principaux	déterminant	de	viscosité	du	sang
• Hématocrite
• Propriétés	mécanique	des	GR	

• Hémodilution	è diminution	de	viscosité	è augmentation	DSC	
• MAIS	réduction	de	CaO2… quel	impact	sur	DO2?	
• Effet	direct	de	l’altération	de	la	viscosité	vs	effet	vasomoteur	secondaire
• Mécanisme	demeure	controversé

• Mannitol	altère	morphologie	des	GR	è améliore	déformabilité	=	réduction	
de	viscosité	

Loi	de	Hagen-Poiseuille	
R	=	8 ηL /	πr4 

DSC = 	 PPCRVC
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Autres	déterminants:	température
• Réduction	progressive	du	métabolisme	cérébral	

• Diminution	de	CMRO2	de	7%	par	oC

• Initialement	(37oC	è 27oC):	↓	CMRO2	(métabolisme	basal)

• Ensuite	(27oC	è 17oC):	↓↓	CMRO2	(suppression	métabolisme	basal	+	fonction	
neuronale)

• Réduction	du	DSC	par	couplage	métabolique

Modifié	de	Cottrell and	Young’s Neuroanesthesia,	5th	Edition,	2010
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Déterminants	du	débit	sanguin	cérébral

Débit		~		D Pression		/		Résistance

DSC			~			PPC			/			RVC

PPC = PAM – PIC
(PPC = PAM – PVC) RVC ~ 1 / diamètre vaisseaux 

Loi de Hagen-Poiseuille 
R = 8 ηL / πr4 
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Interaction	entre	divers	stimuli	sur	RVC

850 C. K. Willie and others J Physiol 592.5

persuasive data that both CA and CO2 responses may use
the same vascular reserve. In a landmark study, Harper
& Glass (1965) examined the brain vascular reactivity
to changes in PaCO2 in dogs at various blood pressures
(see Fig. 4). Severely hypotensive animals (approximately
−60% MAP) showed no change in cerebral vessel
diameter in response to increases or decreases in PaCO2

(i.e. CBF reactivity was abolished), because the vessels
were already maximally dilated (Harper & Glass, 1965).
The reciprocal instance was also demonstrated where,
in hypocapnia, CBF was well maintained in the face of
controlled haemorrhage-induced hypotension (Iwabuchi
et al. 1973). In contrast, with hypercapnia, CBF fell
linearly with MAP (Iwabuchi et al. 1973).

Broadly comparable findings in both healthy humans
(Przybyłowski et al. 2003; Ainslie et al. 2012) and those
with pathology (e.g. carotid stenosis; Nishimura et al.
1999) indicate that CBF reductions with transient hypo-
tension lead to a blunting of the CBF response to hyper-
capnia; hypotension selectively attenuated cerebrovascular
CO2 reactivity to hypercapnia but not hypocapnia. Thus,
the compromised capacity of the cerebral vessels to dilate
in hypotensive conditions when PaCO2 is elevated indicates
that the maintenance of cerebral perfusion takes pre-
cedence over the maintenance of a normal tissue PCO2

or that there is limited vasodilatory reserve regardless
of the combined stimulus. Equally, the latter process
may take place regionally. For instance, during times
of decreased perfusion or global cerebral vasodilatory
stimulus, vascular beds with reduced vasodilatory reserve
may have limited ability to dilate sufficiently to compete for
limited blood flow to the brain successfully (Mandell et al.
2008). As a result, despite global vasodilatation, regional

CBF in these vessels may even decrease, resulting in a
cerebrovascular ‘steal’ phenomenon (Faraci & Heistad,
1990; Mandell et al. 2008; Fierstra et al. 2010).

Moreover, given that the brain does not autoregulate
perfectly (Fig. 4) and that hypoxia and elevations in PaCO2

also ‘impair’ the capability of the brain to defend against
BP changes (Tzeng et al. 2012), BP is clearly a critical
component of CBF. Examples of these integrated changes
in PaCO2 and BP occur in a myriad of everyday activities,
such as changing posture, laughing, exercise, straining,
sexual activity and coughing, to name but a few.

Although there is extensive evidence in support of
this proposed interaction between pressure and chemical
regulation of the cerebrovasculature (Kety & Schmidt,
1946, 1948; Jordan et al. 2000; Przybyłowski et al. 2003;
Ainslie & Tzeng, 2010; Ainslie & Smith, 2011; Tzeng
et al. 2012; Willie et al. 2012), integrated consideration of
these players is seldom incorporated into contemporary
research design. The cerebrovascular conductance index is
sometimes used for this reason, because it may provide for
more precise estimation of CO2 reactivity that considers
the effect of arterial BP on CBF; however, this does not
take into account factors that may be manifest during
alterations in ventilation, such as large changes in intra-
thoracic, intracranial and central venous pressures that in
turn affect cerebral perfusion pressure. It also assumes that
the relationships of PaCO2 and MAP versus CBF are linear,
when this is probably not the case (Battisti-Charbonney
et al. 2011). As such, cerebrovascular conductance may
oversimplify the issue. In our view, expressing the effects
of CO2 and MAP individually (e.g. Willie et al. 2012)
gives a better impression of the relative effects of each
on CBF.

Figure 4. Schematic diagram of the effect of
prevailing mean arterial pressure on
cerebrovascular reactivity to changes in PaCO2
PaCO2

Note the abolishment of cerebrovascular reactivity
with progressive hypotension. Values are calculated
from the data of Harper & Glass (1965).
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the response breaks down as PaCO2 approaches the extremes. 
The values quoted for either percentage change or absolute 
levels in CBF change per unit CO2 are highly variable, depend-
ing on the methods employed and whether hemispheric or 
cortical flow is measured.148–150

In general, doubling PaCO2 from 40 to 80 mmHg doubles 
CBF, and halving PaCO2 from 40 to 20 mmHg halves CBF. 
This highly reproducible cerebrovascular CO2 response is of-
ten used as a way of validating and comparing different CBF 
methods.148

In a fashion analogous to blood pressure autoregulation, 
the CO2 response is limited by either maximal vasodilation 
at extreme hypercapnia or maximal vasoconstriction at ex-
treme hypocapnia. Hypocapnia, however, may adversely affect 
cellular metabolism and shift the oxyhemoglobin dissocia-
tion curve to the left.150 Severe hypocapnia (approximately 
10 mmHg) can result in anaerobic glucose metabolism and 
lactate production.151,152 Although clinical experience clearly 
demonstrates impaired mentation with less severe degrees of 
hyperventilation, it is not clear whether this impairment rep-
resents impairment of tissue oxygenation or some effect of tis-
sue alkalosis and transcellular ionic shifts. Clinically, inducing 
such extreme levels of hypocapnia is almost never necessary, 
and PaCO2 levels below 25 mmHg are best avoided except in 
extraordinary circumstances. The routine use of profound 
hypocapnia in all neurosurgical settings should undergo 
reevaluation.153,154

Arteriolar tone, set by the systemic arterial blood pressure, 
modulates the effect of PaCO2 on CBF. Moderate hypoten-
sion blunts the ability of the cerebral circulation to respond 
to changes in PaCO2, and severe hypotension abolishes it al-
together (Fig.  2.11).155 Conversely, PaCO2 modifies pressure 
autoregulation, and from hypercapnia to hypocapnia there is a 
widening of the “autoregulatory plateau” (Fig. 2.12).156

There might be gender-based differences in CO2 reactiv-
ity due to the underlying levels of prostaglandins. For exam-
ple, suppression of prostaglandin synthesis by indomethacin 
treatment causes a greater attenuation of CO2 reactivity in 
premenopausal women than in men.157 PaCO2 responsive-
ness also varies by region.158 This difference may be due to 
the relative metabolic requirements present in each area, but 
this mechanism is not understood. Healthy female subjects 
demonstrated a greater increase in MCA flow velocity after 
5% CO2 inhalation than male subjects. This finding confirms 
a gender- dependent response to CO2 in healthy subjects.159 
Decreased CO2 reactivity can be a function of local decreases 
in CPP distal to a spastic or stenotic vessel. In addition, it may 
reflect deranged metabolism or structural damage in a num-
ber of disease states, including head injury,160 SAH,161–163 and 
ischemic cerebrovascular disease.163 In comatose patients, im-
paired CO2 reactivity suggests a poor prognostic outcome.164

Oxygen
Within physiologic ranges, PaO2 does not affect CBF. 
Hypoxemia, however, is a potent stimulus for arteriolar dila-
tion,165 as a result of tissue hypoxia and concomitant lactic aci-
dosis, although the precise mechanism is unclear. Vasodilation 
in response to hypoxia probably involves adenosine and 
KATP channels.166 CBF begins to increase at a PaO2 of about 
50 mmHg and roughly doubles at a PaO2 of 30 mmHg. States 
that impair CO2 reactivity are likely to interfere with O2 reac-
tivity as well. The response of CBF to changes in both PaO2 and 
the oxygen content of blood is shown in Fig. 2.13. Hyperoxia 
decreases CBF, producing a modest 10% to 15% decrease at 
1 atmosphere. Hyperbaric oxygenation in humans decreases 
CBF, but high atmospheric pressure alone probably does not 
affect CBF.167

Temperature
As is true for other organ systems, cerebral metabolism de-
creases with diminishing temperature. For each 1 °C decrease 
in body temperature, CMRO2 drops by approximately 7%. 
Alternatively, this relationship may be characterized by the 
metabolic temperature coefficient, Q10, which is defined as 
the ratio of CMRO2 at temperature T, divided by the CMRO2 
at a temperature that is 10 °C lower (T − 10). The value for ce-
rebral Q10 in the physiologic range of 27° to 37 °C is  between 
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Fig. 2.11 Influence of blood pressure on CBF response to PaCO2. 
Effects of alteration in PaCO2 on cortical blood flow in dogs with 
normotension (mean arterial pressure [MAP]: 80 mmHg, upper 
trace), moderate hypotension (50 mmHg, middle trace), and severe 
hypotension (30 mmHg, lower trace). (From Harper AM: The inter-
relationship between a Pco-2 and blood pressure in the regulation 
of blood flow through the cerebral cortex. Acta Neurol Scand Suppl 
1965;41:94–103. Modified from McCulloch J. In Knezevic S, Maximilian 
VA, Mubrin Z, et al (eds): Handbook of Regional Cerebral Blood Flow. 
Hillsdale, Lawrence Erlbaum Associates,1988, page 1, using data from 
Harper AM: Autoregulation of cerebral blood flow: Influence of the 
arterial blood pressure on the blood flow through the cerebral cortex.  
J Neurol Neurosurg Psychiatry 1966;29:398–403.)

C
er

eb
ra

l b
lo

od
 fl

ow
 (

m
L/

10
0 

g/
m

in
)

20 40 60 80 100 120 140 160 180 200

100

80

60

40

20

0

Blood pressure (mmHg)

PaCO2 = 60 mmHg
PaCO2 = 40 mmHg
PaCO2 = 20 mmHg

60
40

20

Fig. 2.12 Influence of PaCO2 on pressure autoregulation of 
cerebral blood flow. (Modified from Paulson OB, Strandgaard S, 
Edvinsson L: Cerebral autoregulation. Cerebrovasc Brain Metab Rev 
1990;2:161–192.)

Downloaded for Antoine Halwagi (a.halwagi@gmail.com) at ClinicalKey Global Guest Users from ClinicalKey.com by Elsevier on December 14, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.

Cottrell and	Patel’s Neuroanesthesia,	6th	Edition,	2016



MMD	6513	– Anesthésie	et	système	nerveux	
Antoine	Halwagi,	MD	FRCPC

Effet	des	agents	anesthésiques
• Agents	d’induction	IV	

• PPF
• Etomidate
• Benzo
• Kétamine
• Barbituriques

• Agents	anesthésiques	inhalés
• Halogénés
• Protoxyde	d’azote		

• Dexmédétomidine
• Opioïdes
• Relaxants	musculaires	

• Effet	sur	débit	sanguin	cérébral
• Effet	sur	production	LCR
• Effet	sur	épileptogénèse	
• Effet	neuroprotecteur	
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Agent	idéal
• Émergence	rapide	
• Facilement	titré
• Peu/pas	d’effets	secondaires
• Effet	analgésique	
• Effet	anticonvulsivant	(surtout	pas	d’effet	proconvulsivant)
• Profile	avantageux	sur	l’hémodynamie cérébrale	

• Absence	d’altération	de	l’autorégulation	ou	vasoréactivité au	CO2	
• Réduction	couplée	CMRO2	– DSC
• Réduction	du	VSC	
• Réduction	de	la	PIC	
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Agents	anesthésiques	inhalés:	halogénés
• Tous	des	vasodilatateurs	cérébraux	directs	
• Diminution	de	CMRO2	è vasoconstriction	indirecte	(couplage	métabolique)
• Effet	net	dépend	d’équilibre	entre	suppression	métabolique	et	vasodilatation	
directe

• Vasodilatation	cérébrale	directe	=	perturbation	de	l’autorégulation	
• Relation	dose-dépendante
• À	1	MAC,	effet	vasodilatateur	desflurane >	isoflurane >	sevoflurane
• Desflurane:	perturbation	à	partir	de	0,5	MAC,	abolition	à	1,1-1,5	MAC
• Sevoflurane:	perturbation	à	partir	de	1	MAC	
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Agents	anesthésiques	inhalés:	halogénés
• Desflurane

• Perfusion	de	luxe	(DSC	>	besoins	métaboliques)	
• Peut	être	utile	dans	certains	contextes	

• Maintient	oxygénation	cérébrale	durant	ligature	temporaire?		
• Augmente	production	LCR?	

• Sevoflurane
• Activité	pro-convulsive	chez	patients	à	risques	(épilepsie)
• Autres	FR:	induction	haute	dose,	MAC	élevé,	hyperventilation,	ATCD	convulsions	
fébriles	

• Isoflurane
• Effet	« neuroprotecteur »	durant	endartérectomie carotidienne?	
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Agents	anesthésiques	inhalés:	N2O
• Bloqueur	NMDA	
• Utilisation	unique	

• Augmentation	du	DSC,	CMRO2	et	PIC	
• Effet	notable	si	administré	seul
• Pas	d’effet	vasodilatateur	direct	

• Aucun	effet	sur	autorégulation	cérébrale

• Utilisation	combinée	à	d’autres	agents	inhalés	
• Effet	net	variable	

• Pas	d’altération	de	l’autorégulation
• Pas	d’altération	de	la	réponse	vasomotrice	au	CO2	
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Agents	anesthésiques	inhalés
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during administration of N2O alone has been revealed with 
positron emission tomography (PET) and magnetic resonance 
imaging (MRI). Subanesthetic concentrations of N2O (20%) 
increase rCBF and rCMR in the anterior cingulate cortex, 
with opposite effects occurring in the posterior cingulate, hip-
pocampus, parahippocampal gyrus, and visual cortices.23 N2O 
30% increased CBF in the global gray matter by 22%, with no 
change detected in global CMRO2.24 At N2O 50%, rCBF and 
rCBV increased in all gray-matter regions, although the in-
crease in rCBF was less pronounced in basal ganglia.25 Global 
cerebral metabolic rates for glucose (CMRg) was unchanged 
with N2O 50%, but regional metabolism was changed; re-
gional CMRg increased in the basal ganglia and thalamus and 
this effect was present 1 hour after discontinuation of N2O.26

N2O, when added to volatile anesthetics, raises CBF,27–29 but 
CMR is either increased29 or unchanged.27 Indirect evidence—
measurements of Vmca—has shown that N2O raises CBF.30,31 
In patients with brain tumors, N2O increased Vmca, but the 
increase was completely reversed by hyperventilation.32,33

The addition of N2O 70% to anesthesia with propofol (EEG 
isoelectric) in non-neurosurgical patients produced a 20% in-
crease in Vmca with greater oxygen and glucose use in associ-
ation with EEG activation.34 A PET study in humans showed 
that N2O 70% counteracted almost all rCBF reductions and 
some of rCMRO2 reductions produced by propofol at a dose 

of clinical anesthesia (EEG activity remained).29 In contrast, 
in animal studies, a high dose of thiamylal or pentobarbital 
has been shown to abolish the N2O-induced increases in CBF 
or CMRO2. Regional metabolic studies in rats demonstrated 
that N2O 67% did not change local cerebral metabolic rates for 
glucose (lCMRg), with a nearly isoelectric EEG by pentobarbi-
tal.35 Whether the differences in modification of N2O-induced 
increases in CBF or CMR by other anesthetics are due to the 
differences in species, methods, or the dose ranges of the anes-
thetics examined is not clear.

An increase in ICP caused by N2O has been repeatedly 
demonstrated. The rise in ICP can be attenuated by prior 
administration of thiopental, diazepam, or morphine, or by 
induction of hypocapnia. It is advisable to use hypocapnia, 
cerebral vasoconstricting drugs, or both, when N2O is ad-
ministered, especially in patients with reduced intracranial 
compliance.

Some authorities have proposed that N2O has neurotoxic 
properties based on data from experimental animals. It has 
been reported that N-methyl-d-aspartate (NMDA) receptor 
blockade during synaptogenesis in the immature brain can in-
duce neuronal degeneration. This effect occurs not only with 
anesthetics with an NMDA receptor blocking property (N2O, 
xenon, and ketamine) but also with those acting as gamma- 
aminobutyric acid (GABA) receptor modulators (propofol, 
midazolam, barbiturates, and isoflurane).36 However, it has 
been demonstrated that NMDA receptor antagonists protect 
against ischemic brain injuries. N2O may have both neuro-
protective37 and neurotoxic38 properties. In humans, post-
hoc analysis of data acquired as part of the Intraoperative 
Hypothermia for Aneurysm Surgery Trial (IHAST) showed 
no detrimental effect on the long-term gross neurological or 
neuropsychological outcome with the use of N2O during cere-
bral aneurysm clipping.39,40

N2O enlarges the volume of potential air space, and thus 
its use is restricted in patients with intracranial or intravas-
cular air compartment. Further, the incidence of nausea and 
vomiting appears to increase in patients exposed to N2O for 
more than 1 hour,41 which may also restrict its use in neuro-
surgical patients.42 Since drugs that provide easily controllable 
analgesia are available, such as remifentanil, the use of N2O in 
neurosurgical anesthesia has decreased.

Brain effects

Anesthetic and
adjuvant drugs

Brain
hypoxia/hernia

Systemic effects

Temp

CMRSeizure CO2R

ICP

CBF CPPAR

MABPPaCO2

Vascular
spasm/stenosis

CSF

CBV

SOL edema

Fig. 4.1  Intracranial physiology and pathophysiology in relation to use of anesthetics and adjuvant drugs. The interaction of brain effects with the 
systemic effects of anesthetics and adjuvant drugs must be considered. Improvement of oxygen (substrate) supply/demand balance and prevention 
of intracranial hypertension are key points to prevent brain tissue hypoxia or ischemia and brain herniation and to obtain a better outcome. AR, 
autoregulation; CBF, cerebral blood flow; CBV, cerebral blood volume; CMR, cerebral metabolic rate; CO2R, cerebrovascular reactivity to CO2; ICP, 
intracranial pressure; MABP, mean arterial blood pressure; SOL, space-occupying lesion; Temp, temperature.

 
Cerebral Blood 
Flow

Cerebral 
Metabolic 
Rate

Intracranial 
Pressure

N2O ↑↑ ↑ or → ↑↑
Xenon ↓ (Gray) ↑ (White) ↓ ↑ or →
Isoflurane ↑ or → ↓↓ →  or ↗  or ↑
Sevoflurane ↓ or →  or ↗ ↓ or ↓↓ →  or ↗  or ↑
Desflurane ↓ or ↑ ↓↓ ↑ or →

Table 4.1  Summary of the Effects of Inhalational 
Anesthetics on Cerebral Blood Flow, Cerebral 
Metabolic Rate, and Intracranial Pressure
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Agents	anesthésiques	IV:	propofol
• Réduction	CMRO2	dose-dépendante	è vasoconstricteur	cérébral	indirect

• Réduction	de	volume	sanguin	cérébral	è réduction	PIC

• Pas	d’altération	de	l’autorégulation	cérébrale	
• Pas	d’altération	de	la	réponse	vasomotrice	au	CO2	
• Activité	anticonvulsivant	– traitement	status épilepticus réfractaire

• Hypotension	systémique	dose-dépendante	è réduction	PPC	
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TIVA	vs	halogénés
• Avantages	théoriques	du	propofol:	

• Couplage	métabolique
• Absence	d’effet	vasodilatateur	cérébral
• Absence	d’altération	de	l’autorégulation	cérébrale
• Plus	importante	réduction	du	DSC

• Études	comparatives
• Chirurgie	supratentorielle ou	transphénoïdale élective	
• Mesure	de	PIC	
• Évaluation	subjective	de	l’exposition	ou	de	la	tension	de	la	dure-mère	
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TIVA	vs	halogénés
• Petersen	et	al.	Anesth 2003	

• 117	pts,	chx élective	(tumeur	supratentorielle)
• Propofol 150	mcg/kg/min	
• Isoflurane 0,9	MAC	
• Sevoflurane 1	MAC

tanyl. Hyperventilation was accompanied by a significant
increase in AVDO2 in all groups. During propofol–fentanyl
anesthesia, AVDO2 was significantly higher compared with
isoflurane–fentanyl, but not significantly different from
sevoflurane–fentanyl. PaCO2 was significantly higher in the
sevoflurane group compared with the propofol group.

The carbon dioxide reactivity was significantly lower
during propofol–fentanyl anesthesia compared with
isoflurane–fentanyl and sevoflurane–fentanyl anesthesia,
respectively. Although the difference in PaCO2 was sig-
nificantly greater during propofol–fentanyl anesthesia,
the reduction in ICP during hyperventilation was signifi-
cantly smaller compared with the isoflurane–fentanyl and
the sevoflurane–fentanyl groups, respectively (table 3).

The distributions of the tactile estimate of dural ten-
sion, before and during hyperventilation, and the esti-
mates of brain swelling after opening of dura are indi-
cated in table 4. Before and during hyperventilation,
dural tension was significantly lower in the propofol–
fentanyl group compared with isoflurane–fentanyl
group. After opening of the dura, the degree of cerebral
swelling was found to be more prominent in the isoflu-
rane–fentanyl and sevoflurane–fentanyl groups com-
pared with the propofol–fentanyl group.

Correlation Studies
No significant correlations were found between PaCO2

and ICP, between !PaCO2 and !ICP, or between MABP

and ICP in the respective groups. We also found no
significant correlation between neuroradiologic data (tu-
mor size, midline shift) and subdural ICP obtained before
hyperventilation, or between anesthetic maintenance
dose of fentanyl and subdural ICP.

Discussion

In the current study, we found that subdural ICP and
the incidence of brain swelling after opening of dura
were significantly lower during propofol–fentanyl anes-
thesia compared with isoflurane–fentanyl and sevoflu-
rane–fentanyl anesthesia.

Subdural ICP is a regional estimate of ICP and as such
influenced by the presence of space-occupying process-
es22 and gravity.23 As a consequence, complete identical
ICP levels are not found when subdural ICP and intra-
ventricular pressure are compared. In recent studies, the
level of subdural ICP correlated better with the degree of
cerebral swelling after opening of dura compared with
the neurosurgeons’ estimate of dural tension performed
blinded with regard to ICP level.20–22

In comparative studies of lumbar CSF pressure in pa-
tients without space-occupying lesion subjected to des-
flurane, isoflurane, sevoflurane, or propofol anesthesia, a
higher CSF pressure was found during volatile anesthesia
compared with propofol anesthesia.1,11 However, in a

Table 3. Data Obtained Before and during Hyperventilation, Changes in Parameters before and during Hyperventilation, and
Carbon Dioxide Reactivity

Propofol–Fentanyl Isoflurane–Fentanyl Sevoflurane–Fentanyl

Data obtained before hyperventilation
Mean arterial pressure, mmHg 86 " 14 73 " 10 76 " 10
Subdural pressure, mmHg 7.5 " 4.9 13.0 " 7.5* 13.2 " 7.1*
Cerebral perfusion pressure, mmHg 78 " 15 60 " 12* 63 " 8*
Jugular bulb pressure, mmHg 7.0 " 3.5 8.5 " 4.3 8.9 " 3.9
Paco2, mmHg 34.5 " 3.0 34.5 " 3.0 36.0 " 3.0
Pao2, mmHg 203 " 68 197 " 66 179 " 67
Jugular venous oxygen saturation, % 57 " 10 65 " 11* 65 " 12*
Jugular venous oxygen tension, mmHg 32 " 4.5 35 " 6.8 36 " 6.8*
AVDo2, mm 3.1 " 0.8 2.5 " 0.8* 2.5 " 0.8*
Hemoglobin, mm 7.2 " 0.8 7.2 " 0.6 7.2 " 0.7
Rectal temperature, °C 35.8 " 0.4 36.0 " 0.6 35.9 " 0.7

Data obtained during hyperventilation
Mean arterial pressure, mmHg 87 " 13 71 " 12 74 " 11
Subdural pressure, mmHg 5.8 " 4.6 9.8 " 6.3* 9.4 " 6.6*
Cerebral perfusion pressure, mmHg 82 " 14 61 " 11* 64 " 10*
Jugular bulb pressure, mmHg 6.3 " 3.4 8.1 " 4.0 8.4 " 4.2
Paco2, mmHg 28.5 " 3.0 29.3 " 2.3 30.8 " 3.0*
Jugular venous oxygen saturation, % 52 " 11 57 " 12* 56 " 12*
AVDo2, mm 3.6 " 0.9 3.0 " 0.9* 3.2 " 0.8

Changes in parameters before and during hyperventilation
Change in subdural pressure (!ICP), mmHg 1.7 " 2.2 3.2 " 3.7* 3.4 " 3.7*
Change in Paco2 (!Paco2), mmHg 6.1 " 2.0 5.0 " 2.0* 4.9 " 2.2*
Change in cerebral perfusion pressure, mmHg 3.3 " 6.1 1.5 " 7.4 0.2 " 8.7

Carbon dioxide reactivity (% change in AVDo2, !Paco2), mmHg 2.0 " 1.4 3.6 " 2.6* 4.6 " 3.2*

Data are shown as mean " SD.

* P # 0.05 compared with the propofol group. No significant differences were observed between the isoflurane and sevoflurane groups.

AVDo2 $ arteriovenous oxygen content difference; ICP $ intracranial pressure.

333ICP AND CEREBRAL HEMODYNAMIC DURING CRANIOTOMY

Anesthesiology, V 98, No 2, Feb 2003



MMD	6513	– Anesthésie	et	système	nerveux	
Antoine	Halwagi,	MD	FRCPC

TIVA	vs	halogénés
• Citerio et	al.	Eur J	Anaesthesiol 2012

• 411	patients	– chirugie élective	supratentorielle
• PPF-rémi vs	sevo-fenta vs	sévo-rémi (0,75-1	MAC)
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Primary outcome
Primary outcome data were available for 380 patients
(Table 2). Mean differences and 95% CI were within
equivalence limits (!3.0 to 3.0 min) for S–F and P–R
[0.20 (!1.62 to 2.63); P¼ 0.015] and for S–R and P–R
[!1.43 (!2.83 to 0.40); P¼ 0.01].

Secondary outcomes
Mean baseline heart rate and SBP were similar among the
three treatment groups, with a significantly greater
decrease in heart rate occurring during surgery among
P–R patients (P< 0.0001) and a significantly greater
decrease in SBP with S–R at dural opening (Fig. 2).
At tracheal extubation, heart rate remained lower in the
P–R group but SBPs were comparable among all groups
(Fig. 2). Between-treatment differences in haemody-
namic variables, although statistically significant, were
numerically small and not considered clinically relevant.
Brain relaxation scores were similar among all groups
(Table 2). The use of osmotic diuretics (21% S–F,
22% S–R, and 18% P–R) and hyperventilation (16%
S–F, 20% S–R, 20% P–R) were similar. Data on the
use of vasoactive drugs were not collected.

Baseline (preanaesthesia) concentrations of all stress bio-
markers were within the normal range. Perioperative
activation of these biomarkers was attenuated in P–R
patients compared with the other two experimental
groups (Fig. 3), for instance, the increase in urinary
excretion of cortisol was reduced by 73% (P¼ 0.0002)
and by 88% (P< 0.0001) compared with S–R and S–F
patients, respectively. Twenty-four hours after awaken-
ing, increases in urinary excretion of cortisol were still
significantly higher in the S–R group (0.53 nmol mg!1

creatinine, P¼ 0.001) and in the S–F group

(0.67 nmol mg!1 creatinine, P¼ 0.006) compared with
the P–R group (0.20 nmol mg!1 creatinine).

Adverse events are summarised in Table 3. During
surgery, the only differences were a lower incidence of
hypertension and higher incidence of hypotension in the
S–R group compared with the P–R group. In all cases,
hypertension and hypotension were easily managed by
titration of anaesthetic drugs. Shivering was more fre-
quent and nausea and vomiting less frequent in the P–R
group. Seizures and postoperative cerebral haematoma
were infrequent in all groups, with no group differences.
Although differences in incidence of severe postopera-
tive pain between treatments did not reach statistical
significance (Table 3), morphine administration during
recovery was significantly more frequent among patients
who had received remifentanil (P< 0.0001). The inci-
dences of postoperative analgesic treatments during the
first 24 h with paracetamol, ketoprofen, and morphine
were 52.2, 24.3, and 5.2% in the S–R group, 54, 19.7, and
3.7% in the S–F group and 44.9, 15.2, and 22.5% in the
P–R group.

Patient satisfaction was recorded for 369 (89.8%) patients.
Internal consistency was 0.74 (Cronbach’s a) showing
good reliability. The median (interquartiles) satisfaction
scores were similar: 5.5 (4.8 to 5.8) in the P–R group, 5.4
(4.8 to 5.7) in the S–F group and 5.3 (4.5 to 5.7) in the
S–R group. Anaesthetic drug costs were estimated to be
s107 for S–F, s131 for S–R and s137 for P–R.

Discussion
The NeuroMorfeo trial is the largest multicentre and
randomised trial to date evaluating anaesthesia for elec-
tive craniotomy in patients without intracranial

The NeuroMorfeo trial 375

Table 1 Doses (mean W SD) of anaesthetic and analgesic drugs

Sevoflurane–fentanyl
(n U 130)

Sevoflurane–remifentanil
(n U 130)

Propofol–remifentanil
(n U 124) P#

Induction
Propofol (mg) 162.9#45.6 159.6#36.4 156.1#32.0 0.35
Fentanyl (mg) 176.6#58.8
Remifentanil (mg) 72.1#56.4 66.4#57.0 0.79

Maintenance
Propofol (mg) 2080.0#860.9
Fentanyl (mg) 507.8#347.7
Remifentanil (mg) 2198.5#1167.9 3020.2#1572.5 <0.001

# P values are calculated by Student’s t-test (two groups) or by analysis of variance (three groups).

Table 2 Primary outcome (time to reach Aldrete score >–9) and brain relaxation

Outcome measure Sevoflurane-fentanyl Sevoflurane-remifentanil Propofol-remifentanil

Time (min) to reach Aldrete score >
–9 (n¼128) (n¼130) (n¼122)

Median (IQR) 3.5 (2.0–7.6) 3.3 (1.2–6.5) 3.3 (1.4–8.3)
Brain relaxation score n (%) (n¼137) (n¼136) (n¼138)

Relaxed brain 63 (46.0) 70 (51.5) 73 (52.9)
Mild brain herniation 37 (27.0) 31 (22.8) 35 (25.4)
Moderate herniation without therapy 18 (13.1) 15 (11.0) 13 (9.4)
Severe herniation with therapy 16 (11.7) 16 (11.8) 12 (8.7)

IQR, interquartile range. Between-treatment differences were not statistically significant.

European Journal of Anaesthesiology 2012, Vol 29 No 8
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TIVA	vs	halogénés
• PIC	significativement	moins	élevée
• Évaluation	subjective	par	neurochirurgien	semble	comparable

• Même	lorsque	PIC	significativement	plus	élevée	(cliniquement	significatif?)

• Chirurgie	élective	– absence	d’hypertension	intracrânienne
• Devient	cliniquement	pertinent	lorsque	compliance	intracrânienne	réduite	
plus	significativement

• En	absence	d’HTIC,	agents	inhalés	peuvent	être	utilisés	(sévo vs	des?)
• En	présence	d’HTIC	ou	risque	élevé	d’HTIC,	propofol devrait	être	utilisé
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Agents	anesthésiques	IV:	etomidate
• Réduction	CMRO2	dose-dépendante	è vasoconstricteur	cérébral	indirect

• Effet	vasoconstricteur	cérébral	direct?	

• Pas	d’altération	de	la	réponse	vasomotrice	au	CO2	
• Activité	proconvulsivante (myoclonie et	épileptogénèse)	

• Stabilité	hémodynamique
• Inhibition	de	synthèse	de	corticostéroïdes
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Agents	anesthésiques	IV:	benzodiazépines
• Réduction	CMRO2	dose-dépendante	è vasoconstricteur	cérébral	indirect

• Effet	plafonné	– ne	permettent	pas	de	supprimer	complètement	l’activité	cérébrale	en	
monothérapie	(EEG	isoélectrique)

• Pas	d’altération	de	l’autorégulation
• Pas	d’altération	de	la	réponse	vasomotrice	au	CO2	
• Effet	marginal	sur	PIC

• Effet	résiduel	prolongé
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Agents	anesthésiques	IV:	barbituriques
• Réduction	CMRO2	dose-dépendante	è vasoconstricteur	cérébral	indirect

• Effet	vasodilatateur	cérébral	direct	lorsque	CMRO2	pathologiquement	réduit?	

• Pas	d’altération	de	l’autorégulation
• Pas	d’altération	de	la	réponse	vasomotrice	au	CO2	
• Effet	anticonvulsivant	puissant	

• Élimination	retardée	
• Disponibilité	limitée
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Agents	anesthésiques	IV:	kétamine
• Longtemps	proscrite	en	neuroanesthésie

• Élévation	de	PIC	en	monothérapie	si	compliance	intracrânienne	réduite	(HCP)
• Réduction	de	réabsorption	de	LCR

• Monothérapie,	respiration	spontanée	
• Augmentation	DSC	par	vasodilatation	cérébrale	directe	
• Pas	de	changement	notable	sur	CMRO2	global	
• Dans	ces	conditions	è élévation	de	la	PIC	

• Coadministration,	ventilation	contrôlée	
• Effet	neutre	ou	réduction	de	la	PIC	(bolus	et	perfusion)

• Données	en	évolution…
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Agents	anesthésiques	IV:	kétamine
• Pas	d’altération	de	l’autorégulation	cérébrale	
• Pas	d’altération	de	la	réponse	vasomotrice	au	CO2	

• En	absence	de	déplétion	catécholamines,	meilleure	stabilité	
hémodynamique

• Pas	de	dépression	respiratoire	

• Antagoniste	des	récepteurs	NMDA	(surtout	énantiomère	S(+))	
• Effets	analgésique,	anti-inflammatoire,	anticonvulsivant
• Neuroprotecteur?	
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Agents	anesthésiques	IV:	dexmédétomidine
• Effet	limité	sur	DSC	et	CMRO2
• Aucun	effet	notable	sur	PIC	

• Possible	altération	de	l’autorégulation	cérébrale	et	de	la	réponse	
vasomotrice	au	CO2	

• Propriétés	sédatives,	anxiolytiques,	analgésiques,	anti-frissons
• Mime	sommeil	normal	sur	EEG	

• Pas	de	dépression	respiratoire	



MMD	6513	– Anesthésie	et	système	nerveux	
Antoine	Halwagi,	MD	FRCPC

Agents	anesthésiques	IV:	opioïdes
• Réduction	minime	du	DSC	et	de	CMRO2	
• Absence	d’effet	sur	PIC	

• (si	PAM	et	PaCO2	maintenu	stable)	

• Pas	d’altération	de	l’autorégulation
• Pas	d’altération	de	la	réponse	vasomotrice	au	CO2	
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Agents	anesthésiques	IV
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ICP is reduced by barbiturates, possibly through the reduc-
tion in CBF and CBV. Barbiturates have been shown to result in 
lower CBV values than those resulting from use of volatile an-
esthetics. This effect might be exploited during the treatment 
of raised ICP in head-injured patients when blood pressure is 
maintained as well as in the induction of anesthesia in patients 
with decreased intracranial compliance. Barbiturates attenuate 
the cerebral vasodilation produced by N2O and ketamine.

The neuroprotective effect of barbiturates has been repeat-
edly demonstrated in focal ischemia models. In a rat model of 
focal cerebral ischemia (90 minutes), significant reductions in 
infarct volume have been demonstrated with moderate doses 
of pentobarbital.112 Increasing doses sufficient to produce 
burst suppression on EEG did not further decrease infarct 
volume. Moreover, in a rat model of focal cerebral ischemia 
(180 minutes), the burst suppression dose of thiopental, but 
not methohexital or pentobarbital, reduced infarct volume.113 
It has been suggested that burst suppression of EEG is not nec-
essary to provide neuroprotection and that mechanisms other 
than metabolic depression may be involved for protection.112 
In humans, post hoc analysis of data acquired as part of the 
IHAST was not able to show the protective effects of thiopen-
tal in patients undergoing temporary clipping during cerebral 
aneurysm surgery.114 In the developing brain, the neurotoxic-
ity of pentobarbital was also reported.115

ICP-reducing effects and possible neuroprotective effects 
make the barbiturates favorable drugs for neurosurgical an-
esthesia, provided that cardiovascular stability is maintained. 
It should be noted, however, that prolonged use of barbiturate 
results in tissue accumulation because of its slow metabolism; 
this effect can lead to delayed emergence from barbiturate 
anesthesia. Because of similar cerebral hemodynamic effects 
and a shorter context-sensitive half-life, other intravenous 
agents, especially propofol, may be more appropriate for this 
application.
Etomidate
Etomidate does not have cardiovascular side effects. Almost 
parallel reductions in CBF and CMRO2 are induced with eto-
midate. With clinical doses, CBF and CMRO2 are decreased 
by approximately 30% to 50%. Reactivity to CO2 is preserved 
during etomidate anesthesia. In animals, etomidate, like bar-
biturates, decreases CMRO2 progressively until an isoelectric 
EEG appears. CBF decreases rapidly with the start of etomi-
date infusion. A maximal decrease in CBF was achieved before 
the maximal decrease in CMRO2.116 This finding may suggest 
that etomidate causes vasoconstriction through a different 

mechanism (possibly by direct action) from that of the bar-
biturates. Parallel decreases in ICP and CBF were observed.

Etomidate effectively decreases ICP without diminishing 
CPP. In severely head-injured patients, etomidate decreased 
ICP while electrocortical activity was present but was not ef-
fective when cortical electrical activity was already maximally 
suppressed.117 This finding indicates that the decrease in ICP 
may be caused by the reduction of CBF (and CBV) that is 
induced by the functional (metabolic) depressant effects of 
etomidate.

Although etomidate was reported to have a small neuropro-
tective effect in a forebrain ischemia model (bilateral carotid 
artery occlusion with hypotension) in rats,118 most studies 
failed to show significant protective effects. In fact, poor out-
come or larger infarct volume was reported after incomplete 
cerebral ischemia and middle cerebral artery occlusion, re-
spectively.119–121 The injury-enhancing effect of etomidate in 
middle cerebral artery occlusion has been attributed to its 
ability to reduce NO levels in the ischemic brain tissue.122 In 
addition, in some patients who underwent cerebral aneurysm 
surgery, etomidate led to cerebral deoxygenation, which was 
exaggerated with temporal cerebral artery occlusion.123

Adverse effects of this drug include adrenocortical suppres-
sion and frequent occurrence of involuntary muscle activity 
and seizure activity. Etomidate should be used with caution in 
patients who have a history of seizures.
Propofol
Propofol produces dose-related decreases in global CBF by 
50–60%.85,124 In PET studies, variation of rCBF reduction has 
been demonstrated; large decreases occurred preferentially 
in the medial thalamus, cuneus and precuneus, and poste-
rior cingulate, orbitofrontal, and right angular gyri, which 
are implicated in the regulation of arousal, performance of 
associative functions, and autonomic control.125 A subsequent 
study revealed that restoration of consciousness by physostig-
mine was associated with rCBF increases in the thalamus and 
precuneus of patients anesthetized with propofol.126 As with 
barbiturates, the CBF decrease with propofol is attributable 
to its metabolic depressant effect. As the CBF decrease with 
propofol is greater than that with sevoflurane,29 one may con-
sider that propofol is not suitable for ischemic cerebral disease. 
However, ipsilateral internal carotid artery pressure during ca-
rotid endarterectomy127 and rCBF in the frontal lobe during 
revascularization surgery for moyamoya disease128 were re-
ported to be better maintained with propofol than with sevo-
flurane, probably because cerebral steal phenomenon can be 
avoided with propofol.

As with the regional variation in CBF decrease, propofol 
was reported not only to depress CMR but to do so differently 
according to region.129 Overall metabolism in the cortex was 
depressed (by 58%) more than overall metabolism in the sub-
cortical brain areas (by 48%); in the cortical regions, rCMR 
was significantly lower in the frontal, parietal, and occipital 
lobes.129 Several studies demonstrated that the incidence of 
a decrease in jugular bulb venous hemoglobin saturation of 
less than 50% was higher with propofol than with isoflurane- 
nitrous oxide or sevoflurane, suggesting that cerebral oxygen 
balance during propofol-based anesthesia can be impaired.130 
However, a study measuring rCBF and rCMRg in the same 
volunteers demonstrated that the magnitude of the decrease 
in rCMRg generally exceeded the reduction in rCBF, resulting 
in signs of moderate luxury perfusion in some brain regions.124

In patients with cerebral tumors with midline shift less than 
10 mm, ICP was reported to be lower and CPP higher in pa-
tients anesthetized with propofol than in those anesthetized  

 
Cerebral 
Blood Flow

Cerebral 
Metabolic 
Rate

Intracranial 
Pressure

Barbiturates ↓↓ ↓↓ ↓↓
Etomidate ↓↓ ↓↓ ↓↓
Propofol ↓↓ ↓↓ ↓↓
Ketamine ↑↑ ↑ or → ↑ or ↑↑
Benzodiazepines ↓ ↓ ↓ or →
Synthetic opioids →  or ➚ 

         ➘
→  or ↓ →  or ➚

Dexmedetomidine ↓ →  or ↓ →

Table 4.2  Summary of the Effects of Intravenous 
Anesthetics on Cerebral Blood Flow, Cerebral  
Metabolic Rate, and Intracranial Pressure

Downloaded for Antoine Halwagi (a.halwagi@gmail.com) at ClinicalKey Global Guest Users from ClinicalKey.com by Elsevier on December 14, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.

Cottrell and	Patel’s Neuroanesthesia,	6th	Edition,	2016



MMD	6513	– Anesthésie	et	système	nerveux	
Antoine	Halwagi,	MD	FRCPC

Agents	anesthésiques	IV:	relaxants	musculaires
• Succinylcholine

• Potentiel	d’augmenter	la	PIC	(minime,	transitoire)
• Fasciculation	et	augmentation	du	DSC	
• Effet	réduit	par	précurarisation

• Agents	non-dépolarisants
• Aucun	effet	direct	sur	hémodynamie cérébrale	ou	PIC	
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Effet	des	agents	anesthésiques

Système nerveux et anesthésie •  481   

intracrânien provoquera une élévation marquée de la PIC. Éventuellement, cette hyper-
tension intracrânienne (HTIC) croissante compromettra la perfusion cérébrale (ischémie 
cérébrale) et déplacera le parenchyme vers l’extérieur de la boîte crânienne par les orifices 
existants (ex. : foramen magnum), comprimant les structures vitales du tronc cérébral 
(herniation cérébrale). Le volume de la composante pathologique et sa rapidité de crois-
sance déterminera la possibilité de compensation et les répercussions ultimes sur la PIC. 
Ainsi, une tumeur d’évolution lente peut prendre des proportions impressionnantes avant 
qu’un patient ne présente des symptômes d’HTIC. Inversement, un hématome rapidement 
expansif peut induire une HITC avec signes d’engagement, malgré un volume relativement 
circonscrit. 

6. Effets des agents anesthésiques

Les agents anesthésiques peuvent altérer l’hémodynamie cérébrale, soit par effet direct 
sur les résistances vasculaires cérébrales, soit par effet indirect des mécanismes physiolo-
giques endogènes précédemment décrits. En plus de leur effet sur la vascularisation céré-
brale et donc sur le VSC, certains agents peuvent également moduler la production et 
réabsorption du LCR, ayant ainsi un impact sur la PIC. Une compréhension des particu-
larités de ces agents permet à l’anesthésiologiste d’ajuster son plan en fonction du patient 
et de la procédure prévue (Tableau 24.1). 

Veuillez noter que les effets rapportés d’un agent donné varient dans la littérature. Ceci est attribuable à la présence de 
pathologie intracrânienne, la coadministration (Coadm) d’autres agents, le contrôle d’autres paramètres ayant un effet 
sur le débit sanguin cérébral (ex. : PAM, PaCO2, etc.).

Modifié de Matsumoto, M. et Sakabe, T. Effects of Anesthetic Agents and Other Drugs on Cerebral Blood Flow, 
Metabolism, and Intracranial Pressure. In Cottrell, J. et Patel, P. (dir.). Cottrell and Patel’s Neuroanesthesia, 6e édition. 
Edinburgh : Elsevier, 2017 : 74-90.

t a b l e a u  2 4 . 1  Effets des agents anesthésiques sur le débit sanguin cérébral (DSC), 
 le métabolisme cérébral (CMR) et la pression intracrânienne (PIC)

Agent DSC CMR PIC

Protoxyde d'azote N2O ↑↑ ↑ ou → ↑↑

Sévoflurane ↓ ou → ou ↗ ↓ ou ↓↓ → ou ↗ ou ↑

Desflurane ↓ ou ↑ ↓↓ ↑ ou →

Barbiturates ↓↓ ↓↓ ↓↓

Étomidate ↓↓ ↓↓ ↓↓

Propofol ↓↓ ↓↓ ↓↓

Kétamine ↑↑ ↑ ou → Seul ↑↑
Coadm → / ↗ / ↘

Benzodiazépines ↓ ↓ ↓ ou →

Opioïdes → ou ↘ → ou ↘ → ou ↘

Dexmédétomidine ↓ → ou ↓ →
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Quelle	serait	votre	plan	pour	intuber…

•Polytraumatisé	avec	TCC	sévère	à	l’urgence?	
•AVC	aigu	emmené	en	angio pour	thrombectomie?
•HSA	avec	resaignement en	salle	de	scan	cérébral?
•EBUS	avec	importante	métastase	cérébrales?
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Conclusion
•Altération	de	l’hémodynamie cérébrale	quotidiennement
•Anticipation	des	impact	de	vos	interventions	sur	

• Débit	sanguin	cérébral
• Pression	de	perfusion	cérébral
• Résistance	vasculaire	cérébrale	
• Volume	sanguin	cérébral
• Métabolisme	cérébral

•Autorégulation	cérébrale	conceptuellement	utile	mais	
attention	aux	dogmes	



MMD	6513	– Anesthésie	et	système	nerveux	
Antoine	Halwagi,	MD	FRCPC


