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The oxygen supply to the brain depends on the arterial O2 content and the global cerebral 
blood flow (gCBF) of 50 to 60 ml·100 g-1·min-1. The cerebral oxygen uptake is ~3 ml·100       
g-1·min-1 accounting for 15% to 20% of the basal metabolic rate.229 In healthy subjects, an 
acute lowering of gCBF is associated with mild symptoms of cerebral hypoperfusion. Mental 
confusion becomes prominent with 50% to 60% reduction and cerebral oxygenation becomes 
affected.170, 189 A total interruption of the blood supply to the brain for a few seconds will 
already result in loss of consciousness.104 Therefore, the supply of blood to brain tissue is 
autoregulated implicating that the gCBF is maintained constant despite changes in cerebral 
perfusion pressure. As for the control of brain blood flow, Niels Alexander Lassen made a 
distinction between metabolic, chemical, autoregulatory and neurogenic participating 
mechanisms.156 
 
Historical overview  
Whether blood flow to the brain is controlled or not has been subject of debate for ages. 
Alexander Monro (secundus; *1733 – †1817) proposed in 1783 that, with the brain being 
embedded within the rigid skull and with intracranial tissue (fluids) virtually incompressible, an 
increase in arterial inflow was likely to be passively transmitted into an increase in venous 
outflow.183 
 

…… For, as the substance of the brain, like that of the other solids of our body, is nearly 
incompressible, the quantity of the blood within the head must be the same, at all times, 
whether in health or in disease, in life or after death, those cases only excepted, in which water 
or other matter is effused or secreted from the blood vessels: for these a quantity of blood, equal 
in bulk effused matter, will be pressed out of the cranium…..  

 
This concept was supported by George Kellie (*1758 – †1829) in his manuscript entitled: 
“Account of the appearences observed in the dissection of two of the three individuals presumed to have perished 
in the storm of the 3rd and whose bodies were discovered in the vicinity of Leigh in the morning of the 4th of 
November 1821 with some reflections on the pathology of the brain”.143 This hypothesis is known since as 
the Monro-Kellie doctrine.182 Over one century later Hill108 stated: 
 

…… The whole circulatory system of the brain will have assimilated itself into a system of 
rigid tubes and in every experimental condition, the cerebral circulation passively follows the 
change in the general arterial and venous pressure.….. 

 
In 1846 Burrows32 disputed whether gCBF was totally dependent on extrinsic mechanisms. His 
suggestion was that the contents of the skull were to be maintained constant. He recognized 
the importance of cerebrospinal fluid and its relation to the veins in the cranio-spinal hydraulic 
system and emphasized that although the brain was incompressible, this was not as important 
as the fact that changes in brain volume could occur at the expense of volume occupied by 
other fluids. A few years later, the postulation that also intrinsic regulatory mechanisms are 
present, was supported by Donders53 who observed varying pial capillary diameters together 
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with changes in arterial blood pressure through a glass window which he mounted into a 
trephine hole in the skull of animals. 
In 1890 Roy and Sherrington230 monitored arterial blood pressure (ABP) simultaneously in the 
internal carotid artery and the jugular vein together with intracranial pressure. They were the 
first to suggest an existence of (metabolic) cerebral autoregulation: 
 

…… These facts seem to us to indicate the existence of an automatic mechanism by which the 
blood-supply of any part of the cerebral tissue is varied in accordance with the activity of the 
chemical changes which underlie the functional action of that part…. 

 
In the 1930s Fog observed in various animals that increasing and decreasing arterial pressure 
was accompanied by, respectively, vasoconstriction and vasodilatation of pial arteries.71, 73 
These responses appeared independent from the method applied to vary arterial pressure, like 
hypo- and hypervolemia or epinephrine administered intravenously or intra-arterially, and was 
equally unaffected after sectioning of either the vagus nerve, the cervical sympathetic nerve or 
the pressoreceptor nerves (i.e. the carotid sinus nerves).70-72, 74 The onset of these responses 
took about 3 to 7 seconds and steady state was reached after 1 minute. When ABP was 
decreased slowly, pial arteries dilated progressively with a maximal vessel diameter at a mean 
aortic pressure of 40 mmHg. Vice versa, a slow progressive increase in ABP resulted in a slow 
progressive reduction in vascular diameter whereas an acute rise in blood pressure (>200 
mmHg) dilated pial arterioles irreversibly for several hours.151 
 
In 1945, Kety and Schmidt145 developed a technique which allowed for quantification of gCBF 
in awake humans based on assessment of internal jugular venous flow (assuming complete 
venous drainage of all brain tissue) from the time-dependent uptake of N2O in the brain,146, 155 
and then (often) recording of the clearance curve for the tracer.172 To obtain one single 
measurement, a subject inhales N2O (15%) in air for 10 to 15 minutes. Following saturation of 
cerebral tissue, carotid artery and jugular venous blood are sampled simultaneously and the 
arterial-venous concentration difference is determined. gCBF is calculated according to the 
Fick principle,67 (the quantity of any substance taken up in a given time by an organ from the 
blood which perfused it, is equal to the total amount of the substance carried to the organ by 
the arterial inflow less the amount removed by the venous drainage during the same time 
period),. With this technique gCBF appeared more or less constant when arterial pressure was 
raised.144 Although the Kety-Schmidt method for measuring gCBF is generally considered to 
measure total  CBF (ml 100 g-1 min-1), it is unlikely that this represents flow from all parts of 
the brain. Venous drainage from the brain is most often asymmetric with the central sinus 
preferentially draining into the larger (right) internal jugular vein, while blood from deep 
structures of the brain being directed to the smaller (left) jugular vein. To overcome these 
limitations of the Kety-Schmidt method a number of alternative methods of assessing gCBF 
have been developed, including labeled microspheres in experimental animals,49 133Xe clearance 
135, 136, 225, and Single-Photon Emission Computer Tomography (SPECT).75   
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A decade later Lassen155 reviewed studies that quantified gCBF in man using the Kety-Schmidt 
technique during controlled hypotension, and proposed the “classical” cerebral autoregulation 
(CA) curve relating gCBF to mean arterial blood pressure (MABP). The curve represents 
constant gCBF for a range of pressures with ~60 mmHg as the lower limit of CA.  
The upper limit of CA was subsequently determined by Ekström-Jodal in hypercapnic dogs in 
1971.59 Further studies located the upper limit of CA between ~120 and 150 mmHg in 
normotensive baboons252 and between ~155 and 170 mmHg in hypertensive baboons.251 
When arterial pressure surpassed the upper limit of CA, constriction of cerebral resistance 
vessels appeared to give way to the high pressure leading to an increase in gCBF.168 
 
In his landmark paper, Lassen used changes in MABP as a surrogate of cerebral perfusion 
pressure representing the driving force for visualizing the phenomenon of cerebral 
autoregulation.155 Cerebral Perfusion Pressure (CPP) can be expressed as the pressure forcing 
blood through the cerebral vessels or the difference between MABP and the sum of mean 
venous cerebral outflow pressure (MVCP) and cerebrospinal fluid pressure (CSFP); 
 

CPP  =  MABP  –  MVCP  –  CSFP 
 
Changing venous outflow pressure  
In daily life, the MABP of the human brain (~90 mmHg) is the main determinant for CA. 
Theoretically, artificially raising venous outflow pressure would be expected to reduce CPP and 
thus gCBF in absence of compensatory mechanisms. Under experimental conditions, MVCP 
usually ranging between approximately 2 and 5 mmHg, has been elevated by, respectively, 
inflating a cuff around the neck for a few seconds184 or by superior vena cava compression.129 
The outcome of these studies was that notwithstanding rising venous outflow pressure, CPP 
had declined no further than 60 mmHg, with gCBF more or less maintained. When in dogs 
CPP was decreased further, gCBF declined and ABP rose.43 This rise in ABP referred to as 
‘Cushing effect’ may be interpreted as a counter regulatory mechanism to increase cerebral 
inflow pressure to compensate for the experimentally increased outflow pressure and thus to 
keep CPP more or less constant.94 
 
Changing cerebrospinal fluid pressure 
gCBF remains preserved during increasing or decreasing cerebrospinal fluid pressure in animals 
due to dilatation or constriction respectively of pial arteries244, 245 whereas MABP remains more 
or less unaltered. When intracranial pressure increases further vasodilatation of the pial arteries 
is not sufficient to preserve gCBF and ABP starts to increase.285 Also in humans with increased 
intracranial pressure due to intracerebral tumors, gCBF was within the normal range.282  
The first direct measurements of gCBF with the Kety-Schmidt method were performed in 
1948 in patients with intracranial hypertension and with confirmatory findings. The authors 
found intracranial pressure to increase linearly with MABP whereas gCBF remained unaffected 
at intracranial pressures up to 33 mmHg. Beyond this level gCBF fell progressively.147 
Fluctuating CSFP by injecting or removing cerebrospinal fluid in dogs resulted in a virtually 
unchanged gCBF as long as intracranial pressure was lower than 100 mmHg.94 When 
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intracranial pressure returned to normal levels, a temporary cerebral hyperemia of over one 
hour was observed.95  
 
 
Outline of the thesis 
This thesis focuses on CA in three clinical situations.  
Chapter 2 describes the devices to monitor systemic, cerebral and pulmonary parameters used 
in this thesis and explaines how CA and carbon dioxide sensitivity will be quantified.  
Chapter 3 analyzes why in the upright vs. the supine position gCBF is lower. According to the 
pressure-flow relationship as formulated by Lassen155 this observation is unexplained since the 
postural decline in MABP at the level of the brain is within what is considered to be the 
cerebrovascular autoregulatory range. Two possible explanations for this phenomenon were 
studied.  
At first, earlier reports suggested that when assuming the upright position, the partial arterial 
carbon dioxide pressure (PaCO2) decreases20 due to an increase in pulmonary minute 
ventilation.36, 191 A low PaCO2 reduces gCBF by cerebral vasoconstriction163 independently 
from CA. This is known as the CO2 reactivity of the brain circulation. The non-invasively 
acquired partial end-tidal carbon dioxide pressure (PETCO2) is often applied as an estimate of 
PaCO2. In chapter 3.1 we tested the hypothesis that the postural decrease in gCBF as 
estimated by the transcranial Doppler (TCD) derived mean middle cerebral artery velocity 
(MCA Vmean) is explained by the concomitant decline in PaCO2. In chapter 3.2 we addressed 
whether the control of gCBF during a posture change is independent from the PaCO2. To test 
this hypothesis we developed a method to clamp the PaCO214 when changing tidal volume and 
breathing frequency (f). 
Secondly, standing up elicits a gravitational displacement of blood to the abdomen and the legs 
affecting the preload to the heart and Cardiac output (Q) is reduced. Sympathetic activation 
with an increase in heart rate (HR) and systemic vascular resistance (SVR) maintain MABP as 
sympathetic activity raises.78 Although cerebral conductance vessels, like the MCA, have α- and 
β-adrenergic nerve receptors42 their influence remains a matter of debate.253, 266 In Chapter 3.3 
we took the opportunity to evaluate the potential role of sympathetic activation for regulation 
of gCBF during orthostatic stress provided by chronic pain patients for whom the treatment 
was supplemented by an unilateral stellate ganglion blockade (SGB). SGB suppresses ipsilateral 
sympathetic activity to the arm, neck, and head. Thus, the patients were asked to stand up 
before and after the block while cerebral and central hemodynamic variables were monitored. 
Chapter 4 focused on the efficacy of CA capacity during cerebral ischemia and microvascular 
disease. In chapter 4.1 we tested the hypothesis that cerebral ischemia impairs CA. We 
therefore monitored beat-to-beat MABP and bilateral MCA Vmean in two distinct subtypes of 
stroke, that is, large trombo-embolic MCA territory stroke (MCAS) and in small vessel lacunar 
stroke of the basal ganglia (LS). CA was evaluated in the time- and frequency domains as the 
delay of the MCA Vmean counter-regulation during spontaneous changes in MABP and the 
cross-spectral MCA Vmean-to-MABP phase lead, respectively. In chapter 4.2 we hypothesized 
that in subjects with type 2 diabetes and manifest microvascular complications but without 
symptomatic cerebrovascular disease, CA capacity may become impaired in absence of 
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cardiovascular autonomic neuropathy. 
In chapter 5 we investigated patients with malignant hypertension (i.e. an ABP level above the 
upper limit of CA). When CA is compromised gCBF becomes dependent upon ABP. The 
traditional teaching is that in order to prevent the occurrence of cerebral hypoperfusion by 
pharmacological treatment the initial reduction in ABP should not be more than ~25% of the 
presenting value. In chapter 5.1 we analyzed CA before, during and after immediate ABP 
treatment with intravenously administered sodium nitroprusside (SNP). In chapter 5.2 we 
addressed whether the effects on MCA Vmean of SNP, a nitric oxide donor, are  comparable to 
those of labetalol, a mixed α- and β-adrenergic antagonist. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


