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Introduction  

 

 

 

“The cerebral perfusion in normal man varies only moderately, the most important regulating factor 

probably being the tissue carbon dioxide tensions and the direct reaction of the muscular cells of the 

cerebral arteries in response to variations of the distending blood pressure…Of particular interest is 

the finding of adequate over-all cerebral perfusion in so called cerebral arteriosclerosis. Only in severe 

hypotension and during marked hyperventilation has total cerebral perfusion been found to be 

critically lowered...” - Niels Alexander Lassen (1959) 

 

 

 

The brain is the organ most susceptible to transient hypoxia, i.e. acute interruption of the blood flow to 

the brain is followed by loss of consciousness within a few seconds. The weight of the brain accounts 

for approximately 2% of the total body weight, but the brain receives ca. 15% of the cardiac output 

(CO) and takes 20% of the total body's energy consumption.
1
 This emphasizes the need for tight 

regulation of cerebral blood flow (CBF), although presently our understanding may be not much more 

than when Lassen formulated the assumed mechanisms involved in CBF control.
1
 The 

cerebrovascular control mechanisms in humans include chemo- and mechanoregulation, 

neurovascular coupling meeting local cerebral metabolic demand, and maybe autonomic nervous 

activity.  

 Chemoregulation involves the cerebrovascular responsiveness to changes in arterial carbon 

dioxide partial pressure (PaCO2) in direct relation to pH and, to a somewhat lesser extent, to the 

arterial oxygen partial pressure (PaO2). It represents the vasodilatatory capacity of the cerebral arterial 

vasculature, and is also addressed as the cerebrovascular reserve capacity. Mechanoregulation by 

myogenic mechanisms refers to the brain’s capacity to autoregulate its own blood flow, i.e. cerebral 

autoregulation (CA), being traditionally linked to constancy of CBF over a range of perfusion 

pressures with the purpose to prevent cerebral hyper- or hypoperfusion associated with the ultimate 

risks of hemorrhage, respectively ischemia.
2,3

 A somewhat arbitrary categorization into dynamic and 

static components of CA takes into account the latency, i.e. onset of action, and time constant of the 

cerebrovascular autoregulatory process. Regional CBF and metabolism are tightly coupled, also 

known as neurovascular coupling.
4,5

 The exact mechanisms linking these processes are still under 

debate. Changes in CBF in response to metabolic by-products, such as K
+
, nitric oxide (NO), 

adenosine and CO2, by depolarizing or hyperpolarizing the vascular smooth muscle cells, has been 

mentioned as a possible explanation. In addition, CBF control by a feedforward mechanism involving 

neuronal signaling via neurotransmitters has been suggested.
6,7

 Astrocytes are mentioned to play an 

important role in linking neurotransmitter activity to vascular responses.
8,9

 In addition, there is 

mounting evidence supporting an influence of the autonomic nervous system on CBF control.
10-15

 The 
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cerebral arteries are abundantly innervated by sympathetic nerves, but their influence on cerebral 

vessels was considered unimportant for almost a century and is still debated.
10,16,17

 Under normal 

conditions without specific physical challenges there is probably little influence of the central nervous 

system on CBF.
10,17-19

 In contrast, data obtained in erect and exercising healthy subjects as in patients 

with heart failure provide further direct and indirect support for modulation of cerebral perfusion by 

sympathetically mediated vasoconstriction consequent to a reduced CO.
20-22

 The distinction between 

chemical, autoregulatory, metabolic and neurogenic participating mechanisms controlling CBF as 

made by Lassen continues to be held conceptually valid until this day.  

  A few studies have demonstrated impairment of static CBF control in subjects with cardiovascular 

autonomic neuropathy (CAN) and microvascular dysfunction due to longstanding diabetes mellitus.
23-

25
 In an earlier study from our laboratory it was found that in large middle cerebral artery (MCA) 

territory infarctions, impairment of dynamic CA was restricted to the affected hemisphere. In contrast, 

in patients with unilateral ischemic lacunar stroke, dynamic CA appeared equally impaired at the non-

ischemic side.
26

 This finding was consistent with the hypothesis of bilateral small vessel disease 

(SVD) in patients with lacunar infarctions,
27

 suggesting that impaired CA is pre-existent as a result of 

generalized cerebral SVD, leading to diffuse white matter lesions.
25,27

 These observations raised the 

question on how SVD interferes with cerebrovascular control mechanisms.  

 

 

Small vessel disease 

 

Vascular disease is associated with increased stiffness of the large elastic arteries and reduced 

compliance of the aorta, resulting in increased pulse wave velocity in the aorta, which increases 

systolic and pulse pressure centrally. This in turn leads to an increase in arterial wall stress and 

progression of atherosclerosis, further thickening of the wall with increased intimal-medial thickness.
28

 

Several potential explanations have been mentioned, including elevated central arterial pressure 

leading to an increase in cardiac afterload with development of left ventricular hypertrophy,
28,29

 and 

widened pulsatile pressure with pulsations of flow extending further into the microcirculation. The 

microcirculation, consisting of small arteries, arterioles and capillaries, presents the greatest 

resistance to blood flow, changing the pulsatile flow at the level of the larger arteries into steady flow 

in the arteriolar and capillary vascular bed. The cerebral circulation is considered as rather vulnerable 

since the blood vessels leading down to the capillary circulation are more dilated than elsewhere and 

would transmit pulsations more readily into the smallest vessels.
30,31

 Increased pulsatile pressure and 

flow stress extending to the vulnerable cerebral microcirculation may predispose to cerebral 

microangiopathy, which is supported by the demonstrated correlation between blood pressure (BP) 

and presence of white matter lesions.
32

 Moreover, higher pulse wave velocity in hypertensive patients 

was significantly associated with a greater volume of white matter lesions and lacunar infarctions, 

suggesting that aortic stiffness is associated with the manifestation of cerebral SVD in hypertension, 

linking systemic large- to cerebral small-artery disease.
33
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 Cerebral microangiopathy, i.e. cerebral SVD, is not only associated with hypertension, but also 

with atherosclerosis, diabetes mellitus and atrial fibrillation.
34-36

 In addition, cerebral SVD is a major 

cause of stroke and vascular dementia, and is associated with diffuse vasculopathy of the small 

arteries, resulting in multiple subcortical lacunar infarctions and generalized white matter lesions, i.e. 

leukoaraiosis.
37,38

 Cerebral imaging studies have shown that CBF is reduced in areas of SVD and that 

the degree of hypoperfusion correlates with disease severity,
39

 suggesting a possible link between 

impaired CA, resulting in cerebral hypoperfusion, and endothelial dysfunction. The observation of 

impaired dynamic CA in lacunar infarction bilaterally supports that integrated regulatory mechanisms 

are essential to counterregulate the altered pressure surges during hypertension efficiently in order to 

prevent hyper- or hypoperfusion. It is not surprising that in elderly with isolated systolic hypertension 

and increased pulse pressure the most severe lesions are in the microcirculation of the brain.
40-42

 The 

focus of this thesis is on cerebrovascular control in SVD (type 2 diabetes mellitus and sickle cell 

disease), in aging, and in models of disease (i.e. environmental stress) applied in healthy volunteers, 

including hyperglycemia, respectively erythropoietin (EPO) treatment and endotoxemia.  
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Outline of the thesis 

 

Chapter 2 describes the different methods of monitoring CBF non-invasively, followed by description 

of methods to quantify mechano- (static and dynamic CA) and chemoregulation (cerebrovascular CO2 

responsiveness) respectively. Also, a short description of systemic variables is mentioned.  

 

Chapter 3 focuses on the CBF control in subjects with type 2 diabetes mellitus (T2DM). Earlier 

studies demonstrated impaired CA in diabetic patients with both CAN and microvascular 

complications, raising the question whether CA is already affected in diabetic patients with 

microvascular complications before manifestation of CAN. In Chapter 3A we tested the hypothesis 

that in subjects with T2DM and manifest microvascular complications, but without symptomatic 

cerebrovascular disease, dynamic CA may become impaired in absence of CAN. In Chapter 3B we 

hypothesized that tight BP control in hypertensive T2DM patients with microvascular complications 

may result in reduced CBF due to impaired static CA. CBF has been shown to be maintained in 

nondiabetic patients with mild or moderate hypertension during long-term BP treatment,
43

 indicating 

intact CA. In hypertensive T2DM patients with microvascular complications or CAN, stringently 

lowering of BP reduces the risk of stroke and mortality, but may also jeopardize cerebral perfusion 

due to potentially affected CA, especially when cerebral vasodilatory capacity becomes exhausted, as 

observed in T2DM in earlier studies. Intact cerebral vasodilatory capacity is important to prevent 

hypoperfusion of the brain during BP reduction. Impairment of both mechanoregulation, i.e. CA, and 

chemoregulation as the two major operative mechanisms responsible for maintaining CBF may render 

T2DM patients with microvascular complications susceptible to cerebral hypoperfusion, potentially 

affecting brain function, that may initially go by unnoticed until cognitive decline becomes manifest.  

 Optimizing metabolic control is important in diabetes care to slow down progression to vascular 

disease. Behavior modification is often applied in daily practice, including regular physical activity.
44-46

 

Regular physical activity usually encompasses a variable combination of endurance and resistance 

exercise, the latter being associated with substantial arterial BP surges, potentially resulting in 

increased exposure to cerebral hyperperfusion when dynamic CA capacity is not able to buffer the 

arterial BP surges. In Chapter 3C we set out to draw attention to potential unfavorable effects of BP 

surges on the brain in subjects with T2DM during repetitive resistance exercise. During brain 

activation by dynamic exercise, regional CBF increases, enhancing cerebral oxygenation to match the 

increased metabolic demand, termed neurovascular coupling. Impaired vasodilatory capacity and 

affected ability to increase cardiac output during exercise in T2DM patients may attenuate the 

required increase in CBF, and consequently cerebral oxygenation, at the background of increased 

cerebral metabolic demand. In Chapter 3D we addressed whether in subjects with T2DM the 

increase in CBF and cerebral oxygenation during exercise is blunted.  

 

In Chapter 4 we investigated patients with sickle cell disease (SCD). As discussed above, 

cerebrovascular endothelium plays an important role in the regulation of CBF, questioning whether 
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endothelial dysfunction in SCD may interfere with impaired mechano- and chemoregulation. In 

Chapter 4A respectively Chapter 4B, we tested the hypothesis that both regulatory mechanisms are 

impaired in SCD patients. 

 

Aging is associated with a higher incidence of postural symptoms such as dizziness and syncope. In 

the elderly falls may occur particularly during the early adaptation to postural change,
47

 suggesting a 

less efficient cerebro- or cardiovascular adaptation. Several studies reported conflicting results about 

the effects of aging on the cardiovascular adaptation to orthostatic stress.
48-51

 In Chapter 5 we 

evaluated the effects of aging on the initial cerebrovascular orthostatic response, combining two 

different methods of CBF monitoring (i.e. transcranial Doppler and near-infrared spectroscopy, see 

Methods section).  

 

In Chapter 6 of the thesis we set out to evaluate cerebrovascular responses in healthy subjects in 

models of disease, i.e. environmental stress; hyperglycemia (Chapter 6A), administration of EPO 

(Chapter 6B), using exercise as a stimulus to activate the brain, as well as exposition to endotoxemia 

(Chapter 6C).  


