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List of abbreviations 

 

ABP   Arterial blood pressure 

BP   Blood pressure 

BRS   Baroreflex sensitivity 

BSA   Body surface area 

CA   Cerebral autoregulation 

CAN   Cardiovascular autonomic neuropathy 

CaO2   Arterial oxygen content 

CBF   Cerebral blood flow 

CBFV   Cerebral blood flow velocity 

CMRO2   Cerebral metabolic rate for oxygen 

CO   Cardiac output 

CO2   Carbon dioxide 

CrCP   Critical closing pressure 

CVCi   Cerebrovascular conductance index 

CvO2   Jugular venous oxygen content 

CVRi   Cerebrovascular resistance index 

ECG   Electrocardiogram 

EPO   Erythropoietin 

FMD   Flow-mediated dilatation  

HbA1c   Glycated hemoglobin 

HHb or dHb  Deoxygenated hemoglobin concentration 

HR   Heart rate 

ICA   Internal carotid artery 

ICP   Intracranial pressure 

LLCA   Lower limit of cerebral autoregulation 

MAP   Mean arterial pressure 

MCA   Middle cerebral artery 

NIRS   Near-infrared spectroscopy 

NO   Nitric oxide 

O2Hb   Oxygenated hemoglobin concentration 

PaCO2   Arterial carbon dioxide tension 

PaO2   Arterial oxygen tension 

PcapO2   Brain capillary oxygen tension  

PETCO2   End-tidal carbon dioxide tension 

PMitoO2   Brain mitochondrial oxygen tension 

RPE   Rate of perceived effort 

SaO2   Arterial oxygen saturation 



 

 

   

ScapO2   Brain capillary oxygen saturation 

SCD   Sickle cell disease 

SV   Stroke volume 

SVD   Small vessel disease 

SvO2   Internal jugular venous oxygen saturation 

SVRi   Systemic vascular resistance index 

TCD   Transcranial Doppler 

T2DM   Type 2 diabetes mellitus 

tHb   Total hemoglobin concentration 

ULCA   Upper limit of cerebral autoregulation 

VA   Vertebral artery 

Vmean   Mean blood flow velocity 

VSMC   Vascular smooth muscle cell 
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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).  
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Methods 

 

 

Cerebral Perfusion and Oxygenation 

 

Kety and Schmidt were the first to measure global CBF in humans using nitrous oxide according to 

the Fick’s principle.
52

 This methodology depends on the direct measurement of arterial and cerebral 

venous blood concentrations of an inert, freely diffusible indicator gas. Rate of uptake of the indicator 

from cerebral tissue into the cerebral venous blood allows calculation of CBF. The intra-arterial 
133

Xe 

or 
85

Kr clearance technique is based on the same principle, where a bolus of the inert gas is injected 

into the internal carotid artery and gamma emission is determined by extracranial detectors.
53

 The 

rate of the gas clearance allows determination of CBF, which has been demonstrated to be close to 

that of the gold standard,
54

 the previously mentioned technique. However, since a single CBF 

measurement takes longer than 10 min and therefore transient dynamic changes in CBF are most 

likely missed, these techniques are considered unsuitable for measuring CBF during dynamic 

conditions, for example during exercise and postural changes. Furthermore, estimation of CBF using 

the clearance of gases, including nitrous oxide, 
133

Xe and 
85

Kr, requires arterial cannulation, whereas 

for nitrous oxide multiple arterial and venous blood samples have to be taken simultaneously for 

determination
 
of saturation curves.  

 Transcranial Doppler ultrasonography and near-infrared spectroscopy both have favorable 

temporal resolution compared with the more traditional techniques for measuring CBF. Both 

techniques have the advantage of providing a continuous and non-invasive assessment of transient 

changes in CBF, and are proposed to reflect changes in cerebral perfusion, whereas the methods are 

based on different principles.  

 

 

Transcranial Doppler (TCD) 

 

TCD was first introduced in 1981,
55

 when Aaslid and coworkers assessed cerebral blood flow velocity 

(CBFV) for the diagnosis of cerebral vasospasm after subarachnoid hemorrhage as manifested by 

elevated flow velocities. The ultrasonic wave goes through the intact skull at ‘windows’ and is reflected 

back from the moving erythrocytes in its path.
56

 The TCD uses a bidirectional probe pulsing with a 

frequency of 2 MHz in order to sufficiently penetrate the temporal bone window. Its main advantages 

compared to other neuroimaging methods are convenience, mobility, low cost, non-invasiveness, and 

lack of side-effects.
57

 The temporal window is suitable for insonation in more than 90% of patients, but 

may become more difficult to penetrate in older patients, which occur in around 8% of subjects.
58

 This 

has resulted in the development of a 1 MHz ultrasound probe to overcome this problem, which allows 

better penetration through the bone.
56

 The most commonly used windows for TCD insonation are the 

temporal, orbital window and foramen magnum. The MCA is most frequently used due to the ease of 
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access through the temporal window and the quality of the signal (Figure 1). Furthermore, the MCA 

carries 50-60% of the ipsilateral carotid artery blood flow,
59

 and therefore can be considered to 

represent blood flow to the hemisphere. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

TCD provides information about blood flow velocity instead of blood flow. Changes in CBFV 

proportionally follow changes in CBF only as long as the diameter of the insonated blood vessel 

(MCA) remains constant (CBF = blood flow volume/blood vessel diameter). The diameter of the MCA 

may be modified by several factors including enhanced sympathetic activity and increased CO2 

tension independently of flow. Giller et al. demonstrated that during open craniotomy, moderate 

changes in BP and PaCO2 levels did not change the diameter of the MCA,
60

 as confirmed later by MRI 

and cerebral angiography.
61,62

 Equally, constancy of MRI-determined diameter of the MCA was 

observed during moderate orthostatic stress (simulated by lower body negative pressure) and 

changes in end-tidal CO2 tension (PETCO2) or administration of acetazolamide.
63,64

  

 In the brain, both large extracranial vessels, including internal carotid and vertebral arteries, and 

smaller pial vessels contribute signifantly to vascular resistance.
65

 This so-called segmental vascular 

resistance is considered to be a protective mechanism securing constant CBF in the downstream 

microcirculation. However, large intracranial arteries including the MCA can be considered as 

conductance rather than resistance vessels, and changes in sympathetic activity or mild changes in 

CO2 tension within the physiological range, appear to have negligible effects on the diameter of the 

MCA. These data suggest that changes in TCD-measured MCA blood velocity tracks those in CBF. A 

recent study however demonstrated that with higher PETCO2 levels (+2 kPa) MCA diameter increases 

by ca. 7%.
66

 Thus, when PETCO2-changes approach ‘higher values’, care must be taken since the 

assumption of constant MCA-diameter does not hold true during this condition.  

Figure 1 Transcranial Doppler 

insonation of the middle cerebral artery 

(Circle of Willis) 



 

20 CEREBRAL BLOOD FLOW CONTROL IN SMALL VESSEL DISEASE  

 

 

Near-Infrared Spectroscopy (NIRS) 

 

NIRS is a non-invasive method that monitors brain and muscle oxygenation using near-infrared light 

with wavelengths between 700-1100 nm. The technique, which was initially used for agricultural 

purposes, is based on two fundamental characteristics: the relative tissue transparency for light in the 

near-infrared region, and the different absorption spectra of oxygenated and deoxygenated Hb as the 

two major chromophores in this range. Chromophores are differentiated by their “color,” which is the 

extinction spectrum of the compound extending from the visible into the near-infrared spectral range. 

If single wavelengths are used, the number of wavelengths is equal to the number of chromophores 

potentially differentiated.
67

 To allow for the differentiation of the two major compounds (oxygenated 

and deoxygenated Hb), two wavelengths are used, one below the isosbestic point of hemoglobin and 

one above. The isosbestic point (800 nm) is the wavelength at which the absorption coefficient of both 

compounds are the same. Near-infrared light, emitted by the light source, easily penetrates the 

biological tissues such as skin, bone, and other tissues (brain and muscle), before being received by 

the sensing optode. As the light traverses the biological tissues, photons are scattered. NIRS detects 

changes in oxygenated and deoxygenated hemoglobin concentrations (O2Hb respectively HHb), 

whereas changes in cerebral blood volume are reflected by changes in total hemoglobin 

concentration (tHb) expressed as the sum of O2Hb and HHb. Absolute concentration changes are 

calculated making use of a differential path length factor correcting for the scattering of light inside the 

tissue.
68

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 The NIRS optodes are positioned 

on the ipsilateral side of the TCD insonation 

above the supra-orbital ridge, below the 

hairline and secured with a lightproof holder 

attached to a headband (Photo used with 

permisssion). 
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Using the light with constant intensity, the light attenuation by the tissue can be described by the 

modified Lambert–Beer law. According to the Lambert-Beer law, absorbance at a given wavelength is 

proportional to the concentration of the component as well as the distance travelled by the 

wavelengths through the medium. To estimate the concentration changes in O2Hb and HHb, a 

differential pathlength factor of 6.0 is applied which accounts for the scattering of light in the tissue. 

For monitoring brain oxygenation, the NIRS optodes are positioned on the forehead below the hairline 

with an interoptode distance of 5.5 cm (Figure 2).  

 Methodological disadvantages of NIRS include insufficient light shielding, optode displacement or 

movement artefacts. NIRS-determined O2Hb and HHb integrate the arterial O2 content and regional 

cerebral perfusion.
69,70

 A ‘gold standard’ for cerebral oximetry is lacking since the NIRS-determined 

cerebral cortical oxygenation is regional while the reference ‘gold standard’ measurement is global. 

However NIRS-determined cerebral oxygenation has been demonstrated to follow changes in CBF 

accurately as determined by 
133

Xe clearance,
71

 and estimated cerebral O2 saturation derived from the 

jugular bulb venous O2 saturation.
72

 Also, the exact localization of the measurement site remains 

unknown. However, since hemoglobin is contained in arterioles (20%), capillaries (10%) and venules 

(70%), it can be argued that NIRS is dominated by the local venous O2 saturation rather than a tissue 

O2 content. 

 

 

 

Both NIRS-determined O2Hb,
73

 and TCD-determined MCA blood flow velocity,
74

 are proposed to 

reflect changes in cerebral perfusion, whereas the methods are based on different principles. NIRS 

considers changes in cerebral cortical tissue oxygenation and blood volume in the frontal cortex, while 

TCD follows blood flow velocity in the basal cerebral arteries that precede changes in NIRS-

determined frontal cortical brain tissue oxygenation. Both techniques have comparable time-

resolution,
75

 and the combination of TCD and NIRS is considered to be a good approach to overcome 

the uncertainty of each of the methods as they are based on different physical principles, assuming 

that concordant changes indicate a change in regional CBF (Figure 3).
69,76-79

 

Figure 3  

Parallel changes in transcranial Doppler-

determined middle cerebral artery mean 

blood velocity (∆Vmean, bold line) and near-

infrared spectroscopy-determined 

oxygenated hemoglobin concentration 

(∆cHbO2, thin line) from the frontal cortex 

during Valsalva’s maneuver. Reproduced 

from JAP with permission (Pott et al. 2003) 
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An advantage of the continuous non-invasive methods (TCD and NIRS) for monitoring cerebral 

perfusion is that they allow for assessment of CA and for monitoring dynamic changes in 

hemodynamics during several conditions, including orthostatic stress, CO2 responsiveness and 

dynamic exercise.  

 

 

Cerebral Autoregulation (Mechanoregulation) 

 

Mechanoregulation refers to the intrinsic property of the cerebral vasculature to maintain constant 

CBF despite oscillations in systemic BP, also known as CA. In healthy subjects, maintenance of 

cerebral perfusion during physiological challenges is secured by both fast- and slow-acting 

autoregulatory mechanism.
80

 Although acute changes in arterial blood pressure (ABP) are transmitted 

to the cerebral circulation, under normal conditions CBF tends to return to its baseline value within a 

few seconds, also known as the latency of the system.
81,82

 This short-term control is usually referred 

to as dynamic CA, whereas static CA considers the net change in CBF resulting from a change in 

cerebral perfusion pressure (CPP) under steady-state conditions.
80-83

 

 

 

Static CA 

According to the classical theory of CA, CBF is maintained at a near-constant level for CPP within the 

range of 60-150 mm Hg, also known as the lower and upper limit of CA (LLCA and ULCA 

respectively). The pressure-flow relationship for the brain is known as the classical CA curve (Figure 

4), first described by Lassen in 1959, represented by a horizontal part (the working area where CBF is 

held constant) flanked by a downsloping part beyond the lower limit of CA and its upsloping match 

beyond the upper limit of CA. This implies that CA can no longer maintain CBF when the perfusion 

pressure moves beyond the upper and lower limits of CA. In chronic hypertension a rightward shift of 

the CA curve is assumed to be a result of adaptation of the cerebral vasculature to the higher BP 

Figure 4  

The pressure-flow relationship for 

the brain is known as the classical 

CA curve, which was first 

described by Lassen in 1959. It is 

represented by an almost 

horizontal part (the plateau where 

cerebral blood flow (CBF) is held 

more or less constant despite 

changes in cerebral perfusion 

pressure (CPP)) flanked by a 

downsloping part beyond the lower 

limit of CA and its upsloping match 

beyond the upper limit of CA. 
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levels protecting the brain from hyperperfusion, whereas in patients with hypertensive emergency (i.e. 

malignant hypertension), static CA has been demonstrated to be impaired. The consequence is that 

with pharmacological reduction in BP, MCA mean blood flow velocity (MCA Vmean) decreases in a 

linear fashion.
83,84

  

 Static CA considers the net change in CBF resulting from a manipulated change in CPP under 

steady-state conditions,
80-83

 and was initially studied in humans by so-called static methods,
2,80

 

including drug intervention (sodium nitroprusside). The change in mean arterial pressure (MAP) can 

be achieved not only by drug intervention, but also by postural change, i.e. assuming the upright 

position. In this thesis, the steady-state response of MCA Vmean to a postural change in relation to 

MAP at brain level (MAPbrain) was assessed from steady-state data sampled from 1 min before and 5 

min after standing up. With standing, the head is positioned ca. 30 cm above heart level within a few 

seconds, resulting in an abrupt reduction in CPP of approximately 20 mm Hg,
85

 with a decrease in 

cerebral tissue oxygenation,
69,85

 and cerebral perfusion,
86

 reflected by NIRS and TCD respectively. 

Such steady-state reductions in cerebral perfusion take place even though the CPP remains within 

what is considered to be its autoregulatory range. In healthy subjects, static CA limits the 

physiological reduction in CBFV and O2Hb to ~15% and ~7% respectively following a postural 

change.
69,78,85,87

 This suggests that there is a reduction in cerebrovascular conductance resulting from 

local vasoconstriction.
88

 A larger reduction in CBF concomitantly with a comparable MAP decrease 

can be interpreted as a less efficient CA. Assuming the upright position is associated with a change in 

other hemodynamic parameters, including CO and PaCO2, by which CBF is influenced. Beat-to-beat 

values for MCA Vmean and MAP were derived as the integral over one beat divided by the 

corresponding beat interval. MAPbrain was calculated from MAP measured at heart level and the 

vertical finger-to-TCD probe distance.
69

 Cerebrovascular resistance index (CVRi) was the ratio of 

MAPbrain and MCA Vmean.  

 

Dynamic CA 

Dynamic CA refers to the ability of the cerebral vasculature to restore CBF in face of a sudden change 

in arterial pressure reflecting the latency of the cerebral vasoregulatory system.
81

 Several techniques 

have been described to measure dynamic CA, using induced or spontaneous changes in BP. Abrupt 

BP changes can be induced by bilateral thigh cuff release or Valsalva maneuver, from which an 

estimate of the autoregulatory index can be derived.
80

 Also, sinusoidal oscillations in BP can be 

applied using lower body negative pressure, computer controlled tilt table or slow breathing at a 

frequency of 6 per min. In addition, spontaneous fluctuations in BP can be used to assess dynamic 

CA, using both the time and frequency domain.
27

   

 In this thesis, frequency domain analysis was used to quantify the counterregulatory capacity of 

dynamic CA from spontaneous BP oscillations.
27,82

 Data from the initial period of the postural 

hemodynamic adaptation being non-stationary were excluded from discrete Fourier transformation 

analysis. From 1 min in the upright position on, a 5 min tracing of beat-to-beat data of MAP and MCA 

Vmean was spline interpolated and resampled at 4 Hz. To quantify the variability of ABP and CBFV, the 

power spectra of the two variables were estimated by transforming the time series of ABP and CBFV 
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with discrete Fourier transformation to the frequency domain. Power spectral estimation was 

expressed after spectral smoothing using a triangular window of 0.03-0.04 Hz. From the cross 

spectrum, transfer function phase shift and gain were derived (Figure 5). According to the high-pass 

filter model of CA, autoregulatory capacity is reflected by the positive phase relation between 

oscillations of ABP (input function) and CBFV (output function).
82,89

 At high frequencies, less cerebral 

attenuation of MAP oscillations to MCA Vmean implies that the CA cannot respond fast enough to rapid 

changes in MAP.
82

 Results were expressed as the averaged integrated area for the low frequency 

range (0.07 to 0.15 Hz). The gain as the ratio of the amplitudes of MCA Vmean and MAP is taken to 

reflect the effective amplitude dampening of ABP fluctuations. To examine the strength of the 

relationship between MAP and MCA Vmean, coherence was used to signify that the two cardiovascular 

signals co-vary significantly in the low frequency area.  

 

 

 

The squared coherence represents the fraction of output power (MCA Vmean) that can be linearly 

explained by the input power (MAP) at each frequency.
90

 Like a correlation coefficient, it varies 

between 0 and 1, covering the range from absence of any linear relationship, to expressing a perfect 

linear dependence between input and output. Under normal physiological conditions, coherence will 

be <1 due to presence of background noise. The value of 0.5 has been interpreted as the lower 

treshold to regard the relationship between ABP and CBFV as linear. Therefore, data in our studies 

with a coherence lower than 0.5 were excluded from further analysis. Phase shift was defined positive 

where MCA Vmean leads MAP. In healthy subjects, MCA Vmean leads MAP with 50°~60° in the low 

frequency range.
27,82

 To account for the intersubject variability the gain was normalized for MAP and 

MCA Vmean, and expressed as the percentage change in cm·s
-1

 per percentage change in mm Hg.
82,83

 

Figure 5 Transfer function 

variables. Continuous 

registration of A) mean arterial 

pressure (MAP) and B) middle 

cerebral artery mean cerebral 

blood flow velocity (MCA 

Vmean), C) Discrete Fourier 

power spectra (in red: low 

frequency range). Left panel: 

MAP, middle panel:  MCA 

Vmean, right panel: MAP and 

MCA Vmean, D) cross-spectral 

analysis. Left panel: 

coherence, middle panel: 

phase shift, right panel: gain 
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Normalization of gain is employed as a means of reducing the between-subject variation in 

comparisons between different populations.
91

 The normalized gain gives an indication of the relative 

attenuation of the input to output and therefore reflects the dynamic response of MCA Vmean to MAP in 

a given condition. Thus, a lower phase shift and higher gain are considered to reflect less efficient 

dynamic CA.  

 

 

Cerebrovascular reserve capacity (Chemoregulation)  

 

The cerebral vasculature is sensitive to changes in PaO2  and in PaCO2 such that hypercapnia/hypoxia 

and hypocapnia/hyperoxia cause increases, respectively decreases in global CBF (Figure 6). With 

deliberately lowering of PETCO2, the initially rapid decrease in MCA Vmean in response to sustained 

hypocapnia is followed by a slow progressive increase,
92

 maybe due to effects of an increase in pH by 

metabolic compensation. The reduction in global CBF in response to hypocapnia is the consequence 

of cerebral vasoconstriction.
93-95

 This effect has long been exclusively attributed to PaCO2 directly 

related to changes in pH of the cerebral spinal fluid, with elevated and lowered pH causing relaxation 

and contraction of the smooth muscle, respectively.
96-99

 There are also data suggesting that PaCO2 

regulates CBF both independently and in conjunction with pH (see for review 
99

). Pertinent to the role 

of PaCO2 in the regulation of CBF is the recent finding that hypercapnia impairs neurovascular 

coupling.
100

 Cerebral artery endothelial cells produce NO in direct proportion to PaCO2 providing the 

mechanistic basis for the cerebrovascular responses to hyper- and hypocapnia.
101,102

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 

Relationship between PaCO2 levels 

and CBF. Reproduced from Stroke with 

permission (Tominaga et al, 1976) 
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In the studies presented in this thesis, measurements were performed in supine position in a quiet 

environment with an ambient temperature of 22°C. All participants were asked to abstain from 

caffeinated beverages for at least 12 hours prior to measurement. After instrumentation volunteers 

started breathing through a standard spirometry mouthpiece, with the lips sealed tightly around its 

edge to prevent air leakage. A nose clip was applied during the measurements to prevent nasal 

breathing. Following 5 min of baseline normocapnic measurements, the mouthpiece was attached to 

a gas mixture of 5% CO2 and 95% O2 (carbogen).
103,104

 The participants continued breathing this 

hypercapnic gas mixture until the rising CBFV (or cerebral O2Hb, HHb and tHb signals) reached a 

steady-state. Changes in PETCO2 signal provided a continuous quality check of breathing through the 

mouth-piece. PETCO2 was followed by a capnograph (Datex Normocap 200) with the sample line 

mounted in the mouthpiece.
105

 The differences in the levels of CBFV (or cerebral blood hemoglobin 

concentrations) between the normocapnic and hypercapnic steady-state were used for calculating the 

cerebrovascular CO2 responsiveness of the brain, quantified as the slope of the CBF – PaCO2 

relationship.
106

 Since in supine humans, PETCO2 closely matches PaCO2,
107

 and changes in CBF are 

followed by MCA Vmean,
74

 the CO2 reactivity of the brain was reported as the slope of the MCA Vmean – 

PETCO2 relationship between normocapnia and hypercapnia,
108-111

 and expressed as percentage 

change in MCA Vmean per mm Hg PETCO2 (the CO2-reactivity of the brain).
93

  

 

 

Systemic parameters 

 

Continuous BP was measured non-invasively by a servo-controlled finger photoplethysmograph 

(Portapres, FMS, Amsterdam, The Netherlands) with the cuff placed on the middle phalanx of the left 

middle finger kept at heart level. Changes in BP measured by photoplethysmography are not different 

from intra-arterial BP measurements neither at rest nor during orthostatic stress.
112

 An automated 

non-invasive BP measuring device (HEM-705CP, Omron, Kyoto, Japan) was used to calibrate the 

finger BP measurements. Stroke volume (SV) was determined by pulse wave analysis using the 

Modelflow method (BeatScope 1.0 software, BMEye, Amsterdam, The Netherlands), that tracks a 

thermodilution
112

 and inert gas rebreathing determination of SV
113

 during active and passive postural 

stress. Heart rate (HR) was derived from the systolic peak of the BP curve (Portapres), as the inverse 

of the interbeat interval, considering it an acceptable surrogate signal for HR derived from ECG.
114

 CO 

was the product of HR and SV, and systemic vascular resistance index (SVRi) was MAP divided by 

CO.



 

 

   

 

 

 

 

 

 

 

 

 

Chapter 3 

 

Small Vessel Disease  

in Type 2 Diabetes Mellitus 
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Abstract 

 

Type 2 diabetes is associated with an increased risk of endothelial dysfunction and microvascular 

complications with impaired autoregulation of tissue perfusion. Both microvascular disease and 

cardiovascular autonomic neuropathy may affect cerebral autoregulation. In the present study, we 

tested the hypothesis that, in the absence of cardiovascular autonomic neuropathy, cerebral 

autoregulation is impaired in subjects with DM+ (type 2 diabetes with microvascular complications) 

but intact in subjects with DM- (type 2 diabetes without microvascular complications). Dynamic 

cerebral autoregulation and the steady-state cerebrovascular response to postural change were 

studied in subjects with DM+ and DM-, in the absence of cardiovascular autonomic neuropathy, and 

in CTRL (healthy control) subjects. The relationship between spontaneous changes in MCA Vmean 

(middle cerebral artery mean blood velocity) and MAP (mean arterial pressure) was evaluated using 

frequency domain analysis. In the low frequency region (0.07-0.15 Hz), the phase lead of the MAP-to-

MCA Vmean transfer function was 52±10° in CTRL subjects, reduced in subjects with DM- (40±6°; 

P<0.01 compared with CTRL subjects) and impaired in subjects with DM+ (30±5°; P<0.01 compared 

with subjects with DM-), indicating less dampening of blood pressure oscillations by affected dynamic 

cerebral autoregulation. The steady-state response of MCA Vmean to postural change was comparable 

for all groups (-12±6% in CTRL subjects, -15±6% in subjects with DM- and -15±7% in subjects with 

DM+). HbA1c (glycated hemoglobin) and the duration of diabetes, but not blood pressure, were 

determinants of transfer function phase. In conclusion, dysfunction of dynamic cerebral autoregulation 

in subjects with type 2 diabetes appears to be an early manifestation of microvascular disease prior to 

the clinical expression of diabetic nephropathy, retinopathy or cardiovascular autonomic neuropathy.  
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Introduction 

 

Blood flow to the brain is influenced by regional changes in neural activity and by global regulatory 

mechanisms, including cerebrovascular autoregulation. Maintenance of cerebral perfusion during 

physiological challenges is secured by both fast- and slow-acting autoregulatory mechanisms.
80

 

Although acute changes in arterial blood pressure (ABP) are transmitted to the cerebral circulation, 

under normal conditions cerebral blood flow (CBF) tends to return to its baseline value within a few 

seconds.
81,82

 This short-term control is usually referred to as dynamic cerebral autoregulation. Static 

cerebral autoregulation considers the net change in CBF resulting from a manipulated change in 

cerebral perfusion pressure under steady-state conditions.
80-83

  

 In patients with moderate hypertension, cerebral autoregulation protects the brain from regional 

hyperperfusion.
49

 However, with severe hypertension or ischemic stroke, impairment of cerebral 

autoregulation leads to a loss of control of cerebral perfusion and CBF becomes a function of arterial 

pressure, so-called pressure-dependency.
23,27,83

 Type 2 diabetes is associated with hypertension and 

an increased risk of endothelial dysfunction and microvascular complications with impaired 

autoregulation of tissue perfusion.
23,115

 In subjects with long-standing type 1 diabetes with orthostatic 

hypotension due to cardiovascular autonomic neuropathy and microvascular complications, including 

diabetic nephropathy and retinopathy, cerebral autoregulation is impaired.
23-25,116

 Impairment of 

cerebral autoregulation in subjects with diabetes is attributed to both cardiovascular autonomic 

neuropathy and microvascular endothelial dysfunction associated with cerebral small vessel 

disease.
23-25,117,118

 Despite sympathetic innervation of cerebral arteries, the role of the autonomic 

nervous system in the control of CBF remains controversial.  

 We hypothesized that, in subjects with type 2 diabetes who manifest microvascular complications 

but without symptomatic cerebrovascular disease, cerebral autoregulatory capacity may become 

impaired in the absence of cardiovascular autonomic neuropathy. We hypothesized further that, in 

subjects with type 2 diabetes who have no signs of microvascular disease or cardiovascular 

autonomic neuropathy, cerebral autoregulatory capacity is maintained. To test these questions we set 

out to evaluate the dynamic component of cerebral autoregulatory capacity and the steady-state 

cerebrovascular response to a postural change in subjects with type 2 diabetes and microvascular 

complications (DM+) but without symptomatic cerebrovascular disease and cardiovascular autonomic 

neuropathy. Frequency domain analysis was used to evaluate the relationship between transcranial 

Doppler (TCD)-determined beat-to-beat changes in CBF velocity (CBFV) and spontaneous ABP 

oscillations.
85,119

 Subjects with type 2 diabetes without microvascular complications (DM-) and healthy 

control subjects (CTRL) served as reference subjects. 
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Methods 

 

Subjects and study design 

A total of 30 subjects participated in the present study: ten subjects with DM+ (aged, 61±8 years; six 

male), ten subjects with DM- (aged, 54±8 years; five male) and ten age- and gender-matched CTRL 

subjects (aged, 61±16 years, four male) were studied. Each subject received verbal and written 

information about the study objectives, measurement techniques and the risks and benefits 

associated with the investigation. All subjects gave their written informed consent as approved by the 

Academic Medical Center Medical Ethical Committee, and experiments were performed in 

accordance with the Declaration of Helsinki.  

 Subjects with DM+ and DM- had been diagnosed with type 2 diabetes according to the WHO 

(World Health Organization) criteria,
120

 and were receiving treatment with insulin and/or oral 

antidiabetic agents. Selection criteria for the DM+ group included microvascular complications such 

as diabetic nephropathy (clinically defined as a persistent urinary albumin excretion rate of > 300 

mg/24 h or albumin/creatinine ratio > 2.5 mg/mmol (men) or > 3.5 mg/mmol (women) in the presence 

of diabetic retinopathy and in the absence of clinical or laboratory evidence of other kidney or renal 

tract disease),
121,122

 retinopathy (diagnosed by an ophthalmologist) and
 
symptoms or signs of diabetic 

polyneuropathy.
123,124

 Subjects without these complications were designated as DM-. Exclusion 

criteria included history of stroke, transient ischemic attack, clinical manifestation of cardiovascular 

disease or heart failure, uncontrolled hypertension (BP > 160/100 mm Hg), orthostatic hypotension, 

cardiovascular autonomic neuropathy, use of medication with potential influence on autonomic 

cardiovascular function and poor metabolic control [HbA1c (glycated hemoglobin) >9.5%]. Prior to 

inclusion in the present study, all subjects underwent cardiovascular autonomic function testing. 

Parasympathetic control of heart rate (HR) was evaluated by quantifying the time-course and 

magnitude of HR responses to active standing and the Valsalva maneuver.
125-127

 Sympathetic 

cardiovascular control was assessed by the BP responses to active standing and the Valsalva 

maneuver.
123,128

 The presence of two or more abnormal test results was considered to reflect the 

presence of cardiovascular autonomic neuropathy.
123,129

  

 After a light breakfast, subjects reported to the laboratory at 08:00 hours and were studied in a 

room at 22ºC. They abstained from caffeinated beverages. Subjects were placed in the supine 

position for instrumentation. After obtaining systemic and cerebrovascular variables in the supine 

resting position, the subjects were asked to stand up for 5 min.  

 

ABP, CBFV and PETCO2  

Continuous ABP was measured non-invasively by a servo-controlled finger photoplethysmograph 

(Portapres; Finapres Medical Systems) with the cuff placed on the middle phalanx of the left middle 

finger kept at heart level. Changes in mean arterial pressure (MAP) measured by 

photoplethysmography are not different from intra-arterial BP measurements both at rest and during 

dynamic exercise.
130

 An automated non-invasive BP measuring device (HEM-705CP; Omron) was 

used to calibrate the finger BP measurements. HR was monitored using a lead III ECG. The TCD 
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(DWL Multidop X4)-derived CBFV was measured in the proximal segment of the right middle cerebral 

artery (MCA) and insonated through the posterior temporal window. TCD determinations of the MCA 

mean blood velocity (MCA Vmean) are reproducible with a difference between two measurements of 

less than 3% with an R = 0.95.
131

 Once the optimal signal-to-noise ratio was obtained, the probe was 

secured with a headband (Marc 600; Spencer Technologies). End-tidal partial pressure of carbon 

dioxide (PETCO2) was measured by a sampling infrared capnograph (Tonocap; Datex-Ohmeda). 

 

Data Analysis  

The signals of BP, spectral envelope of MCA velocity, ECG and PETCO2 were analog-to-digital-

converted at 100 Hz and stored on a hard disk for off-line analysis. Beat-to-beat values for MCA Vmean 

and MAP were derived as the integral over one beat divided by the corresponding beat interval, and 

HR was the inverse of the inter-beat pressure interval. MAP at the MCA level was calculated from 

MAP measured at heart level and the vertical finger-to-TCD probe distance.
69

 Cerebrovascular 

resistance index (CVRi) was the ratio of MAP at brain level (MAPbrain) and MCA Vmean. The Gosling 

pulsatility index of the MCA was taken as an index of cerebral microangiopathy, expressed as the 

amplitude of CBFV divided by time-averaged CBFV.
132

  

 

Cerebral autoregulation  

For static and dynamic cerebral autoregulation please see the Methods section (Chapter 2). 

 

Statistics  

Values are presented as means±SD. When data fitted a normal distribution, as indicated by 

Kolmogorov-Smirnov analysis, an unpaired Student’s t-test was used, and a Mann-Whitney rank-sum 

test was applied when data were not normally distributed. Differences among the three groups were 

identified by ANOVA. A multivariate stepwise regression model was constructed with the MAP-to-

MCA Vmean transfer function phase as the dependent variable and duration of diabetes, systolic and 

diastolic BP, body mass index (BMI), actual plasma glucose and HbA1C as the independent variables, 

with forward entry and removal. P<0.05 was considered to indicate a statistically significant difference.  

 

 

Results  

 

Subject characteristics 

Results of the cardiovascular autonomic function tests were without any abnormalities in any of the 

subjects. None of the subjects experienced symptoms of orthostatic intolerance or other signs of 

cerebral hypoperfusion. There were no differences among the groups with regard to BMI, age, gender 

ratio, plasma glucose levels and systolic or diastolic BP (Table 1). In the subjects with DM+, duration 

of diabetes tended to be longer (P=0.14) and the HbA1c value tended to be higher (P=0.09) than in the 

subjects with DM-. 
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MCA Vmean response to postural change 

At rest prior to standing, baseline cerebro- and cardiovascular variables were comparable between 

the groups, whereas pulsatility index and PETCO2 did not differ (Table 2). Upon standing, CVRi did not 

change, and the postural reduction in MAPbrain and MCA Vmean was comparable among the groups 

(Figure 1).  

 

Table 1 Characteristics of the subjects 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Values are means ± SD for ten subjects per group. ACE, angiotensin-converting enzyme; AT1RA, 
angiotensin II type 1 receptor antagonist. 
 
 

 Groups 

Characteristic  CTRL DM- DM+ 

     Gender (n) (male/female)  4/6 5/5 6/4 

Age (years)  61  ± 16 54  ± 8 61 ±  8 

BMI (kg/m
2
)  25.3  ± 3.6 28.3 ±  8.1 29.8 ±  4.0 

Systolic BP (mm Hg) 

Diastolic BP (mm Hg) 

 133  

74  

± 

± 

17 

11 

133  

73  

± 

± 

14 

11 

137 

76 

± 

±   

13 

7 

Duration of disease (years)     8 ±  3 16 ±  10 

Microvascular complication (n) 

Retinopathy 

Nephropathy 

Polyneuropathy (sensorimotor) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 

0 

0 

  

 

 

 

 

6 

6 

6 

 

Oral hypoglycemic agents (n) 

Insulin (n) 

  

 

0 

0 

  

 

7 

5 

  

 

9 

8 

 

Plasma glucose (mmol/l)     7.5  ± 1.6 7.5 ±  1.2 

HbA1c (% Hb)      7.2 ±  0.8 8.0 ±  1.1 

Albumin/creatinine ratio (mg/mmol)     0.80 ±  0.65 8.38 ±  12.89 

Antihypertensive medication (n) 

ACE inhibitor 

Diuretic 

AT1RA 

β-Blocker 

Calcium channel blocker 

Statin 

  

 

 

 

 

 

 

0 

0 

0 

0 

0 

0 

  

 

 

 

 

 

 

1 

4 

1 

2 

2 

5 

  

 

 

 

 

 

 

6 

5 

2 

0 

6 

9 

 

No. of abnormal autonomic function 

tests:  

Parasympathetic tests: 

  - HR response to Valsalva  

  - HR response to standing 

Sympathetic tests: 

- BP response to Valsalva  

- BP response to standing 

  

 

 

 

 

 

 

 

 

 

 

0 

 

 

0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 

0 

 

0 

0 

   

 

 

0 

0 

 

0 

0 
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Dynamic cerebral autoregulation 

Spectral analysis and MAP-to-MCA Vmean transfer function results are shown in Table 3. In the low 

frequency (LF) region (0.07-0.15 Hz), MAP power was lower in both subjects with DM- and DM+ 

compared with CTRL subjects, whereas MCA Vmean power was comparable between groups. 

Coherence was > 0.5 in all groups. The transfer function phase between MAP and MCA Vmean was 

52±10° in CTRL subjects, lower in subjects with DM- (40±6°; P<0.01 compared with CTRL subjects) 

and reduced further in subjects with DM+ (30±5°; P<0.01 compared with subjects with DM-) (Figure 

2). Phase compared with MAP power did not correlate in the three groups. Representative examples 

of declining MAP-to-MCA Vmean phase leads are shown in Figure 3. The larger gain in subjects with 

DM- and DM+ did not reach statistical significance. Plasma HbA1c and duration of diabetes, but not 

BMI, plasma glucose and systolic and diastolic BP, contributed to a multiple linear regression model 

of the MAP-to-MCA Vmean transfer function phase (Table 4).   

Table 2 Static cerebral autoregulatory capacity  

Variable Group    Supine  

Standing 

t = 5 min   ∆ 

 

MAPheart (mm Hg) 

 

CTRL 93 ± 14 102 ± 18‡ +6 % 

DM - 94 ± 12 101 ± 10† +7 % 

DM + 97 ± 10 108 ± 11‡ +11 % 

         

MAPbrain (mm Hg) 

CTRL 93 ± 14 77 ± 18‡ -18 % 

DM - 94 ± 12 76 ± 10‡ -19 % 

DM + 97 ± 10 83 ± 11‡ -14 % 

         

MCA Vmean (cm·s
-1

) 

CTRL 58 ± 18 51 ± 17‡ -12 % 

DM - 59 ± 16 50 ± 13‡ -15 % 

DM + 55 ± 8 47 ± 8‡ -15 % 

         

CVRi (mm Hg·cm
-1

·s
-1

) 

CTRL 1.60 ± 0.42 1.52 ± 0.62 -5 % 

DM - 1.59 ± 0.42 1.53 ± 0.56 -4 % 

DM + 1.76 ± 0.33 1.77 ± 0.48 0 % 

        

PETCO2 (mm Hg) 

CTRL 42.2 ± 2.6 39.0 ± 3.3‡ -7 % 

DM - 40.6 ± 2.8 38.1 ± 2.7‡ -6 % 

DM + 41.2 ± 2.2 38.9 ± 2.7‡ -6 % 

        

Pulsatility Index 

CTRL 0.93 ± 0.23   

DM - 0.87 ± 0.15   

DM + 0.96 ± 0.23   

Systemic and cerebrovascular hemodynamic variables are shown. Values are means ± SD 
for ten subjects per group. † P<0.05 and ‡ P<0.01 compared with supine.  
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Discussion 

 

The present study provides novel information regarding the dynamic cerebral autoregulation in type 2 

diabetes. The major finding was a significant impairment of dynamic cerebral autoregulation in 

subjects with type 2 diabetes and microvascular complications. This reduced dynamic cerebral 

autoregulatory capacity was present in the absence of signs or symptoms of cardiovascular 

autonomic neuropathy. In addition, in contrast with our hypothesis, dynamic cerebral autoregulatory 

efficiency was already reduced in subjects with type 2 diabetes in the absence of the clinical 

expression of established indicators of microvascular damage. At the same time, the steady-state 

response of MCA Vmean to a postural change was unaffected in both DM- and DM+ groups. Together, 

these findings suggest impairment of dynamic cerebral autoregulation as an early manifestation of 

Table 3 Transfer function gain, phase, and coherence function 

Variable CTRL DM- DM+ 

          MAP power (mm Hg
2
·Hz

-1
) 9.7 ± 7.5 4.7 ± 2.9 3.3 ± 2.4* 

MCA Vmean power ((cm·s
-1

)
2
·Hz

-1
) 3.5 ± 2.5 3.8 ± 3.8 4.2 ± 8.6 

Coherence (k
2
) 0.76 ± 0.11 0.79 ± 0.12 0.73 ± 0.12 

Phase (degrees) 52 ± 10 40 ± 6** 30 ± 5**
, §

 

Normalized gain (%·%
-1

) 1.21 ± 0.28 1.47 ± 0.73 1.44 ± 0.42 

Averaged LF (0.07-0.15 Hz) transfer function gain, phase and coherence results are shown. Values are 
means ± SD for ten subjects per group. * P<0.05 and ** P<0.01 compared with CTRL; § P<0.01 compared 
with DM-.  

Figure 1   

MAPbrain and MCA Vmean 

responses to postural 

stress in CTRL subjects 

(), and subjects with 

DM- (�) and DM+ (�). 

Bar indicates standing. 
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microvascular disease prior to cardiovascular autonomic neuropathy or clinical microvascular disease, 

reflected by diabetic nephropathy and retinopathy. The following discussion details the assumptions 

and evidence that underlie these conclusions. 

 

 

 

 There are potential limitations of the present study that need consideration. The lower age of 

subjects with DM- compared with DM+ questions the effect of age on cerebral autoregulation; 

however, in healthy subjects, aging does not affect dynamic cerebral autoregulation.
133

  

 The MCA Vmean was chosen for the evaluation of changes in CBF assuming that changes in MCA 

Vmean are representative of those in CBF. TCD monitors blood velocity rather than blood flow and 

changes in the diameter of the insonated vessel by enhanced sympathetic activity could modulate  

 

 

Table 4 Stepwise regression analysis of the determinant of transfer function phase in subjects with 

DM+ and DM-  

 

 

 

In Variable S.E. of estimate R
2
 increment P Value 

     Yes HbA1c 5.75 0.47 <0.001 

Yes Duration of DM 5.09 0.60 0.005 

No BMI   0.396 

No Systolic BP   0.542 

No Diastolic BP   0.639 

No Plasma glucose   0.806 

Yes, variable is in stepwise model; No, variable is not in stepwise regression model; S.E., standard error.  

Figure 2 Group-averaged LF (0.07-0.15 Hz) 

transfer function phase between MAP and 

MCA Vmean in CTRL subjects (white bar), and 

subjects with DM- (gray bar) and DM+ (black 

bar). Values are means ± SD. 
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velocity independently of flow. However, large cerebral arteries, including the MCA, are conductance, 

rather than resistance, vessels and moderate sympathetic activation does not modify the luminar 

diameter of a systemic conduit artery.
134

 Thus the constancy of the MCA diameter links changes in 

cerebral blood velocity to changes in flow.  

 BP was comparable in the CTRL, DM- and DM+ groups. Although dynamic and static components 

of cerebral autoregulatory capacity are affected in malignant hypertension,
83

 cerebral autoregulation 

indices are unimpaired in uncomplicated hypertension in middle-aged humans, rendering an effect of 

the BP level itself unlikely.
135

 In the DM+ and DM- groups, an effect of antihypertensive medication 

should be considered. However, integrity of cerebral autoregulation and preservation of CBF during 

treatment with β-blockade, calcium channel blocker and angiotensin-converting enzyme inhibition or 

AT1-receptor (angiotensin II type 1 receptor) antagonist are confirmed.
136-141

 Thus elderly subjects 

with hypertension, whether controlled or uncontrolled with antihypertensive medication, retain cerebral 

autoregulatory capacity.
142

  

 The impairment of dynamic cerebral autoregulation in subjects with DM+ in the present study was 

as severe as that found in patients with acute large MCA territory stroke.
27

 In patients with unilateral 

ischemic lacunar stroke, dynamic cerebral autoregulation is impaired uniformly at both the non-

ischemic and ischemic hemisphere. This is compatible with the notion that pre-existing generalized 

Figure 3 Representative continuous recordings of BP and CBFV in a CTRL subject, a subject with DM- and 

a subject with DM+. Note the differences in phase shift between subjects. * Maximum of BP and CBFV 

respectively. 
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cerebral small vessel disease may affect cerebral autoregulation.
25,27

 MCA Vmean LF power was 

comparable in all groups, whereas MAP LF power as input to the transfer function was lower in 

subjects with DM- compared with CTRL subjects, and, in subjects with DM+, the reduction reached 

statistical significance. This resulted in a higher gain in both subjects with DM- and DM+, reflecting 

proportionally less dampening of MAP oscillations compared with CTRL subjects. Given a lower 

amplitude of a particular oscillation, there might be more influence of background noise in the 

determination of oscillation parameters. However, coherence between MAP and MCA Vmean was not 

statistically different for subjects with DM+ and DM- and CTRL subjects. In addition, the expected 

increase in variance of the extracted parameters, gain and phase, was not observed. Moreover, MAP 

power and phase did not correlate. Therefore we consider that the findings do not depend on signal 

noise, but reflect an inherent problem in subjects with DM+. The present study indicates that dynamic 

cerebral autoregulation becomes affected in subjects with type 2 diabetes prior to the occurrence of 

cerebral ischemic symptoms.  

 Impaired cerebral autoregulation is associated with cardiovascular autonomic neuropathy.
25,143

 

Moreover, when healthy humans are subjected to ganglion blockade with development of arterial 

hypotension, cerebral autoregulation can no longer maintain MCA Vmean.
144

 This has been attributed to 

removal of vasomotor effects of autonomic neural activity. The present study was designed to account 

for the influence of cardiovascular autonomic neuropathy by excluding patients with demonstrable 

cardiovascular autonomic dysfunction by standardized autonomic function tests.
123,127

 The mechanism 

underlying this early decrease in autoregulatory capacity in subjects with type 2 diabetes cannot be 

determined from the present study, but dynamic cerebral autoregulatory capacity was reduced in the 

absence of overt cardiovascular autonomic neuropathy.  

 To our knowledge, this is the first study to establish a reduction in dynamic cerebral autoregulatory 

efficiency in subjects with type 2 diabetes who have no clinical evidence of microvascular 

complications. The cerebral arterial pulsatility index is proposed as an indicator of cerebral 

microangiopathy in diabetes.
132

 An elevated pulsatility index of the MCA in complicated compared 

with uncomplicated type 2 diabetes and a close correlation with the duration of diabetes suggest that 

the pulsatility index reflects microangiopathic changes of cerebral vessels,
132

 but this was not 

substantiated in the present study where the pulsatility index did not differ across groups. The 

progressive reduction in phase lead of MCA Vmean to MAP correlated closely with the duration of 

diabetes, suggesting that impairment of dynamic cerebral autoregulation is an early marker of 

microangiopathy in advance of established indicators for retino- and nephropathy.  

 A role for hyperglycemia in affected cerebral autoregulation should be considered. However, in 

patients with diabetes, MCA Vmean does not relate to either glucose or insulin plasma 

concentrations.
145

 Furthermore, hyperglycemic clamping does not affect dynamic cerebral 

autoregulatory capacity both at rest and during exercise.
146

 The finding that the physiological postural 

reduction in MCA Vmean in both subjects with DM- and DM+ was comparable with that found in healthy 

subjects confirms the integrity of static cerebral autoregulation.
78,85,87

 The present study reports that a 

reduced dynamic cerebral autoregulatory capacity does not jeopardize cerebral perfusion when 

exposed to orthostatic stress. The finding that dynamic cerebral autoregulation appears to be a more 
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vulnerable component of cerebrovascular control conforms to earlier observations that progressive 

impairment in cerebral autoregulation first affects the latency and then the efficiency of the cerebral 

autoregulation response.
80

  

 Our findings are of concern for subjects with type 2 diabetes who have no clinical evidence of 

microvascular complications. Subjects with type 2 diabetes are advised to combine aerobic and 

resistance training.
147,148

 Similar to aerobic exercise, resistance training enhances insulin sensitivity 

but it also involves repeated straining-like maneuvers with abrupt BP increments.
79

 The findings of the 

present study indicate that transmission of BP surges to the cerebral vasculature is dampened less 

effectively in subjects with type 2 diabetes. In conclusion, type 2 diabetes is associated with early 

impairment of dynamic cerebral autoregulation becoming manifest prior to the occurrence of diabetic 

nephropathy, retinopathy or cardiovascular autonomic neuropathy.
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Abstract 

 

Type 2 diabetes mellitus is associated with microvascular complications, hypertension, and impaired 

dynamic cerebral autoregulation. Intensive blood pressure (BP) control in hypertensive type 2 diabetic 

patients reduces their risk of stroke but may affect cerebral perfusion. Systemic hemodynamic 

variables and transcranial Doppler-determined cerebral blood flow velocity (CBFV), cerebral CO2 

responsiveness, and cognitive function were determined after 3 and 6 months of intensive BP control 

in 17 type 2 diabetic patients with microvascular complications (T2DM+), in 18 diabetic patients 

without (T2DM-) microvascular complications, and in 16 nondiabetic hypertensive patients. 

Cerebrovascular reserve capacity was lower in T2DM+ vs. T2DM- and nondiabetic hypertensive 

patients (4.6±1.1 vs. 6.0±1.6 [P<0.05] and 6.6±1.7 [P<0.01], ∆% mean CBFV/mm Hg). After 6 

months, the attained BP was comparable among the 3 groups. However, in contrast to nondiabetic 

hypertensive patients, intensive BP control reduced CBFV in T2DM- (58±9 to 54±12 cm·s
-1

) and 

T2DM+ (57±13 to 52±11 cm·s
-1

) at 3 months, but CBFV returned to baseline at 6 months only in 

T2DM-, whereas the reduction in CBFV progressed in T2DM+ (to 48±8 cm·s
-1

). Cognitive function did 

not change during the 6 months. Static cerebrovascular autoregulation appears to be impaired in type 

2 diabetes mellitus, with a transient reduction in CBFV in uncomplicated diabetic patients on tight BP 

control, but with a progressive reduction in CBFV in diabetic patients with microvascular 

complications, indicating that maintenance of cerebral perfusion during BP treatment depends on the 

progression of microvascular disease. We suggest that BP treatment should be individualized, aiming 

at a balance between BP reduction and maintenance of CBFV.  
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Introduction 

 

Hypertension is a common comorbidity in patients with type 2 diabetes mellitus (T2DM), and both 

diabetes mellitus and hypertension are risk factors for stroke.
149

 In patients with T2DM and 

hypertension, blood pressure (BP) control reduces the risk of complications and death related to 

T2DM.
150

 Specifically, in T2DM, tight BP control reduces the risk of ischemic stroke significantly.
151

 

Cerebrovascular autoregulation (CA) refers to the ability to maintain cerebral blood flow (CBF) 

constant despite changes in the cerebral perfusion pressure
1
 and involves both fast and slow 

regulatory components.
80,152

 The fast component of the cerebral vasoregulatory system can be 

expressed as the dynamic CA, whereas static CA reports the long-term efficacy of the system.
82,85

 In 

patients with moderate hypertension, CA protects the brain from hyperperfusion
135,142

 and equally 

from hypoperfusion during antihypertensive therapy.
43

 However, with severe hypertension, both 

dynamic and static CA are impaired. During acute antihypertensive treatment of these patients, CBF 

decreases together with BP, that is, CBF becomes pressure dependent.
83

  

In T2DM patients with microvascular complications, dynamic CA is impaired,
25,153

 and this study 

tested the hypothesis that intensive control of BP in patients with complicated T2DM and hypertension 

may affect cerebral perfusion, whereas in patients with T2DM and hypertension without signs of 

microvascular disease, cerebral perfusion is maintained when BP is tightly controlled. We further 

questioned whether in these patients improved BP control restitutes dynamic CA capacity. To that 

purpose the effects of antihypertensive treatment on cerebral perfusion, static and dynamic CA, 

cerebrovascular reserve capacity, and cognitive function were followed in patients with complicated 

and uncomplicated T2DM with hypertension and in hypertensive patients without diabetes mellitus.   

 

 

Methods 

 

Subjects and Study Design 

Twenty-two hypertensive patients with complicated T2DM (T2DM+) were consecutively recruited from 

the outpatient clinic. Patients with uncomplicated T2DM (T2DM-) and hypertension and patients with 

hypertension without diabetes (HT) matched for age, sex, and ethnicity served as references. Each 

subject received verbal and written information about the study objectives, measurement techniques, 

and the risks and benefits associated with the investigation. All of the subjects gave their written 

informed consent as approved by the Academic Medical Center Medical Ethical Committee, and 

experiments were performed in accordance with the Declaration of Helsinki. At baseline, 11 T2DM-, 

15 T2DM+, and 7 HT patients received antihypertensive treatment. T2DM+ and T2DM- patients had 

been diagnosed according to the World Health Organization criteria
120

 and were receiving treatment 

with oral antidiabetic agents and/or insulin. Selection criteria for T2DM+ included microvascular 

complications including microalbuminuria (urinary albumin excretion rate of 30–300 mg/24 hours and 

albumin/creatinine ratio >2.5 mg/mmol for men or >3.5 mg/mmol for women), retinopathy (classified 

as mild, moderate, or severe nonproliferative diabetic retinopathy, respectively, and early or high-risk 
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proliferative diabetic retinopathy), and/or sensorimotor neuropathy. Patients without these 

complications were designated as T2DM-. Before inclusion in the study, a 24-hour ambulatory BP 

measurement was obtained in all of the patients (Mobilograph, APC Cardiovascular). Selection of 

hypertensive patients was based on the average of daytime 24-hour BP (>130/80 mm Hg for T2DM 

patients and >140/90 mm Hg for HT patients). Exclusion criteria included clinical manifestation of 

cardiovascular disease (stroke, transient ischemic attacks, and heart failure), cardiovascular 

sympathetic autonomic dysfunction, and poor metabolic control.  

 

 

Data are mean±SD. * P<0.01 vs. HT, † P<0.05 vs. T2DM-, ‡ P<0.01 vs. T2DM-  

 

 

Study Protocol  

The studies were performed in morning sessions at 22ºC after an overnight fast, and the patients 

abstained from caffeinated beverages for ≥ 12 hours. After instrumentation and 20 minutes of supine 

rest, cardiac output was measured, and baseline systemic and cerebrovascular variables were 

recorded. Cardiovascular autonomic function and the cerebrovascular CO2 responsiveness were 

Table 1 Baseline Group Characteristics  

 Groups 

Characteristic  HT 

n=16 

T2DM- 

n=18 

T2DM+ 

n=17 

     Male:female, n              7:9 10:8          10:7 

Age, y  52  ± 13 54  ± 6 57 ± 8 

Body mass index, kg/m
2
  28.3  ± 4.1 29.1 ± 4.5 31.5 ± 5.7 

Known duration of diabetes mellitus, y  —   8.1 ± 4.3 12.5 ± 8.1† 

Microvascular complications: 

Retinopathy 

Nephropathy 

Polyneuropathy, sensorimotor 

  

— 

— 

— 

 

 

 

 

 

 

 

 

 

0 

0 

0 

 

 

  

7 

14 

11 

 

 

 

Oral hypoglycemic agents 

Insulin 

 — 

— 

  16 

6 

  11 

15 

 

 

 

Plasma glucose, mmol/L  5.0 ± 0.4 8.1  ± 2.0* 8.3 ± 2.3* 

Glycated hemoglobin, % hemoglobin   5.7 ± 0.5 7.4 ± 1.2* 8.2 ± 1.9*  

Albumin/creatinine ratio, mg/mmol  1.3 ± 0.6 1.3 ± 0.8 10.2 ± 12.2*‡ 

Cholesterol 

    Total, mmol/L 

    High-density lipoprotein, mmol/L 

    Low-density lipoprotein, mmol/L 

Triglycerides, mmol/L 

  

4.66 

1.33 

2.73 

1.20 

 

± 

± 

± 

± 

 

0.86 

0.26 

0.26 

0.74 

 

4.30 

1.24 

2.18 

1.93 

 

± 

± 

± 

± 

 

0.95 

0.30 

0.86 

1.39 

 

4.31 

1.22 

2.21 

2.09 

 

± 

± 

± 

± 

 

0.80 

0.47 

0.65 

1.80 

Cerebral CO2 responsiveness, ∆%Vmean/mm Hg  6.6 ± 1.7 6.0 ± 1.6 4.6 ± 1.1*† 
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assessed at baseline. After baseline hemodynamic measurements (t=0), hypertension was treated 

using a stepped care approach, starting with an angiotensin-converting enzyme inhibitor, followed by 

increasing the dosage until maximum effect and addition of a diuretic or a calcium channel blocking 

agent if the targeted BP was not reached. BP treatment was checked monthly and continued for 6 

months, aiming at a daytime 24-hour BP of <130/80 mm Hg for T2DM patients and <140/90 mm Hg 

for HT patients. At baseline, at 3 months, and after 6 months, 24-hour ambulatory BP was measured 

to evaluate whether the targeted BP was reached and cerebrovascular variables were determined. 

 

Instrumentation 

Continuous BP was measured non-invasively by finger photoplethysmography (Portapres, Finapres 

Medical Systems) and calibrated by an automated non-invasive BP measuring device (HEM-7000-E, 

Omron). Cardiac output was determined by foreign gas rebreathing (Innocor, Innovision).
154

 Heart rate 

was monitored by ECG. The transcranial Doppler (TCD; DWL Multidop X4)-derived CBF velocity 

(CBFV) was measured in the proximal segment of the right middle cerebral artery (MCA) insonated 

through the posterior temporal ultrasound window, with the TCD probe secured (Marc 600, Spencer 

Technologies). TCD determination of MCA blood mean velocity (Vmean) is reproducible with a 

difference of <3% and an R value of 0.95 between 2 measurements.
131

 End-tidal CO2 tension 

(PETCO2) was measured by an infrared capnograph (Tonocap, Datex-Ohmeda). BP, spectral 

envelope of MCA blood velocity, ECG, and PETCO2 signals were converted at 100 Hz. Stroke volume 

was the ratio of cardiac output/heart rate, cerebrovascular resistance index (CVRi) the ratio of mean 

arterial pressure (MAP)/MCA Vmean, cerebrovascular conductance index the ratio of MCA Vmean/MAP, 

and systemic vascular resistance the ratio of MAP/cardiac output. Steady-state systemic and cerebral 

hemodynamic data were expressed as averages of 3-minute time frames.  

 

Cardiovascular Autonomic Function  

Parasympathetic control of the heart was evaluated by forced respiratory induced sinus arrhythmia at 

0.1 Hz breathing frequency, and by the heart rate response to active standing and to a Valsalva 

maneuver, whereas sympathetic cardiovascular control was assessed by monitoring the BP 

responses.
128

 Two or more abnormal cardiovascular heart rate test results were required for a 

diagnosis of cardiac autonomic neuropathy whereas two or more abnormal tests of arterial pressure 

control was considered to indicate cardiovascular sympathetic autonomic dysfunction.
123

  

 

Cerebrovascular CO2 responsiveness 

The influence of arterial carbon dioxide partial pressure (PaCO2) on CBF,
155

 independently of cerebral 

autoregulation, is the CO2 reactivity of the brain circulation. Brain CO2 reactivity becomes affected in 

diabetes in proportion to vascular disease.
156-159

 In this study we measured CO2 responsiveness to 

verify the abnormalities in brain CO2 responsiveness in T2DM. Following 3 minutes of normocapnia, 

the mouthpiece was attached to a gas mixture of 5% CO2 and 95% O2 (carbogen).
103,104

 The patients 

were breathing the hypercapnic gas mixture until MCA Vmean had reached a steady-state. The CO2 

reactivity of the brain was quantified as the slope of the CBF – PaCO2 relationship.
106

 Since in supine 
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humans, PETCO2 closely matches PaCO2
 

107
 and changes in CBF are followed by MCA Vmean,

74
 the 

CO2 reactivity of the brain was reported as the slope of the MCA Vmean – PETCO2 relationship between 

normocapnia and hypercapnia,
108-111

 and expressed as percentage change in MCA Vmean per mm Hg 

PETCO2 (the CO2-reactivity of the brain).
93

 Patients breathed through a mouthpiece with the use of a 

nose clip. PETCO2 was followed by a capnograph (Datex Normocap 200) with the sample line mounted 

in the mouthpiece.
105

  

 

Cognitive function  

Potential effects of BP control on cognitive function were evaluated by Mini Mental State Examination 

(MMSE), the clock-drawing test, the digit linking test, and the Stroop color word test. The MMSE 

included 11 questions that test five areas of cognitive function: orientation, attention and calculation, 

memory, and language functions.
160

 The clock-drawing test examines motor planning and executive 

function,
161

 the digit linking test evaluates concentration,
160,162

 and the Stroop color word test 

assesses executive function, evaluating shifting ability, concentration and selective attention.
162,163

  

 

Cerebrovascular Autoregulatory Capacity 

Static CA relates resting supine CBF to BP and was considered intact when MCA Vmean was 

maintained with reduced BP. For dynamic CA please see the Methods section (Chapter 2). Dynamic 

CA capacity was measured at onset of the study and after 3 and 6 months. 

 

Statistical Analysis 

Two-way repeated-measures ANOVA identified differences and interactions between the groups of 

patients and the effects of antihypertensive treatment on the cerebrovascular and cardiovascular 

variables. The Holm–Sidak method was used for post hoc multiple comparisons if significant group 

and/or interaction effects were detected. Data are presented as means±SD, and a P<0.05 was 

considered to indicate a statistically significant difference.  

 

 

Results 

 

Group Characteristics and Baseline Data  

Two HT patients, 4 T2DM- patients, and 5 T2DM+ patients were
 
lost to follow-up and were

 
not 

included in the final data analysis (Table 1). As intended, there were no differences in sex, age, body 

mass index, or cholesterol levels among patient groups, whereas plasma glucose and HbA1c levels 

were higher in T2DM patients (P<0.01). Known duration of diabetes mellitus and the urine 

albumin/creatinine ratio were larger in T2DM+ vs. T2DM- subjects (P<0.01). Among the T2DM+ 

patients, 5 had mild and 2 had moderate nonproliferative diabetic retinopathy. Four of the 11 T2DM+ 

patients underwent nerve conduction tests confirming the diagnosis of polyneuropathy, whereas in  
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Table 2 Cerebrovascular and Cardiovascular Responses to Hypertension Treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

other patients sensorimotor polyneuropathy was clinically diagnosed ranging from tingling toes to 

neuropathic pain, for which 1 patient received medication. The cerebral CO2 responsiveness was 

lower in the T2DM+ group (4.6±1.1 vs. 6.0±1.6 ∆%Vmean/mm Hg
 
in T2DM- [P<0.05] and 6.6±1.7 

∆%Vmean/mm Hg in HT [P<0.01]). Three patients in the T2DM- group and 7 in the T2DM+ group had 

abnormal heart rate responses to a Valsalva maneuver and standing procedures, indicating 

parasympathetic dysfunction. Sympathetic cardiovascular function was intact in all of the patients. 

MAP, heart rate, stroke volume, cardiac output, systemic vascular resistance, MCA Vmean, CVRi, 

Variables Groups Baseline t = 3 months t = 6 months 

MAP, mm Hg 

HT 104 ± 12 93 ± 9§ 93 ± 10§ 

T2DM- 102 ± 8 96 ± 6‡ 90 ± 5§ 

T2DM+ 103 ± 9 98 ± 8‡ 92 ± 9§ 

           

Heart rate, beats·min
-1

 

HT 71 ± 11 70 ± 10 72 ± 15 

T2DM- 79 ± 12 80 ± 11† 78 ± 10 

T2DM+ 79 ± 14 79 ± 13* 77 ± 15 

           

Stroke volume, mL 

HT 93 ± 29 91 ± 26 81 ± 16 

T2DM- 79 ± 21 76 ± 21 79 ± 22 

T2DM+ 83 ± 34 84 ± 32 82 ± 35 

           

Cardiac output, L·min
-1

  

HT 6.4 ± 1.5 6.4 ± 1.7 6.0 ± 1.3§ 

T2DM- 6.4 ± 1.5 6.1 ± 1.4‡ 6.0 ± 1.6§ 

T2DM+ 6.3 ± 2.1 6.4 ± 2.0 6.0 ± 2.3§ 

           

SVR, dyn·s·cm
-5

 

HT 1368 ± 395 1284 ± 533§ 1279 ± 293§ 

T2DM- 1357 ± 355 1305 ± 286‡ 1274 ± 322§ 

T2DM+ 1437 ± 462 1331 ± 411‡ 1413 ± 545 

           

MCA Vmean, cm·s
-1

 

HT 57 ± 7 57 ± 9 56 ± 10 

T2DM- 58 ± 9 54 ± 12‡ 56 ± 14 

T2DM+ 57 ± 13 52 ± 11‡ 48 ± 8§*¶|| 

           

CVRi, mm Hg·cm
-1

·s
-1

 

HT 1.9 ± 0.3 1.7 ± 0.3‡ 1.7 ± 0.3‡ 

T2DM- 1.8 ± 0.4 1.9 ± 0.4 1.7 ± 0.4 

T2DM+ 1.9 ± 0.4 1.9 ± 0.4* 2.0 ± 0.4*¶ 

           

CVCi, cm·s
-1

·mm Hg
-1

 

HT 0.55 ± 0.10 0.62 ± 0.13† 0.60 ± 0.09 

T2DM- 0.58 ± 0.11 0.57 ± 0.13 0.63 ± 0.17 

T2DM+ 0.56 ± 0.16 0.54 ± 0.13 0.53 ± 0.12*§ 

           

PETCO2, mm Hg 

HT 40 ± 3 40 ± 3 40 ± 3 

T2DM- 41 ± 3 40 ± 3 39 ± 4 

T2DM+ 40 ± 4 40 ± 4 40 ± 3 

SVR indicates systemic vascular resistance; CVCi, cerebrovascular conductance index.  
* P<0.05 vs. HT, † P<0.01 vs. HT, ‡ P<0.05 vs. baseline, § P<0.01 vs. baseline,  
|| P<0.05 vs. 3 months, ¶ P<0.05 vs. T2DM-  
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cerebrovascular conductance index, and PETCO2 were comparable among groups (Table 2).  

 

BP, Hemodynamic Variables, and Cognitive Function 

The use of antihypertensive agents was similar among groups of patients at 6 months of treatment 

(Table 3). 24-hour systolic and diastolic BP profiles were also comparable among the groups, and 

after 3 months of treatment, the targeted BP was reached in HT (after 2.1±1.5 months) and T2DM- 

(after 3.0±1.7 months) but not for the T2DM+. In 3.9±2.0 months, the targeted 24-hour BP was 

reached also for the T2DM+ group (P<0.01 vs. HT). The reduction in systolic and diastolic BP was  

 

 

Table 3 24h Ambulatory Blood Pressure and Antihypertensive Agents  

BP, blood pressure; ACE, angiotensin-converting enzyme; ATIIRA, angiotensin II receptor antagonist.  
Data are given in means±SD. * P<0.05 vs. baseline, † P<0.01 vs. baseline, ‡ P<0.05 vs. T2DM-,  
§ P<0.05 vs. 3 months, || P<0.01 vs. HT 

 Groups 

Characteristic  HT T2DM- T2DM+ 

     24h BP  

Baseline: 

     Systolic BP (mm Hg) 

     Diastolic BP (mm Hg) 

     Pulse Pressure (mm Hg) 

  

 

151 

93 

58 

 

 

± 

± 

± 

 

 

19 

11 

17 

 

 

147 

91 

56 

 

 

± 

± 

± 

 

 

9 

7 

7 

 

 

146 

88 

58 

 

 

± 

± 

± 

 

 

11 

8 

11 

Three months: 

     Systolic BP (mm Hg) 

     Diastolic BP (mm Hg) 

     Pulse Pressure (mm Hg) 

  

129 

81 

48 

 

± 

± 

± 

 

13† 

10† 

13* 

 

129 

81 

47 

 

± 

± 

± 

 

5† 

7† 

5† 

 

136 

81 

55 

 

± 

± 

± 

 

15† 

7† 

11*‡ 

Six months: 

     Systolic BP (mm Hg) 

     Diastolic BP (mm Hg) 

     Pulse Pressure (mm Hg) 

  

128 

82 

46 

 

± 

± 

± 

 

10† 

10† 

9† 

 

125 

78 

46 

 

± 

± 

± 

 

8† 

6† 

6† 

 

129 

78 

51 

 

± 

± 

± 

 

8†§ 

5†§ 

8†‡ 

Antihypertensive agents at baseline 

     ACE-inhibitor 

     Diuretic 

     ATIIRA 

     β blocker 

     Calcium channel blocker 

  

4 

6 

2 

2 

4 

   

7 

6 

6 

3 

2 

   

7 

4 

5 

4 

7 

  

Antihypertensive agents after 6 months 

     ACE-inhibitor 

     Diuretic 

     ATIIRA 

     β blocker 

     Calcium channel blocker 

  

7 

12 

7 

2 

9 

   

9 

15 

8 

3 

8 

   

8 

15 

10 

4 

12 

  

Treatment until target BP (months)  2.1 ± 1.5 3.0 ± 1.7 3.9 ± 2.0|| 
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Table 4 Cognitive Function Tests 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data are given in means±SD. * P<0.05 vs. HT, † P<0.01 vs. HT, ‡ P<0.05 vs. T2DM-,  
§ P<0.01 vs. T2DM-, || P<0.05 vs. baseline. 

 
 

 

related to a balanced reduction in cardiac output and systemic vascular resistance. Before treatment, 

the number of errors with the Stroop color test and the duration of the digit linking test were higher in 

T2DM+ patients (Table 4) and remained so after 6 months.  

 

Static CA 

After 6 months of tight BP control, PETCO2 had not changed, and MCA Vmean had remained 

unchanged in the HT group, whereas there was a reduction in T2DM- at 3 months (54±12 vs. 58±9 

cm
.
s
-1

; P<0.05), which regained baseline after 6 months (Figure 1). In contrast, in the T2DM+ group 

the reduction in MCA Vmean at 3 months (52±11 vs. 57±13 cm
.
s
-1

; P<0.05) had progressed after 6 

months (P<0.05). Thus, MCA Vmean became lower in T2DM+ vs. HT and T2DM- (48±8 vs. 56±10 and 

56±14 cm
.
s
-1

, P<0.05; Figure 2), supported by a lower cerebrovascular conductance index in T2DM+ 

(0.53±0.12 vs. 0.60±0.09 [HT] vs. 0.63±0.17 [T2DM-] cm·s
-1

·mm Hg
-1

; P<0.05). Accordingly, the CVRi 

decreased in HT and T2DM- but did not change in T2DM+ (2.0±0.4 vs. 1.7±0.3 [HT] and 1.7±0.4 

[T2DM-] mm Hg
.
cm

-1.
s
-1

; P<0.05). 

 

 

 

Test Groups         Baseline 
 

       6 months 

         
Clock drawing test  

(score) 

HT 19 ± 1  20 ± 1 

T2DM- 20 ± 1  20 ± 1 

T2DM+ 19 ± 1  20 ± 1 

       
Mini Mental Status Examination  

(score) 

HT 29 ± 1  29 ± 1 

T2DM- 28 ± 1  29 ± 1 

T2DM+ 27 ± 2  27 ± 2 

       
Stroop Color test 

(number of errors) 

HT 21 ± 20  13 ± 14 

T2DM- 21 ± 15  21 ± 24 

T2DM+ 50 ± 17†§  46 ± 17†‡ 

       
Digit linking test  

(s) 

HT 126 ± 40  112 ± 30|| 

T2DM- 139 ± 25  127 ± 41 

T2DM+ 189 ± 89*  176 ± 69*‡ 



 

5
0

 
C

E
R

E
B

R
A

L
 B

L
O

O
D

 F
L

O
W

 C
O

N
T

R
O

L
 IN

 S
M

A
L

L
 V

E
S

S
E

L
 D

IS
E

A
S

E
  

  

 

Figure 1 Individual (gray dots) and group averaged (black dots±SEM) mean arterial pressure and middle cerebral artery mean blood velocity (MCA Vmean) 

at baseline, after 3 months and 6 months of hypertension treatment in control subjects (HT), uncomplicated type 2 diabetic patients (T2DM-) and 

complicated type 2 diabetic patients (T2DM+). 
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Figure 2 Effects of intensive BP treatment on 

group averaged MAP vs. MCA Vmean in HT 

(white circle), in T2DM- (dark gray circle), 

and in T2DM+ (black circle) patients.  

* P<0.05 vs. HT. Values are mean±SEM. 

Figure 3 Group-averaged low- 

frequency (0.07 to 0.15 Hz) 

mean arterial pressure power 

(MAP power), middle cerebral 

artery mean blood velocity 

power (MCA Vmean power), 

transfer function phase, and 

normalized gain between MAP 

and MCA Vmean in HT (white 

bars),T2DM- (dark gray bars), 

and T2DM+ (black bars) 

patients at baseline and after 3 

and 6 months of BP treatment.  

* P<0.05 vs. HT,  

** P<0.01 vs. HT,  

† P<0.05 vs. baseline.  

Values are mean±SEM. 
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Dynamic CA 

In 3 HT patients, 6 T2DM- patients, and 5 T2DM+ patients transfer function coherence was <0.5, and 

these data were excluded from further analysis. At baseline, MAP power tended to be lower in T2DM 

vs. HT, whereas MCA Vmean power was comparable between groups (Figure 3). The phase difference 

of the MAP-MCA Vmean transfer function at baseline was normal (50±9°) in HT but lower in T2DM- 

(41±7°; P<0.01 vs. HT) and impaired in T2DM+ (31±6°; P<0.01 vs. T2DM-), indicating less effective 

dynamic CA.  

 

 

Discussion  

 

The results of this study provide insight into the effects of tight BP control on cerebrovascular 

autoregulatory capacity and its consequences for cerebral perfusion in patients with T2DM. Static CA 

reports the overall efficiency of the cerebral vasoregulatory system, whereas dynamic CA reflects the 

latency and time constant of CA.
82,85

 Linking static and dynamic components, the degree of overall CA 

impairment appeared related to the presence of clinically manifested microvascular complications. An 

impaired cerebrovascular CO2 responsiveness signifies impaired vasodilatory capacity of the brain. 

Together these results indicate impairment of both mechanoregulation and chemoregulation as the 2 

major operative mechanisms responsible for maintaining CBF, rendering T2DM+ patients susceptible 

to ischemic episodes. 

Target BP was reached within 3 months in HT vs. 3 to 6 months in T2DM+. The finding in HT that, 

for a comparable reduction in BP, cerebral blood velocity was maintained conforms to observations in 

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

 Improved cerebral 

perfusion has been observed in elderly uncontrolled hypertensive subjects after 6 months of 

aggressive
 
BP control,

164
 but in patients with malignant hypertension static CA is impaired.

83,84
 

Bentsen et al.
23

 showed pressure dependency of CBF in a subgroup of patients with long-standing 

type 1 diabetes mellitus. This study extends these observations to T2DM patients with moderate 

microvascular complications for whom a decline in MCA Vmean was in proportion to the reduction in BP 

by antihypertensive treatment. In T2DM- patients a transient reduction in MCA Vmean was observed 

after 3 months of strict BP treatment, subsequently regaining baseline level after 6 months. In 

contrast, in T2DM+ patients the MCA Vmean continued to decline during the course of 6 months of 

treatment rendering a recovery of static CA at a later stage unlikely. These different findings in the 

T2DM+ and T2DM- groups demonstrate that progressive impairment in cerebral autoregulation first 

affects the latency and then the efficiency of the cerebral autoregulation response. The recovery of 

static but not of dynamic CA with continuation of tight BP control suggests nervous system plasticity in 

T2DM- patients.  

Hypertension is the leading modifiable risk factor for both first-ever and recurrent stroke. The 

association between BP and stroke risk is continuous, and tight control of BP substantially reduces 

not only the expression of both microvascular and macrovascular complications but also increases 

survival and the complication-free interval.
150

 Current guidelines emphasize tight hypertension 
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treatment in T2DM subjects to reduce the risk of stroke.
150

 Tight BP management has even been 

suggested to provide for greater benefit than strict plasma glucose control in T2DM patients.
150,165

 

However, the findings in the T2DM+ group indicate that, once vascular damage is present, cerebral 

control mechanisms no longer safeguard brain perfusion, even for a reduction in BP within what is 

referred to as the normal autoregulatory range.  

Physiological aging is associated with a decline in resting cerebral metabolism and CBF.
166

 The 

observed decline in cerebral perfusion by antihypertensive treatment adds to the physiological ~15% 

reduction in gray matter flow between the third and fifth decades.
167

 This relates to the concern that 

lowering BP carries a risk of provoking cerebral hypoperfusion, in particular in elderly patients with 

cerebrovascular disease. Cerebral hemispheric white matter lesions have been attributed to cerebral 

hypoperfusion.
168,169

 Vascular risk factors are thought to have importance for dementia,
170

 and 

although Alzheimer disease is considered being a nonvascular disease, vascular factors may 

contribute.
171,172

 Both high
173

 and low BP
174

 have been forwarded as critical factors for the 

development of Alzheimer disease and cognitive decline.
170-173

 In cross-sectional studies cognitive 

decline and dementia are associated with a lower BP,
175

 and there is a curvilinear relationship 

between systolic BP and cognitive function.
176,177

 The suggestion that cerebral hypoperfusion is 

associated with later cognitive decline
170

 was not substantiated within the time span of the present 

study, where the difference in cognition score for T2DM+ vs. T2DM- subjects, present before the start 

of antihypertensive treatment, remained, notwithstanding a reduction in MCA Vmean in T2DM+ 

patients.  

A strategy of intensive BP control for patients with T2DM has been challenged in that targeting a 

systolic BP of ≤120 vs. 140 mm Hg did not reduce the rate of a composite outcome of nonfatal 

cardiovascular events.
178

 However, the reported stroke incidence was not classified further into brain 

infarction vs. hemorrhage, leaving the Scylla-and-Charybdis issue of hypertension- vs. hypoperfusion-

related brain damage in T2DM subjects as yet unanswered. The lower limit of CA has not been 

established in T2DM patients, but impaired CA in T2DM patients with microvascular damage and a 

permanent reduction in MCA Vmean raise concern. An optimal BP may be indicated for a population, 

but the data indicate that this is not the case for the individual patient with T2DM.  

Several mechanisms involved in a reduction in CBFV related to tight hypertension treatment are 

to be considered. CBF is influenced by neural activity, CA, and the arterial CO2 tension.  

Cerebral perfusion becomes jeopardized when cerebral vasodilatory capacity becomes 

exhausted, and in T2DM+ patients, a lower cerebrovascular reserve and absence of a reduction in 

CVRi after 6 months of antihypertensive treatment may contribute. CBF is influenced by the arterial 

CO2 tension, but PETCO2 levels were comparable among groups. Cerebral perfusion depends on the 

arterial perfusion pressure, but the influence of cardiac output is also of importance.
179

 Cardiac output 

supports the cerebral perfusion both at rest and during exercise,
20,180

 independent from cerebral 

autoregulation.
181

 The magnitude of the reduction in cardiac output during treatment was comparable 

between groups, but the reduction in CVRi observed in HT and T2DM- patients was absent in T2DM+ 

subjects. In healthy subjects, cardiac output does not affect the dynamic cerebral autoregulatory 

response to hypotension.
182

 Nevertheless, we cannot exclude that this adverse cerebrovascular 
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response is related to an effect of cardiac output and/or central blood volume establishing the CBF to 

be regulated. The MCA Vmean was chosen for evaluation of changes in CBF assuming that changes in 

MCA Vmean are representative of those in CBF. TCD monitors blood velocity rather than CBF, and 

changes in the diameter of the insonated vessel by enhanced sympathetic activity could modulate 

velocity independent of flow. However, large cerebral arteries, including the MCA, are conductance 

rather than resistance vessels, and moderate sympathetic activation does not modify the luminar 

diameter of a systemic conduit artery. Also, by comparison of TCD with CBF measurements 

according to the Fick principle, TCD has been shown valid for static, or steady-state, measurements 

of CA. Thus, the constancy of MCA diameter links changes in cerebral blood velocity to those in flow. 

Carotid artery diameter was not assessed, and we cannot exclude that some of the patients may have 

had significant carotid artery stenosis. 

We considered that different antihypertensive agents have had a variable effect on CBF. If so, an 

effect of additional antihypertensive agents throughout the 6 months of the study, if any, would be 

expected to influence CBF to the same extent for all of the groups. Cerebral vascular angiotensin 

receptors may account for the improved CBF and favorable autoregulatory responses in hypertensive 

patients treated with angiotensin-converting enzyme inhibitors and angiotensin receptor blockers.
183

 

Calcium channel blockers have variable specificity for cerebral vessels potentially beneficial by 

increasing CBF,
184,185

 whereas β-blockade studies revealed either no effect on CBF at rest or a slight 

decrease.
136,186

 Under the resting condition of this study, an effect of β-adrenergic receptor blockade 

on cardiac output and MCA Vmean has probably been low, if there has been any effect at all. However, 

during exercise, β-adrenergic receptor blockade attenuates the increase in cardiac output and also 

the increase in MCA Vmean, typically to half of the normal response.
22,187

 The implication is that the 

observed reduction in resting MCA Vmean in T2DM+ underestimates the effect on CBF when 

exercising under β-adrenergic receptor blockade. In addition, single drug treatment with a diuretic did 

not affect 
133

Xe-determined gray matter flow or modified cerebrovascular resistance in elderly 

hypertensive subjects.
188

 The distribution of antihypertensive agents across groups was comparable 

so that, together with a similarly balanced reduction in cardiac output and vascular resistance, it 

renders an influence of antihypertensive medication on the reduction in CBF in T2DM+ subjects 

unlikely. Acute hyperglycemia reduces CVRi, and such cerebral vasodilatation does not depend on 

the dynamic CA efficacy.
146

 Thus, an effect of hyperglycemia on the CBF response, if any, would be 

expected to elevate CBF rather than to reduce it. In the present study, plasma glucose levels at 

baseline and after 6 months were similar, rendering an influence of glucose on the CBF response 

during the present antihypertensive treatment unlikely. Rather, we consider the impairment of CA 

related to general endothelial dysfunction comparable to the situation in sickle cell disease 

representing nondiabetic small vessel disease.
189

 T2DM is associated with early impairment of 

dynamic CA presenting before the manifestation of diabetic nephropathy, retinopathy, or 

cardiovascular autonomic neuropathy.
153

 The present study confirms impairment of dynamic CA in a 

larger group of patients and demonstrates that 6 months of effective antihypertensive treatment does 

not reverse abnormal cerebrovascular control.  
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Perspectives 

 

Tight hypertension treatment in uncomplicated T2DM challenges CA, but with continued treatment 

CBFV is preserved. In contrast, a persistent reduction in CBFV in T2DM with microvascular 

complications indicates that, once microvascular damage is clinically expressed, static 

cerebrovascular control is no longer capable of counteracting a pressure-dependent reduction in 

cerebral perfusion. Dynamic CA appears to be the more vulnerable component of cerebrovascular 

control, that is, progressive impairment in CA first affects the latency and then the efficacy of the 

cerebral autoregulatory response. Accordingly, for optimal cardiovascular benefit, tight BP control 

should be instituted early in the course of developing hypertension in T2DM when CA is capable of 

counteracting the reduction in perfusion pressure. For patients with vascular complications, BP 

treatment should be individualized, aiming at a balance between the reduction in BP and maintenance 

of CBFV, targeting an “optimal” rather than a maximal reduction of elevated BP. 
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The challenge in diabetes care is to optimize metabolic control to slow progression to vascular 

disease. In individuals with type 2 diabetes this may be achieved at least in part by behavioral 

modification including regular physical activity. In their recent article in Diabetologia, Praet and van 

Loon
190

 comprehensibly and concisely address the need for revision of the current guidelines 

regarding the prescription of exercise for individuals with type 2 diabetes, given the lack of information 

provided by current exercise programs on the preferred type and intensity of exercise. 

 The combination of endurance and resistance exercise has the potential to increase adherence 

and compliance rates, as it renders programs more varied.
190

 Loss of skeletal muscle mass is one of 

the main factors responsible for the increase in the incidence of type 2 diabetes with age. 

Deconditioning (as a result of physical inactivity) and resistance exercise are associated with 

opposing adaptations. Resistance exercise provides better metabolic control,
191

 mitigates disuse-

associated tendon stiffness and increases skeletal muscle mass, which improves whole body glucose 

disposal.
192

 Not surprisingly, greater focus on resistance exercise has been recommended for type 2 

diabetes, specifically for the subgroup of sarcopenic or severely deconditioned older patients.
147

  

 Resistance and endurance exercise have different cardiovascular effects. Resistance-type 

activities produce a considerably larger increase in arterial pressure, because of the mechanical 

compression of blood vessels together with repeated Valsalva-like maneuvers.
193

 Unlike aerobic 

exercise, resistance training affects central arterial compliance in healthy men.
194

 Although acute 

changes in arterial blood pressure during physiological challenges are transmitted to the cerebral 

circulation, under normal conditions, cerebral blood flow tends to return to its baseline value within a 

few seconds.
82

 Cerebral vasoconstriction constantly plays a protective role during exercise of 

moderate to heavy intensity, in particular when pulse pressure exceeds the autoregulatory range.
187

 

When autoregulatory mechanisms are failing or overwhelmed by acute blood pressure upsurges 

beyond the autoregulatory range (e.g. in serious hypertension), brain blood flow becomes directly 

related to its perfusion pressure, resulting in cerebral hyperperfusion manifested by retinal edema and 

encephalopathy.
83

 

 We consider the arterial pressure surges associated with resistance exercise to be substantial, 

heavily taxing cerebral autoregulatory mechanisms.
79

 The integrity of the cerebral autoregulatory 

mechanisms protecting the brain is therefore important under these conditions. To date, there is no 

direct evidence indicating that resistance exercise is disadvantageous for individuals with type 2 

diabetes. However, in these individuals, dynamic cerebral autoregulatory capacity is impaired in the 

early stages of disease development, i.e. prior to the clinical recognition of microvascular 

complications.
153

 This means that arterial pressure surges are buffered less efficiently, with more 

passive transmission of blood pressure to the cerebral tissue occurring (Figure 1), resulting in 

increased exposure to cerebral hyperperfusion. Given that repetitive arterial pressure surges may 

contribute to long-term cerebral vasculopathy, detailed studies are needed to establish the 

cerebrovascular effects of different types of exercise in type 2 diabetic patients.  

 We agree with Praet and van Loon that an individually tailored exercise program providing a more 

specific framework is important to optimize exercise therapy. However, when devising such programs, 

any potential unfavorable effects of blood pressure surges on the brain should be taken into account. 
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Figure 1 

A In healthy individuals, normal autoregulation limits the increase in middle cerebral artery mean blood 

velocity (�Vmean, white circles) in response to a rise in mean arterial pressure (�MAP, black circles).  

B In type 2 diabetic patients impaired autoregulation results in a greater increase in Vmean. Data are presented 

as the mean±SEM (n=10) 
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Abstract 

 

Endothelial vascular function and capacity to increase cardiac output during exercise are impaired in 

patients with type 2 diabetes (T2DM). We tested the hypothesis that also their increase in cerebral 

blood flow (CBF) during exercise is blunted and, therefore, that cerebral oxygenation becomes 

affected and perceived exertion increased. We quantified cerebrovascular and systemic 

hemodynamic responses to incremental ergometer cycling exercise in 8 male T2DM and 7 control 

subjects. CBF was assessed from the Fick equation and by transcranial Doppler-determined blood 

flow velocity. Cerebral oxygenation and metabolism were evaluated from the arterial-to-venous 

differences for oxygen, glucose, and lactate. During exercise heart rate and blood pressure were 

comparable among the two groups of subjects. However, the T2DM patients displayed a lower arterial 

carbon dioxide tension at higher workloads and their work capacity and increase in cardiac output 

were only ~80% of that established in the control subjects. In the T2DM patients, CBF and cerebral 

oxygenation were reduced during exercise (P<0.05) and they expressed a high rating of perceived 

exertion (P<0.05). In contrast CBF increased ~20% during exercise in the control group while brain 

uptake of lactate and glucose was similar among the two groups. In conclusion, impaired CBF and 

oxygenation may relate to limited ability to increase cardiac output and reduced vasodilatory capacity 

and could contribute to increased perceived exertion in T2DM patients. In turn, increased perceived 

exertion in T2DM patients represents a barrier to initiatives aimed at increasing their physical activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CEREBRAL BLOOD FLOW CONTROL IN SMALL VESSEL DISEASE 63 

 

   

Introduction 

 

Cerebral blood flow (CBF) is critical for maintaining oxygen and substrate supply to the brain. CBF 

homeostasis is secured by several mechanisms, of which the partial pressure of arterial carbon 

dioxide (PaCO2), mean arterial pressure (MAP), and cerebral metabolism are the most important.
195

 

Also cardiac output (CO) may influence CBF during exercise
179,181,196

 of potential importance for 

patients with type 2 diabetes (T2DM) demonstrating affected cardiac hemodynamics with a low stroke 

volume (SV).
197,198

  

 Cerebral activation associated with exercise increases CBF and cerebral oxygenation.
179,199,200

 

This increase seems important since brain function deteriorates when its oxygenation is reduced and 

reduced cerebral oxygenation could play a role in the development of central fatigue with reduced 

motor drive to working muscles.
70,85,201,202

 Thus, CBF is reduced towards baseline by hyperventilation-

induced reduction in PaCO2 during intense exercise despite a progressive increase in cerebral 

metabolic rate for oxygen (CMRO2).
179,203

 

 T2DM patients are affected by impaired vasodilatory capacity for both the systemic and cerebral 

vasculature, manifested by reduced cerebral CO2 responsiveness and flow-mediated dilatation 

attributed to reduced nitric oxide (NO) bioavailability.
158,204

 Even in healthy subjects exposed to 

hyperglycemia the cerebrovascular conductance response to exercise becomes attenuated.
146

 There 

are therefore several reasons why T2DM patients may be unable to increase CBF and cerebral 

oxygenation during exercise.  

 To examine the hypothesis that the increase in CBF and cerebral oxygenation may be blunted in 

T2DM patients, we compared the cerebrovascular responses to progressive exercise in middle-aged 

physically active male T2DM patients and in age-matched control subjects. We assessed CBF, 

CMRO2, and the cerebral uptake of glucose and lactate from arterial-to-venous differences across the 

brain. Furthermore, to express cerebral oxygenation, we calculated changes in brain capillary O2 

saturation (ScapO2), brain capillary O2 tension (PcapO2), and brain mitochondrial O2 tension 

(PMitoO2),
73,205,206

 and considered that reduced cerebral oxygenation would be associated with a high 

rate of perceived exertion (RPE). 

 

 

Methods 

 

Ethical Approval 

Fully informed, written consent was obtained from 8 middle-aged (61±4 yrs, mean±SD) physically 

active T2DM male patients and 7 age- and body mass index matched healthy subjects (56±9 yrs) 

(Table 1) recruited by advertisement as approved by the local ethics committee (KF 01-090/01) in 

accordance with the Declaration of Helsinki.  
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Participants 

The T2DM patients were diagnosed according to WHO criteria and were treated with insulin and/or 

oral antidiabetic agents. Exclusion criteria were manifestations of cardiovascular disease including 

transient ischemic attacks, stroke, heart failure, uncontrolled hypertension (blood pressure [BP] 

>160/100 mm Hg), cardiovascular autonomic neuropathy, smoking, poor metabolic control (glycated 

hemoglobin [HbA1c] >9.5%), and treatment with β-receptor adrenergic blocking agents.  

 

Experimental design 

The subjects were requested to abstain from caffeinated beverages for 12 hours prior to reporting to 

the laboratory at 8:00 am after overnight fast. In a slightly head-down position and under local 

anaesthesia (lidocaine, 2%), a catheter (1.6 mm; 14 gauge; ES-04706, Arrow International, PA) was 

inserted retrograde in the right internal jugular vein guided by ultrasound and the catheter tip was 

advanced to the bulb of the vein. Blood obtained from this position was considered to represent the 

outlet of the brain with, potentially, a small contribution from cerebrospinal fluid drained through the 

sagittal sinus. A second catheter (1.1 mm; 20 gauge) was inserted in the brachial artery of the 

nondominant arm. The catheter lumens were flushed (3 ml·h
-1

 isotonic saline) and arterial pressure 

was measured with a transducer (Edwards Lifesciences, Irvine, CA) zeroed at the level of the right 

atrium in the mid-axillary line and connected to a pressure monitoring system (Dialogue 2000, 

Copenhagen, Denmark). After catheterization, the subjects rested for 1 hour to offset influence of 

“arousal” and nociceptive stimuli on cerebral metabolism. The subjects carried out incremental 

ergometer cycling exercise (Ergomedic 874E; Monarch, Stockholm, Sweden) with each workload 

lasting 5 min separated by 5 min of recovery. Exercise started at 60 W and was increased by 30 W 

until exhaustion, i.e. inability to maintain a pedaling rate of 60 rpm despite verbal encouragement. 

 

Systemic and cerebral hemodynamics  

Left ventricular SV was assessed from the intra-arterial BP waveform (BeatScope 1.0 software; 

BMEye, Amsterdam, The Netherlands).
207

 The CO was SV times heart rate, cardiac index was the 

ratio between CO and body surface area (BSA), and systemic vascular conductance index was the 

ratio between CO and MAP adjusted to BSA.  

CBF was derived by Fick’s principle (∆CBFFICK) from the arterio-jugular venous O2 difference and 

CMRO2 assuming that CMRO2 was unchanged during ergometer cycling.
208

 Thus, ∆CBFFICK was 

derived as [ ])OCOC(*CBFCMRO
2v2aFick2

−∆=
209

 with arterial and jugular venous samples 

obtained simultaneously at rest and in the last minute of each workload and the samples were 

analyzed immediately using an ABL 725 apparatus (Radiometer, Copenhagen, Denmark). Changes in 

the middle cerebral artery (MCA) were followed beat-to-beat as the mean blood flow velocity (Vmean) 

by transcranial Doppler ultrasound. The cerebrovascular conductance index (CVCi) was the ratio 

between MCA Vmean and MAP
83

 adjusted to BSA and cerebral oxygen extraction ratio was (CaO2-

CvO2)/CaO2. 
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Cerebral oxygenation variables 

The ScapO2 was calculated as  

                                                     2

22

2
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where SaO2 is the arterial O2 saturation, and SvO2 the internal jugular venous O2 saturation.
73,202,206

  

With the assumption that capillary recruitment does not manifest within the brain, PcapO2 is  
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where 
Hb

P
50  is the capillary PO2 when hemoglobin is half saturated and ha is the Hill coefficient for 

arterial blood. The 
Hb
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50  was estimated as the average of arterial and venous P50 (ABL 725 

Radiometer) and ha was calculated as  
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The PMitoO2 depends on the balance between the brain’s O2 supply, O2 extraction and O2 conductance 

from the capillary to the mitochondria (L). PMitoO2 is determined from PcapO2, CMRO2, and oxygen 

diffusability (L) as  

                                                      L

CMRO
OPOP capMito

2

22
−=

 

 

In the second approach CMRO2 was derived from the cerebral arterio-venous difference for O2 with 

the resting global CBF adjusted according to changes in MCA Vmean. L has been calculated to 4.4 

µmol·100 g
-1

·min
-1

·mm Hg
-1

.
73

  

  

Cerebrovascular autoregulation and cardiovascular autonomic function  

Prior to cycling exercise the subjects underwent evaluation of dynamic cerebrovascular autoregulation 

(CA) and cardiovascular autonomic function. For dynamic CA please see the Methods section 

(Chapter 2). Parasympathetic control of the heart was quantified by forced respiratory sinus 

arrhythmia and the heart rate response to standing up, while sympathetic cardiovascular control was 

assessed by monitoring the BP responses.
210
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Data analysis 

Signals were A/D converted at 200 Hz and stored on hard disk for off-line analysis with beat-to-beat values 

for MCA Vmean and MAP derived as the integral over one beat divided by the corresponding beat interval. 

Values were expressed as 30 s averages over the last minute at each workload when the subjects 

reported their RPE. Data are presented as mean (±SD). Differences between groups were identified by 

unpaired Student t-test when data fitted a normal distribution, while a Mann-Whitney rank sum test was 

applied when data were not normally distributed. Differences between groups (diabetes vs. control) and 

workloads where evaluated by Two-way repeated measures ANOVA. A post hoc Bonferroni analysis was 

applied for multiple comparisons, when a statistically significant deviation (P<0.05) was detected.  

 

Table 1.   Group characteristics  

Characteristics Control Diabetes 

   Age (y) 56 ± 9 61 ± 4 

Body mass index (kg/m
2
) 27.5 ± 3.3 29.8 ± 5.8 

Waist circumference (cm) 97 ± 13 105 ± 21 

History of hypertension (n) 2   6   

Systolic blood pressure (mm Hg) 

Diastolic blood pressure (mm Hg) 

133 

72 

± 

± 

16 

12 

131 

69 

± 

± 

16 

11 

Duration of diabetes (y) -   8 ± 5 

Microvascular complication: 

Retinopathy 

Nephropathy 

Polyneuropathy (sensorimotor) 

 

0 

0 

0 

   

0 

0 

0 

  

Oral hypoglycemic agents 

Insulin 

0 

0 

  7 

2 

  

Plasma glucose (mmol/L) 6.1 ± 0.1 7.5 ± 1.2** 

HbA1c (% Hb)  5.4 ± 0.3 6.9 ± 0.9** 

Antihypertensive drugs: 

   Angiotensin converting enzyme inhibitor 

   Diuretic 

   Angiotensin II receptor antagonist 

   β blocker 

   Calcium channel blocker 

 
1 

1 

0 

0 

0 

   
3 

4 

5 

0 

3 

  

Baseline hemodynamic parameters 

   Mean arterial pressure (mm Hg) 

   Heart rate (bpm) 

   Stroke volume (ml) 

   Cardiac output (L·min
-1
)  

   Cardiac index (L·min
-1
·m

2
) 

   Systemic vascular conductance (ml·min
-1
·mm Hg

-1
) 

   Systemic vascular conductance index (ml·min
-1
·mm Hg

-1
·m

2
) 

   Cerebral vascular conductance (cm·s
-1
·mm Hg

-1
) 

   Cerebral vascular conductance index (cm·s
-1
·mm Hg

-1
·m

2
) 

   MCA Vmean (cm·s
-1
) 

 

79 

74 

79 

5.7 

2.69 

55 

26 

0.53 

0.25 

41 

 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

 

9 

12 

14 

0.9 

0.55 

8 

5 

0.13 

0.06 

7 

 

79 

76 

83 

6.1 

2.96 

61 

30 

0.52 

0.26 

41 

 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

 

13 

9 

24 

2.3 

1.05 

23 

10 

0.12 

0.08 

7 

HbA1c, glycated hemoglobin; MCA Vmean, mean middle cerebral artery blood velocity.  
** P<0.01 vs. control. Data are mean ± SD for n=7 (control) vs. n=8 (diabetes).  
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Results 

 

Subject characteristics  

Baseline subject characteristics were similar between the two groups except for plasma glucose 

(P<0.01) and HbA1c (P<0.01) and cerebrovascular and systemic cardiovascular variables did not differ 

(Table 1). Also resting arterial blood gas variables, net brain arterio-venous differences for O2, 

glucose and lactate, as well as O2 extraction ratio, and brain capillary oxygenation (ScapO2 and PcapO2) 

were comparable between patients and controls (Table 2). For none of the subjects were more than 

two abnormal results identified in regard to forced respiratory sinus arrhythmia and standing and the 

subjects were thereby not considered to suffer from cardiovascular autonomic neuropathy. Variability 

of MAP and MCA Vmean were comparable among groups, as were phase and gain of the MAP - MCA 

Vmean transfer function, indicating no difference in dynamic CA capacity between the controls and 

T2DM patients. 

 

 

Figure 1. Heart rate, mean arterial pressure, stroke volume, cardiac output, systemic vascular 

conductance and rating of perceived exertion from rest to maximal exercise in type 2 diabetic patients 

(closed circles) vs. control subjects (open circles). † P<0.05 vs. rest; ‡ P<0.01 vs. rest; * P<0.05 vs. 

control; ** P<0.01 vs. control. Values are mean ± SD for n=7 (control) vs. n=8 (diabetes).  



 

 

Table 2.  Arterial blood gas, metabolic variables and brain oxygenation at rest and during exercise 

 Group Rest Ex 60 Ex 90 Ex 120 Ex 150 Max 

Arterial blood                    

pH 
Control 7.42 ± 0.03 7.40 ± 0.03 7.40 ± 0.03 7.39 ± 0.04† 7.37 ± 0.05† 7.35 ± 0.06† 

Diabetes 7.42 ± 0.02 7.40 ± 0.03† 7.40 ± 0.02† 7.39 ± 0.03‡ 7.38 ± 0.03‡ 7.36 ± 0.04‡ 

                    

PaO2 (kPa) 
Control 13.0 ± 1.0 13.2 ± 0.8 13.1 ± 0.7 12.5 ± 0.6 12.6 ± 0.9 13.0 ± 0.9 

Diabetes 12.1 ± 1.1 12.7 ± 1.2 13.0 ± 1.0† 13.1 ± 1.5† 13.2 ± 1.2‡ 13.0 ± 1.8 

                    

PaCO2 (kPa) 
Control 5.1 ± 0.4 5.3 ± 0.4 5.2 ± 0.4 5.0 ± 0.4 4.7 ± 0.4 4.0 ± 0.3‡ 

Diabetes 5.1 ± 0.4 5.2 ± 0.5 5.0 ± 0.5 4.6 ± 0.6‡ 4.2 ± 0.7‡ 3.9 ± 0.5‡ 

                    

SO2 (%) 
Control 97.9 ± 0.5 97.9 ± 0.7 97.8 ± 0.6 97.5 ± 0.4 97.5 ± 0.5 97.4 ± 0.9 

Diabetes 97.5 ± 0.7 97.8 ± 0.7 97.9 ± 0.7 98.0 ± 0.8 97.8 ± 0.8 97.5 ± 1.4 

                                        
Brain A-V difference                    

O2 (mmol/L) 
Control 2.8 ± 0.7 2.5 ± 0.6 2.5 ± 0.7 2.6 ± 1.0 2.9 ± 0.9 3.5 ± 0.6† 

Diabetes 3.2 ± 0.7 3.0 ± 0.9 3.4 ± 1.0 3.8 ± 1.2† 4.4 ± 1.3‡* 4.8 ± 1.1‡* 

                    

glucose (mmol/L)  
Control 0.5 ± 0.2 0.4 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 0.7 ± 0.2† 

Diabetes 0.6 ± 0.2 0.6 ± 0.2* 0.7 ± 0.1 0.8 ± 0.2† 0.8 ± 0.1†* 1.0 ± 0.8 

                    

lactate (mmol/L) 
Control 0.0 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 0.4 ± 0.2‡ 0.6 ± 0.2‡ 1.0 ± 0.5† 

Diabetes 0.0 ± 0.1 0.1 ± 0.2 0.1 ± 0.4 0.5 ± 0.6‡ 0.6 ± 0.5‡ 1.4 ± 1.9† 

                    

O2 extraction ratio 
Control 0.31 ± 0.10 0.29 ± 0.12 0.29 ± 0.13 0.31 ± 0.15 0.33 ± 0.15 0.42 ± 0.10 

Diabetes 0.35 ± 0.07 0.34 ± 0.06 0.36 ± 0.10 0.40 ± 0.12 0.47 ± 0.10‡* 0.49 ± 0.10‡ 

                                        
Brain capillary oxygenation                    

ScapO2 (%) 
Control 82 ± 7 83 ± 6 83 ± 6 81 ± 7 80 ± 7 77 ± 5† 

Diabetes 80 ± 3 82 ± 4 80 ± 4 78 ± 5† 76 ± 6† 75 ± 5‡ 

                    

PcapO2 (mm Hg) 
Control 46 ± 8 47 ± 7 46 ± 8 46 ± 10 44 ± 9 40 ± 3† 

Diabetes 43 ± 3 45 ± 4 43 ± 4 41 ± 4 39 ± 4† 38 ± 3‡ 

                                        

PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; SO2, hemoglobin oxygen saturation; A-V difference, arterio-jugular venous difference; ScapO2, brain 
capillary oxygen saturation; PcapO2, brain capillary oxygen tension. † P<0.05 vs. rest, ‡ P<0.01 vs. rest, * P<0.05 vs. control, ** P<0.01 vs. control. Values are mean ± SD 
for n=7 (control) vs. n=8 (diabetes). 
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Hemodynamics 

At the same relative workload, exercise induced a comparable increase in MAP and heart rate in the 

two groups of subjects but in the T2DM patients, the increase in SV and CO and thus systemic 

vascular conductance was attenuated by 20% and matched by a 20% lower maximal workload 

(169±32 vs. 214±36 W; P<0.05) and their RPE was higher for workloads > 120 W (Figure 1; P<0.05). 

Also in the T2DM patients, arterial lactate was higher for a given workload to reach the same level as 

in the control subjects during maximal exercise (Figure 2).   

 

 

 

Cerebral perfusion and oxygenation 

CBFFick and MCA Vmean increased with exercise intensity in the control group (Figure 3), but an early 

decline was observed in the patients with a reduction in CVCi (P<0.01 vs. controls) and cerebral O2 

extraction became higher (Table 2; P<0.05 vs. controls from 150 W). CMRO2 increased ~30% at the 

highest work intensities in both groups of subjects which, together with the lower cerebral perfusion in 

the patients reduced ScapO2  and PcapO2  with a consequent ~15% reduction in PMitoO2 (P<0.05).  

 

Cerebral metabolism  

During intense exercise the increase in the arterio-venous lactate difference across the brain, the 

cumulated cerebral glucose and lactate uptake rate, and the calculated brain carbohydrate to O2 

uptake balances were comparable between groups (Figure 4).  

Figure 2. Individual arterial lactate responses to exercise in type 2 diabetic patients (gray circles) 

vs. control subjects (white circles) for absolute and relative workloads. Black circles: mean ± SD 

for n=7 (control) vs. n=8 (diabetes). 
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Discussion 

 

The novel findings of this study were threefold. Firstly, male patients with T2DM without symptomatic 

cardiovascular disease exhibited a reduction in cerebral perfusion and oxygenation during incremental 

exercise compared with nondiabetic matched controls. The blunted CBF was associated with an 

Figure 3. Cerebral blood flow derived by Fick’s principle from inverse arterio-jugular venous oxygen 

difference (CBFFick), middle cerebral artery mean flow velocity (MCA Vmean), cerebrovascular conductance 

index (CVCi), brain capillary oxygen tension (PcapO2) and saturation (ScapO2), and cerebral mitochondrial O2 

tension (PMitoO2) responses during exercise in type 2 diabetic patients (closed circles) vs. control subjects 

(open circles). † P<0.05 vs. rest; ‡ P<0.01 vs. rest; * P<0.05 vs. control; ** P<0.01 vs. control. Values are 

mean ± SD for n=7 (control) vs. n=8 (diabetes). 
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attenuated increase in cerebral and systemic vascular conductance. Secondly, cerebral oxygenation 

reached its lowest level at exhaustion at a 20% lower workload in the T2DM patients and they 

expressed a higher level of RPE than the healthy controls. Finally, CMRO2 and cerebral uptake of 

carbohydrate were maintained in the T2DM patients despite the blunted increase in cerebral perfusion 

during exercise. Accordingly, early reduction in cerebral capillary oxygenation and PMitoO2, rather than 

deranged brain metabolism could represent a limiting factor for T2DM patients’ exercise capacity.  

 

Blunted increase in cerebral blood flow  

Normative aging is associated with reductions in global and regional resting CBF, and in cerebral 

metabolism with a ~15% reduction in gray matter flow between the 3rd and 5th decade.166,167 The 

systemic 211 and cerebral 212 vascular conductance response to exercise is mitigated with aging and 

our current results suggest that the increase in CBF during exercise is even lower in T2DM patients.  

 Both healthy subjects and patients with heart failure provide direct and indirect evidence for that 

CBF is under influence of sympathetic activity.13,78,213,214 The T2DM patients demonstrated no signs of 

cardiovascular autonomic neuropathy and their dynamic CA capacity was not affected. 

 With the exercise-induced hyperbolic increase in ventilation at high work rates and therefore 

reduction in PaCO2, cerebral perfusion and oxygenation decreased in both groups of subjects. This 

may have contributed to limit cerebral perfusion at the higher workloads (120 and 150 W). The healthy 

control subjects demonstrated an increase in cerebral perfusion at low workloads. In contrast, in the 

patients a reduction in brain perfusion was observed even at the first two levels of exercise (60 and 

90 W) for which PaCO2 was comparable among the two groups of subjects.  

 T2DM patients demonstrate impaired endothelium-dependent vasodilatation with attenuated 

increase in limb blood flow during exercise.204,215 In healthy subjects, hyperglycemia is associated with 

reduced glycocalyx volume and impaired endothelium-dependent flow-mediated dilatation due to 

reduced NO availability 216 and cerebrovascular conductance is attenuated during exercise.146 

Furthermore, cerebral vasodilatory ability is impaired in T2DM, reflected by affected CO2 

responsiveness 158 and associated with endothelial dysfunction,217 even without overt microvascular 

complications,218 which also may have contributed to the blunted increase in CBF during exercise.  

 Consideration must be given to the variable effects on CBF of different antihypertensive agents. 

The cerebral circulation has angiotensin receptors that may account for the improved CBF and 

favorable autoregulatory responses in hypertensive patients treated with ACE inhibitors and 

angiotensin receptor blockers. Also, calcium channel blockers increase CBF and are used to treat 

cerebral vasospasms after subarachnoid hemorrhage. Beta blockade blunts the CO response to 

exercise,20,219 but the use of beta blockers was considered as an exclusion criterion. Thus, any effect 

of antihypertensive agents during exercise should lead to augmenting CBF and yet more subjects in 

the diabetic group were on antihypertensive medication, discounting the role of antihypertensive drugs 

as a potential confounder. Although we consider it unlikely that the changes in CO and CBF 

documented in the T2DM patients in this study are due to the small differences in use of medications, 

it is important to note that the T2DM patients included in this study were selected among the 

healthiest segment of the T2DM population without any clinical signs of micro- or macrovascular  
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complications. Accordingly, there are reasons to believe that the changes documented in this study if 

anything may be even more pronounced in T2DM patients with a more severe burden of 

complications and use of medications.       

 CO is important for cerebral perfusion during exercise, independently of arterial pressure.20,78,85, 

179,181 For example, the increase in CO during exercise is attenuated following administration of a β-

adrenergic blocking agent and also the increase in cerebral perfusion is reduced to about half of the 

Figure 4. Brain cumulated 

uptake rates of glucose 

and lactate, and the total 

carbohydrate uptake 

balance (glucose + 

½lactate – 1/6O2) during 

exercise in type 2 diabetic 

patients (closed circles) 

vs. control subjects (open 

circles). † P<0.05 vs. rest; 

‡ P<0.01 vs. rest. Values 

are mean ± SD for n=7 

(control) vs. n=8 

(diabetes). 
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normal response.20,219 Similarly, in patients with cardiac insufficiency, there is a direct relationship 

between the ability to increase CO and cerebral perfusion during exercise.21 In patients with severe 

heart failure CBF is reversibly reduced, substantiated by a significant increase in CBF after heart 

transplantation.220 We consider that the reduced increase in CO in the T2DM patients in response to 

exercise may be a consequence of their cardiac dysfunction 198,221 and potentially a result of impaired 

myocardial muscle energy metabolism,44 as well as an attenuated increase in skeletal muscle blood 

flow.222 Tight coupling between CO and O2 uptake is supported by the 20% lower CO and work 

capacity in the patients and higher blood lactate levels at any given workload. This study conforms to 

data demonstrating a reduced capacity to increase cardiac performance during exercise in T2DM 

patients.197,223 Due to a limited potential for capillary recruitment within the brain,200 enhanced O2 

supply depends on the capacity to increase CBF. Accordingly, limited exercise capacity in T2DM 

patients may be attributed to their inability to increase cerebrovascular vascular conductance, which in 

turn could be a consequence of their limitation in cardiac performance.  

 Type 2 diabetes is associated with a markedly increased cardiovascular morbidity and 

mortality.224 However, in contrast to the general belief that heart disease may be a consequence or 

complication of diabetes, there is growing evidence of the reverse scenario; i.e. that heart failure - and 

thus reduced CO – may be a significant risk factor preceding and precipitating the development of 

overt T2DM.225,226 The mechanism(s) responsible for this association is yet unidentified, but may 

include insulin resistance due to impaired peripheral blood flow, sympathetic activation, subclinical 

inflammation, and/or perhaps physical inactivity as a result of reduced cerebral oxygenation during 

exercise as shown in this study. 

 

Cerebral oxygenation and fatigue 

PmitoO2 is a global estimate of cerebral oxygenation and a reduction by more than ~5 mm Hg is 

associated with elevated cerebral lactate production and reduced work capacity.73,227 With a reduction 

in cerebral perfusion and an increase in CMRO2 during intense exercise 219 PMitoO2 declines. A 

mismatch between neuronal activity and O2 delivery during exercise and the accompanying drop in 

cerebral oxygenation reflected in PMitoO2 may affect activation of exercising skeletal muscles, i.e. 

induce so-called central fatigue.73,179,202,227,228 Exhaustive exercise provokes cerebral deoxygenation 

and indices of supraspinal fatigue similar to what is observed during exercise in hypoxia,229-231 

indicating that reduced cerebral oxygenation is important for the development of fatigue.73,202 In the 

T2DM patients included in this study, cerebral oxygenation declined together with cerebral perfusion 

in the early stages of exercise. The finding that cerebral oxygenation reached its lowest level at 

exhaustion supports that cerebral oxygenation is a critical factor for dynamic exercise.179,202 However, 

the extent to which the low level of cerebral oxygenation at exhaustion provokes fatigue remains 

debated.232-234 

 

Cerebral metabolism  

The coupling between cerebral perfusion and metabolic demand becomes altered during 

somatosensory stimulation.235 The brain uptake rate for glucose and lactate was comparable among 
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groups, indicating that the blunted CBF response in T2DM patients did not affect the brain’s non-

oxidative carbohydrate consumption. No single cause of fatigue has been identified and fatigue is, 

therefore, considered to be multifactorial with a focus on skeletal muscle abnormalities. For instance 

T2DM skeletal muscle demonstrates a transient imbalance of muscle O2 delivery relative to O2 uptake 

after onset of exercise attributed to impaired vasodilatation.236 The increase in plasma lactate during 

exercise for a given workload was larger in the patients with T2DM which together with their high RPE 

conform to a low work capacity. Yet, for subjects with T2DM especially blood lactate may reflect the 

hepato-splanchnic lactate elimination rate affected by metformin. 

 

Methodological considerations 

Given the inherent limitations associated with employing brain-imaging techniques during vigorous 

dynamic exercise, we used arterial-to-internal jugular venous differences to assess cerebral perfusion 

and oxygenation in T2DM patients and nondiabetic controls. The subjects were not screened for 

coronary artery disease but performed maximal exercise without symptoms of cardiac ischemia. 

During incremental exercise RPE was higher in the patients who were ~5 years older with a slightly 

higher body mass index, but there was no relation between the cerebrovascular response and age or 

body mass index. Despite the small sample size due to the invasive nature of this study, the 

differences in hemodynamic response was quantitatively large (~20%).  

 

Conclusion  

The present findings demonstrate an attenuated increase in cerebrovascular conductance during 

exercise in type 2 diabetic patients with a reduction in CBF and brain oxygenation but maintained 

CMRO2 and uptake of carbohydrate. Physical activity is a key element in the prevention and 

management of T2DM, but many patients are not physically active maybe due to fatigue. The data 

suggest that in T2DM inability of the cerebral vasculature to vasodilate interferes with the exercise-

induced increase in CBF and brain oxygenation, potentially provoking a central limitation to physical 

activity related to reduced capability to increase cardiac output.  
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Abstract 

 

Background and Purpose  

Sickle cell disease (SCD) is associated with cerebral hyperperfusion and an increased risk of stroke. 

Also, both recurrent microvascular obstruction and chronic hemolysis affect endothelial function, 

potentially interfering with systemic and cerebral blood flow control. We addressed the question 

whether cerebrovascular control in patients with SCD is affected and related to hemolysis. 

Methods  

Systemic and cerebrovascular control were studied in 18 patients with SCD and 10 healthy subjects. 

Dynamic cerebral autoregulation was evaluated by transfer function analysis assessing the 

relationship between mean cerebral blood flow velocity and mean arterial pressure.  

Results  

Normal baroreflex sensitivity and postural cardiovascular reflex responses indicated integrity of 

systemic cardiovascular control. In the low frequency (0.07 to 0.15 Hz) region, mean arterial pressure 

variability was comparable for both groups, but a larger mean cerebral blood flow velocity variability in 

SCD (6.1 [4.6 to 7.0] vs. 4.2 [2.6 to 5.2] [cm·s-1]2·Hz-1, P<0.05) indicated a reduced capacity to buffer 

the transfer of blood pressure surges to the cerebral tissue. Impairment of dynamic cerebrovascular 

control was confirmed by a reduced mean arterial pressure-to-mean cerebral blood flow velocity 

transfer function phase lead in SCD vs. healthy subjects (32±17° vs. 50±19°, P<0.05) that was 

unrelated to the severity of hemolysis.  

Conclusions  

In patients with SCD, dynamic cerebral autoregulation is impaired but appears unrelated to hemolysis.   
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Introduction 

 

Sickle cell disease (SCD) exhibits coexistence of contrasting perfusion profiles with microcirculatory 

hypoperfusion and systemic circulatory hyperperfusion with increased regional blood flow.237 Patients 

with SCD are proposed to have a lower systemic vascular resistance238 and blood pressure (BP)239 

compared with healthy subjects, yet cerebral infarction with acute neurological deficits affects 5% to 

17% of patients with SCD by 15 years of age.240-242 Silent cerebral infarctions are present in 

approximately one third of homozygous patients with SCD without clinically apparent neurological 

events,241 but whether control of cerebral blood flow (CBF) functions normally is unknown.    

 Generally, BP is a determinant of the risk of ischemic stroke. Although in patients with SCD BP is 

within the so-called cerebrovascular autoregulatory range, where constancy of CBF is maintained for 

a wide range of BP, patients may be nevertheless exposed to cerebral hyperperfusion243 reflected by 

an increased CBF and cerebral blood flow velocity (CBFV).244-246 Cerebral hyperemia is assumed to 

be a consequence of the anemic state and a relationship with a higher incidence of stroke in patients 

with SCD has been proposed.240 This questions the efficacy of cerebrovascular autoregulatory 

capacity to protect the brain against hyperperfusion.  

 Furthermore, SCD is characterized by recurrent microvascular obstruction and chronic hemolysis. 

Both affect endothelial function and are associated with a reduced nitric oxide (NO) bioavailability as 

the result of reduced formation of NO and increased scavenging of NO by cell-free circulating 

hemoglobin (Hb) released due to chronic hemolysis. Cerebrovascular endothelium plays an important 

role in the regulation of CBF117 and endothelial dysfunction may interfere with cerebral autoregulation.  

 We questioned whether cerebrovascular control in patients with SCD is affected and related to 

hemolysis, and therefore set out to evaluate systemic cardiovascular and cerebral blood flow control 

in patients with SCD in relation to the degree of hemolysis. 

 

 

Subjects and Methods 

 

Subjects 

Afro-Caribbean black subjects with SCD and age- and ethnicity-matched healthy subjects (CTRL) 

were consecutively recruited from the outpatient clinic at the Academic Medical Center. Group 

characteristics are presented in Table 1. All subjects gave their written informed consent as approved 

by the Academic Medical Center Medical Ethical Committee and experiments were performed in 

accordance with the Declaration of Helsinki. Only patients with SCD with genotype HbSS or HbSβ0 

thalassemia, confirmed by high-performance liquid chromatography, were included in the study. 

Exclusion criteria consisted of: a sickle cell crisis in the preceding 4 weeks, history of symptomatic 

cerebrovascular disease, clinical manifestation of heart failure or other cardiovascular diseases, 

uncontrolled hypertension (BP >160/100 mm Hg), orthostatic hypotension, use of medication with 

potential influence on autonomic cardiovascular function, or a blood transfusion in the preceding 4 

months. The studies were performed in morning sessions in a room at 22ºC. Subjects were requested 
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to abstain from caffeinated beverages for at least 12 hours before measurements.  

  

Blood Samples 

Degree of hemolysis was represented by Hb, reticulocyte count, lactate dehydrogenase (LDH), and 

haptoglobin plasma levels. Venous blood samples were drawn from all subjects and centrifuged 

immediately at 3000 g for 15 minutes and then stored at -80ºC. Complete blood counts (Hb, 

hematocrit, leucocyte, reticulocyte percentage) were determined (Cell-Dyn 4000; Abbott) and LDH 

was analyzed using spectrophotometry (Roche Hitachi Modular P800, Basel, Switzerland).  

 
 

Table 1 Group Characteristics 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*
 *defined as BP >140/90 mm Hg. † P<0.05 and ‡ P<0.01 vs. CTRL. Data are presented as means (SD) 
or medians (interquartile range). SpO2 indicates O2 saturation. 
 

 

Hemodynamic Parameters 

Continuous BP was measured non-invasively by a servo-controlled finger photoplethysmograph 

(Portapres; FMS, Amsterdam, The Netherlands) with the cuff placed on the middle phalanx of the left 

middle finger kept at heart level. Changes in BP measured by photoplethysmography are not different 

from intra-arterial BP measurements both at rest and during orthostatic stress.112 An automated non-

invasive BP measuring device (HEM-705CP; Omron, Kyoto, Japan) was used to calibrate the finger 

BP measurements. Stroke volume was determined by pulse wave analysis using the Modelflow 

Characteristic  CTRL (n=10) SCD (n=18) 

    
Male/female   3/7              5/13  

Age, years  35  (9) 33  (12) 

Body mass index, kg/m
2
  25.6  (4.6) 22.1 (3.0)† 

History of hypertension*  0  0  

BP, mm Hg 

    Systolic 

    Diastolic 

    Mean 

  

120 

78 

92 

 

(9) 

(6) 

(6) 

 

120 

72 

88 

 

(11) 

(7)† 

(8) 

SpO2, %  97.4 (0.8) 96.3 (1.3)† 

Hb, mmol/L  8.0 (7.6-8.3) 5.7 (5.3-6.1)‡ 

Hematocrit, L/L  0.39 (0.03) 0.26 (0.04)‡ 

LDH, U/L  154 (24) 392 (328-454)‡ 

Reticulocyte, %  1.4 (0.8-1.7) 7.1 (6.4-9.5)‡ 

Organ damage 

    Microalbuminuria 

    Pulmonary hypertension 

    Retinopathy 

  

0 

0 

0 

  

7 

5 

2 

 

Medication 

   Hydroxyurea 

   Folic acid 

  

0 

0 

 

 

 

6 

18 
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method (BeatScope 1.0 software; BMEye, Amsterdam, The Netherlands).112 Heart rate (HR) was the 

inverse of the interbeat interval. Cardiac output was the product of HR and stroke volume, and 

systemic vascular resistance was mean arterial pressure (MAP) divided by cardiac output. The 

transcranial Doppler (DWL Multidop X4, Sipplingen, Germany)-derived CBFV was measured in the 

proximal segment of the right middle cerebral artery (MCA) and the MCA was insonated through the 

posterior temporal window. Once the optimal signal-to-noise ratio was obtained, the probe was 

secured with a headband (Marc 600; Spencer Technologies, Seattle, Wash, USA). Arterial CO2 

tension influences CBF independently of cerebral autoregulation.81 To account for the cerebrovascular 

effects of CO2, end-tidal CO2 tension was measured by a sampling infrared capnograph (Tonocap; 

Datex-Ohmeda, Madison, Wisc, USA). Transcutaneous O2 saturation was measured using a pulse 

oximeter (Novametrix 515A; Wallingford, Conn, USA). The signals of BP, spectral envelope of MCA 

velocity, and end-tidal CO2 tension were analog-to-digital-converted at 100 Hz and stored on a hard 

disk for off-line analysis.  

 

Systemic Cardiovascular Control 

The MAP, HR, and systemic vascular resistance responses to orthostatic stress assessed efferent 

sympathetic vasomotor function.247 Afferent, central, and vagal efferent baroreceptor reflex pathways 

were evaluated by quantifying baroreflex sensitivity using the sequential method.248 Beat-to-beat 

values of systolic BP and interbeat interval were interpolated and resampled at 1 second. Cross-

correlations were calculated using a 10-second window containing systolic BP for delays in the 

interbeat interval window of 0 to 5 seconds. The highest coefficient of correlation was selected and 

accepted if P<0.01. Baroreflex sensitivity was the slope of the regression line between changes in 

interbeat interval vs. systolic BP, expressed as ms·mm Hg-1. 

 

Cerebral Blood Flow Control  

For static and dynamic cerebral autoregulation please see the Methods section (Chapter 2). The 

Gosling pulsatility index of the MCA was taken as an index of cerebral microangiopathy expressed as 

the amplitude of CBFV divided by time-averaged CBFV.132  

 

Statistical analysis  

Data are presented as means (SD) or medians (interquartile range). Differences between groups 

were identified by unpaired Student t-test when data fitted a normal distribution, and a Mann-Whitney 

rank sum test was applied when data were not normally distributed. Two-way analysis of variance 

was used to identify differences across condition (SCD vs. CTRL) and body position. P<0.05 was 

considered to indicate a statistically significant difference. To investigate the relationship between 

hemolysis and dynamic cerebral autoregulatory capacity, a multivariate stepwise regression model 

was constructed with MAP-to-MCA Vmean transfer function phase as the dependent variable and Hb 

and LDH as the independent variables as well as age, systolic and diastolic BP, hematocrit, 

reticulocyte count, presence of chronic organ failure (pulmonary hypertension, retinopathy, 

microalbuminuria), use of hydroxyurea or folic acid, and BMI with forward entry and removal. 
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Results 

 

Group Characteristics and Baseline Measurements 

Eighteen Afro-Caribbean black subjects (5 male and 13 female) with SCD (17 patients with HbSS and 

one with HbSβ0 thalassemia) and 10 age- and ethnicity-matched healthy subjects (3 male and 7 

Table 2 Cerebrovascular and Cardiovascular Response to Postural Change  
 

 

Groups      Supine  
Standing 
 t = 5 min 

 

    ∆  P  

          

MAPheart, mm Hg 
CTRL 83  (10) 93  (10) +13 %* 

0.28 
SCD  80  (7) 91  (11) +14 %* 

          

MAPbrain, mm Hg 
CTRL 83  (10) 71  (9) -15 %* 

0.15 
SCD 80  (7) 68  (11) -15 %* 

          

MCA Vmean, cm·s
-1

 
CTRL 64  (13) 56  (11) -14 %* 

<0.001 
SCD 87  (16)  76  (14) -13 %* 

          

CVR, mm Hg·cm
-1

·s
-1

 
CTRL 1.35  (0.23) 1.30  (0.25)       -4 % 

<0.001 
SCD 0.94  (0.16)  0.90  (0.16)       -5 % 

          

HR, beats/min 
CTRL 72  (13) 81  (4) +13 %* 

0.34 
SCD 75  (8) 86  (12) +14 %* 

          

SV, ml 
CTRL 96  (14) 68  (9) -29%* 

0.57 
 SCD 96  (16) 73  (12) -25%* 

          

CO, L·min
-1

 
CTRL 6.8  (1.2) 5.5  (0.8) -19%* 

0.13 
SCD 7.1  (1.1) 6.0  (0.9) -15%* 

          

SVR, dyn·s·m
-5

 
CTRL 731  (182) 1022  (229) +40%* 

0.012 
SCD 638  (78) 871  (135) +37%* 

          

PETCO2, mm Hg 
CTRL 39.8  (2.7) 37.3  (2.3)  -6 %* 

0.72 
SCD 39.3  (2.6) 37.5  (2.4)  -4 %* 

          

Pulsatility Index 
CTRL 0.78  (0.15) 0.75  (0.14)      -4 %   

0.90 
SCD 0.78  (0.10) 0.78  (0.10)      -1 % 

          

BRS, ms·mm Hg
-1

 
CTRL 19  (8) 10  (5) -49%* 

0.93 
SCD 19  (12) 10  (4) -47%* 

 

* P<0.01 vs. supine. P: Probability value represents overall difference between CTRL and SCD groups. Data 
are given in means (SD) for n=10 (CTRL) vs. n=18 (SCD).  
CVR indicates cerebrovascular resistance; SV, stroke volume; CO, cardiac output; SVR, systemic vascular  
resistance; PETCO2, end-tidal CO2 tension; BRS, baroreflex sensitivity. 
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female, CTRL) were included. Among the SCD vs. CTRL groups, there were no differences with 

regard to gender ratio and age, whereas body mass index, O2 saturation, diastolic BP (P<0.05; Table 

1) and systemic vascular resistance (P=0.012) were lower in SCD. In the SCD group, plasma LDH 

and reticulocyte count were higher and Hb lower (P<0.01), whereas haptoglobin was undetectably 

low. A limited (<15%) variation of these values in the preceding 2 years conformed to a relatively 

stable level of hemolysis. Baseline MAP, HR, stroke volume, cardiac output, end-tidal CO2 tension, 

and pulsatility index were comparable between groups (Table 2). MCA Vmean was higher (87±16 vs. 

64±13 cm·s-1; P<0.01) and cerebrovascular resistance lower (0.94±0.16 vs. 1.35±0.23 mm Hg·cm-1·s-

1; P<0.01) in SCD.  

 

Figure 1 Cerebro- and 

cardiovascular 

response to postural 

change. The steady-

state hemodynamic 

response to standing 

was comparable 

between the SCD 

group (n=18, gray line) 

and the CTRL group 

(n=10, black line). Bar 

indicates standing. 
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Systemic Cardiovascular Control 

A normal orthostatic increase in systemic vascular resistance confirmed intact efferent sympathetic 

vasomotor function in SCD (Figure 1). The postural reduction in stroke volume and cardiac output did 

not differ between groups. A normal orthostatic HR response together with normal baroreflex 

sensitivity indicated intact parasympathetic HR control in SCD.  

 

Cerebral Blood Flow Control  

The postural decline in MAPbrain (-15%), MCA Vmean (-13% vs. -14%), and end-tidal CO2 tension  

(-4% vs. -6%) was comparable. In one subject from the CTRL group and in 2 subjects from the SCD 

group, coherence was <0.5 and these data were excluded from further analysis. MAP low frequency 

power was comparable for both groups (Table 3), whereas MCA Vmean low frequency power was 

higher in the SCD group (6.1 [4.6 to 7.0] vs. 4.2 [2.6 to 5.2] [cm·s-1]2·Hz-1; P=0.043). Representative 

examples of individual recordings are given in Figure 2. In the SCD group, the transfer function phase 

lead between MCA Vmean and MAP was lower (32° [23° to 38°] vs. 50° [44° to 60°]; P<0.05; Figure 3), 

with phase lead lower than 40° in 83% of the patients. MAP-to-MCA Vmean transfer function phase did 

not relate to Hb, LDH, hematocrit, reticulocyte count, age, systolic and diastolic BP, body mass index, 

use of hydroxyurea or folic acid, and presence of chronic organ damage. Also, no relationship was 

found between Hb levels and MCA Vmean. 

Figure 2 Representative 

continuous recordings of BP and 

CBFV.  A) Healthy control 

subject and B) a patient with 

SCD. BP variability is 

comparable, whereas CBFV 

variability is enhanced in the 

patient with SCD indicating a 

reduced capacity to buffer the 

transfer of BP fluctuation to the 

cerebral circulation. 
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Table 3 Transfer Function Gain, Phase, and Coherence Function During Standing 

Low Frequency (0.07 to 0.15 Hz) CTRL (n=9) SCD (n=16) 

       
MAP power, mm Hg

2
·Hz

-1
 4.0  (1.3) 4.4  (3.7) 

MCA Vmean power, (cm·s
-1

)
2
·Hz

-1
 4.2  (2.6-5.2) 6.1  (4.6-7.0)* 

Coherence, k
2
 0.86  (0.08) 0.85  (0.08) 

Phase, degrees 50  (44-60) 32  (23-38) * 

Normalized gain, %·mm Hg
-1

 1.65  (0.36) 1.69  (0.28) 

 
* P<0.05 vs. CTRL. Data are presented as means (SD) or medians (interquartile range). 

Figure 3 Cross-spectral 

analysis of the entire 

spectrum from 0 to 0.30 

Hz. Group averaged 

MAP and Vmean 

variability, coherence, 

phase and normalized 

gain between MAP and 

Vmean are shown for 

SCD (n=16, gray line) 

vs. CTRL groups (n=9, 

black line). Lines 

indicate low frequency 

(0.07 to 0.15 Hz) range. 
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Discussion 

 

The present study provides novel information regarding the control of CBF in patients with SCD. We 

found evidence for impairment of dynamic cerebral autoregulation in SCD that appeared unrelated to 

the degree of hemolysis, whereas systemic cardiovascular control was unaffected.   

 Impaired cerebral autoregulation has been linked to an increased risk for stroke,249 particularly in 

severe obstructive carotid artery disease.250 Silent cerebral infarctions are present in approximately 

one third of homozygous patients with SCD.241 The observation in the present study that 

cerebrovascular autoregulatory capacity was affected in the majority of consecutively recruited 

patients with SCD with asymptomatic cerebrovascular disease supports that impairment of dynamic 

CBF control precedes cerebral ischemic events. Our data represent the findings in adult patients and 

may therefore not be applicable in young children with homozygous SCD. However, although the 

clinical presentation of stroke appears to differ between children and adult patients with SCD, it seems 

likely that these clinical forms represent the same pathophysiological process. Both homozygous SCD 

and low Hb are major risk factors for both ischemic and hemorrhagic stroke in SCD. In addition, many 

patients with SCD present with secondary hemorrhagic stroke after a previous ischemic stroke.240 

Future long-term follow-up studies in both young and adult patients with SCD are needed to 

strengthen these assumptions. 

 Impairment of dynamic cerebral autoregulation in patients with SCD puts forward a potential 

linkage to cerebral small vessel disease. This notion is supported by the finding that cerebral 

autoregulation is equally impaired in patients with Type 2 diabetes.153,251 The higher variability in 

CBFV in the SCD group indicated a reduced capacity to buffer the transfer of BP surges to the 

cerebral tissue. Impairment of dynamic cerebrovascular control was confirmed by a reduced phase 

lead of the BP-to-CBFV transfer function in SCD. In a previous study, the cerebral arterial pulsatility 

index has been proposed as an indicator of cerebral microangiopathy in patients with diabetes.132 

However, this was not substantiated in the present study, questioning its applicability in patients with 

SCD. 

 SCD is characterized by an ongoing state of vascular inflammation with endothelial activation,252 

resulting in microvascular damage. This process is enhanced by the elevated oxidative stress 

associated with chronic hemolysis added to ischemia-reperfusion injury due to transient vaso-

occlusive events.253 Both result in reduced NO bioavailability due to NO scavenging by cell-free 

hemoglobin and reduced NO formation due to increased arginase levels.254 We did not measure NO 

concentrations, but consider that the relationship between hemolysis and NO bioavailability is well 

established.255 Controversies exist regarding the role of NO in dynamic cerebral autoregulation in 

humans.256,257 We acknowledge that in the present study indirect markers of hemolysis were used 

based on a small sample size, however, no relationship was found between dynamic cerebral 

autoregulatory capacity and severity of hemolysis. Larger studies are needed to establish the 

functional significance of this observation. 

 An inverse relationship between CBF and hematocrit level has been reported under physiological 

conditions both in animal models,258-260 and in humans.261,262 In the present study, no relationship was 
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found between either CBFV or dynamic cerebral autoregulatory capacity and Hb, rendering a role for 

anemia as an independent factor in the impairment of dynamic cerebral autoregulation unlikely. The 

finding of an elevated CBFV in the SCD group does not in itself imply affected dynamic cerebral 

autoregulation. For instance, in healthy subjects, CBFV changes in response to postural stress, 

exercise, and hyperglycemia independently of cerebral autoregulatory capacity.146 

 Hydroxyurea has been demonstrated to reduce CBFV in children with SCD.263 Although 

hydroxyurea may reduce cellular adhesion of leukocytes and erythrocytes to endothelial cells,264 there 

are no data indicating an effect of folic acid or hydroxyurea on dynamic cerebral autoregulation. In the 

present study, all patients were treated with folic acid and 6 patients received hydroxyurea, whereas 

no correlation was found between the use of hydroxyurea or folic acid and transfer function phase.  

 The finding of comparable cardiac output but lower systemic vascular resistance and diastolic 

blood pressure in SCD vs. CTRL is consistent with earlier observations.239,265,266 In contrast to an 

earlier report,267 we found intact baroreflex cardiovascular control and no signs of cardiovascular 

autonomic dysfunction in the SCD group. Thus, integrity of cardiovascular control contrasts to 

impairment of dynamic cerebrovascular control in patients with SCD.  

 Sickle cell disease is associated with an increased CBFV assessed by transcranial Doppler 

ultrasonography.268 Blood flow velocity rather than blood flow was monitored and it could be 

considered that changes in the diameter of the insonated vessel by enhanced sympathetic activity 

modulate blood flow velocity independently of flow. However, the large cerebral arteries are 

conductance rather than resistance vessels and moderate sympathetic activation does not modify the 

luminar diameter of a systemic conduit artery.85 Thus, CBF increases in proportion to changes in MCA 

mean blood flow velocity,179,269,270 or in internal carotid flow,271 and constancy of the diameter links 

changes in CBFV to changes in flow.63 An increased blood flow velocity may reflect intracranial 

stenosis in the MCA at the background of an unchanged global CBF, but it also may indicate cerebral 

hyperperfusion as a compensatory response to a SCD-associated reduced O2-binding capacity. 

Recently, an increased CBFV in patients with SCD has been attributed to hyperperfusion rather than 

intracranial stenosis,243 which conforms to earlier studies reporting an increased CBF as determined 

by 133Xe244 and MRI.246  

 In conclusion, the capacity to buffer the transfer of blood pressure surges to the cerebral tissue is 

reduced in patients with SCD but appears unrelated to hemolysis. Whether a hampered dynamic 

cerebral autoregulation plays a role in the high incidence of cerebrovascular complications in SCD 

remains to be elucidated.  
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Abstract 

 

Sickle cell disease (SCD) is associated with a high incidence of ischemic stroke. SCD is characterized 

by hemolytic anemia, resulting in reduced nitric oxide-bioavailability, and by impaired cerebrovascular 

hemodynamics. Cerebrovascular CO2 responsiveness is nitric oxide dependent and has been related 

to an increased stroke risk in microvascular diseases. We questioned whether cerebrovascular CO2 

responsiveness is impaired in SCD and related to hemolytic anemia. Transcranial Doppler-determined 

mean cerebral blood flow velocity (Vmean), near-infrared spectroscopy-determined cerebral 

oxygenation, and end-tidal CO2 tension were monitored during normocapnia and hypercapnia in 23 

patients and 16 control subjects. Cerebrovascular CO2 responsiveness was quantified as ∆% Vmean 

and ∆µmol/L cerebral oxyhemoglobin, deoxyhemoglobin, and total hemoglobin per mm Hg change in 

end-tidal CO2 tension. Both ways of measurements revealed lower cerebrovascular CO2 

responsiveness in SCD patients vs. controls (Vmean, 3.7, 3.1–4.7 vs. 5.9, 4.6–6.7 ∆% Vmean per mm 

Hg, P<0.001; oxyhemoglobin, 0.36, 0.14–0.82 vs. 0.78, 0.61–1.22 ∆µmol/L per mm Hg, P=0.025; 

deoxyhemoglobin, 0.35, 0.14–0.67 vs. 0.58, 0.41–0.86 ∆µmol/L per mm Hg, P=0.033; total-

hemoglobin, 0.13, 0.02–0.18 vs. 0.23, 0.13 – 0.38 ∆µmol/L per mm Hg, P=0.038). Cerebrovascular 

CO2 responsiveness was not related to markers of hemolytic anemia. In SCD patients, impaired 

cerebrovascular CO2 responsiveness reflects reduced cerebrovascular reserve capacity, which may 

play a role in pathophysiology of stroke. 
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Introduction 

 

Cerebral infarction is one of the most devastating complications of sickle cell disease (SCD), 

occurring in approximately 10% of patients in the first 2 decades of life.240,272,273 Furthermore, silent 

cerebral infarctions occur in approximately 17% of pediatric patients274,275 and are associated with 

poor educational and cognitive functioning.276 SCD is characterized by chronic hemolytic anemia and 

ongoing vaso-occlusion with exacerbations often requiring medical care.252,277,278 The vaso-occlusive 

process in SCD is of a complex nature mediated by red cell and leukocyte adhesion, inflammation, 

oxidative stress, and a hypercoagulable state, all resulting in endothelial injury and dysfunction.277 In 

addition, by reducing the nitric oxide (NO) bioavailability and by damaging the endothelium through 

the catalyzation of oxidative reactions in endothelial cells, chronic hemolysis leads to vascular 

complications.254,279,280 

 Elevated cerebral blood flow (CBF) velocity (≥ 200 cm·s-1), measured by transcranial Doppler 

(TCD), has been identified as a risk factor for stroke in SCD.281 However, little is known about the 

mechanism of (ischemic) stroke in SCD patients, and it has not been elucidated whether the 

increased CBF velocity plays a causative role in stroke or whether it is a result of SCD-related 

hemodynamic disturbances.  

 CBF is tightly regulated to maintain constancy of cerebral perfusion in the face of various systemic 

blood pressures by both local mechanisms and autonomic control (cerebral autoregulation).2,282-284 

Recently, we demonstrated that dynamic cerebral autoregulation is impaired in SCD.189 Independent from 

cerebral autoregulation, the influence of the partial arterial carbon dioxide (CO2) tension on CBF is of 

importance. Under normal conditions, increments and decrements of the partial arterial and thus end-tidal 

CO2 tension (PETCO2) increase and decrease CBF by cerebral vasodilatation and vasoconstriction, 

respectively.93 This phenomenon is known as the cerebrovascular CO2 responsiveness and reflects the 

vasodilatatory capacity of the cerebral vasculature or cerebrovascular reserve capacity.257,282,285-287 A 

reduced cerebrovascular reserve capacity has been demonstrated to be an independent predictor of 

cerebrovascular ischemic events.288-290 

 Cerebrovascular CO2 responsiveness has been demonstrated to be impaired in patients with 

endothelial dysfunction and cerebral microangiopathy, possibly the result of a reduced NO 

bioavailability.217,291,292 Because SCD is associated with increased risk of stroke and characterized by low 

NO bioavailability resulting from its decreased generation (endothelial dysfunction)278 and increased 

scavenging by cell-free heme (chronic hemolysis),254,279 we tested the hypothesis that the cerebrovascular 

CO2 responsiveness is impaired in SCD and may be related to the degree of hemolysis.  

 The cerebrovascular CO2 responsiveness can be quantified by relating changes in TCD-determined 

middle cerebral artery (MCA) mean CBF velocity (Vmean) or near-infrared spectroscopy (NIRS)-determined 

changes in frontal cortical hemoglobin concentrations to artificially increased PETCO2 as an estimate of 

arterial CO2 tension.107,293 In this study, we evaluated cerebrovascular CO2 responsiveness in SCD 

patients by simultaneously recording changes in both MCA Vmean and frontal cortical concentrations of 

oxygenated (oxyhemoglobin, [O2Hb]), deoxygenated (deoxyhemoglobin, [dHb]), and total hemoglobin ([t-

Hb]) in response to hypercapnia.292,293  
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Methods 

 

Study population 

Consecutive SCD patients of the outpatient clinic of the department of Clinical Hematology, Academic 

Medical Center, Amsterdam and age-, gender-, and ethnicity-matched healthy normal hemoglobin AA 

controls were recruited for the study. Inclusion criteria for SCD patients were age more than or equal 

to 18 years and homozygous sickle cell anemia (HbSS) confirmed by high performance liquid 

chromatography. Exclusion criteria were history of stroke, hypertension (systolic > 140 mm Hg and/or 

diastolic > 90 mm Hg), use of cardiovascular medication, blood transfusion in the preceding 4 months, 

and acute vaso-occlusive events (painful crises, acute chest syndrome, sequestration crises, or 

priapism) in the preceding 4 weeks. All participants received verbal and written explanation of the 

objectives and procedure of the study and subsequently provided written informed consent. The study 

was approved by the Academic Medical Center Medical Ethical Commission and experiments were 

performed in accordance with the Declaration of Helsinki. 

 

 

Recordings 

The TCD (DWL Multidop X4, Sipplingen, Germany)-derived CBF velocity was measured in the proximal 

segment of the MCA and insonated through the posterior temporal window. Once the optimal signal-to-

noise ratio was obtained, the probe was secured with a headband (Marc 600, Spencer Technologies, 

Seattle, USA). MCA Vmean was used for evaluation of changes in CBF assuming that changes in MCA 

Vmean are representative of those in CBF. TCD monitors blood flow velocity rather than blood flow, and 

changes in the diameter of the insonated vessel could modulate velocity independently of flow. However, 

the MCA is a conductance rather than a resistance vessel, and changes in mean arterial pressure and CO2 

have negligible effects on its luminal diameter.63,294 

 Changes in cerebral oxygenation were monitored using NIRS (Oxymon, Artinis Medical Systems BV, 

Zetten, The Netherlands) which, based on the transparency of tissue to light in the near-infrared region, 

detects changes in tissue chromophores, that is, mainly O2Hb and dHb. With the use of a modified 

Lambert-Beer law, changes in light absorption at different wavelengths are measured, and tissue 

oxygenation is monitored. To estimate changes in [O2Hb] and [dHb], a differential path length factor of 6.0 

was applied to account for the scattering of light in the tissue. Changes in regional cerebral tissue 

oxygenation were followed by NIRS at wavelengths of 775 and 850 nm. [O2Hb] and [dHb] were recorded at 

10 Hz with the light source and sensing optodes positioned on the ipsilateral side of the TCD insonation 

above the supraorbital ridge below the hairline (see Figure 2 in the Methods section), with an interoptode 

distance of 5.0 cm, and secured with a lightproof holder attached to a headband. NIRS-determined brain 

capillary oxygenation is functionally related to the balance between arterial and jugular venous oxygen 

saturation. Changes in cerebral blood volume are reflected by changes in total hemoglobin concentration 

[t-Hb] expressed as the sum of [O2Hb] and [dHb]. Changes in [O2Hb] and [dHb] in micromolar are 

calculated with baseline (normocapnic resting) values as reference set at 0 µM. 
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 PETCO2 was measured by a sampling infrared capnograph (Tonocap, Datex-Ohmeda, Madison, USA). 

Brachial arterial blood pressure (BP) was measured with an automated non-invasive device (HEM-705CP, 

Omron, Kyoto, Japan). Peripheral transcutaneous O2 saturation was measured using a pulse oximeter 

(Novametrix 515A, Wallingford, Connecticut, USA). For protocol and cerebrovascular CO2 responsiveness 

measurements please see the Methods section (Chapter 2). 

 

Blood samples 

Blood samples were drawn via venipuncture. Standard blood counts (Hb, hematocrit [Ht], leucocytes, 

platelets, and reticulocyte percentage) were performed in ethylenediaminetetraacetic acid blood (Cell-Dyn 

4000, Abbott, Illinois, USA). Lactate dehydrogenase (LDH) and total bilirubin levels were measured in 

heparinized plasma with spectrophotometry (P800 Modular, Roche, Basel, Switzerland). 

 

Data Analysis 

Signals of MCA blood flow velocity and PETCO2 were collected and analog-to-digital-converted with a 

sampling frequency of 100 Hz. NIRS data were analog-to-digital-converted with a sampling frequency of 10 

Hz. All data were stored on hard disk for off-line analysis. Beat-to-beat values for MCA Vmean were derived 

as the integral over one beat divided by the corresponding beat interval.  

 Cerebrovascular CO2 responsiveness was expressed as percentage change of MCA Vmean per mm Hg 

change in PETCO2 and as changes in [O2Hb], [dHb], and [t-Hb] per mm Hg change in PETCO2 between 

normocapnia and hypercapnia.    

 

Statistics  

Based on the study of Lavi et al.217 (with a calculated SD of 0.4, a difference in population means of 0.4 

and type 1 error of 0.05), 19 patients and 14 controls had to be included in the study to attain 80% power 

for the difference in cerebrovascular CO2 responsiveness as determined by the TCD measured Vmean.  

Data are presented as medians with interquartile range, unless stated otherwise. Mann-Whitney U test was 

applied to test differences between the groups. The Spearman Rank (rs) correlation coefficient was 

calculated for correlation studies. P values less than 0.05 were considered statistically significant (SPSS 

16.0, SPSS Inc., Chicago, IL, USA). 
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Table 1. Patient characteristics and hemolytic parameters.  

Characteristic Patients (n = 23) Controls (n = 16) P-value 

Age, y 26 (21 – 42) 33 (24 – 40) 0.37 

Male:Female 9:14 7:9 0.81 

BMI, kg/m
2
 21.2 (20.4 – 23.9) 23.5 (21.4 – 26.6) 0.037 

Systolic BP, mm Hg 121 (112 – 130) 125 (120 – 127) 0.25 

Diastolic BP, mm Hg 71 (66 – 77) 78 (77 – 82) 0.003 

MCA Vmean, cm/s 79 (69 – 98) 69 (55 – 77) 0.021 

SpO2, % 97 (96 – 97) 98 (97 – 98) 0.016 

Hemoglobin, g/dL 9.0 (8.5 – 9.7) 12.9 (12.3 – 14.0) <0.0001 

Hematocrit, L/L 0.25 (0.24 – 0.29) 0.39 (0.37 – 0.41) <0.0001 

Reticulocyte, % 7.8 (6.4 – 11.3) 0.9 (0.8 – 1.6) <0.0001 

LDH, U/L 380 (336 – 469) 155 (131 – 171) <0.0001 

Total bilirubin, mg/dL 2.7 (2.0 – 4.5) 0.7 (0.4 – 1.7) 0.004 

Values are median (interquartile ranges); values for age are median (range). BMI indicates body 
mass index; BP, blood pressure; MCA Vmean, middle cerebral artery mean cerebral blood flow 
velocity; SpO2, transcutaneous peripheral oxygen saturation; and LDH, lactate dehydrogenase.   

 

 

Results 

 

Patient data 

Of 45 consecutive eligible homozygous (HbSS) SCD patients who visited our outpatient clinic, 23 (14 

women; median age, 26 years; range, 21-42 years) agreed to participate in the study. Sixteen age-, 

sex-, and ethnicity-matched healthy controls (9 women; median age, 33 years; range, 24-40 years) 

were also included in the study. NIRS data of 9 patients and 3 controls were excluded from analysis 

because of an insufficient noise-to-signal ratio (sudden and recurrent spikes during the 

measurements). SCD patients had lower body mass index, diastolic BP, O2 saturation, Hb, and Ht 

and higher MCA Vmean, reticulocyte percentage, LDH, and total bilirubin levels (Table 1). Age, 

male:female ratio, and systolic BP were comparable between groups. 

  

Cerebrovascular CO2 responsiveness  

The cerebrovascular CO2 responsiveness determined with both TCD (Figure 1A) and NIRS (Figure 

1B) was lower in SCD patients than in controls. Representative examples of continuous PETCO2 and 

CBF velocity recordings of a healthy control (Figure 2A) and a sickle cell patient (Figure 2B) are 

shown. 
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Figure 1. Cerebrovascular CO2 responsiveness (CCR) in SCD patients and healthy controls.  

(A) Cerebrovascular CO2 responsiveness expressed as relative change in mean CBF velocity (% ∆Vmean) per 

mm Hg change in PETCO2 (CCR-TCD) was lower in SCD patients (black bars, n = 23) than in healthy controls 

(gray bars, n = 16). (B) Cerebrovascular CO2 responsiveness expressed as absolute changes (∆µmol/L) in 

cerebral [O2Hb], [dHb] and [t-Hb] per mm Hg PETCO2 (CCR-NIRS) were also significantly lower in SCD patients 

(black bars, n = 14) than in healthy controls (gray bars, n = 13). Data are mean ± SEM. 

Figure 2. Representative continuous recordings of PETCO2 and CBF velocity (CBFV).  

(A) Healthy subject. (B) Sickle cell patient. In the patient, the increase in CBFV is less pronounced.  

Early leveling off for a comparable change in PETCO2 indicates a reduced cerebrovascular CO2 

responsiveness.  
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 During normocapnia, Vmean correlated to Ht (rs = -0.46, P=0.004; Figure 3A). When analyzed for the 

SCD and control groups separately, the correlations between normocapnic resting CBF velocity and 

Ht were rs = -0.36 (P=0.098) and rs = -0.01 (P=0.96), respectively (Figure 3B). Neither Ht nor Vmean at 

normocapnia was related to cerebrovascular CO2 responsiveness (Figure 4A and B, respectively). 

Other indicators of hemolytic anemia, including Hb, reticulocyte percentage, and LDH, were not 

related to cerebrovascular CO2 responsiveness either (data not shown).  
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Figure 3. Normocapnic cerebral blood flow velocity (Vmean) in relation to hematocrit (Ht).  

(A) Normocapnic Vmean was inversely correlated to Ht across all participants (rs = -0.46, P=0.004; n = 38).  

(B) The relationship between normocapnic Vmean and Ht was not statistically significant when the correlation 

analyses for the SCD patients (●; rs = -0.36, P=0.098; n = 23) and healthy controls (∆; rs = -0.01, P=0.96; n = 16) 

were performed separately. 

Figure 4. Cerebrovascular CO2 responsiveness (CCR) in relation to normocapnic cerebral blood flow 

velocity (Vmean) and hematocrit (Ht). Both in SCD patients (●; n = 23) and healthy controls (∆; n = 16), 

CCR was not related to either (A) Vmean (rs = 0.07, P=0.8 and rs = -0.05, P=0.9 respectively) or (B) hematocrit 

(rs = -0.18, P=0.4 and rs = 0.07, P=0.8 respectively).  
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Cerebrovascular CO2 responsiveness was not related to age. Within the SCD group, patients using 

hydroxyurea tended to have a higher cerebrovascular CO2 responsiveness than those not on 

hydroxyurea, but only statistically different for [dHb] (Figure 5). Hemoglobin levels between SCD 

patients using and those not using hydroxyurea were comparable (9.1 [8.5-9.6] vs. 9.0 [8.1-9.8]). 

Hemoglobin F levels, available from earlier laboratory controls, were not related to cerebrovascular 

CO2 responsiveness (data not shown). 
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Discussion  

 

The results of this study provide new insights regarding cerebrovascular control in SCD. The main 

finding of the study is that cerebrovascular CO2 responsiveness in young adult SCD patients was 

reduced, implying that the vasodilatatory capacity of the cerebral vasculature is impaired. The defect 

in cerebrovascular CO2 responsiveness appeared not to be related to the Ht or normocapnic resting 

Vmean. Reduction of cerebrovascular CO2 responsiveness is thought to play an important role in the 

pathogenesis of cerebral microangiopathy, which may contribute to the increased susceptibility to 

cerebrovascular ischemic events,42 particularly on increased metabolic requirements or during 

episodes of hypoperfusion, eg, SCD-related cerebral vaso-occlusion and hypotension.295 

Figure 5. Cerebrovascular CO2 responsiveness (CCR) in SCD patients with and without hydroxyurea.   

(A) Cerebrovascular CO2 responsiveness expressed as relative change in mean CBF velocity (% ∆Vmean) per mm 

Hg change in PETCO2 (CCR-TCD) was higher in SCD patients using hydroxyurea (Hydroxy+, gray bars, n = 10) 

than in those not using hydroxyurea (Hydroxy-, black bars, n = 13), although the difference was not statistically 

significant. (B) Cerebrovascular CO2 responsiveness expressed as absolute changes (∆µmol/L) in cerebral 

[O2Hb], [dHb] and [t-Hb] per mm Hg PETCO2 were also higher in SCD patients using hydroxyurea (n = 7) than in 

those not using hydroxyurea (n = 7), although the difference was only statistically significant for dHb-derived 

cerebrovascular CO2 responsiveness. Data are mean ± SEM. 
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 SCD is characterized by a reduced NO bioavailability, which may contribute to the reduced 

cerebrovascular CO2 responsiveness in this disease.279 Elevated levels of cell-free heme as a result 

of chronic hemolysis induce increased NO scavenging, thereby reducing NO bioavailability in SCD.296 

However, in the present study, the impaired cerebrovascular CO2 responsiveness was not related to 

the standard biomarkers of hemolysis. As more specific indicators of hemolysis (eg cell-free heme) 

were not available, a causative relation between hemolysis and cerebrovascular CO2 responsiveness 

cannot be ruled out. Of interest, whereas cerebrovascular CO2 responsiveness was not related to 

hemoglobin F levels, the use of hydroxyurea seemed to relate to a higher cerebrovascular reserve 

capacity in SCD patients, even though hemoglobin levels between these 2 patient groups were 

comparable. Although the study was not designed to assess the effect of hydroxyurea on 

cerebrovascular reserve capacity, this observation suggests that hydroxyurea may have a beneficial 

influence on the endothelial function and consequently the cerebrovascular reserve capacity.  

 A possible role of hyperemia-related cerebral vasodilatation as a cause of reduced 

cerebrovascular reserve capacity also needs to be considered. The hyperemia-related cerebral 

vasodilatation might be induced by an increased CBF demand as a compensation for anemia. 

However, in the present study, while finding a weak correlation between Ht and Vmean at normocapnia, 

neither Ht nor the normocapnic resting Vmean was related to cerebrovascular CO2 responsiveness, 

rendering a major role of hyperemia as a cause of reduced cerebrovascular reserve capacity in adult 

SCD patients less probable. Although we do not exclude a role of hyperemia-related cerebral 

vasodilatation in the reduced cerebral reserve capacity, as suggested by Prohovnik et al.,297 we also 

call attention to other contributing factors, including chronic endothelial damage by repeated vaso-

occlusion (ischemia-reperfusion), inflammation, intravascular hemolysis, and a reduced NO 

bioavailability.217,278,292,296 It should be taken into account that the study by Prohovnik et al.,297 

measuring global CBF by the 133Xe inhalation method in SCD patients, was performed in a 

heterogeneous group of SCD patients ranging from HbSS children with high Vmean to adults with the 

less severe heterozygous HbSC and patients receiving blood transfusions with consequently higher 

Ht and lower Vmean. In the present study, only adult homozygous HbSS SCD patients without blood 

transfusions in the preceding 4 months were included. Furthermore, the normocapnic resting Vmean in 

SCD patients of the present study (79 [69-98] cm/s) was well below the hyperemic values normally 

observed in pediatric SCD patients. 

 The second important influence on CBF consists of cerebral autoregulation that maintains CBF 

more or less stable within a range of mean arterial pressure between 60 and 150 mm Hg.2 In a 

previous study, we demonstrated that SCD patients also have an impaired dynamic cerebral 

autoregulation.189 Together with the findings of the present study, these results imply that in SCD both 

mechanoregulation and chemoregulation as the 2 major operative mechanisms responsible for 

maintaining CBF are impaired, rendering SCD patients susceptible to ischemic episodes. Based on 

the highly sensitive control of the cerebral vasculature via changes in PETCO2 and the inverse 

relationship between CBF and ventilation, the alteration in CBF regulation has been proposed to 

contribute to breathing instability.298 This was recently verified in healthy subjects where 

pharmacological reduction of brain CO2 responsiveness increased breathing instability and apneas 
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during sleep.299 Whether this is of influence in SCD patients is unknown where the impact of the 

combined disarrangement of mechanoregulation and chemoregulation of brain blood flow is as yet 

largely unidentified and data regarding overnight pulse oximetry of the study patients were unavailable. 

 In the present study, the MCA Vmean was used for evaluation of changes in CBF. Because MCA is 

a conductance rather than a resistance vessel, changes in MCA Vmean are representative of those in 

CBF. NIRS is based on a different physical principle and tracks changes in cerebral frontal 

oxygenation with a comparable time resolution as TCD-determined Vmean. In humans, NIRS has been 

shown as an adequate measure of cerebral oxygenation.73 Simultaneous assessment of 

cerebrovascular CO2 responsiveness by TCD and NIRS have shown correlating results in patients 

with cerebrovascular disease.292,300 This was also observed in the present study, where parallel 

changes of NIRS-determined cerebral blood oxygen concentrations to those in TCD-determined Vmean 

in response to CO2 affirmed the observed differences between patients and controls. A potential 

influence of anemia on NIRS data in the patient group has to be considered. However, to our 

knowledge, the effect of reduced Hb concentration on changes in [O2Hb], [dHb] and [t-Hb] as 

determined by NIRS has not been investigated yet. Therefore, we can only speculate on the influence 

of anemia on the NIRS results, whereas the TCD results confirm the impairment of cerebrovascular 

CO2 responsiveness in SCD patients.  

 Although a history of symptomatic stroke was an exclusion criterion, the presence of silent cerebral 

infarctions in the study patients cannot be ruled out. Interestingly in patients with type 2 diabetes, 

regional white matter hyperintensities were associated with reduced cerebrovascular CO2 

responsiveness.301 Despite the relatively small sample size, further limited by missing NIRS data in 9 

patients and 3 controls, the strongly significant decreases in cerebrovascular CO2 responsiveness in 

the SCD patients suggest an important role for impaired cerebrovascular CO2 responsiveness in the 

increased susceptibility to stroke in SCD, regardless of the presence or absence of silent cerebral 

infarctions. However, whether silent cerebral infarctions are related to cerebrovascular CO2 

responsiveness, needs to be elucidated in a larger study with cerebrovascular CO2 responsiveness 

measurements combined with cerebral MRI. 

 Currently, pediatric SCD patients with high stroke risk are identified by TCD screening.302,303 Even 

though this is an effective strategy, many of these patients are exposed to the risks of long-term 

transfusion programs, although not all patients will experience stroke. A better understanding of the 

pathophysiology of SCD related stroke is needed to identify new management strategies and to 

further optimize stroke risk assessment. Whether the degree of cerebrovascular CO2 responsiveness 

could be of additional diagnostic and prognostic value in SCD related strokes in pediatric patients is 

the subject of further study.  

 In conclusion, we demonstrated that homozygous sickle cell patients without a history of 

symptomatic stroke have an impaired cerebrovascular CO2 responsiveness, suggesting a reduced 

cerebrovascular reserve capacity that might play a role in the pathophysiology of stroke in SCD. The 

impaired cerebrovascular CO2 responsiveness was not related to the degree of hemolysis. Whether 

cerebrovascular CO2 responsiveness measurement could be of additional prognostic value next to 

TCD screening in identifying patients at high risk for stroke302,303 remains to be elucidated.
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Abstract 

 

When healthy subjects stand up, it is associated with a reduction in cerebral blood velocity and 

oxygenation although cerebral autoregulation would be considered to prevent a decrease in cerebral 

perfusion. Aging is associated with a higher incidence of falls, and in the elderly falls may occur 

particularly during the adaptation to postural change. This study evaluated the cerebrovascular 

adaptation to postural change in 15 healthy younger (YNG) vs. 15 older (OLD) subjects by recordings 

of the near-infrared spectroscopy-determined cerebral oxygenation (cO2Hb) and the transcranial 

Doppler-determined mean middle cerebral artery blood velocity (MCA Vmean). In OLD (59 (52-65) 

years) vs. YNG (29 (27-33) years), the initial postural decline in mean arterial pressure (-52±3% vs.  

-67±3%), cO2Hb (-3.4±2.5 µmol·l-1 vs. -5.3±1.7 µmol·l-1) and MCA Vmean (-16±4% vs. -29±3%) was 

smaller. The decline in MCA Vmean was related to the reduction in MAP. During prolonged orthostatic 

stress, the decline in MCA Vmean and cO2Hb in OLD remained smaller. We conclude that with healthy 

aging the postural reduction in cerebral perfusion becomes less prominent.  
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Introduction 

 

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

Falls being more common in the elderly are believed to be multifactorial in origin, resulting from 

complex interactions between intrinsic and environmental factors.304,305 Community-based prospective 

cohort studies identified several risk factors for falls, including age,305 visual impairment,306 lower 

extremity weakness,307 orthostatic hypotension,308 impaired cognition,309 and psychotropic drug 

use.309-311  

 Aging is associated with a decline in resting cerebral metabolism and cerebral blood flow (CBF)166 

with a ~15% reduction in gray matter flow between the third and fifth decade.167 In addition, orthostatic 

stress lowers cerebral perfusion pressure even in healthy subjects with a reduction in CBF that takes 

place although the perfusion pressure remains within what is considered to be its autoregulatory 

range.69,75,85,86 Thus, despite functional cerebral autoregulation, standing upright is associated with a 

reduction in cerebral perfusion and oxygenation.69,86 In the elderly falls may occur particularly during 

the early adaptation to postural change,47 suggesting a less efficient cerebro- or cardiovascular 

adaptation to compensate for the further decline in brain perfusion pressure.312  

 The effects of aging on the cardiovascular adaptation to orthostatic stress have been reported by 

several studies.48-51 There is, however, no consensus regarding the effect of healthy aging on the 

postural cerebrovascular adaptation. A larger postural reduction in the near-infrared spectroscopy 

(NIRS)-determined cerebral cortical oxygenation (cO2Hb)48 and transcranial Doppler (TCD)-

determined middle cerebral artery (MCA) mean blood flow velocity (Vmean)
313 has been reported in 

healthy elderly compared to younger subjects. In contrast, there are also reports claiming a smaller 

postural reduction in MCA Vmean in older subjects,49 or no age-dependent differences in postural 

decline in either MCA Vmean
50 or cO2Hb.51 Assuming that dynamic cerebral autoregulatory capacity is 

maintained in the elderly,133,135 these conflicting observations may be attributable to different 

methodological approaches by reporting changes in cerebral perfusion either as changes in 

cO2Hb,48,51 or MCA Vmean,
49,50,133,135 leaving open the question of whether or not the larger postural 

decline in cerebral perfusion or oxygenation is an independent risk factor for falls in the elderly.  

 Therefore, we evaluated the initial and early steady-state cerebro- and cardiovascular postural 

adaptation in healthy young and older subjects with simultaneous continuous recordings of beat-to-

beat blood pressure (BP), MCA Vmean and cO2Hb. The use of psychotropic medication, frequently 

prescribed to elderly patients, has been regarded as a risk factor for falls.311 To account for this 

potential influence, only subjects without cardiovascular or psychotropic medication were studied. 

 

 

Methods 

 

Subjects 

Thirty healthy subjects aged between 26 and 73 years participated in the study. Fifteen subjects 

(median age 29, interquartile range 27-33 years) were assigned to the younger (YNG) group and 15 
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subjects (median age 59, interquartile range 52-65 years) to the older group (OLD). Exclusion criteria 

included a history of stroke or clinical manifestations of cerebro- or cardiovascular disease, orthostatic 

hypotension, cardiovascular autonomic dysfunction, diabetes mellitus and use of medication with 

known effects on the cardiovascular system. Oral and written informed consent was obtained and the 

study was approved by the Medical Ethical Committee of the Academic Medical Center in Amsterdam 

in accordance with the Declaration of Helsinki. None of the subjects were taking medication. The 

studies were performed in morning sessions in a room at 22ºC. Subjects were requested to abstain 

from caffeinated beverages for at least 12 hours prior to the measurements.  

 

Protocol and hemodynamic parameters 

Following instrumentation and after obtaining a 5 min baseline recording of cerebro- and 

cardiovascular variables, the subjects were asked to stand up and remain in the free standing position 

for 5 min without further support. Continuous arterial BP was measured non-invasively by a servo-

controlled finger photoplethysmograph (Portapres, FMS, Amsterdam, The Netherlands) with the cuff 

placed on the middle phalanx of the left middle finger. Stroke volume (SV) was determined non-

invasively by pulse wave analysis using the Modelflow method (BeatScope 1.1 software, FMS, 

Amsterdam, The Netherlands) that tracks a thermodilution112 and inert gas rebreathing determination 

of SV113 during active and passive postural stress. Heart rate (HR) was the inverse of the interbeat 

interval, cardiac output (CO) was the product of HR and SV, and systemic vascular resistance index 

(SVRi) was mean arterial pressure (MAP) divided by CO. 

Postural changes in cerebral perfusion were assessed by simultaneously monitoring of MCA 

Vmean and oxygenated hemoglobin concentration. The TCD (DWL Multidop X4, Sipplingen, Germany)-

determined blood flow velocity was measured in the proximal segment of the right MCA, by insonating 

through the posterior temporal ultrasound window. The probe was secured with a headband (Marc 

600, Spencer Technologies, Seattle, USA), once the optimal signal-to-noise ratio was obtained. 

Changes in regional cerebral tissue oxygenation at 775 and 850 nm were followed by NIRS (Oxymon, 

Artinis Medical Systems, Zetten, The Netherlands) as oxygenated and deoxygenated hemoglobin 

concentrations (cO2Hb and cHHb), recorded with the light source and sensing optode positioned on 

the forehead below the hairline.69,73 Changes in cerebral blood volume are reflected by changes in 

total hemoglobin concentration (ctHb) expressed as the sum of cO2Hb and cHHb. Postural changes in 

cO2Hb, cHHb and ctHb were expressed as changes (µmol/l) from baseline (supine). Changes in TCD-

determined cerebral blood flow velocity reflect flow in the basal cerebral arteries and precede changes 

in NIRS-determined frontal cortical brain tissue oxygenation.79 Therefore, the MCA Vmean to cO2Hb, 

cHHb and ctHb delay tau (τ), providing for the highest positive coefficient of correlation (R2), was 

selected. The relationship between postural changes in MCA Vmean and changes in cO2Hb, cHHb and 

ctHb was analyzed taking τ into account. Arterial CO2 tension influences CBF independently of 

cerebral autoregulation81 and to account for the cerebrovascular effects of CO2, end-tidal CO2 tension 

(PETCO2) was tracked by a sampling infrared capnograph (Tonocap, Datex-Ohmeda, Madison, USA).  

 

 



 

CEREBRAL BLOOD FLOW CONTROL IN SMALL VESSEL DISEASE 107 

 

   

Data analysis 

Postural change: The circulatory response to standing is characterized by a rapid initial decrease in 

BP to a nadir with a transient reduction in MCA Vmean, followed by BP recovery, overshoot and 

stabilization.314,315 The early steady-state response to postural change was assessed from data 

sampled at t = 5 min of standing compared to baseline. Beat-to-beat values for MCA Vmean and MAP 

were derived as the integral over one beat divided by the corresponding beat interval. MAP at brain 

level (MAPbrain) was calculated from MAP measured at heart level and the vertical finger-to-TCD probe 

distance.69 Cerebrovascular resistance index (CVRi) was the ratio of MAPbrain and MCA Vmean. Cardiac 

baroreflex sensitivity (BRS) was calculated from the 5 min baseline recording from the cross spectrum 

between systolic BP and interbeat interval variability, and was expressed as the transfer function gain 

(ms·mm Hg-1) in the low frequency (LF) region (0.07-0.15 Hz).316 

For dynamic cerebral autoregulation please the see Methods section (Chapter 2). 

 

Statistical analysis 

Data are presented as means (SD) or medians (interquartile range). Differences between the groups 

were identified by means of an unpaired Student t-test, when data fitted a normal distribution and a 

Mann-Whitney rank sum test was applied when data were not normally distributed. Differences across 

groups (OLD vs. YNG) and body position were identified by two-way ANOVA. Changes in SV, CO, 

SVRi and NIRS variables within a group expressed as ∆% and ∆µmol·l-1 were examined by a paired t-

test using the 95% confidence interval when data were normally distributed. Effects of age on postural 

changes in MCA Vmean, cO2Hb, cHHb and ctHb were examined by Spearman’s correlation and P<0.05 

was considered to indicate a statistically significant difference. 

 

 

Table 1 Demographics and baseline characteristics 

 

 

 

 

 

 

 

 

 

 

 

Groups: YNG, younger group; OLD, older group; MCA, middle cerebral artery; * P<0.05 vs. YNG,  
** P<0.01 vs. YNG. Data are presented as means (SD) or medians (interquartile range). 

 

 

                                       Groups 

Characteristic                  YNG                     OLD  

      n  15  15  

M:F ratio   9:6        10:5  

Age (years)  29  (27-33) 59  (52-65)** 

Length (cm)  182 (7) 173 (7)** 

Body mass index (kg/m
2
)  22.2  (2.8) 24.2 (4.3) 

Heart-to-MCA distance  32 (3) 33 (3) 

Blood pressure (mm Hg) 

    Systolic 

    Mean 

    Diastolic 

  

119 

77 

57 

 

(13) 

(11) 

(10) 

 

128 

88 

66 

 

(21) 

(14)* 

(11)* 

Heart rate (bpm)  65 (10) 62 (8) 
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Results 

 

Group characteristics and baseline data  

Group characteristics on screening are summarized in Table 1. In OLD vs. YNG, baseline CVRi 

(P<0.05) and MAP (P<0.05) were higher, whereas BRS (P<0.05) was reduced (Table 2). No 

differences in MCA Vmean, HR and PETCO2 were observed.  

 

 

 

 
Table 2 Cerebro- and cardiovascular hemodynamic variables 

  Group    Supine    Standing t = 5 min    ∆ supine-standing 

MAPbrain (mm Hg) 
YNG 77  (11) 57  (11)‡ -25% 

OLD 88  (14)* 72  (18)‡  -18%* 

         

MCA Vmean (cm·s
-1

) 
YNG 64  (12) 55  (11)‡ -15% 
OLD 59  (15) 55  (15)† -6%* 

         

CVRi (mm Hg·cm
-1

·s
-1

) 
YNG 1.18  (0.25) 1.04  (0.24) -12% 

OLD 1.48  (0.41)* 1.30  (0.46) -12% 

         

cO2Hb (µmol·l
-1

) 
YNG    -7.6  (3.8)‡ -7.6 µmol·l

-1
 

OLD    -4.4  (4.2)‡ -4.4 µmol·l
-1

* 

         

cHHb (µmol·l
-1

) 
YNG    +5.5  (3.1)‡ +5.5 µmol·l

-1
 

OLD    +2.7  (1.3)‡   +2.7 µmol·l
-1

** 

         

ctHb (µmol·l
-1

) 
YNG    -2.1  (2.5)‡ -2.1 µmol·l

-1
 

OLD    -1.7  (3.5) -1.7 µmol·l
-1

 

         

HR (beats·min
-1

) 
YNG 65  (10) 85  (11)‡ +20 bpm 

OLD 62  (8) 78  (8)‡ +16 bpm 

         

SV (%) 
YNG 100   66  (8)‡ -34% 

OLD 100   67  (10)‡ -33% 

         

CO (%) 
YNG 100   85  (8)‡ -15% 

OLD 100   85  (13)‡ -15% 

         

SVRi (%) 
YNG 100   127  (19)‡ +27% 

OLD 100   131  (21)‡ +31% 

         

BRS (ms·mm Hg
-1

) 
YNG 14.1  (6.5) 7.6  (3.3)‡ -46% 

OLD 8.5  (3.5)* 5.8  (3.1)† -32% 

         

PETCO2 (mm Hg) 
YNG 40  (4) 35  (3)‡ -12% 

OLD 40  (4) 36  (5)‡ -11% 

YNG, younger group; OLD, older group; MAPbrain, mean arterial pressure at brain level; MCA Vmean, middle 
cerebral artery mean cerebral blood flow velocity; CVRi; cerebrovascular resistance index; cO2Hb, cortical 
oxygenated hemoglobin; cHHb, deoxygenated hemoglobin; ctHb, total hemoglobin; HR, heart rate; SV, 
stroke volume; CO, cardiac output; SVRi, systemic vascular resistance index; BRS, baroreflex sensitivity; 
PETCO2, end-tital CO2 tension; † P<0.05 vs. supine, ‡ P<0.01 vs. supine, * P<0.05 vs. YNG, ** P<0.01 vs. 
YNG. Values are mean (SD) for 15 subjects per group. 
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Initial orthostatic response 

The timing of MAP nadir was comparable for OLD vs. YNG (9.1±2.3 s vs. 9.1±2.4 s). From baseline 

until MAP nadir, the initial postural decline in MAPbrain (-52±3% vs. -67±3%; P=0.015), MCA Vmean 

(-16±4% vs. -29±3%; P<0.05) and cO2Hb (-3.4±2.5 µmol·l-1 vs. -5.3±1.7 µmol·l-1; P=0.017) was 

smaller in OLD vs. YNG (Figures 1 and 2). The decline in MCA Vmean was related to the reduction in 

MAPbrain (R
2=0.46, P<0.001, Figure 3). At the nadir of the initial MAP drop, cO2Hb, ctHb and MCA 

Vmean also declined concomitantly, whereas cO2Hb followed MCA Vmean with a comparable delay in 

both groups (τ = 2.7±1.3 s in OLD vs. τ = 2.6±1.7 s in YNG). The magnitude of the individual postural 

changes in MCA Vmean did not relate to those in cO2Hb (Figure 4). Postural changes in Vmean and 

cO2Hb related weakly to age (Figure 5). 

 

Early steady-state response 

The steady-state postural changes in cerebro- and cardiovascular hemodynamics are presented in 

Table 2 and Figure 1. The decline in PETCO2 was comparable for OLD vs. YNG. In OLD, the postural 

decline in MAPbrain, MCA Vmean and cO2Hb after 5 min upright was smaller in parallel with a smaller 

increase in cHHb. The postural increase in SVRi and HR, and the reduction in SV and CO were 

comparable between groups. BRS remained lower in OLD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 Transfer function gain, phase and coherence function 

 Group           Supine         Standing 

MAPpower (mm Hg
2
·Hz

-1
) 

YNG 4.2  (1.9-7.0) 12.2  (7.7)‡ 

OLD 3.7  (1.8-5.5) 11.1  (7.6)‡ 

        

MCA Vmean power ((cm·s
-1

)
2
·Hz

-1
) 

YNG 2.7  (1.3-11.0) 11.0  (6.0-14.0)‡ 

OLD 1.2  (0.7-2.7)* 4.0  (2.9-6.2)*‡ 

        

Coherence (k
2
) 

YNG 0.84  (0.08) 0.91  (0.04)‡ 

OLD 0.78  (0.07) 0.88  (0.04)‡ 

        

Phase (degrees) 
YNG 57  (13) 52  (8) 

OLD 52  (10) 48  (11) 

        

Gain (cm·s
-1

·mm Hg
-1

) 
YNG 0.95  (0.30) 0.83  (0.74-1.02) 

OLD 0.60  (0.51-0.73)* 0.56  (0.50-0.81)** 

        

Normalized gain (%·%
-1

) 
YNG 0.83  (0.39) 0.55  (0.46-0.63) 

OLD 0.38  (0.25-0.59)* 0.28  (0.20-0.54)*† 

YNG, younger group; OLD, older group; MAPpower, mean arterial blood pressure low frequency power; 
MCA Vmean power, middle cerebral artery mean blood flow velocity power. † P<0.05 vs. supine, ‡ P<0.01 
vs. supine, * P<0.05 vs. YNG, ** P<0.01 vs. YNG. Values are mean (SD) or median (interquartile range) 
for 13 subjects per group. 
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Figure 1 Left panel: Postural cerebrovascular response in younger (YNG, 

n=15, thin line) vs. older group (OLD, n=15, thick line). Mean arterial pressure 

at brain level (MAPbrain), mean middle cerebral artery blood flow velocity 

(Vmean), changes in oxygenated (∆cO2Hb), deoxygenated (∆cHHb) and total 

hemoglobin (∆ctHb) concentration. Right panel: Initial postural responses of 

MAPbrain (black line), Vmean (dark gray line) and cO2Hb (lightgray line) in OLD 

(upper panel) vs. YNG (lower panel). 
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Figure 2 Relationship between postural 

decline in group averaged MAPbrain and 

Vmean in younger (open circle) vs. older 

group (closed circle) from baseline to MAP 

nadir at 9 s. * P<0.05 

Figure 3 Relationship between postural decline (from baseline to nadir) in MAP vs. mean blood flow 

velocity (Vmean, left panel) and oxygenated Hb (∆cO2Hb, right panel) concentrations in younger (open 

circles, n=15) and older subjects (closed circles, n=15). Line represents linear regression. P-value and 

correlation coefficient value (R
2
) are given. The dotted line of identity represents absence of cerebral 

autoregulatory control. The regression line conforms to that upon standing arterial blood pressure 

declines too rapidly for cerebral autoregulatory control to be fully effective. 
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Figure 4 Individual variation in postural decline in 

mean blood flow velocity (Vmean) vs. oxygenated 

Hb concentration (cO2Hb) at MAP nadir in 

younger (open circles, n=15) and older subjects 

(closed circles, n=15). 

Figure 5 Relationship between 

age vs. postural changes in 

mean blood flow velocity (Vmean, 

left panel) and oxygenated Hb 

(∆cO2Hb, right panel) 

concentrations at MAP nadir in 

all subjects (n=30). Lines 

represent linear regression. P-

value and correlation coefficient 

values (R
2
) are given. 
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Dynamic cerebral autoregulation  

In 2 subjects from each group coherence was <0.5 and these data were excluded from further 

analysis. Data of spectral and transfer function analysis are presented in Table 3. For OLD vs. YNG, 

baseline and postural increase (P<0.01) in LF MAP power were comparable, with a lower MCA Vmean 

power in the OLD (P<0.001). The transfer function phase lead between MCA Vmean and MAP was 

comparable for OLD vs. YNG, whereas postural stress did not influence phase lead in both groups. 

Both absolute and normalized gain were lower in OLD vs. YNG (P<0.05). Supine normalized gain 

values correlated with CVRi (Figure 6). 

 

 

 

 

 

Discussion 

 

The results of this study provide new insights regarding the effects of aging on the early cerebro- and 

cardiovascular adaptation to orthostatic stress. The main finding of the study was that in healthy older 

subjects the postural reduction in both cerebral blood flow velocity and oxygenation was smaller 

during the initial and early steady-state postural adaptation. This implies that the higher incidence of 

postural dizziness and falls in healthy elderly cannot be attributed to malfunctioning cerebro- and 

cardiovascular control. Almost half of the variance in the initial postural reduction in cerebral blood 

flow velocity was explained by the decline in blood pressure.  

Resting CBF declines with aging,166 accompanied by a larger incidence of cerebral symptoms 

like dizziness and falls, occurring particularly during the early adaptation to postural change.47 

Mehagnoul-Schipper et al.48 demonstrated a larger postural reduction in frontal cerebral oxygenation 

in older vs. younger subjects, which was linked to the higher vulnerability to cerebral ischemic 

symptoms in older subjects. In contrast, Lipsitz et al.49 found a smaller postural decrease in MCA 

Vmean. Cerebral blood flow velocity and oxygenation were simultaneously measured disclosing a 

Figure 6 Cerebrovascular 

resistance index (CVRi) and 

normalized low frequency 

transfer function gain for 

younger (open circles, n=13) 

and older (closed circles, n=13) 

subjects in supine position. P-

value and correlation coefficient 

values (R
2
) are given. 
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smaller reduction in both MCA Vmean and frontal cO2Hb in OLD. The concordant postural decline in 

MCA Vmean and cO2Hb was present for both groups although their interrelationship varied among 

subjects, confirming that these methodologies interrogate different aspects of brain perfusion. 

Together the Vmean and cO2Hb responses support the notion that with aging, the postural reduction in 

cerebral perfusion becomes less expressed. Also changes in cO2Hb detected by NIRS followed 

changes in MCA Vmean with a delay of approximately 3 s. In the aggregate, these observations may 

explain at least in part the discrepancy in postural responses in MCA Vmean vs. cO2Hb in the elderly.48-

51,133,135  

We considered the different methodological approaches used in these studies including the type 

of postural challenge, i.e. change from supine to standing,48 from sitting to standing,49,50 and from 

supine to sitting,51 further emphasizing that in future studies standardization of postural stress is 

indicated with simultaneous and continuous measurement of arterial pressure, cerebral blood flow 

velocity and cortical oxygenation.  

Many elderly have underlying vascular disease that compromises resting cerebral perfusion and 

it is conceivable that in those cases symptomatic cerebral ischemia, manifested by falls and syncope, 

is aggravated by the initial postural decline in BP initiating symptomatic transient cerebral 

hypoperfusion.47 Nevertheless, the results of the present study do not support that the higher 

incidence of falls in the elderly is attributable to impaired cerebro- and cardiovascular control. The 

smaller postural decline in both BP and indices of cerebral perfusion in OLD conforms to the finding 

that leg venous compliance is less in older vs. younger subjects with maintenance of venous return 

during simulated orthostatic stress.317  

We investigated the effect of healthy aging on the postural cerebrovascular adaptation. The data 

represent the findings of middle-aged subjects and do therefore not allow us to extend the conclusion 

directly to the very old. Although in comparison with previous studies in older subjects,48-50 the age 

difference between the younger and older group was limited, significant differences in both cerebro- 

and cardiovascular postural adaptation were found. 

We used TCD and NIRS to evaluate the postural changes in cerebral perfusion and 

oxygenation. Both cO2Hb73 and MCA Vmean are proposed to reflect changes in cerebral perfusion, 

whereas the methods are based on different principles. NIRS considers changes in cerebral cortical 

tissue oxygenation and blood volume in the frontal cortex, while TCD follows blood flow. TCD has a 

favorable temporal resolution compared with the more traditional techniques for assessing CBF.75 

MCA Vmean was chosen for evaluation of changes in CBF assuming that changes in MCA Vmean are 

representative of those in CBF. We consider that MCA Vmean and cO2Hb do not allow for absolute 

quantification of baseline flow and we do not know whether baseline blood flow was reduced in OLD. 

Doppler ultrasonography measures blood velocity rather than blood flow and changes in the diameter 

of the insonated vessel by enhanced sympathetic activity could modify velocity independently of flow. 

However, the large cerebral arteries, such as the MCA, are conductance rather than resistance 

vessels and MCA diameter changes could not be detected during moderate sympathetic activation.63 

Thus, the constancy of MCA diameter links changes in cerebral blood velocity to changes in flow. 

With comparable time resolution, rapid changes in the local cerebral oxygenation are reflected by dual 
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wave length NIRS.69,70,85 NIRS-determined cO2Hb integrates the arterial O2 content and the regional 

CBF, and as established for skeletal muscle, NIRS obtains information on tissue oxygenation and 

metabolism beyond that obtained by venous blood sampling.85 We combined TCD and NIRS in an 

approach to overcome the uncertainty of each of the methods as they are based on different physical 

principles, assuming that concordant changes indicate a change in regional CBF.69,76-79  

Several potential mechanisms involved in the postural decrease in MCA Vmean are to be 

considered. The influence of the arterial CO2 tension (PaCO2) on CBF is of importance. The reduction 

in cerebral perfusion has been alleged to be associated with the postural decrease in PaCO2 but the 

reduction in PaCO2 accounts for only approximately half of the orthostatic influence on MCA Vmean.
103, 

318 Although the postural change in PETCO2 was limited and of comparable magnitude for both groups, 

CO2 sensitivity has been demonstrated to become reduced with aging.50,319 Therefore we cannot 

exclude PaCO2 as potentially contributing to the smaller postural decline in MCA Vmean and cO2Hb in 

OLD. Cerebral perfusion depends on arterial inflow pressure but also cardiac output is of 

importance.179 When assuming the standing position, the decrease in BP at the level of the brain is 

well within the autoregulatory range, but the reduction in cardiac output is substantial (~20%).78 In 

support, both MCA Vmean and cO2Hb increase when the standing position is supplemented by a leg 

muscle tensing maneuver that attenuates sympathetic activity320 by enhancing cardiac output,78 while 

BP remains unchanged.  

Dynamic cerebral autoregulation is characterized by high-pass filter properties, where BP 

oscillations are effectively dampened in the low but not in the high frequency range, indicating that 

rapid changes in BP are directly transferred to the cerebral circulation. The present study conforms to 

earlier observations that although increasing age is associated with lower resting CBF, dynamic 

cerebral autoregulatory capacity in itself remains unaffected by physiological aging.49,133,135,321 In the 

older subjects, resting blood pressures and CVRi were higher, whereas the LF power of the MCA 

Vmean in supine and upright position was respectively 55% and 63% less than in the YNG subjects, yet 

the LF power of MAP was not different between groups. A lower transfer function gain as found in 

OLD49 is assumed to indicate better dampening of BP oscillations.90 The linear relationship between 

normalized transfer function gain and cerebrovascular resistance conforms to the suggestion that a 

larger CVRi may reflect a relatively more vasoconstricted state of the cerebrovascular bed allowing 

more efficient dampening, resulting in a lower CBF variability, whereas in the more dilated state the 

pressure transmission is attenuated.142 This is consistent with studies demonstrating a more efficient 

dynamic cerebral autoregulation during hypocapnia, a condition associated with cerebral 

vasoconstriction.81,322  

A larger postural decline in MAP (and indices of cerebral perfusion) could be attributed to 

impaired baroreflex function.323 However, the finding of a smaller postural BP reduction in the older 

subjects is in contrast to the reduced BRS found in this group. We therefore consider it unlikely that 

differences in BRS explain the age-related differences in initial postural circulatory adaptation.  

Polypharmacy in the elderly is associated with an increased risk of falling. Particularly, the use 

of psychotropic medication is regarded as a risk factor for falls, with a higher incidence if combinations 

of medications are used.311 The findings of the study indicate that in healthy elderly subjects 
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orthostatic stress in itself does not explain their increased risk of falls. The design of the study 

accounted for the potential influence of medication by including healthy elderly subjects without 

medication with potentially confounding effects. Therefore the data of this study do not permit to 

decide whether elderly patients with psychotropic medication have an altered hemodynamic 

adaptation to orthostatic stress. 

In older vs. younger subjects the postural decrease in cerebral blood flow velocity and frontal 

cerebral oxygenation is smaller. The reduction in cerebral blood flow velocity appears to be related 

directly to the initial decline in blood pressure, independently of functional cerebral autoregulation. The 

findings of the present study do not support the notion that a higher incidence of postural dizziness 

and falls with healthy aging is attributable to malfunctioning cerebro- and cardiovascular control. 



 

 

   

 

 

 

 

 

 

 

 

 

Chapter 6 

 

Cerebrovascular Control and 

Environmental Stress 

 

 

 

 
 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

   

 

6A 
 

 

 

 

Effects of Hyperglycemia on the 

Cerebrovascular Response to 

Rhythmic Handgrip Exercise  

 
 

Yu-Sok Kim, Rikke Krogh-Madsen, Peter Rasmussen, Peter Plomgaard,  

Shigehiko Ogoh, Niels H. Secher and Johannes J. van Lieshout 

 

 
 
 
 
 
 
 
 
  

 
 
  American Journal of Physiology Heart and Circulatory Physiology 2007;293(1):H467-73 



 

120 CEREBRAL BLOOD FLOW CONTROL IN SMALL VESSEL DISEASE 

 

Abstract  

 

Dynamic cerebral autoregulation (CA) is challenged by exercise and may become less effective when 

exercise is exhaustive. Exercise may increase arterial glucose concentration, and we evaluated 

whether the cerebrovascular response to exercise is affected by hyperglycemia. The effects of a 

hyperinsulinemic euglycemic (EU) and hyperglycemic clamp (HY) on the cerebrovascular (CVRi) and 

systemic vascular resistance index (SVRi) responses were evaluated in seven healthy subjects at rest 

and during rhythmic handgrip exercise. Transfer function analysis of the dynamic relationship between 

beat-to-beat changes in mean arterial pressure and middle cerebral artery (MCA) mean blood flow 

velocity (Vmean) was used to assess dynamic CA. At rest, SVRi decreased with HY and EU (P<0.01). 

CVRi was maintained with EU but became reduced with HY (11±3%; P<0.01), and MCA Vmean 

increased (P<0.05), whereas brain catecholamine uptake and PaCO2 did not change significantly. HY 

did not affect the normalized low frequency gain between mean arterial pressure and MCA Vmean or 

the phase shift, indicating maintained dynamic CA. With HY, the increase in CVRi associated with 

exercise was enhanced (19±7% vs. 9±7%; P<0.05) concomitant with a larger increase in heart rate 

and cardiac output and a larger reduction in SVRi (22±4% vs. 14±2%; P<0.05). Thus hyperglycemia 

lowered cerebral vascular tone independently of CA capacity at rest, whereas dynamic CA remained 

able to modulate cerebral blood flow around the exercise-induced increase in MCA Vmean. These 

findings suggest that elevated blood glucose does not explain that dynamic CA is affected during 

intense exercise.  
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Introduction 

 

Cerebral blood flow (CBF) is under autoregulatory control and is also influenced by regional changes 

in neural activity.2,85 Cerebral autoregulation (CA) spans the range of prevailing demands on CBF in 

everyday life and comprises both fast- and slow-acting regulatory components.80,152 Static CA reflects 

the overall efficiency of the system, whereas dynamic CA refers to the ability to restore CBF in the 

face of a sudden change in arterial pressure, reflecting the latency of the cerebral vasoregulatory 

system.81-83 Brain activation by exercise provokes an increase in cerebral perfusion, and regional and 

global CBF increases 20-30% with the transition from rest to moderate exercise.20,270,324,325 During 

exercise, middle cerebral artery (MCA) blood flow velocity varies in response to pulse pressure, and 

dynamic CA allows for maintenance of cerebral circulation during the exercise-induced increase in 

blood pressure.326 The effectiveness of dynamic CA may, however, become reduced by exhaustive 

exercise,187 and the effects of metabolites and arterial carbon dioxide partial pressure (PaCO2) on the 

brain vasculature are proposed as possible causative factors.187 Although plasma glucose 

concentration usually remains relatively constant during exercise, hyperglycemia may occur;327 

whether hyperglycemia affects CA and modifies the cerebrovascular response to exercise has not 

been evaluated. Dynamic CA may also be affected in patients with small vessel disease,27 e.g. 

diabetes, where loss of autoregulation of tissue perfusion is attributed to persistent 

hyperglycemia.23,115 Early Type 1 diabetes mellitus is associated with vasodilatation and 

hyperperfusion of vascular beds.328,329 In healthy subjects, sustained hyperglycemia induces moderate 

vasodilatation in resting skeletal muscle and increases blood flow in the absence of changes in 

sympathetically mediated vasomotor tone.330 Blunted responses of cerebral arterioles have been 

reported in an animal model of diabetes mellitus and in diabetic patients with impairment of 

CA.23,25,118,331,332 However, results from animal studies with regard to the possible effects of glucose 

on CBF are inconclusive with both a reduced333 and maintained CBF334 in response to acute 

hyperglycemia.  

The primary purpose of this study was to examine whether hyperglycemia affects the CBF 

response to exercise. We hypothesized that sustained hyperglycemia induces cerebrovascular 

vasodilatation interfering with CA. We further hypothesized that hyperglycemia would enhance the 

increase in cerebral perfusion induced by rhythmic exercise. Accordingly, we set out to determine the 

cerebral and systemic vascular responses and the arterial-internal jugular venous differences for 

catecholamines as a marker of their net brain uptake in healthy subjects during euglycemia and 

hyperglycemia at rest and during rhythmic handgrip exercise.    
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Experimental Procedures 

 

Seven healthy, recreationally active nonsmoking male subjects participated in the study. Their mean 

characteristics were as follows: age 25 (range 22–29) yr, height 185 (range 175–205) cm, and weight 

81 (range 71–105) kg. Oral and written informed consent were obtained, and the study was approved 

by the Ethics Committee of Copenhagen and Frederiksberg (KF 01-257245). Before the study was 

initiated, the subjects underwent an examination, which included blood samples for renal, hepatic, and 

thyroid function, hemoglobin, white blood cell counts, electrolytes, and plasma glucose; all tests 

proved to be normal. The subjects abstained from caffeinated beverages for at least 6 hours, and 

none of the subjects used any medication. 

Central hemodynamic and cerebrovascular measurements were obtained during a steady-state 

hyperglycemic clamp (HY) and a hyperinsulinemic euglycemic clamp (EU) with blood glucose 

maintained at the fasting concentration. In a random order crossover design, the subjects were 

studied on 2 days separated by at least 1 week in a room at 22ºC. The subjects reported to the 

laboratory at 8:00 AM after an overnight fast. The order of the studies was EU-HY in four subjects and 

HY-EU in three subjects. Subjects were placed in the supine position and instrumented with arterial, 

internal jugular, and peripheral venous catheters. A standard lead II electrocardiogram was used for 

monitoring purpose. Cannulas were introduced percutaneously into the brachial artery of the 

nondominant arm (19 gauge) and under local anesthesia (2% lidocaine) retrograde into the internal 

jugular vein (14 gauge) and advanced to its bulb. A catheter was placed in an antecubital vein for 

infusion of insulin and glucose. The arterial catheter was connected to a pressure-monitoring system 

(Dialogue 2000, Copenhagen, Denmark), which was used to obtain blood for measurement of 

glucose, insulin, potassium, blood gas variables, and catecholamines. The catheter lumens were 

flushed with 3 ml/h isotonic saline. Arterial pressure was measured with a transducer (Edwards Life 

Sciences, Irving, CA) that was calibrated and zeroed at the level of the right atrium in the midaxillary 

line. The transcranial Doppler-derived blood velocity was measured in the proximal segment of the 

right MCA and insonated (DWL Multidop X4, Sipplingen, Germany) through the posterior temporal 

“window”. Once the optimal signal-to-noise ratio was obtained, the probe was secured with a 

headband. Both at rest and during exercise, determination of flow velocity in the MCA has a 

coefficient of variation of ~5%.335 Stroke volume (SV) was calculated from the blood pressure 

waveform using the Modelflow method incorporating age, sex, height, and weight (BeatScope 1.0 

software; BMEye, Amsterdam, The Netherlands).207 This technique tracks fast changes in SV during 

static and dynamic exercise.20,113,187,336 The signals of arterial pressure, spectral envelope of MCA 

blood flow velocity, and ECG were analog-to-digital-converted at 200 Hz and stored on a hard disk for 

off-line analysis.  

Hyperinsulinemic HY. Glucose (1000 mM) was infused intravenously to maintain a blood level of 

15 mM, with the rate of infusion adjusted by a computer-controlled pump according to the arterial 

blood glucose concentrations analyzed at intervals of 5 min during the first hour and then every 10th 

min.337 Steady-state blood glucose concentrations were achieved after ~1 hour. To maintain 

potassium at the baseline level, isotonic saline containing potassium (51 mmol/l) was infused 
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continuously. To flush lines after blood sampling, a total of ~1000 ml of isotonic saline was needed 

during the study and compensated for the blood withdrawn. Arterial blood samples for measurements 

of insulin and plasma catecholamines were drawn before glucose infusion and after steady-state 

hyperglycemia was achieved.  

Hyperinsulinemic EU. Insulin was infused at 0.08 IU·min-1·m-2. Glucose was provided via a 

computer-controlled infusion pump adjusted to maintain blood glucose at baseline (fasting) 

concentration in a manner similar to that described for HY clamping with other infusions. Arterial blood 

for measurement of insulin and catecholamines was drawn as mentioned for HY clamping.  

Exercise. For rhythmic handgrip exercise, a strain-gauge dynamometer was used, and force was 

measured by bridge (CN801, Hellerup, Denmark). At the start of each study, maximal voluntary 

contraction was determined. Exercise included 10 min of intermittent handgrip contractions at 65% of 

maximal voluntary contraction with 2 s of contraction alternated with 4 s of relaxation.  

Blood samples. Blood samples obtained at baseline and during EU and HY were analyzed 

[potassium, glucose concentrations, and blood gas variables (ABL 625 & 700, Radiometer, 

Copenhagen, Denmark), as well as lactate (Yellow Springs Instruments, Yellow Springs, OH)]. 

Plasma catecholamines were determined with a 2 CAT EIA (BA 10-1500; Labor Dianostika Nord, 

Nordhorn, Germany). Net brain catecholamine uptake was expressed as the arterial-to-internal jugular 

venous epinephrine and norepinephrine difference for the brain.201   

Data analysis. Beat-to-beat values for MCA mean blood flow velocity (Vmean) and mean arterial 

pressure (MAP) were derived as the integral over one beat divided by the corresponding beat interval. 

Heart rate (HR) was the inverse of the interbeat pressure interval, and cardiac output (CO) was the 

product of SV and HR. Systemic vascular resistance index (SVRi) was calculated as MAP/CO, and an 

effect of hyperglycemia on the cerebral vascular resistance was expressed as an index (CVRi) 

calculated from MAP and MCA Vmean.
83 Cerebral and systemic hemodynamic values were expressed 

as the averages of 6-min manifestations of MAP, HR, SV, CO, pulse pressure, SVRi, MCA Vmean, and 

CVRi. For calculation of dynamic CA please see the Methods section (Chapter 2). Baroreflex 

sensitivity was derived from frequency analysis of systolic blood pressure and interbeat interval time 

series. Power spectral density and cross-spectra of systolic blood pressure and interbeat interval were 

computed with the use of discrete Fourier transform.248,338  

Statistical analysis. Data are presented as mean and SD. Two-way ANOVA for repeated 

measures was used to identify differences across glycemic condition (EU vs. HY) and time. Post hoc 

pair-wise multiple comparisons vs. rest were performed with the Holm-Sidak method, and correlation 

strength was assessed with Pearson’s test on the average values across subjects. When data fitted a 

normal distribution, as indicated by Kolmogorov-Smirnov analysis, a t-test was used; a Mann-Whitney 

rank sum test was applied when data were not normally distributed, with P<0.05 considered to 

indicate a statistically significant difference.  
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Results 

 

At rest before glucose clamping, baseline cerebro- and cardiovascular variables and plasma 

concentrations for insulin (EU vs. HY; 10.4±7.7 pmol·l-1 vs. 8.0±6.9 pmol·l-1), glucose (4.9±0.1 mmol·l-1 

vs. 4.9±0.1 mmol·l-1), PaCO2, and epinephrine and norepinephrine did not differ between experiments 

(Table 1).  

 

EU and HY clamping  

The plasma glucose concentration was maintained at 4.9±0.1 mmol·l-1 for EU and 14.8±0.2 mmol·l-1 

for HY (Figure 1). Plasma insulin concentrations during exercise were not different between conditions 

(906±46 pmol·l-1 for EU vs. 688±100 pmol·l-1 for HY; P=0.07). During EU and HY clamping, MAP and 

arterial catecholamine concentrations did not change significantly. At the same time, SVRi decreased 

with both HY and EU (P<0.01). The CVRi was maintained with EU but became reduced with HY 

(11±3%; P<0.01), and MCA Vmean increased (P<0.05; Table 1), whereas brain catecholamine uptake 

Table 1  Systemic and cerebrovascular hemodynamic variables 
 Clamp Rest control Exercise control   Rest clamp Exercise clamp 

MAP (mm Hg) 
EU 89 ± 9 109 ± 11‡  85 ± 8 105 ± 11** 

HY 91 ± 6 112 ± 14‡ 89 ± 7 111 ± 11** 

Heart rate (beats·min
-1

) 
EU 66 ± 8 81 ± 7‡ 69 ± 10‡ 88 ± 12** 

HY 62 ± 8 86 ± 10‡ 64 ± 6 95 ± 13** 

Stroke volume (ml) 
EU 84 ± 11 89 ± 11 88 ± 11 95 ± 11 

HY 85 ± 8 85 ± 8 91 ± 14 98 ± 8 

Cardiac output (l·min
-1

)  
EU 4.5 ± 0.7 6.2 ± 0.9‡ 6.0 ± 0.4‡ 8.6 ± 1.0** 

HY 4.4 ± 0.7 6.4 ± 0.9‡ 5.8 ± 1.0† 9.3 ± 1.3** 

Pulse pressure (mm Hg) 
EU 55 ± 5 69 ± 8‡ 57 ± 8 72 ± 5* 

HY 56 ± 6 68 ± 6‡  59 ± 6 75 ± 8** 

SVRi (dyn·s·m
-5

) 
EU 1051 ± 206 953 ± 231‡ 861 ± 110‡ 742 ± 105** 

HY 1073 ± 166 955 ± 129 956 ± 173‡ 728 ± 83** 

MCA Vmean (cm·s
-1

) 
EU 43 ± 7 49 ± 10‡ 42 ± 9 46 ± 6 

HY 39 ± 6 46 ± 12‡ 43 ± 7† 47 ± 14 

CVRi (mm Hg·cm
-1

·s
-1

) 
EU 2.06 ± 0.30  2.28 ± 0.46‡ 2.07 ± 0.43 2.33 ± 0.33* 

HY 2.37 ± 0.37 2.58 ± 0.60 2.10 ± 0.36† 2.50 ± 0.61* 

PaCO2 (mm Hg) 
EU 37.95 ± 1.59 37.43 ± 2.78 37.05 ± 2.38 36.98 ± 2.78 

HY 37.28 ± 2.97 38.33 ± 3.20 36.83 ± 2.12 36.90 ± 2.97 

NorepinephrineART (pmol·l
-1

) 
EU 189 ± 93 238 ± 114 278 ± 95 237 ± 87 

HY 217 ± 45 303 ± 76 256 ± 68 381 ± 260 

EpinephrineART (pmol·l
-1

) 
EU 102 ± 56 85 ± 26 95 ± 40 106 ± 32 

HY 95 ± 40 108  ± 40 83 ± 59 102 ± 37 

NorepinephrineAV (pmol·l
-1

) 
EU -33 ± 69 13 ± 48 19 ± 53 -97 ± 140 

HY -21 ± 34 -6 ± 74 -1 ± 28 1 ± 147 

EpinephrineAV (pmol·l
-1

) 
EU 26 ± 34 4 ± 11 2 ± 8 -4 ± 24 

HY 15 ± 14 17 ± 28 17 ± 57 1 ± 28 

LactateART (mmol·l
-1

) 
EU 0.7 ± 0.3 1.2 ± 0.4† 1.1 ± 0.2‡ 1.9 ± 0.6** 

HY 0.9 ± 0.3 1.4 ± 0.5† 1.6 ± 0.3‡ 2.8 ± 0.9** 

LactateAV (mmol·l
-1

) 
EU -0.1 ± 0.1 0.0 ± 0.1 -0.1 ± 0.1 0.0 ± 0.1 

HY -0.1 ± 0.1 -0.2 ± 0.4 -0.1 ± 0.1 -0.1 ± 0.1 

GlucoseAV (mmol·l
-1

) 
EU 0.6 ± 0.2 0.6 ± 0.2 0.5 ± 0.1 0.4 ± 0.3 

HY 0.5 ± 0.2 0.5 ± 0.2 -0.1 ± 0.5 0.0 ± 0.3 

Values are means ± SD for 7 subjects. MAP, mean arterial pressure; SVRi, systemic vascular resistance index; MCA 
Vmean, middle cerebral artery mean cerebral blood velocity; CVRi, cerebral vascular resistance index; PaCO2, arterial CO2 
tension; ART, arterial; AV, cerebral arteriovenous difference; EU, euglycemia; HY, hyperglycemic clamp.  
† P<0.05 vs. rest control, ‡ P<0.01 vs. rest control, * P<0.05 vs. rest clamp, ** P<0.01 vs. rest clamp. 
 



 

CEREBRAL BLOOD FLOW CONTROL IN SMALL VESSEL DISEASE 125 

 

   

and PaCO2 did not change significantly. Arterial lactate concentrations increased with both HY and EU 

(P<0.01). 

 

Spectral and transfer function analysis 

Baroreflex sensitivity was within normal limits and did not change with EU (17±3 ms·mm Hg-1 vs. 16±2 

ms·mm Hg-1) vs. HY (19±3 ms·mm Hg-1 vs. 18±3 ms·mm Hg-1). Transfer function analysis of the 

dynamic relationship between beat-to-beat changes in MCA Vmean and MAP assessed dynamic CA 

across changes in plasma glucose. The phase and normalized transfer function gain between MCA 

Vmean and MAP in the LF range were not altered across changes in the plasma glucose concentration 

(Table 2).  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Transfer function gain, phase and coherence function  
 Clamp Control Clamp   

MAPpower (mm Hg
2
·Hz

-1
) 

EU 5.7 ± 4.2 3.6 ± 3.2 

HY 5.7 ± 4.6 6.0 ± 5.1 

MCA Vmean  power ((cm·s
-1

)
2
·Hz

-1
) 

EU 1.8 ± 1.0 1.6 ± 0.8 

HY 2.4 ± 1.5 2.5 ± 1.9 

Coherence (k
2
) 

EU 0.84 ± 0.07 0.84 ± 0.09 

HY 0.81 ± 0.10 0.81 ± 0.13 

Phase (degrees) 
EU 50 ± 6 50 ± 5 

HY 49 ± 5 50 ± 5 

Gain (cm·s
-1

·mm Hg
-1

) 
EU 0.61 ± 0.18 0.68 ± 0.26 

HY 0.58 ± 0.09 0.60 ± 0.16 

Normalized gain (%·%
-1

) 
EU 1.21 ± 0.26 1.32 ± 0.24 

HY 1.28 ± 0.25 1.26 ± 0.28 

Values are means ± SD for 7 subjects. MAPpower, mean arterial pressure low frequency 
power; MCA Vmean power, middle cerebral artery mean blood flow velocity power.  

Figure 1 Plasma glucose during euglycemic (open circles) and hyperglycemic (closed circles) 

clamp for 7 subjects. Bars: rhythmic handgrip exercise 
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Figure 2 Mean arterial pressure (MAP), middle cerebral artery mean blood flow velocity (MCA Vmean), heart rate 

(HR), and cardiac output (CO) responses to rhythmic handgrip during euglycemic clamp (EU: open circles) and 

hyperglycemic clamp (HY: closed circles) vs. at control conditions (CTRL: squares). Values are means ± SEM for 

7 subjects. Bars: rhythmic handgrip exercise. † P<0.05 vs. rest (t = -3 min); ‡ P<0.01 vs. rest; * P<0.05 vs. 

control.  
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Rhythmic handgrip exercise 

During exercise, MAP, HR, pulse pressure, CO, and MCA Vmean increased (P<0.05), whereas SV, 

PaCO2 , arterial catecholamine concentrations, and arteriovenous lactate difference did not change 

significantly (Table 1). Also, the increase in MAP was similar for both glycemic conditions, whereas 

the increase in HR and CO during HY vs. EU was larger (P<0.05; Figure 2), concomitant to a larger 

reduction in SVRi (22±4% vs. 14±2%; P<0.05; Figure 3). During HY vs. control, the increase in CVRi 

was larger (19±7% vs. 9±7%; P<0.05), whereas net brain catecholamine uptake and PaCO2 did not 

change.  

 

 

 
 

Figure 3 Responses of cerebral and systemic vascular resistance indices to exercise during EU (open circles) 

and HY (closed circles) vs. at control conditions (squares). Values are mean ± SEM for 7 subjects. Bars: 

rhythmic handgrip exercise. CVRi, cerebrovascular resistance index; SVRi, systemic vascular resistance 

index. † P<0.05 vs. rest (t = -3 min); ‡ P<0.01 vs. rest; * P<0.05 vs. control.  
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Discussion 

 

The present study provides novel information regarding the influence of hyperglycemia on the 

vascular responses of the cerebral and systemic circulations in humans from rest to exercise. At rest, 

SVRi decreased both with HY and EU. At the same time, CVRi was maintained with EU but declined 

in response to HY independently of CA, suggesting an important role for glucose. Second, HY 

enhanced the decline in SVRi and the increase in CO associated with exercise. Thus HY lowered 

cerebral vascular tone independently of autoregulatory capacity at rest, whereas dynamic CA retained 

the ability to modulate CBF around the exercise-induced increase in MCA Vmean. Collectively, these 

findings suggest that elevated blood glucose does not explain that dynamic CA may become affected 

during intense exercise. 

  Hyperglycemia and hyperinsulinemia each elicit systemic vasodilatation, but controversies 

exist as to the vascular effects of insulin330,339,340 because both systemic vasoconstrictive and 

vasodilatory effects of insulin have been reported.330,340-343 Endothelium-dependent vasodilatation is 

impaired in Type 1344 and in Type 2 diabetes;345,346 however, in healthy humans, acute hyperglycemia 

does not impair endothelial function.347 The vascular effects of insulin may reflect the balance 

between sympathetic and local nitric oxide effects with vasodilatation at elevated plasma 

concentrations vs. vasoconstriction at lower concentrations.342 In addition, the effects of 

hyperinsulinemic hyperglycemia are different for healthy subjects vs. patients with insulin-dependent 

diabetes mellitus, with regional vasodilatation shown in healthy subjects but not in patients.348,349 

Possible differences in dose-response vascular effects of elevated insulin levels need to be 

established, and we cannot, therefore, exclude some vascular contribution of a slightly higher insulin 

concentration during EU vs. HY. 

In healthy subjects, euinsulinemic hyperglycemia induces moderate vasodilatation in skeletal 

muscle in the absence of changes in sympathetic tone or blood pressure.330 A new observation from 

the present study is that, during exercise, the decline in SVRi is enhanced by hyperglycemia. This 

systemic vasodilatation developed in the absence of significant changes in baroreflex sensitivity, 

plasma norepinephrine concentration, or low frequency spectral power of arterial pressure and 

interbeat interval oscillations, suggesting that sympathetic activity did not change.248,350  

In an isolated cerebral artery model, acute glucose exposure dilates cerebral arteries,332 whereas, 

after chronic exposure to hyperglycemia, vascular responses diminish.331 We hypothesized that the 

cerebral vasculature would respond in a similar way and evaluated the CVRi during HY as an 

indicator for cerebral artery vasomotor tone. A reduction in CVRi was demonstrated with HY during 

rest in parallel to the systemic vasodilatation that took place without a change in PaCO2 or brain 

catecholamine uptake. However, the findings that the MAP-to-MCA Vmean transfer function gain and 

phase were not affected by EU and HY support that dynamic CA was preserved during both acute 

hyperinsulinemia and hyperglycemia. Sympathetic nerve stimulation increases MAP and MCA 

Vmean,
351 and brain activation by rhythmic exercise results in an increase in MAP, CVRi, and MCA 

Vmean.
270,271 During exercise with HY, the increase in MAP was comparable to that with EU, but the 

increase in CO was larger and accompanied by an enhanced CVRi response.  
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The MCA Vmean was chosen for evaluation of exercise-induced changes in CBF with the 

assumption that changes in MCA Vmean are representative of those in CBF. Transcranial Doppler 

monitors blood velocity rather than blood flow, and changes in the diameter of the insonated vessel by 

enhanced sympathetic activity could modulate velocity independently of flow. However, the large 

cerebral arteries are conductance rather than resistance vessels, and moderate sympathetic 

activation does not modify the luminar diameter of a systemic conduit artery.294 With exercise, MCA 

Vmean demonstrates a graded increase to work rate and reflects the increase in regional CBF.270,271,325 

When large muscle groups are exercised, the increase in plasma norepinephrine is up to 16-fold 

higher than during moderate exercise such as with rhythmic handgrip. In the present study, the 

systemic to cerebral norepinephrine difference did not change significantly during exercise, and we 

consider an adrenergic vasoconstrictive effect on the MCA unlikely.335 

This study did not address the mechanism involved in the differential cerebral and systemic 

circulatory responses to hyperglycemia, but the data suggest that, during exercise, maintained 

dynamic CA counterbalanced the vasodilatatory effect of hyperglycemia manifest in other vascular 

beds. Thus hyperglycemia lowered cerebral vascular tone independently of CA capacity at rest, 

whereas dynamic CA remained able to modulate CBF around the exercise-induced increase in MCA 

Vmean. These findings suggest that an elevated blood glucose does not explain that dynamic CA may 

become affected during intense exercise.
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Abstract  

 

Administration of erythropoietin (EPO) has been linked to cerebrovascular events. EPO reduces 

vascular conductance, possibly because of the increase in hematocrit. Whether EPO in itself affects 

the vasculature remains unknown; here it was evaluated in healthy males by determining systemic 

and cerebrovascular variables following acute (30,000 IU/day for 3 days; n=8) and chronic (5,000 

IU/week for 13 weeks; n=8) administration of EPO, while the responsiveness of the vasculature was 

challenged during cycling exercise, with and without hypoxia. Prolonged administration of EPO 

increased hematocrit from 42.5±3.7% to 47.6±4.1% (P<0.01), whereas hematocrit was unaffected 

following acute EPO administration. Yet, the two EPO regimes increased arterial pressure similarly 

(by 8±4 mm Hg and 7±3 mm Hg, respectively; P=0.01) through reduced vascular conductance (by 

7±3% and 5±2%; P<0.05). Also, both EPO regimes widened the arterial-to-jugular O2 differences at 

rest as well as during normoxic and hypoxic exercise (P<0.01), which indicated reduced cerebral 

blood flow despite preserved dynamic cerebral autoregulation, and an increase in middle cerebral 

artery mean blood flow velocity (P<0.05), therefore, reflected vasoconstriction. Thus, administration of 

EPO to healthy humans lowers systemic and cerebral conductance independent of its effect on 

hematocrit. 
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Introduction 

 

Erythropoietin (EPO) is a glycoprotein hormone produced mainly by renal cortex fibroblasts352 that 

stimulate erythropoiesis.353 However, EPO is also expressed in the brain, including neurons, 

astrocytes, and the endothelium.354 Although this expression of EPO, as of its receptor, is sparse, 

brain EPO is upregulated in response to hypoxia, with the potential to protect neurons from ischemic 

injury.355 Thus, EPO seems to have effects beyond stimulating erythropoiesis and is suggested as a 

neuroprotective agent promoting neuronal survival after hypoxic and metabolic stress.356,357 However, 

EPO increases blood pressure through reduced systemic vascular conductance in both healthy 

subjects and patients with renal failure358 and has been associated with cerebrovascular events.359 

Both an increase in blood pressure and an increased rate of cerebrovascular events could 

relate to the effect of EPO on hematocrit. Yet, the lack of an effect of EPO on hypoxic insults359 was 

attributed to a direct vasoconstrictor effect.360 We considered that acute EPO administration would 

allow evaluation of whether EPO has an effect on the vasculature, considering the time needed for 

hematocrit to increase.361 Thus, the systemic and cerebrovascular effects of EPO were compared in 

healthy males, with administration over 3 days vs. 13 weeks, while the responsiveness of the 

vasculature was challenged by exercise and hypoxia. We hypothesized that acute administration of 

EPO would induce both systemic and cerebral vasoconstriction and attenuate the vasodilatory 

response to hypoxic exercise. To characterize the effect of EPO on brain circulation further, we 

evaluated dynamic cerebral autoregulation (CA).82 

 

 

Materials and Methods 

 

Sixteen healthy males provided written informed consent to the study, as approved by the local ethical 

committee for Copenhagen and Frederiksberg (KF 01257177). The subjects (20-34 years, Table 1) 

were randomized to 2 groups receiving either acute EPO treatment (ACU group; 30,000 IU/day for 3 

days) or chronic (three months) EPO treatment (CHRON group; 5,000 IU/week for 13 weeks). An 

independent investigator generated a software-based randomization list. This investigator did not 

participate in patient inclusion, management, endpoint evaluation, or data analysis. 

 

 

Table 1: Subject characteristics  
 Age Height Weight VO2max 

ACU 26.8 ± 5.2 years 177.4 ± 5.2 cm 71.6 ± 4.4 kg 4.2 ± 0.5 l·min
-1

 

CHRON 23.4 ± 1.6 years 181.0 ± 6.0 cm 78.2 ± 9.0 kg 4.2 ± 0.9 l·min
-1

 

VO2max, maximal oxygen uptake. Values are mean ± SD.  
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ACU group  

Eight subjects were allocated to receive placebo or 30,000 IU/day of EPO for 3 days in a randomized, 

double-blinded crossover study design (Figure 1) separated by 3 months. Recombinant EPO 

(NeoRecormon, Roche, Mannheim, Germany) was dissolved into 0.3 ml isotonic saline per 5,000 IU 

of EPO to a total volume of 20 ml. Placebo was 20 ml of isotonic saline. EPO and placebo were 

injected intravenously as a bolus by an investigator blinded to subject randomization. The last dose 

was administered 20-24 hours before the subjects reported to the laboratory for the exercise test.  

 

CHRON group 

In an open crossover study design, 8 subjects alternatively and in random order received EPO for 13 

weeks362 with treatment sessions separated by at least 3 months. EPO (5,000 IU/day) was 

administered subcutaneously every second day for the first 2 weeks; thereafter, 3 injections of 5,000 

IU on 3 consecutive days were followed by 1 injection of 5,000 IU every week. The total EPO dose 

was ~100,000 IU, and the last dose was administered five days prior to the experimental trial.  

 

 

 

 

 

 

 

Figure 1 A, Flow chart. Chronic vs. acute 

EPO treatment. Subjects received EPO 

or placebo in a randomized, cross-over 

design. Sixteen subjects were recruited 

but one subject in each group was 

excluded due to missing data (see text). 

B, design of the experimental day.  
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Experimental design   

The subjects were familiarized with the protocol and performed incremental cycling to determine 

maximal oxygen uptake; 20 min of cycling at a normal inspiratory oxygen fraction (FIO2; 0.21); and 

cycled at a reduced FIO2 (0.10, equivalent to ~5.500 m altitude). The subjects were instructed to 

complete as much work as possible; in order to avoid a vasovagal syncope, hypoxia was introduced 

at onset of exercise.  

Twice, separated by 3 months, the volunteers reported to the laboratory in a crossover placebo-

controlled design, with 4 subjects in each group exposed to the EPO trial before the control trial 

(Figure 1). On each visit to the laboratory, catheters were placed in the brachial artery of the 

nondominant arm and retrograde in the right internal jugular vein, and after 60 min of supine rest, 

measurements were obtained. To evaluate the ability of the systemic and cerebral vasculature to 

dilate, both groups thereafter performed cycling exercise with and without hypoxia.  

The middle cerebral artery velocity (MCAV) was evaluated beat-to-beat by transcranial Doppler 

(TCD, Transcan, EME, Überlingen, Germany). Depending on the position with the best signal-to-noise 

ratio, the proximal part of the MCA was insonated at a depth of 40-60 mm from the temporal bone, 

and the probe was secured with a headband. On the first day of the study, the position of the 

transcranial ultrasound probe was photographed and anatomical landmarks ensured identical probe 

placement in both trials. Trial-to-trial variation of MCAV is <5%.363 Changes in MCAV were used to 

derive changes in cerebral blood flow (∆CBFMCA) assuming an unchanged caliber of the MCA. Global 

CBF was derived by Fick’s principle (∆CBFjugular) from the arterio-jugular oxygen difference (avDO2) 

and the cerebral metabolic rate for oxygen (CMRO2). We assumed that CMRO2 did not change with 

EPO administration because during ergometer cycling, EPO administration does not increase leg or 

whole-body oxygen consumption.364,365 Thus, ∆CBFjugular was derived as 
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Blood pressure data (Edwards Life Sciences, Irving, CA) were interfaced with a Dialogue-2000 (IBC-

Danica, Copenhagen, Denmark), sampled at 200 Hz (DI-720, Dataq, Akron, OH), and stored for off-

line analysis. Perfusion pressure was considered equal to mean arterial pressure (MAP) at the height 

of the MCA, assuming constancy of intracranial pressure under the conditions of the study. Stroke 

volume (SV) was obtained by Modelflow analysis of the arterial pressure waveform.366 Cardiac output 
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(CO) was SV times heart rate, and total peripheral conductance (TPC) was the ratio of CO to MAP. 

Changes in cerebral vascular conductance index (CVCi) were assayed as the ratio of ∆CBFjugular or 

∆CBFMCA to ∆MAP. Pulmonary oxygen uptake (VO2) was assessed breath by breath (Medgraphics, 

St. Paul, MN). Following instrumentation, the subjects exercised for 20 min at a normal FIO2 (Figure 1) 

at an intensity that represented 95% of the workload that the subjects could sustain for 20 min with an 

FIO2 of 10%. Following 10 min of recovery, the subjects exercised at the same absolute workload for 

20 min in hypoxia.  

Blood was drawn immediately before exercise, after 10 min, and at the end of the exercise and 

was analyzed for oxygen and carbon dioxide content on a Radiometer 725 (Radiometer, 

Copenhagen, Denmark) blood gas analyzer. Approximately 10 min after termination of exercise, 

cerebrospinal fluid was obtained from lumbar sampling following local anesthesia (Lidocain 1%) in 3 

subjects from the ACU group and in 4 subjects from the CHRON group (see ref 365).  

Blood was sampled in preheparinized syringes, kept anaerobic, and analyzed within 30 min for O2 

content, carbon dioxide tension (pCO2) and Ca2+ content using an ABL 725 (Radiometer, Copenhagen, 

Denmark). Blood for EPO analysis was obtained at rest, mixed immediately with EDTA and spun (3500 

rpm; 15 min), and the plasma was stored at -80°C. EPO was measured on 100-µl samples of plasma 

and cerebral spinal fluid by means of the Quantikine IVD ELISA kit (R&D Systems, Abingdon, UK), 

using the manufacturer’s recommendations and supplied standards. Reading was at 450 nm with 595 

nm as referenced on a Bio-Rad ELISA reader (Bio-Rad, Hemel Hempstead, UK). The detection limit of 

the system was ~0.1 mU mL-1. For calculation of dynamic CA please see the Methods section (Chapter 

2). 

 

Statistical analysis 

Two-way repeated measures ANOVA identified changes between EPO and control trials and between 

rest and exercise (with or without hypoxia). Dunnett-Hsu post hoc test was used to locate differences 

(SAS Institute, Inc., Cary, NC), and statistical significance was set at P<0.05.  

 

 

Results 

 

One subject did not complete the ACU EPO trial; TCD data in one CHRON subject were of insufficient 

quality; and data from these two subjects were excluded from the analysis. Arterial and cerebrospinal 

fluid EPO concentrations rose in the ACU group but not in the CHRON group (P<0.05, see ref365), 

while during exercise, VO2 was not affected by administration of EPO (Table 2).  

The CHRON regimen increased hematocrit from 42.5±3.7% to 47.6±4.1% (P<0.01), whereas 

hematocrit remained unchanged with the ACU regimen. Arterial oxygen saturation was 98.0±0.3% 

and 97.6±1.5% at rest in the ACU and CHRON groups, respectively. Arterial oxygenation did not 

change with EPO treatment in either group. Arterial oxygenation was 97.5±0.2% and 97.6±1.5%  

during exercise in the ACU and CHRON groups, respectively, and was not changed by EPO 

treatment. With hypoxia, arterial saturation decreased to 57.9±5.1% and 61.4±7.6% in the ACU and 
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Table 2: Whole-body oxygen uptake (VO2), CO2 elimination (VCO2), and arterial CO2-tension (PaCO2) 

ACU, 3 days of 30,000 IU EPO/day; CHRON, 13 weeks of 5,000 IU EPO/week. Values are means±SEM; n = 7.  

 

 

CHRON groups, respectively (P<0.001). Arterial oxygenation and PaCO2 did not change significantly 

with EPO treatment, while arterial [Ca2+] decreased (ACU: from 1.21±0.04 to 1.18±0.04 mM, P<0.05; 

CHRON: from 1.19±0.04 to 1.17±0.04 mM, P<0.05). Both EPO regimens vs. placebo increased MAP 

at rest and during exercise (Table 3), but the CHRON regimen did not affect MCAV. However, ACU 

increased MCAV and tended to increase avDO2 (Figure 4). As a result, EPO reduced CVCi at rest 

and during exercise (P<0.05, Figure 2; for hypoxia, Figures 3 and 4). Both EPO regimens also 

reduced resting TPC (Figure 2) and attenuated the exercise-related reduction in TPC, and more so in 

hypoxia.  

In one CHRON subject, the MAP-MCAV coherence was <0.5, and the data were excluded from 

the dynamic CA analysis. MAP and MCAV low frequency (LF) power were comparable for both 

groups of subjects and did not change after EPO administration (Table 4). Also, the lower phase lead 

in the ACU group did not reach statistical significance, and the normalized gain was comparable 

between the time for EPO and placebo administration. 

 

   
CHRON  ACU 

 Hypoxia EPO VO2 VCO2 PaCO2  VO2 VCO2 PaCO2 

 +/- +/- [ml/min] [ml/min] [kPa]  [ml/min] [ml/min] [kPa] 

Rest - 
+ - - 4.7±0.2  - - 4.8±0.1 

- - - 4.6±0.1  - - 4.8±0.1 

Exercise - 
+ 1422±86 1232±73 5.1±0.2  1437±80 1204±65 4.9±0.1 

- 1428±81 1263±73 5.0±0.1  1451±63 1197±65 5.0±0.1 

Exercise + 
+ 1444±81 1610±100 3.4±0.1  1487±88 1451±81 3.3±0.1 

- 1448±81 1614±100 3.4±0.1  1471±73 1349±65 3.2±0.2 

ANOVA 

Exercise  - - P<0.001  - - P<0.001 

EPO  P=0.73 P=0.84 P=0.97  P=0.41 P=0.75 P=0.76 

Exercise x EPO  - - P=0.97  - - P=0.79 



 

 

Table 3: Cardiovascular effects of EPO treatment  

   
CHRON  ACU 

 Hypoxia EPO HR MAP BPsys BPdia SDPP  HR MAP BPsys BPdia PP 

 +/- +/- [bpm] [mm Hg] [mm Hg] [mm Hg] [mm Hg]  [bpm] [mm Hg] [mm Hg] [mm Hg] [mm Hg] 

Rest - + 87±5    96±4** 129±5 75±3 53±3  99±6  100±2** 138±4 77±2 61±4 

- 87±6 88±4 124±5 72±4 52±3  93±4 93±2 133±3 76±2 58±2 

Exercise - +    117±7**‡  101±3** 155±6‡ 75±2 80±5‡  136±5‡     110±2***‡ 170±6‡ 81±2 88±4‡ 

- 125±9‡ 94±5 154±7‡ 71±5 83±6‡  137±4‡      103±2 162±5‡ 77±3 86±5‡ 

Exercise + +   153±6*‡    87±5** 135±10    62±4*‡ 73±7‡  154±7‡ 101±3** 156±6‡ 71±2* 86±5‡ 

- 159±5‡ 79±5 135±10   57±5† 78±7‡  154±6‡ 93±3 153±8‡ 65±3‡ 88±6‡ 

ANOVA 

Exercise  P<0.001 P<0.001 P<0.001 P<0.001 P<0.001  P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 

EPO  P<0.05 P<0.01 P=0.51 P<0.05 P=0.10  P=0.61 P<0.01 P=0.17 P<0.05 P=0.74 

Exercise x EPO  P=0.09 P=0.46 P<0.05 P=0.17 P<0.01  P=0.21 P=0.13 P=0.67 P=0.58 P=0.60 

HR, heart rate; MAP, mean arterial pressure; BPsys, systolic blood pressure; BPdia, diastolic blood pressure; PP, pulse pressure. Values are means ± SEM; n = 7.  
* P<0.05, ** P<0.01, and *** P<0.001 vs. placebo; † P<0.05, ‡ P<0.01 vs. rest (post hoc paired-sample t-test with Dunnett-Hsu correction). 

 

Table 4: Transfer function gain, phase, and coherence function 

VLF, very low frequency region; LF, low frequency region; HF, high frequency region; MAPpower, mean arterial pressure power; MCAV power, middle cerebral artery mean blood flow 
velocity power. Values are means ± SEM; n = 7 (VLF, HF CHRON); n = 6 (LF CHRON); n = 7 (ACU). * P<0.05 vs. placebo. 

  VLF LF HF 

 EPO CHRON ACU CHRON ACU CHRON ACU 

MAPpower (mm Hg
2
·Hz

-1
) 

- 15±5 10±2 33±6 33±6 5±1         10±3 

+ 10±3 15±7   39±11   39±10 6±2 8±4 

MCAV power ((cm·s
-1
)
2
·Hz

-1
) 

- 3±1 5±1 14±5 14±5 2±1 4±1 

+ 5±2 15±6* 14±5 14±5 3±1 3±1 

Coherence (k
2
) 

- 0.46±0.08 0.48±0.07 0.86±0.39 0.86±0.02 0.51±0.04 0.53±0.04 

+ 0.57±0.09 0.47±0.08 0.86±0.39 0.86±0.02 0.59±0.06  0.54±0.04 

Phase (degrees) 
- 42±13 -7±15 35±6 35±5 1±2 0±3 

+ 34±13 17±18 31±6 31±5 0±2 4±3 

Gain (cm·s
-1
·mm Hg

-1
) 

- 0.34±0.05 0.37±0.02 0.53±0.08 0.53±0.08 0.43±0.04 0.42±0.06 

+ 0.48±0.05* 0.73±0.17  0.52±0.04 0.52±0.04 0.48±0.07 0.59±0.14 

Normalized gain (%·%
-1
) 

- 0.82±0.1 0.82±0.08 1.13±0.09 1.13±0.08 1.02±0.10 0.88±0.07 

+ 1.03±0.15  1.43±0.29  1.13±0.07 1.13±0.06 0.99±0.13 1.22±0.28 
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Figure 2 Vasoconstriction induced by EPO administration (means±SEM, n=7). 

Solid bars: control; open bars: EPO. * P<0.05; † P<0.05 for EPO main effect.  
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Figure 3. Changes in cardiac output (a) and cerebral blood flow (CBF) derived from transcranial Doppler (b) or 

by Fick’s principle (c, see text), with corresponding changes in total peripheral conductance (TPC) and cerebral 

vascular conductance (CVCMCA and CVCjugular, d-f) after 3 months of low dose EPO administration. Exer.+HX, 

exercise with hypoxia. Black bars control. Values are means for n=7 with error bars representing SEM.*, P<0.05 

placebo vs. EPO treated. 

Figure 4. Changes in cardiac output (a) and cerebral blood flow (CBF) derived from transcranial Doppler (b) or 

by Fick’s principle (c, see text), with corresponding changes in total peripheral conductance (TPC) and cerebral 

vascular conductance (CVCMCA and CVCjugular, d-f) after 3 days of high dose EPO administration. Exer.+HX, 

exercise with hypoxia. Black bars control. Values are means for n=7 with error bars representing SEM. *, P<0.05 

placebo vs. EPO treated. 
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Discussion  

 

The novel finding of the study is that both acute and chronic EPO administration increased arterial 

pressure along with a decrease in cerebral and total vascular conductance. That was the case, 

although, in contrast to our hypothesis, dynamic CA was not affected significantly by either of the two 

EPO regimens.  

In healthy volunteers, as in patients with chronic kidney disease, long-term administration of 

EPO provokes hypertension,
358,367

 which might be due to the hematopoietic effect of EPO and, 

therefore, enhanced blood viscosity. However, the similar increase in blood pressure induced by 

acute and chronic administration of EPO indicates that an elevated blood pressure on administration 

of EPO is unrelated to hematocrit, although prevalence of hypertension doubles when hematocrit is 

increased by 10%.
368

 

Although TCD monitors MCA blood velocity rather than flow, it has been argued that large 

cerebral arteries, including the MCA, are conductance rather than resistance vessels, and moderate 

sympathetic activation does not modify their luminar diameter.
85,294

 Conversely, MCA is found to dilate 

in response to severe hypoxia.
369

 Following administration of EPO, leg and whole-body VO2
362

 are 

maintained both at rest and during exercise, supporting the hypothesis that EPO does not affect 

aerobic metabolism and therefore has no effect on the cerebral metabolic rate for oxygen. A tendency 

for a larger cerebral avDO2 in response to EPO, together with the increase in MCAV, therefore 

suggests that EPO reduces cerebrovascular, including MCA, conductance and is supported by 

increased cerebral glucose utilization and lactate production.
360,365

  

The cerebral vascular effect of EPO may be secondary to release of endothelin-1,
370

 altering 

the balance between the vasodilating prostaglandin prostacyclin and the vasoconstricting prostanoid 

thromboxane.
371

 It needs to be evaluated whether the apparent pressure effect of EPO is associated 

with endothelial dysfunction. In addition, EPO may increase vascular smooth muscle Ca
2+
-uptake, as 

we observed reduced arterial [Ca
2+
]. Sex differences have been observed in the outcome after 

ischemia that are believed to be attributable to sex steroid hormones. This aspect was not addressed 

in the present study in men. 

Although beneficial effects of high-dose EPO have been reported,
357

 thromboembolic events 

are linked to use of EPO for doping in athletes.
372

 Similarly, penumbral vascular dependency on local 

oxidative conditions may be overridden by a vasoconstrictor effect of EPO, which suggests that EPO 

administration should be reconsidered for neuroprotection in acute stroke.
359

 

In summary, in healthy humans, EPO elicits systemic and also cerebral vasoconstriction, 

although dynamic CA is preserved. Since that was the case even with acute administration of EPO, it 

seems that EPO induces arterial and cerebral vasoconstriction independent of its effect on hematocrit.
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Abstract 

 

Objective: The administration of endotoxin to healthy humans reduces cerebral blood flow but its 

influence on dynamic cerebral autoregulation remains unknown. We considered that a reduction in 

arterial carbon dioxide tension would attenuate cerebral perfusion and improve dynamic cerebral 

autoregulation in healthy subjects exposed to endotoxemia. 

Design: Prospective descriptive study.  

Setting: Hospital research laboratory. 

Subjects: Ten healthy young subjects [age: 32±8 years (mean±SD); weight: 84±10 kg; height: 184±5 

cm; body mass index: 25±2 kg/m
2
] participated in the study. 

Interventions: Systemic hemodynamics, middle cerebral artery mean flow velocity, and dynamic 

cerebral autoregulation evaluated by transfer function analysis in the very low (<0.07 Hz), low (0.07-

0.15 Hz) and high (>0.15 Hz) frequency ranges were monitored in these volunteers before and after 

an endotoxin bolus (2 ng/kg; Escherichia coli).  

Measurements and Main Results: Endotoxin increased body temperature of the subjects from 

36.8±0.4°C to 38.6±0.5°C (p<0.001) and plasma tumor necrosis factor-α from 5.6 (2.8-6.7) pg/ml to 

392 (128-2258) pg/ml (p<0.02). Endotoxemia had no influence on mean arterial pressure [95 (74-103) 

mm Hg vs. 92 (78-104) mm Hg; P=0.75), but increased cardiac output [8.3 (6.1-9.5) l.min
-1 
vs. 6.0 

(4.5-8.2) l.min
-1
; P=0.02] through an elevation in heart rate (82±9 beat

.
min

-1 
vs. 63±10 beat

.
min

-1
; 

p<0.001], whereas arterial carbon dioxide tension (37±5 mm Hg vs. 41±2 mm Hg; p<0.05) and middle 

cerebral artery mean flow velocity (37±9 cm
.
s

-1 
vs. 47±10 cm

.
s

-1
; p<0.01) were reduced. In regard to 

dynamic cerebral autoregulation, endotoxemia was associated with lower middle cerebral artery mean 

flow velocity variability (1.0±1.0 [cm
.
s

-1
]
2.
Hz

-1
 vs. 2.8±1.5 [cm

.
s

-1
]
2.
Hz

-1
; p<0.001), reduced gain 

(0.52±0.11 cm
.
s

-1.
mm Hg

-1 
vs. 0.74±0.17 cm

.
s

-1.
mm Hg

-1
; p<0.05), normalized gain (0.22±0.05 vs. 

0.40±.17%
.
%

-1
; p<0.05), and higher mean arterial pressure-to-middle cerebral artery mean flow 

velocity phase difference (p<0.05) in the low frequency range (0.07-0.15 Hz).  

Conclusions: These data support that the reduction in arterial carbon dioxide tension explains the 

improved dynamic cerebral autoregulation and the reduced cerebral perfusion encountered in healthy 

subjects during endotoxemia. 
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Introduction 

 

Cerebral dysfunction during sepsis, or septic encephalopathy, appears early in the development of 

systemic inflammation
373

 and may be related to a reduction in cerebral blood flow.
374

 Still, animal and 

human studies do not provide a consistent view of the impact of sepsis on cerebral perfusion or 

cerebral autoregulatory capacity (CA). Static CA refers to the mechanisms responsible for the 

maintenance of a relatively constant cerebral blood flow within a range of mean arterial pressure 

(MAP) of 60-150 mm Hg
2
 and seems to be maintained

375
 or affected in patients with sepsis.

374,376,377
 

However, dynamic CA, referred to as the fast mechanisms that permit the restoration of cerebral 

blood flow after acute changes in arterial pressure, has not been evaluated in these patients. 

Administration of endotoxin to healthy subjects allows for evaluating the consequences of 

endotoxemia on physiological variables
378

 and represents a model to evaluate the systemic 

inflammatory response with vasodilatation associated with sepsis but without the associated altered 

microcirculation.
378-380

 The lowering in arterial carbon dioxide tension (PaCO2) during endotoxemia 

seems to be responsible for the reduced cerebral blood flow.
380

 However, dynamic CA is not 

documented during endotoxemia. The objective of this study was to evaluate dynamic CA during 

endotoxemia using body temperature and tumor necrosis factor-α (TNF-α) to ensure its development 

in healthy subjects. We hypothesized that reduction in PaCO2 in response to the administration of 

endotoxin would enhance dynamic CA. 

 

 

Materials and Methods 

 

Study population 

Ten healthy young subjects [age: 32±8 years (mean±SD); weight: 84±10 kg; height: 184±5 cm; body 

mass index: 25±2 kg/m
2
] participated in the study after providing written informed consent as 

approved by the regional ethics committee (HKF 01-292515) according to the principles established in 

the Declaration of Helsinki. The subjects did not have any medical conditions, nor were they taking 

any medication. All subjects demonstrated a normal electrocardiogram. 

 

Catheterization 

On arrival to the laboratory after a light breakfast, the subjects were placed on a hospital bed. Under 

local anesthesia (2% lidocaine), a catheter was inserted in the left femoral vein for infusion of 

endotoxin. Intra-arterial pressure was monitored from a catheter in the nondominant brachial artery. 

After catheterization, endotoxin was administered following 30 min of recovery. 

 

Measurements 

MAP was measured through a transducer (Edwards Life Sciences, Irvine, CA) placed at the level of 

the heart and connected to a monitor (Dialogue-2000; IBC-Danica Electronic, Copenhagen, Denmark) 
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with sampling at 100 Hz (Di-720; Dataq, Akron, OH) for off-line analysis of heart rate and cardiac 

output. Beat-to-beat stroke volume was estimated from the arterial pressure wave according to the 

Modelflow method.
381

 The software used was an online real-time version of Beatscope® (FMS, 

Amsterdam, The Netherlands) and the derived cardiac output has been successfully validated against 

a thermodilution estimate during a deliberate reduction in central blood volume induced by the upright 

position in healthy subjects,
112

 during cardiac surgery,
382

 in intensive care medicine,
381

 and liver 

transplantation.
383

 However, this method seems to underestimate the increase in cardiac output 

during heat stress.
384

 

To evaluate changes in cerebral perfusion, middle cerebral artery mean flow velocity (MCA 

Vmean) was monitored through the posterior temporal ultrasound window with transcranial Doppler 

sonography (DWL Multidop X4, Sipplingen, Germany) using a 2-MHz probe at a depth of 45-55 mm.
55
 

After obtaining the optimal signal-to-noise ratio, the probe was fixed by adhesive ultrasonic gel 

(Tensive; Parker Laboratories, Orange, NJ) and secured by a headband (Marc 600; Spencer 

Technologies, Seattle, WA). The determination of MCA Vmean has a coefficient of variation of 

approximately 5%.
335

 

Cerebral perfusion pressure (CPP) was estimated as the area under the pulsatile amplitude of 

the flow velocity and arterial blood pressure waveforms:
385

 

 

estimated CPP=[MCA Vmean/(MCA Vmean-MCA Vdiast)]  x (MAP – DAP), 

 

where MCA Vdiast is diastolic middle cerebral artery flow velocity and DAP is diastolic arterial pressure. 

Cerebrovascular resistance index was MAP divided by MCA Vmean. 

For calculation of dynamic CA please see the Methods section (Chapter 2). 

 

Blood Sampling  

Before the study, blood analyses
 
revealed normal hemoglobin, white blood cell count, white blood cell 

differential
 
count, C-reactive protein, blood glucose, creatinine, alanine aminotransferase, international 

normalized
 
ratio, and thyroid-stimulating hormone.  

Arterial blood was drawn at baseline and at 60, 120, and 180 min after injection of endotoxin 

for the measurement of PaCO2 with the use of a blood gas analyzer (model ABL605; Radiometer, 

Copenhagen, Denmark). Blood was also analyzed for TNF-α to evaluate the extent of endotoxemia 

development,
386

 which correlates with sepsis severity.
387

 Blood samples were drawn into ice-cold 

tubes containing EDTA and aprotinin and then spun immediately at 2,200 g for 15 min at 4°C. Plasma 

was stored at -80°C until analyzed. TNF-α was determined with an enzyme-linked immunosorbent 

assay kit (detection limit 0.5 pg/ml; R&D Systems; Minneapolis, MN). 

 

Study Design  

Systemic and cerebrovascular hemodynamic variables were monitored for 3 hours after the endotoxin 

bolus (2 ng/kg; Escherichia coli; United States Pharmacopia Convention, Rockville, MD). Variables 
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were expressed as the mean data of 5 min during steady-state periods at baseline and at 104 (80-

170) min after the endotoxin bolus. Also, body temperature was measured every hour for 3 hours by 

using an ear thermometer (FirstTemp Genius, Gasport, UK). 

 

Statistical analyses  

For data normally distributed, a Student’s paired t-test was performed to evaluate changes between 

conditions and the Wilcoxon signed rank test was used otherwise. The Spearman’s correlation was 

used to assess associations. Results are presented as means±SD for data normally distributed and 

medians (range) for data not normally distributed and a P value <0.05 was considered statistically 

significant (Sigmastat; SPSS, Chicago, IL). 

 

 

Results 

 

Endotoxin increased body temperature from 36.8±0.4°C to 38.6±0.5°C (p<0.001) and plasma TNF-α 

from 5.6 (2.8-6.7) to 392 (128-2258) pg/ml (p<0.02). In response to endotoxemia, PaCO2 decreased 

by 10% (p<0.05), yet the endotoxin bolus had no influence on MAP (P=0.75), estimated CPP 

(P=0.12), or stroke volume (P=1.0), but cardiac output increased by 32% (p<0.05) through a 30% 

elevation in heart rate (p<0.001) and systemic vascular resistance decreased by 22% (p<0.05). Also, 

in response to endotoxemia, MCA Vmean was lowered by 21% (p<0.01) and thus cerebrovascular 

resistance index increased by 22% (p<0.01; Table 1) compared to baseline.  

MCA Vmean was correlated to PaCO2 (r=0.57; p<0.05) and there was a correlation, although 

not significant, with body temperature (r=-0.47; P=0.06). 

 

 

 

Table 1 Cardiovascular and cerebrovascular responses and arterial carbon dioxide tension during 
endotoxemia 

Data are mean ± standard deviation or median (range). 

 

 
Baseline Endotoxemia P value 

    Arterial carbon dioxide tension (mm Hg) 41±2 37±5 0.02 

Middle cerebral artery mean flow  
velocity (cm·sec

-1
) 

47.0±10.3 
 

37.1±8.9 0.002 

Cerebrovascular resistance index (mm Hg·cm
-1
·s

-1
) 2.08±0.73 2.71±1.03 0.002 

Mean arterial pressure (mm Hg) 92 (78-104) 95 (74-103) 0.75 

Estimated cerebral perfusion pressure (mm Hg) 72±11 66±9 0.12 

Heart rate (beat·min
-1
) 63±10 82±9 <0.001 

Stroke volume (ml) 99±11 99±14 1.0 

Cardiac output (l·min
-1
) 6.0 (4.5-8.2) 8.3 (6.1-9.5) 0.02 

Systemic vascular resistance (dyn·sec·cm
-5
) 1199±232 939±190 0.02 
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Table 2 Transfer function gain, phase, and coherence function during endotoxemia 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data are mean ± standard deviation or median (range). 

 

Dynamic cerebral autoregulatory capacity 

Variables in the very low and high frequency ranges were similar between conditions (Table 2; Figure 

1). Of note, coherence was >0.5 in the high but not in the very low frequency range. In the low 

frequency range, MAP variability was similar between conditions (P=0.90), but endotoxemia was 

associated with a lower MCA Vmean variability (P<0.001;Table 2), reduced gain (P<0.05) and 

normalized gain (P<0.05), and a higher MAP-to-MCA Vmean phase difference (P<0.05) compared with 

baseline (Table 2). PaCO2 (r=0.63 and 0.52; P<0.05) was correlated, whereas heart rate (r=-0.55 and 

-0.58; P<0.05) and cerebrovascular resistance (r=-0.62 and -0.79; P<0.05) were inversely correlated 

with gain and normalized gain, respectively. Body temperature was correlated with MAP-to-MCA Vmean 

phase (r=0.56; P<0.05) and inversely correlated with gain (r=-0.57; P<0.05), normalized gain (r=-0.68; 

P<0.01) and MCA Vmean variability (r=-0.71; P<0.01)  

 

 Baseline Endotoxemia P value 

Very low frequency (<0.07 Hz)    

Mean arterial pressure variability  
(mm Hg

2
·Hz

–1
) 

4.1±2.0 2.4±1.7 0.2 

Middle cerebral artery mean flow 
velocity variability (cm

.
s
-1
)
2
·Hz

-1
 

3.6 (2.7-11.3) 2.2 (0.4-17.0) 0.2 

Coherence (k
2
) 0.46±0.19 0.42±0.17 0.7 

Phase (degrees) 6±43 17±47 0.7 

Gain (cm·s
-1
·mm Hg

-1
) 0.64 (0.30-1.58) 0.50 (0.40-1.10) 0.6 

Normalized gain (%·%
-1
) 0.31 (0.15-0.93) 0.23 (0.13-0.52) 0.3 

    
Low frequency (0.07-0.15 Hz)    

Mean arterial pressure variability  
(mm Hg

2
·Hz

–1
) 

4.5±2.9 4.9±8.2 0.9 

Middle cerebral artery mean flow 
velocity variability (cm

.
s
-1
)
2
·Hz

-1
 

2.8±1.5 
 

1.0±1.0 <0.001 

Coherence (k
2
) 0.82±0.06 0.77±0.09 0.26 

Phase (degrees) 39 (14-46) 50 (30-78) 0.04 

Gain (cm·s
-1
·mm Hg

-1
) 0.74±0.17 0.52±0.11 0.02 

Normalized gain (%·%
-1
) 0.40±0.17 0.22±0.05 0.03 

    

High frequency (>0.15 Hz)    

Mean arterial pressure variability  
(mm Hg

2
·Hz

–1
) 

1.0±0.5 1.1±0.8 0.6 

Middle cerebral artery mean flow 
velocity variability (cm

.
s
-1
)
2
·Hz

-1
 

0.9±0.3 0.9±0.6 0.9 

Coherence (k
2
) 0.56±0.12 0.55±0.12 0.8 

Phase (degrees) 0.2±3.8 2.0±5.3 0.5 

Gain (cm·s
-1
·mm Hg

-1
) 0.70 (0.60-0.81) 0.73 (0.61-1.17) 0.7 

Normalized gain (%·%
-1
) 0.34 (0.24-0.56) 0.31 (0.25-0.53) 0.5 
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Figure 1 Cross-spectral analysis of the 

entire spectrum from 0 to 0.50 Hz. 

Group averaged mean arterial pressure 

(MAP) and middle cerebral artery mean 

flow velocity (MCA Vmean) variability, 

coherence, phase, gain and normalized 

gain between MAP and MCA Vmean are 

shown for baseline (dotted line) vs. 

endotoxemia (continuous line). Vertical 

lines indicate low frequency (LF) (0.07-

0.15 Hz) range. 
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Discussion 

 

These results support, by determination of MCA Vmean, that endotoxemia is associated with a 

reduction in cerebral perfusion in healthy subjects as shown by the use of the Kety-Schmidt 

method,
380

 and that endotoxemia-induced reduction in PaCO2 is an important determinant of this 

lowered cerebral perfusion. The novel finding of this study is that healthy subjects exposed to 

endotoxemia demonstrated enhanced dynamic CA in the low frequency range as would be expected 

when PaCO2 is lowered.
388

 

Healthy subjects demonstrated a 21% reduction in MCA Vmean after endotoxin bolus 

compared with baseline. A consensus on the influence, whether direct or indirect, of systemic 

inflammation on cerebral blood flow is absent. Some investigators report an increase
389,390

 or no 

change
391,392

 in cerebral blood flow during endotoxemia. However, cerebral perfusion seems to be 

reduced in sepsis,
393,394

 as is the case in animal and human endotoxemia models.
380,395,396

 Although 

MAP and estimated CPP during endotoxemia were similar compared with baseline, cardiac output 

increased consequent to an elevation in heart rate in our subjects. However, changes in cardiac 

output or heart rate were not correlated with changes in cerebral perfusion during endotoxemia. The 

decline in cerebral perfusion during sepsis seems to occur before any modification in systemic 

hemodynamics or hypotension.
393

 In fact, it is most likely the consequence of an early increase in 

cerebrovascular resistance
394,397

 as confirmed in this study. 

The reduction in PaCO2 after administration of endotoxin is likely responsible for the reduction 

in cerebral perfusion. The elevation in PaCO2 is a potent vasodilator and, conversely, its reduction 

lowers cerebral blood flow,
1
 yet although the CO2 reactivity of the cerebral circulation may be impaired 

in sepsis,
398-400

 pre-existing abnormalities in some patients from these studies could have affected the 

cerebral CO2 reactivity. Furthermore, other investigators report maintained cerebral CO2 reactivity in 

patients with sepsis.
375,393,401

 In humans, a 7.5-mm Hg (1-kPa) change in PaCO2 is associated with an 

approximate 17% change in MCA Vmean during hyperventilation.
73
 Changes in MCA Vmean were 

correlated with those in PaCO2 during endotoxemia and the 4-mm Hg lowering in PaCO2 observed 

with endotoxemia was associated with a 21% reduction in MCA Vmean, suggesting preserved cerebral 

CO2 reactivity. Body temperature tended to correlate with PaCO2 and MCA Vmean and cerebral blood 

flow is reduced in response to hyperthermia-induced hypocapnia in healthy subjects.
402

 Taken 

together, these results suggest that the increase in body temperature associated with endotoxemia 

may be one of the mechanisms underlying the reduction in PaCO2, which in turn will reduce cerebral 

perfusion. 

The impact of sepsis or endotoxemia on CA is not well described. Cerebral blood flow 

remains relatively constant within a range of MAP of 60-150 mm Hg, referred to as cerebral 

autoregulation,
2
 although the blood pressure-cerebral blood flow relationship is not completely flat

3
 

and recently published results challenge the traditional concept of static CA.
403

 Nevertheless, 

maintenance of cerebral perfusion during physiological challenges is secured by autoregulatory 

mechanisms of slow and fast actions. The mechanism known as static CA considers the net change 

in cerebral blood flow ensuing the manipulation of CPP.
80
 In mechanically ventilated patients with 
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sepsis, a study by Matta and Stow
375

 reported intact CA using phenylephrine infusion to obtain a 20-

mm Hg increase in MAP. Recent studies demonstrate that CA was intact in patients with sepsis,
404

 

but jeopardized in patients with sepsis-associated delirium.
374

 Others find impaired CA in patients with 

septic shock.
376,377

 These results suggest an important role for the duration or severity of the disease 

in the apparition of a disturbed static CA.
405

 

Acute changes in arterial pressure are transmitted to the brain circulation,
81
 yet cerebral blood 

flow is restored within seconds as a consequence of dynamic CA.
81
 This fast mechanism of action is 

of importance for the maintenance of cerebral perfusion in patients with sepsis, especially within the 

context of low MAP. Dynamic CA is quantified as the counterregulatory capacity to maintain cerebral 

blood flow during spontaneous changes in arterial pressure. Endotoxemia was associated with 

enhanced dynamic CA in the low frequency range characterized by lower MCA Vmean variability, 

reduced gain, and reduced normalized gain with a higher MAP-to-MCA Vmean phase difference 

compared with baseline. Although a reduction in PaCO2 reduces cerebral blood flow, it is associated 

with an improvement in dynamic CA in healthy subjects with apparently intact cerebral CO2 

reactivity.
388

 In fact, hypocapnia reduces the time of cerebral blood flow response after a step change 

in arterial pressure.
2,81

 Also, a higher cerebral vascular tone induced by a reduction in PaCO2 may 

improve the capacity of cerebral vasculature to dampen sudden changes in MAP.
2
 These results 

support that patients with septic shock with PaCO2 > 40 mm Hg demonstrate impaired static CA, 

whereas only 50% of patients with PaCO2 < 40 mm Hg have that abnormality.
376

 In addition, PaCO2 

levels increased and concomitantly cerebrovascular reactivity was compromised in septic patients 

after injection of acetazolamide, a reversible inhibitor of carbonic anhydrase used to evaluate cerebral 

vasomotor reactivity,
406

 suggesting the effect of PaCO2 on CA in these patients.
399

 However, whether 

changes in PaCO2 act, directly or indirectly, on dynamic CA remains debated because ventilation and 

related changes in intrathoracic pressure, rather than PaCO2 per se, could be responsible for the 

changes in dynamic CA.
388

   

The elevation in body temperature may also contribute to the improved dynamic CA with 

endotoxemia because dynamic CA is maintained and even improved by quantitatively similar 

increments (approximately 2°C) in body temperature induced by passive heat stress.
407,408

 The impact 

of an augmentation in body temperature on brain sympathetic activity
402

 or PaCO2
409

 could explain the 

improvement in dynamic CA with endotoxemia in this study. However, most of the improvement in 

dynamic CA with passive heat stress has been reported in the very low frequency range,
407,408

 

whereas in the present study, improved dynamic CA with endotoxemia was observed in the low 

frequency range only. Of interest, the reduction in PaCO2 measured in our subjects during 

endotoxemia seems less important than shown in heating studies.
410

 An unchanged skin temperature 

could explain such a lower reduction in PaCO2 because skin cooling during severe heat stress 

attenuates heat-induced lowering in end-tidal PCO2 in healthy subjects.
411

  

The use of a method based on pulse wave analysis to evaluate cardiac output could be 

considered a problem during interventions that influences systemic vascular admittance of the 

vascular system, but it is found valid under such circumstances,
207

 although it is likely that cardiac 
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output was underestimated because of the endotoxemia-induced elevation in body temperature.
384

 

Transcranial Doppler-derived MCA Vmean was used as a measure of cerebral blood flow, because 

changes in MCA Vmean in response to challenges are parallel with the inflow of the internal or common 

carotid artery
412

 with the “initial slope index” of the 
133

xenon clearance-determined cerebral blood 

flow
270

 and with regional cerebral blood flow measurements by positron emission tomography.
413

 The 

means of measuring CPP and intracranial pressure are invasive, including an arterial line and a 

subarachnoid or intracranial catheter. Accordingly, the use of a non-invasive method of estimating 

CPP is of interest. We used the method reported by Belfort et al.
385

 because it has been used by 

others
414

 and is applicable in patients because it does not require invasive arterial pressure 

monitoring. Dynamic CA is often measured with a sudden change in arterial pressure while monitoring 

the rate of MCA Vmean response to baseline.
81
 Alternatively, spontaneous fluctuations in arterial 

pressure are used to evaluate dynamic CA, especially in patients for which a sudden reduction in 

arterial pressure should be avoided. The method used in this study for the evaluation of dynamic CA 

is accepted as an alternative to methods using sudden changes in arterial pressure.
415

  Our 

endotoxemia model in healthy subjects does not reflect all aspects of a sepsis condition. However, the 

bolus injection of high doses of E. coli (2-4 ng/kg) has been used in healthy subjects to mimic the 

inflammatory response of early sepsis.
378

 Finally, although our results suggest that a lowering of 

PaCO2 is associated with improvement in dynamic CA, PaCO2 would have needed to be returned to 

baseline following endotoxemia to confirm that hypothesis. 

 

Conclusions 

These results suggest that in healthy subjects, endotoxemia improves dynamic CA but reduces 

cerebral perfusion and both phenomena could be explained by a reduction in PaCO2.
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General Discussion 

 

 

Background 

The brain is considered as one of the organs in the human body that is most susceptible to ischemia 

with consequent loss of consciousness when blood supply is interrupted. Constant oxygen supply is 

therefore a prime requirement. Several mechanisms are involved in CBF control including 

mechanoregulation by myogenic mechanisms, chemoregulation, neurovascular coupling and possibly 

a direct autonomic neurovascular influence. Here we briefly discuss the role of endothelial 

(dys)function on CBF control in humans with a focus on how vasculopathy and environmental stress 

affect CBF control. 

 

Cerebral autoregulation 

Autoregulation of blood flow is a mechanism operating in most organs, from the kidney to the 

coronary system, but it is particularly prominent in the brain. CA implies that CBF is maintained at a 

normal level of approximately 60 ml per 100 gram brain tissue per min despite changes in CPP.
1
 The 

CPP is the difference between MAP at the level of the circle of Willis and intracranial pressure (ICP), 

and ICP, in turn, encompasses central venous pressure and the cerebral spinal fluid pressure.
85
 ICP 

is not readily accessible in humans, and is estimated by the critical closing pressure (CrCP). The 

CrCP is the pressure at which a vessel will collapse and no longer allows any blood flow to pass 

through (zero flow pressure) and depends largely on cerebral vasomotor tone and the external 

pressure, i.e. ICP.
416

 CBF may become jeopardized as soon as CA is no longer able to compensate 

for levels of CPP beyond the ULCA and LLCA. Recurrent cerebral hypo- or hyperperfusion related to 

malfunctioning CA is presently assumed to initiate the development of multiple - initially silent - brain 

infarctions, respectively microbleeds.
417,418

 Under physiological conditions, CA adapts cerebrovascular 

tone in response to changes in CPP, thus counteracting hypo- and hyperperfusion. In contrast to the 

peripheral circulation, where small arterioles are typically the major site of vascular resistance, in the 

cerebral circulation both large arteries and arterioles contribute significantly to cerebrovascular 

resistance.
65
 It was demonstrated that the total cerebral vascular resistance is importantly accounted 

for by the large extracranial vessels and surface vessels of the brain.
419,420

  

 Vascular smooth muscle cells (VSMC) respond to changes in perfusion pressure probably via a 

stretch sensing mechanism.
421

 According to the myogenic theory, also known as the Bayliss 

effect,
422,423

 the stretching of the VSMC is considered to be a major signal to induce vasoconstriction 

in response to increasing BP independently from the endothelium.
423

 Of interest, this was initially not 

recognized by Bayliss & Hill when reporting that ‘..the cerebral circulation passively follows the 

changes in the general and venous pressures’.
422

 Vice versa, VSMC respond to reduced transmural 

pressure with vasodilatation. Although this phenomenon is assumed to be an inherent property of 

VSMC,
424

 the exact underlying signaling pathways are incompletely defined. G protein-coupled 
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receptors have been demonstrated to function as sensors of membrane stretch in VSMC contributing 

to myogenic vasoconstriction.
421

  

 

 

In normotensive humans, CBF is maintained at a near-constant level for varying CPP within the range 

of ca. 60-150 mm Hg.
425,426

 The LLCA is assumed to vary around 60 mm Hg.
427-429

 Below this limit, 

where cerebral vasodilatation is being considered maximal with a compensatory increase in oxygen 

extraction, CBF and MAP change in proportion.
1
 Given the limited potential of the brain for vascular 

recruitment compared to skeletal muscle, which can increase its blood flow manyfold,
430

 further 

enhancement of O2 extraction is no longer possible and the result is a progressive fall in brain 

oxygenation with development of cerebral ischemia, until loss of consciousness develops.
431

 A critical 

reduction of the central blood volume, and therefore CO, adversely influences the LLCA by shifting it 

rightwards.
10,17

 Under those conditions CBF gets insufficient priority and cerebral perfusion may 

decline to about half its normal value with a reduction in cerebral oxygenation and development of 

(pre)syncopal symptoms. 

 Chronic hypertension is assumed to be associated with a rightward shift of the classical CA curve 

(Figure 7) involving both the LLCA and ULCA. In humans with untreated severe chronic hypertension 

the LLCA has been shifted rightwards up to values of ~115 mm Hg.
427,432

  This has been attributed to 

cerebrovascular remodeling and hypertrophy of the VSMC in response to the higher BP levels 

Figure 7 (similar to Figure 4, page 22) 

The pressure-flow relationship for the brain, known as the classical cerebral autoregulation (CA) curve, and 

described by Lassen in 1959. An almost horizontal part (the plateau where cerebral blood flow (CBF) is held 

more or less constant despite changes in cerebral perfusion pressure (CPP)) is flanked by a downsloping part 

beyond the lower limit of CA (LLCA) and its upsloping match beyond the upper limit of CA (ULCA).  
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protecting the brain from hyperperfusion.
427,432,433

 In chronically hypertensive patients, global resting 

CBF and cerebral oxygen consumption are not different from normotensive subjects but 

cerebrovascular resistance is elevated.
434

 During long-term BP treatment in patients with mild or 

moderate hypertension constancy of CBF was established.
43
 In elderly uncontrolled hypertensive 

subjects following 6 months of aggressive BP control, even an improved cerebral perfusion has been 

reported.
164

 The upper limits of CA have been determined in hypertensive baboons and then found to 

be shifted rightwards (between 155 and 169 mm Hg).
83,435

 For obvious reasons the ULCA has not 

been determined in normotensive or hypertensive humans; the available limited data are from 

observations in hypertensive emergencies.  

 Impaired static CA has been reported in ischemic stroke,
436

 severe head injury,
437

 and following 

cardiac arrest.
438

 A moderate reduction of BP with sodium nitroprusside in normotensive subjects 

does not influence CBF.
439

 However, in patients with hypertensive emergency or malignant 

hypertension, where the majority has a history of chronic hypertension,
440

 both dynamic and static 

components of CA may become impaired.
83
 Consequently CBFV and BP decrease in a linear 

relationship without signs of a LLCA. At the other extreme, when perfusion pressure acutely exceeds 

the ULCA, as seen in hypertensive emergency, myogenic vasoconstriction may be overcome by 

excessive transmural pressures resulting in forced vasodilatation with breakthrough edema, 

hemorrhage, seizures and hypertensive encephalopathy.
441-444

 

 

Sympathetic cerebrovascular control  

Cerebral arteries are innervated by sympathetic nerves originating from the superior cervical ganglion. 

As recorded in the superior cervical ganglion of sheep, sympathetic nerve activity increases prior to 

arterial pressure surges associated with REM sleep. This suggests a distinct role for the autonomic 

nervous system in preventing hyperperfusion during elevations of arterial pressure,
445

 until CPP 

increases too much and too long, breaking through the upper limit of autoregulation.
435,446

 The role of 

the sympathetic nervous system on CBF control in humans remains debated.
10,17

 So far the cerebral 

sympathetic nerve activity response to hypotension and hypertension seems different from the muscle 

sympathetic nerve activity response.
431

 This holds true as well for the responses of the cerebral vs. 

brachial circulations to sympathetic stimulation initiated by exercise.
447

  

 

Cerebrovascular CO2 reactivity 

Hypercapnia results in vasodilatation of the cerebral arteries and arterioles downstream from the large 

arteries, for example in the MCA territory, whereas hypocapnia causes vasoconstriction.
93-95

 This 

effect has long been attributed exclusively to PaCO2 directly related to changes in pH of the cerebral 

spinal fluid, with elevated and lowered pH causing smooth muscle relaxation and contraction 

respectively.
96-99

 Cerebrovascular CO2 reactivity as a major regulating mechanism of CBF is usually 

applied in defining the brain vasodilatory response to hypercapnia, known as the brain vascular 

reserve capacity. Kontos et al. provided evidence that not the change in PaCO2 but the concomitant 

change in pH alters CBF via a direct effect of H
+
 on VSMC. Arteriole diameter did not change during 

various PaCO2 levels while clamping the pH, whereas the diameter changed in response to 
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application of artificial cerebrospinal fluid with high or low pH whether or not the PaCO2 was 

maintained.
97
 Other data suggest that PaCO2 regulates CBF both independently and in conjunction 

with pH.
99,431

 NO is also operative in chemoregulation, which will be discussed in more detail below 

(see “Endothelium and NO”). Some evidence supports a separate role for prostaglandins.
448,449

 

Cyclooxygenase inhibition by indomethacin reduces baseline CBF velocity in healthy humans, with 

blunting of the CO2 vasoreactivity,
450,451

 whereas prostaglandin GE2 reverses the vasoconstrictor 

effect of indomethacin on the cerebral circulation.
449

  

 The cerebral vasculature is sensitive to changes in PaO2 and in PaCO2 to an extent that 

hypercapnia/hypoxia and hypocapnia/hyperoxia increase respectively reduce global CBF. However, 

when the PaCO2 is deliberately lowered, the resulting reduction in MCA Vmean is followed by a slow 

progressive increase,
92
 maybe due to an elevated pH by metabolic compensation. The reduction in 

global CBF in response to hypocapnia results from cerebral vasoconstriction,
93-95

 attributed 

exclusively to PaCO2 and related directly to changes in pH of the cerebral spinal fluid.
96-99

 The recent 

finding that hypercapnia impairs neurovascular coupling
100

 is pertinent to a role of PaCO2 in the 

regulation of CBF. Cerebral artery endothelial cells produce NO in direct proportion to PaCO2 

providing a basis for the cerebrovascular responses to hyper- and hypocapnia.
101,102

 Although the 

reduction in MCA Vmean for PaCO2 values below approximately 20 mm Hg becomes smaller,
452

 this 

changed CBF – PaCO2 relationship is probably not of major importance for the development of (pre-) 

syncope, considering that PaCO2 in the pre-syncopal phase is usually relatively higher.
453

 Prazosin, an 

α1-adrenoreceptor blocking agent, reduces the cerebral CO2 responsiveness to hypocapnia but not to 

hypercapnia, alleging evidence for an interaction between sympathetic activity and CO2 

responsiveness.
454

  

 Recent evidence has been alleged for considerable heterogeneity in the cerebrovascular CO2 

responsiveness with regional differences in the CBF response to hypoxia, orthostatic stress and 

exercise.
452,455,456

 Orthostatic stress evokes a reduction in blood flow in the internal carotid artery 

(ICA) but not in the vertebral artery (VA).
456

 This heterogeneity has been proposed advantageous for 

the protection of brain stem regions with homeostatic cardiovascular function.
456

 Under hypoxic 

conditions, blood flow in the VA but not in the ICA increases in response to lowering of PaCO2. The 

CO2 responsiveness of the VA compared to that of the ICA is lower, with the lowest CO2 

responsiveness for the external carotid artery.
457

 This explains much of the hitherto unresolved finding 

that during graded exercise ICA blood flow initially increased to subsequently decline to the resting 

level together with the PaCO2 in the later stages of strenuous exercise. In contrast, blood flow in the 

external and common carotid arteries and in the VA increased proportionally with workload.
458

 

Collectively, these findings indicate that the heterogeneity in CO2 responsiveness among the intra- 

and extracranial arteries affects the distribution of global CBF in response to daily life physiological 

stress.
455

 This opens new avenues in the research of cerebrovascular chemoregulation, of relevance 

for both healthy subjects with orthostatic intolerance and patients with cerebrovascular disease.
431,459
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Neurovascular coupling 

CBF is tightly coupled to neuronal metabolic activity, termed functional hyperemia.
460

 An increase in 

CBF to match increased metabolic demand is observed for example in response to cerebral activation 

by visual stimulation, exercise or cognitive task performance.
200,235,461

 The underlying mechanisms 

have been studied for more than a century, and a variety of vasoactive mediators has been suggested 

to be operative in neurovascular coupling, including metabolic by-products, vasoactive 

neurotransmitters and vasoactive factors released in response to neurotransmitters, particularly by 

astrocytes.
462

  

 In 1890, Roy and Sherrington were the first to define neurovascular coupling when they reported 

that “…the chemical products of cerebral metabolism can cause variations of the calibre of the 

cerebral vessels…” and that “…in this reaction the brain possesses an intrinsic mechanism by which 

its vascular supply can be varied”.
463

 In other words, the brain possesses mechanisms by which its 

own blood supply can be locally varied in concert with the degree of neuronal activity by the local 

release of vasoactive metabolic by-products, such as H
+
.
463

 This proposed tight coupling of neuronal 

activity and energy metabolism may in fact be considered as the basic principle of brain imaging 

where PET and fMRI measure signals that reflect brain energy consumption.
464

 At the basis of this 

relationship between neuronal activity and brain metabolism is the brain metabolic unit encompassing 

the brain microvasculature, astrocyte and neuronal (glutamatergic) synapse in a close anatomical 

relationship (Figure 8).
9,462,464-466

 Throughout the twentieth century, other by-products with potent 

vasodilatory effects including K
+
, NO, adenosine, hypoxia, lactate and CO2, have been shown to 

mediate the increases in CBF induced by neural activity.
467-469

 Initially, Roy and Sherrington had 

hypothesized that local accumulation of vasoactive metabolites increased CBF when neuronal 

metabolic activity became enhanced. There is, however, evidence that local vasoactive compounds 

cannot account entirely for the changes in CBF.
470

 Moreover, the time course of the neurovascular 

coupling as well as the disproportionate increase in CBF to metabolic demands argues against this 

hypothesis.
471

  

 The cerebral arteries are richly innervated by neuronal fibers. The cerebral blood vessels at the 

surface of the brain (pial arteries) are innervated by extrinsic nerves being part of the peripheral 

nervous system, whereas upon their entry into the brain parenchyma, the cortical microcirculation 

(arterioles and capillaries) receives its neural input from intrinsic central neurons (astrocytes and 

interneurons) located within the brain itself.
472

 The close anatomical relationship between central 

nerve terminals and cerebral blood vessels puts forward the question whether vasoactive 

neurotransmitters being released during neural activation do contribute to the vasodilatation.
6
 Several 

vasoactive neurotransmitters have been identified with vasodilatory and vasoconstrictive 

properties.
472,473

  

 Vasoactive factors can also be released by neural activity, induced by activation of 

neurotransmitter receptors, with a major role for glutamate.
474

 Glutamate is released by presynaptic 

terminals, which binds on postsynaptic astrocytes and neurons.
464,465

 Astrocytes are the most 

predominant type of glial cells in the central nervous system in direct anatomical contact with the 

microvasculature by foot processes encompassing the capillaries and arterioles. A large amount of 
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the brain energy requirements is applied in synaptic transmission,
475

 and astrocytes play a key role in 

linking neurotransmitter activity to vascular responses by supplying this energy.
8,9
 There is mounting 

evidence that astrocytes exert influence on vascular tone during enhanced neuronal activity via 

signals released from the arachidonic acid metabolism with subsequent vasodilatation or 

vasoconstriction (Figure 8). 

 In summary, over the past two decades evidence has emerged that CBF is coupled directly to 

neural activity rather than to direct activation by products of cerebral energy metabolism.
6,476

 A large 

proportion of functional hyperemia has been attributed to actions of the neurotransmitter glutamate.
7
  

 

Figure 8  Glutamate release 

related to metabolic activity 

activates glutamate receptors 

located on astrocytes. This, in 

turn, activates a cascade of 

pathways including an 

increase in astrocytic Ca
2+
 

leading to formation of 

arachidonic acid (AA) 

mediated by phospholipase 

A2. AA is metabolized by 

cyclooxygenase 1 (COX1) to 

prostanoids (PGE2) and by 

cytochrome P450 2C11 

epoxygenase to 

epoxyeicosatrienoic acids 

(EET).  Diffusion of these 

substances from the 

astrocytes into the VSMC 

results in hyperpolarization with subsequent vasodilatation by activation of K
+
 channels. As an alternative AA can 

also be metabolized by P450 4A to 20-hydroxyeicosatetraenoic acid (HETE) resulting in vasoconstriction. In 

parallel, stimulation of postsynaptic glutamate receptor on neurons leads to a Ca
2+
 increase activating nNOS and 

cyclooxygenase 2 (COX2) with production of NO and prostanoid PGE2 mediating VSMC relaxation. (Reproduced 

with permission from Neuron) 

 

Endothelium and NO 

Studies in the past decades have changed the view on endothelium from a passive structural barrier 

towards a mediator not only in vasculogenesis, inflammation and coagulation, but also in CBF control. 

The cerebral endothelium plays an essential role in CBF control by exerting its influence on the VSMC 

by NO produced by endothelial NO synthase (eNOS). It diffuses into the VSMC and activates 

guanylate cyclase, subsequently increasing intracellular cyclic GMP and activating K
+
 channels, which 

causes smooth muscle relaxation by hyperpolarization. Against this background, cerebral vascular 

tone – apart from NO - is further influenced by vasodilators such as prostanoids and endothelium 
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derived hyperpolarizing factor, mediated by an increase in cytosolic Ca
2+
 concentrations, as well as 

endothelium-dependent vasoconstrictors, including endothelin-1 and platelet activating factor. 

Release of vasodilators can be triggered by increased shear stress with subsequent flow-mediated 

vasodilatation (FMD). As mentioned earlier, in parallel with FMD in the peripheral circulation which is 

NO-mediated, earlier studies provided evidence that NO is also involved in chemoregulation. In 

primates, inhibition of NO synthase modifies resting cerebrovascular tone with (completely) blocked 

cerebrovascular CO2 reactivity, which was reversed by infusion of the NO precursor L-arginine.
477

 In 

healthy humans, hypercapnia increases CBFV, whereas NO synthase inhibition by L-NMMA infusion 

may blunt this response.
478

 Also in patients with impaired CO2 responsiveness, L-arginine has been 

shown to increase CO2 vasoreactivity.
479

  

 In addition, the vascular glycocalyx, as the inner layer of the endothelium which is in direct 

contact with blood, plays an important role in the mechanotransduction of shear stress to the 

endothelium,
480

 where loss of glycocalyx by shedding induced by hyperglycemia or smoking may 

contribute to impaired endothelium-dependent vasodilatation.
481

 Also, infusion studies with 

heparitinase and hyaluronidase that break down glycosaminoglycans in the glycocalyx resulted in 

reduced shear-induced NO production.
482,483

  

 Although mechanoregulation is proposed to be an intrinsic myogenic property, the role of the 

endothelium has been questioned. Controversial results exist regarding the role of NO in 

mechanoregulation. There is no general agreement on the effects of NO inhibition on CA both in 

animals and in humans.
256,257,484-486

 The relationship between endothelial function and CA is further 

supported by the finding that 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 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

  

 Furthermore, NO has been identified as one of the vasoactive neurotransmitters involved in 

neurovascular coupling, which is synthesized not only in endothelial cells, but also in neurons by 

neuronal NO synthase (nNOS).
468,487

 The increase in CBF elicited by visual stimulation is abolished by 

NOS inhibitors, an effect that is reversed by L-arginine,
488,489

 suggesting that NO participates in the 

increase in CBF not only during chemoregulation but also during enhanced neural activity. Despite the 

close anatomical relationship between neurons, astrocytes and cerebral blood vessels, detailed 

studies are lacking so far, leaving open the question whether there is active participation of the 

endothelium within this unit. Astrocytes mediate in the transduction of vasoactive signals to the VSMC 

during neuronal activity. However, whether or not the endothelium is required for their vasomotor 

effects is unknown. During neuronal activity vasoactive mediators derived from neurons and 

astrocytes may transverse the smooth muscle cells to activate the receptors of the endothelium.
490,491

 

 Maximal vascular dilatation not only comprises local vasodilatation in response to increased 

neuronal activity, but also dilatation of larger upstream arterioles and arteries, a mechanism where the 

endothelium is suggested to play a major role by conducting a dilator response along the vessels to 

upstream arteries. The communication between endothelial cells through gap junctions has been 

proposed as a mechanism for conducting this signal, augmenting neurovascular coupling. It should be 
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mentioned that this response has been observed in peripheral circulation but not in the cerebral 

circulation in vivo. 

 

Type 2 Diabetes Mellitus and Sickle Cell Disease 

T2DM and SCD share the common characteristic that with prolonged disease both are associated 

with microvascular complications with endothelial dysfunction associated with affected mechano- and 

chemoregulation. Both conditions are associated with increased oxidative and inflammatory stress.  

Earlier studies demonstrated impaired cerebral CO2 vasoreactivity in diabetic patients with endothelial 

dysfunction, inversely related to the duration of diabetes,
158

 whereas infusion of sodium nitroprusside 

offset this disparity.
217

 Even reduced CO2 vasoreactivity in parallel with reduced FMD, was observed 

in T2DM patients with short-term disease (duration of diabetes <10 years).
492

 Reduced NO 

bioavailability or VSMC proliferation related to endothelial injury and inflammation may have 

contributed to the impaired CBF responses but the underlying pathophysiological mechanisms are as 

yet undefined. The consequence is enhanced susceptibility to ischemic episodes, for instance during 

antihypertensive treatment with development of recurrent cerebral hypoperfusion going by unnoticed. 

In patients with T2DM and SCD a reduction in vascular glycocalyx volume has been described.
216,493

 

Reduced cerebrovascular glycocalyx may have contributed to the impaired vasodilatory responses 

observed in our studies in both groups.  

 The finding of affected CBF responses during increased neuronal metabolic activity induced by 

exercise in T2DM patients suggests a role of the endothelium in neurovascular coupling. Although 

astrocytes and neurons exert direct local vasoactive effects on the VSMC during increased neuronal 

activity, endothelial dysfunction as seen in T2DM may have resulted in affected upstream vasodilatory 

responses with impaired neurovascular augmentation. Increases in shear stress associated with 

regular physical exercise may create an environment favorable to the maintenance of an optimal 

cerebral perfusion.
466

 However, whether exercise training improves cerebral perfusion in T2DM 

patients remains unknown and needs to be elucidated by future studies. 

 

Models of disease 

In this thesis, different interventions as models of disease have been applied in healthy subjects to 

challenge CA capacity, including hyperglycemia, EPO and endotoxemia. Hyperglycemic clamping 

lowered cerebral vascular tone resulting in elevated CBFV, which occurred independently of 

autoregulatory capacity and sympathetic activity, as reflected by unaltered net brain catecholamine 

uptake. Studies in mice have shown that reduction in glycocalyx thickness in cerebral capillaries after 

heparinase infusion increases CBF transiently, indicating the existence of a flow resistance in cerebral 

capillaries exerted by the glycocalyx.
494

 Reduction in glycocalyx thickness due to hyperglycemia may 

have contributed to the lower cerebrovascular tone with increased CBF. During handgrip exercise, 

hyperglycemia vs. euglycemia resulted in a larger increase in cerebral vascular tone, whereas in 

contrast a larger decline in peripheral vascular tone was observed.
146

 EPO induced constriction of 

both systemic and cerebral arteries. We demonstrated that this effect was not related to hematocrit 

levels. In contrast, in transgenic mice overexpressing EPO, high blood viscosity has been suggested 
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to be a cause of the decrease in CBF.
360

 Our findings suggest that the elevated BP and 

cerebrovascular events described with EPO are not the result of hyperviscosity, but of a direct 

influence on vascular tone. Of interest, we demonstrated that these stimuli (hyperglycemia and EPO) 

affected cerebrovascular tone, against the background of intact CA. Administration of endotoxin also 

increased cerebral vascular tone, reducing cerebral perfusion. This study did not address the 

relationship between reduced cerebral perfusion and brain dysfunction observed during severe 

sepsis. In contrast with hyperglycemia and EPO, improved dynamic CA was observed during 

endotoxemia. Whether the changed cerebral vascular tone observed in these models of disease is the 

result of an altered balance between endothelium-dependent vasodilators and vasoconstrictors is 

unclear. Also it should be noted that these models were applied in healthy humans, where we 

acknowledge that diseases usually represent complex interactions between different systems. 
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Summary  

 

 

In normal conditions CBF is maintained over a wide range of perfusion pressures (ca. 60~150 mm 

Hg) by two main control systems, i.e. mechanoregulation, referring to CA, and chemoregulation, also 

known as cerebrovascular CO2 responsiveness reflecting the vasodilatory capacity of the cerebral 

vasculature. Cerebral microangiopathy, i.e. SVD, is associated with hypertension and other vascular 

risk factors, being a major cause of stroke and vascular dementia. Previous studies reported affected 

mechano- and chemoregulation in longstanding diabetes mellitus with both microvascular 

complications and CAN. Also dynamic CA has been demonstrated to be affected bilaterally in patients 

suffering from lacunar infarction, strongly suggesting a link between impaired autoregulatory capacity 

and SVD. In this thesis we focused on T2DM and SCD representing two different forms of SVD, both 

associated with diffuse vasculopathy of the small arteries, resulting in multiple lacunar infarctions and 

generalized white matter lesions. Cerebral autoregulatory capacity and CO2 responsiveness were 

studied in both diseases and compared with control subjects. Chapter 1 is a general introduction 

about CBF control in healthy subjects, pathophysiological changes in vasculopathy, more specifically 

in SVD. In Chapter 2 different methods regarding non-invasive measurements of CBF, i.e. TCD and 

NIRS are described, followed by description of methods to calculate dynamic and static CA and 

cerebrovascular CO2 responsiveness, as well as a short description of systemic variables. 

 

Chapter 3 - Cerebrovascular control in type 2 diabetes mellitus 

Previous studies demonstrated impaired CA in T2DM patients with both microvascular complications 

and CAN. Chapter 3A describes the findings of our study demonstrating that T2DM is associated with 

early impairment of dynamic CA becoming manifest prior to the occurrence of diabetic nephropathy, 

retinopathy or CAN. HbA1c and duration of diabetes were determinants of dynamic CA reduction. 

Plasma glucose level and age per se did not seem to contribute. The comparable postural reduction 

in CBFV in both DM groups to what was found in healthy subjects confirmed integrity of static CA. 

T2DM is associated with a chronic inflammatory state with insulin resistance. The ensuing endothelial 

dysfunction progresses to microvascular disease with impaired control of tissue perfusion. Both 

hypertension and neurovascular impairment are common comorbidities of T2DM. Stringently lowering 

of BP has been advocated by current guidelines in hypertensive T2DM patients, however impaired 

vasodilatory capacity observed in T2DM in earlier studies may interfere with preservation of CBF 

during tight BP control. In Chapter 3B we report that tight hypertension treatment in patients with 

uncomplicated T2DM challenges static CA but with continuation of tight BP control CBF remains 

preserved, suggesting nervous system plasticity. In contrast, once microvascular damage is clinically 

expressed, cerebrovascular control appears no longer capable to prevent the pressure dependent 

reduction in CBF associated with the deliberate lowering of BP to reduce the risk for ischemic stroke. 

Impaired dynamic CA in both complicated and uncomplicated T2DM is not reversed by tight 

antihypertensive treatment and appears the more vulnerable component of cerebrovascular control. 
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Progressive impairment in CA first affects the latency (dynamic CA) and then the efficiency (static CA) 

of the cerebral autoregulatory response. The lower limit of the autoregulation curve has not been 

established in T2DM patients but the combination of abnormal dynamic and static autoregulatory 

capacity in complicated DM with a permanent reduction in CBFV is of concern. An optimal BP may be 

indicated for a population but the data suggest that this is not easily defined for the individual patient 

with T2DM. The magnitude of the treatment-induced decline in CBF cannot be predicted and renders 

it necessary to monitor cerebral perfusion in complicated T2DM patients when treating hypertension 

to balance BP level and reduction in CBF on an individual basis. In normal conditions there is coupling 

between cerebral metabolic demand and cerebral perfusion, termed neurovascular coupling. When 

the brain is activated by exercise, regional CBF increases in order to enhance cerebral oxygenation to 

meet the increased metabolic demand. Studies demonstrated limited cerebrovascular vasodilatory 

capacity in T2DM, with the consequence that CBF response to a strong vasodilatory stimulus induced 

by exercise may be attenuated. In Chapter 3D we demonstrated that the normal 20% increase in 

CBF observed in control subjects in response to exercise did not develop in T2DM patients which may 

be related to limited ability to increase cardiac output and reduced vasodilatory capacity. The inability 

to enhance cerebral perfusion resulted in compromised oxygenation, which was reflected by an early 

reduction in the calculated cerebral mitochondrial O2 tension, despite comparable brain carbohydrate 

metabolism between both groups. These findings support that cerebrovascular rather than metabolic 

maladaptation is responsible for early neurovascular uncoupling during brain activation by exercise in 

T2DM patients. The data suggest that in T2DM inability to increase CBF and cerebral oxygenation 

potentially provokes a central limitation to physical activity related to reduced capability to increase 

cardiac output.  

  

Chapter 4 - Cerebrovascular control in sickle cell disease 

SCD is characterized by recurrent episodes of vaso-occlusion and chronic hemolysis, both affecting 

endothelial function. Cerebral SVD is common in SCD patients, which is associated with generalized 

endothelial dysfunction, comparable to the situation of microvascular damage in T2DM. SCD patients 

have increased risk of stroke and are exposed to recurrent silent brain infarction. In Chapter 4A we 

questioned whether dynamic CA was affected in SCD patients due to endothelial dysfunction, 

resulting from both recurrent microvascular obstruction and chronic hemolysis, associated with 

reduced NO bioavailability. We demonstrated impaired dynamic CA in young adult SCD patients, that 

appeared unrelated to the degree of hemolysis. Postural cerebrovascular response was comparable 

to the control group, suggesting intact static CA in SCD patients. Cerebrovascular CO2 

responsiveness is NO dependent and has been related to an increased stroke risk in microvascular 

diseases. Previous studies demonstrated impaired cerebrovascular CO2 responsiveness in T2DM. 

Chapter 4B describes the results of our study extending these observations to SCD patients in whom 

cerebrovascular CO2 responsiveness was affected as well. This was expressed by attenuated 

increases in TCD-determined CBFV and NIRS-determined changes in frontal cortical hemoglobin 

concentrations per mm Hg increased PETCO2, implying that the vasodilatory capacity of the cerebral 

vasculature is impaired. The data show that in SCD cerebrovascular control is affected in a manner 
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comparable to the situation in complicated T2DM. It suggests a functional similarity regarding 

microvascular cerebral disease between T2DM and SCD affecting both cerebrovascular 

autoregulatory capacity and CO2 responsiveness as major controls of brain perfusion. However, 

further studies are needed to investigate whether the impaired cerebrovascular control mechanisms 

play a causal role in the high incidence of cerebrovascular complications in SCD patients.  

 

Chapter 5 – Cerebrovascular control and aging 

Aging is associated with a decline in resting cerebral metabolism with a ~15% reduction in gray matter 

flow between the 3
rd
 and 5

th
 decade. Moreover, aging is associated with a higher incidence of postural 

symptoms including dizziness and syncope. Falls are more common in the elderly and are proposed 

to be multifactorial in origin, resulting from interactions between intrinsic and environmental factors, 

including age, visual impairment, lower extremity weakness, orthostatic hypotension, and 

psychotropic drug use. In Chapter 5 we report that, in contrast to the general assumption, the 

postural reduction in cerebral perfusion becomes less prominent with healthy aging, which in itself 

does not contribute to the elevated incidence of orthostatic complaints in the elderly. The implication is 

that a potential effect of aging on cerebrovascular control in vascular diseases such as T2DM is 

secondary to accelerated vascular changes inherent to the disease rather than the aging process 

itself. 

 

Chapter 6 – Cerebrovascular control in models of disease 

In Chapter 6 different models in healthy subjects are reported in order to provide a better 

understanding of cerebrovascular control during hyperglycemia, administration of EPO and 

endotoxemia respectively. Chapter 6A reports the effects of hyperglycemic clamping on the 

cerebrovascular response in healthy subjects during rest and exercise. Dynamic CA may become less 

effective during exhaustive exercise, which may be accompanied by hyperglycemia. Previous studies 

described loss of autoregulation of tissue perfusion in diabetic patients and moderate vasodilatation in 

skeletal muscles with increased blood flow in healthy subjects, which had been attributed to sustained 

hyperglycemia. In this study, hyperglycemia was associated with a decrease in CVRi and consequent 

increase in CBFV, independently of dynamic CA, which remained unaffected during both exercise and 

sustained hyperglycemia. Thus, an elevated blood glucose per se does not explain that dynamic CA 

is affected both during rest and exercise.  

 Although EPO is considered to have neuroprotective properties after cerebral ischemia, it is 

associated with elevated BP and cerebrovascular events, possibly related to increased hematocrit. 

Chapter 6B reports the systemic and cerebrovascular effects of EPO during acute and prolonged 

administration, while responsiveness of the vasculature was challenged by exercise and hypoxia. In 

this study, both acute and chronic EPO administration increased both systemic and cerebrovascular 

resistance, whereas dynamic CA remained unaffected. The similar hemodynamic response with acute 

EPO administration suggests that EPO induces arterial and cerebral vasoconstriction independent of 

its effect on hematocrit.  
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 Endotoxemia is associated with a reduction in cerebral perfusion, possibly explaining cerebral 

dysfunction during severe sepsis, however the impact on cerebral autoregulatory capacity remains 

unclear. Chapter 6C describes the effects of endotoxemia on the dynamic CA in healthy subjects, 

where a reduction in cerebral perfusion was confirmed with improved dynamic CA. Both phenomena 

could be explained by a reduction in PaCO2. Body temperature correlated with PaCO2 and CBFV, 

suggesting that the increase in body temperature associated with endotoxemia may be one of the 

mechanisms explaining the reduction in PaCO2, which in turn will reduce cerebral perfusion.
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Samenvatting  

 

 

De hersenen zijn zeer gevoelig voor zuurstoftekort in het bloed. Wanneer bij gezonde personen de 

bloedstroom naar de hersenen acuut stopt, kan bewustzijnsverlies optreden binnen enkele seconden. 

Hoewel de hersenen ca. 2% van het totale lichaamsgewicht uitmaken, ontvangen zij ca. 15% van het 

hartminuutvolume, waarbij ze ongeveer 20% van het totale zuurstofverbruik voor hun rekening 

nemen. Dit impliceert de noodzaak van geïntegreerde regelsystemen om de systemische bloeddruk 

en bloedstroom naar de hersenen zo constant mogelijk te houden. Onder normale omstandigheden 

wordt de bloedstroom naar de hersenen min of meer constant gehouden ondanks grote 

schommelingen in bloeddruk (ca. 60~150 mmg). Dit gebeurt hoofdzakelijk door twee regelsystemen, 

namelijk mechanoregulatie, hiermee wordt ook wel cerebrale autoregulatie (CA) bedoeld, en 

chemoregulatie, ook bekend als koolzuurgevoeligheid van de hersenvaten, als maat voor het 

vermogen tot vaatverwijding.  

 Cerebrale microangiopathie, oftewel ziekte van de kleine bloedvaten in de hersenen (ook wel 

small vessel disease genoemd), is geassocieerd met hypertensie en andere vasculaire risicofactoren, 

die gepaard gaan met een verhoogd risico op beroertes en vasculaire dementie. Eerdere studies 

hebben aangetoond dat mechano- en chemoregulatie gestoord zijn bij patiënten met langerbestaande 

diabetes mellitus met aantoonbare complicaties van de kleine bloedvaten (van de ogen en de nieren) 

en gestoorde functie van het autonome zenuwstelsel. Ook de bevinding dat de dynamische CA 

gestoord is niet alleen aan de aangedane zijde van patiënten met een lacunair infarct, maar ook aan 

de gezonde zijde, suggereert dat er een sterk verband bestaat tussen small vessel disease en 

gestoorde CA. In dit proefschrift ligt de nadruk op type 2 diabetes mellitus en sikkelcelziekte, als twee 

representatieve voorbeelden van small vessel disease, die beiden worden gekenmerkt door 

uitgebreide vaatschade van de kleine bloedvaten, wat kan leiden tot meerdere lacunaire infarcten en 

uitgebreide wittestofafwijkingen in de hersenen. Zowel CA als koolzuurgevoeligheid werden 

onderzocht in beide ziekten en vergeleken met gezonde vrijwilligers. Hoofdstuk 1 betreft een 

algemene introductie over de regulatie van de bloedstroom naar de hersenen bij gezonde vrijwilligers, 

veranderingen bij vaatschade, in het bijzonder de ziekte van de kleine bloedvaten. Hoofdstuk 2 

beschrijft de verschillende methoden waarmee bloedstroom naar de hersenen kan worden gemeten, 

in dit geval TCD en NIRS, gevolgd door een beschrijving van methoden om de dynamische en 

statische CA en koolzuurgevoeligheid te berekenen, waarbij ook de systemische variabelen kort aan 

bod komen. 

 

Hoofdstuk 3 – Regulatie van bloeddoorstroming naar de hersenen in type 2 diabetes mellitus 

Eerdere studies hebben aangetoond dat CA gestoord is in type 2 diabetes patiënten met zowel 

schade aan de kleine bloedvaten als aan het autonome zenuwstelsel. In hoofdstuk 3A hebben we 

aangetoond dat type 2 diabetes mellitus is geassocieerd met vroegtijdige verslechtering van de 

dynamische CA die manifest wordt voor het ontstaan van aantoonbare vaatschade aan de nieren, 
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ogen of autonome zenuwstelsel. HbA1c en de duur van de diabetes waren voorspellers van 

dynamische CA. Bloedsuikerwaarden en leeftijd bleken geen invloed te hebben. De vergelijkbare 

daling in bloedstroom naar de hersenen bij opstaan in zowel beide diabetes groepen (met en zonder 

vaatschade) als de controle groep bevestigden dat de statische CA intact was. Type 2 diabetes is 

geassocieerd met een chronische ontstekingsproces met insulineresistentie. De gestoorde functie van 

het endotheel (de binnenste bekleding van de bloedvaten) als gevolg daarvan, leidt tot schade met 

name aan de kleine bloedvaten met een gestoorde regulatie van bloedstroom naar de weefsels.  

 Hypertensie komt bij patiënten met type 2 diabetes vaker voor. Wanneer bij deze patiënten de 

bloeddruk strak behandeld wordt zoals in de huidige richtlijnen wordt geadviseerd, neemt weliswaar 

de kans op het krijgen van een beroerte af, maar wanneer het regelsysteem (CA) aangedaan is, zou 

theoretisch een lagere bloeddruk gepaard kunnen gaan met een afname van de hersenbloedstroom. 

Eerdere studies suggereren een stoornis in de cerebrale autoregulatie bij ziekte van de kleine 

hersenbloedvaten. In hoofdstuk 3B onderzochten wij de effecten van nauwkeurige hypertensie 

behandeling op de hersenbloedstroom bij 3 categorieën patiënten, namelijk 1) patiënten met type 2 

diabetes en hypertensie a) zonder, respectievelijk b) met schade aan de kleine bloedvaten, en 2) als 

controle groep patiënten met hypertensie zonder type 2 diabetes. Na 3 maanden hypertensie 

behandeling was de hersenbloedstroom gedaald in beide groepen diabetes patiënten, doch niet bij de 

patiënten met hoge bloeddruk zonder diabetes. Bij voortzetten van de behandeling bleek vervolgens 

dat bij de diabetes patiënten zonder aantoonbare vaatschade de hersenbloedstroom na 6 maanden 

behandeling weer tot het uitgangsniveau terugkeerde. Daarentegen was bij de diabetes patiënten met 

vaatschade de bloedstroom naar de hersenen na een half jaar behandeling niet hersteld maar 

integendeel nog iets verder afgenomen. Ook de cerebrale koolzuurgevoeligheid als tweede belangrijk 

regelsysteem van de hersenvaten leek meer gestoord in de diabetes groep met vaatschade. Bij 

aanvang van de hypertensie behandeling bestond reeds een verschil in cognitieve functie ten nadele 

van de diabetes groep met vaatschade. Ondanks een afgenomen hersenbloedstroom in deze groep 

werden in een periode van 6 maanden geen verdere veranderingen gevonden. Zolang diabetes nog 

niet heeft geleid tot aantoonbare vaatschade (van ogen en nieren) blijft de hersenbloedstroom na een 

half jaar hypertensie behandeling op uitgangsniveau. Wanneer echter vaatcomplicaties aantoonbaar 

zijn, blijkt de cerebrale autoregulatie gestoord. Dit leidt tot een druk-passieve cerebrale bloedstroom, 

dat wil zeggen dat bij het verlagen van de bloeddruk de hersenbloedstroom niet langer op het 

gewenste peil kan worden gehouden. De gestoorde dynamische CA in beide groepen type 2 diabetes 

leek niet reversibel door stricte bloeddruk regulatie, wat suggereert dat de dynamische CA 

kwetsbaarder lijkt dan de statische CA. Met andere woorden, progressieve achteruitgang van de CA 

tast eerst de latentie (dynamisch CA) aan, en in een later stadium de efficiëntie (statische CA) van het 

cerebrale autoregulatie mechanisme. Een optimaal bloeddrukniveau voor de individuele patiënt met 

type 2 diabetes mellitus is zonder nader onderzoek van de regeling van de cerebrale bloedstroom 

moeilijk vast te stellen. Wanneer de bevindingen uit deze studie algemeen toepasbaar blijken, zou dit 

betekenen dat voor patiënten met type 2 diabetes, hypertensie en microvasculaire complicaties bij de 

behandeling van de bloeddruk, monitoring van hersenbloedstroom nodig is om de optimale balans 
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tussen bloeddrukverlaging en toegestane afname van de hersenbloedstroom individueel vast te 

stellen. 

 Onder normale omstandigheden bestaat er een koppeling tussen het hersenmetabolisme en 

bloedstroom naar de hersenen, ook wel neurovasculaire koppeling genoemd. Tijdens fysieke 

inspanning vindt er hersenactivatie plaats, waardoor de bloedstroom en zuurstofgehalte naar de 

hersenen toenemen om tegemoet te komen aan het verhoogde metabolisme. Studies hebben laten 

zien dat de capaciteit tot vaatverwijding bij type 2 diabetes patiënten verminderd is, waardoor de 

normale toename in bloedstroom tijdens inspanning verminderd zou kunnen zijn. In hoofdstuk 3D 

laten we zien dat bij type 2 diabetes patiënten de toename in hersenbloedstroom en zuurstofgehalte 

als reactie op fysieke inspanning verminderd is, ondanks een vergelijkbaar hersenmetabolisme. Dit 

zou een gevolg kunnen zijn van de beperkte vaatverwijding van  de hersenvaten en verminderde 

toename in hartminuutvolume tijdens fysieke inspanning bij patienten met type 2 diabetes, wat 

gepaard gaat met een verminderde inspanningstolerantie. Deze bevindingen laten zien dat vasculaire 

veranderingen, in plaats van metabole, verantwoordelijk zijn voor de vroegtijdige neurovasculaire 

ontkoppeling tijdens hersenactivatie door fysieke inspanning bij type 2 diabetes patiënten. 

  

Hoofdstuk 4 – Regulatie van bloeddoorstroming naar de hersenen in sikkelcelziekte 

Sikkelcelziekte, als een ander voorbeeld van niet-diabetische ziekte van de kleine bloedvaten (small 

vessel disease), is geassocieerd met gegeneraliseerd endotheeldysfunctie, vergelijkbaar met schade 

aan de kleinere bloedvaten bij type 2 diabetes. Patiënten met sikkelcelziekte hebben een verhoogd 

risico op het krijgen van een beroerte, en staan blootgesteld aan herhaalde stille herseninfarcten. In 

hoofdstuk 4A werd de vraagstelling geformuleerd of dynamische CA gestoord zou zijn in patiënten 

met sikkelcelziekte vanwege een gestoorde functie van het endotheel als gevolg van herhaalde 

infarcten van de kleinere vaten (microinfarcten) en chronische bloedafbraak, geassocieerd met een 

verminderde beschikbaarheid van stikstofmonoxide (NO). We hebben laten zien dat de dynamische 

CA in jonge volwassen patiënten met sikkelcelziekte gestoord is, die onafhankelijk leek van de mate 

van bloedafbraak. De cerebrovasculaire reactie op staan was vergelijkbaar met de controle groep, 

wat suggereert dat de statische CA intact is in deze groep.  

 Koolzuurgevoeligheid van de hersenvaten is afhankelijk van stikstofmonoxide en is geassocieerd 

met een verhoogd risico op beroertes in aandoeningen van de kleine vaten. Eerdere studies hebben 

een gestoorde koolzuurgevoeligheid laten zien bij type 2 diabetes patiënten. Hoofdstuk 4B laat zien 

dat de koolzuurgevoeligheid ook bij patiënten met sikkelcelziekte gestoord is, gebaseerd op een 

verminderde toename van zowel TCD gemeten bloedstroomsnelheid als NIRS gemeten verandering 

in hemoglobine concentraties per verandering in mm Hg koolzuurspanning, wat impliceert dat het 

vermogen tot vaatverwijding aangedaan is in deze groep.  

 De resultaten laten zien dat regulatie van de bloedstroom bij sikkelcel patiënten op een 

vergelijkbare manier is aangedaan zoals bij type 2 diabetes patiënten met vaatschade. Het suggereert 

dat er een verband bestaat tussen microvasculaire schade, wat vaak voorkomt in type 2 diabetes en 

sikkelcelziekte, en gestoorde regelmechanismen van de bloeddoorstroming naar de hersenen (CA en 

koolzuurgevoeligheid). Echter, aanvullende studies zijn nodig om te onderzoeken of er daadwerkelijk 
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een causaal verband bestaat tussen de gestoorde regelmechanismen en verhoogde incidentie van 

cerebrovasculaire complicaties (beroertes). 

 

Hoofdstuk 5 – Regulatie van bloeddoorstroming naar de hersenen bij ouder worden 

Ouder worden is geassocieerd met een vermindering in hersenmetabolisme en bloeddoorstroming 

naar de hersenen met een vermindering in bloedstroom (ca. 15%) in de grijze stof van de hersenen 

tussen de 3
e 
en 5

e 
decade van het leven. Daarnaast is ouder worden geassocieerd met een hogere 

incidentie van klachten bij opstaan (orthostase) zoals duizeligheid en flauwvallen. Vallen komt vaak 

voor bij oudere mensen, waarvan wordt verondersteld dat er meerdere factoren hieraan ten grondslag 

liggen als het gevolg van de interactie tussen intrinsieke en omgevingsfactoren, zoals leeftijd, visuele 

beperking, zwakte in de onderste ledematen, lagere bloeddruk bij opstaan en gebruik van 

psychotrope medicatie. In hoofdstuk 5 laten we zien dat, in tegenstelling tot de algemene 

veronderstelling, de reductie in bloeddoorstroming naar de hersenen bij opstaan minder uitgesproken 

is bij ouder worden met een intacte autoregulatie mechanisme, wat dus zelf niet de verklaring kan zijn 

van de verhoogde incidentie van orthostatische klachten bij ouderen.  

 

Hoofdstuk 6 – Regulatie van bloeddoorstroming naar de hersenen bij verschillende 

ziektemodellen 

Hoofdstuk 6 beschrijft verschillende ziektemodellen in gezonde vrijwilligers met als doel inzicht te 

geven in de bloedstroom regulatie tijdens hyperglykemie (kunstmatige verhoging van bloedsuiker), 

respectievelijk toediening van erytropoietine (EPO) en endotoxines. In hoofdstuk 6A onderzochten 

wij de invloed van hyperglykemie op de hersenvaatweerstand bij gezonde vrijwilligers tijdens rust en 

inspanning. Zeer grote fysieke inspanning kan leiden tot minder efficiënte dynamische CA, die 

mogelijk gepaard gaat met verhoogde bloedsuikers. Eerdere studies hebben laten zien dat regulatie 

van bloedstroom in de weefsels gestoord raakt bij patiënten met diabetes. Bij gezonde vrijwilligers 

wordt vaatverwijding in skeletspieren gezien met verhoogde bloeddoorstroming waarschijnlijk als 

gevolg van aanhoudende hyperglykemie. In deze studie leek hyperglykemie geassocieerd met een 

verlaagd vaatweerstand in de hersenen met als gevolg verhoogde bloedstroomsnelheid, die 

onafhankelijk was van de dynamische CA. Zowel tijdens inspanning als tijdens hyperglykemie bleef 

de dynamische CA intact. Daarom kan geconcludeerd worden dat de verhoogde bloedsuiker zelf 

geen verklaring is voor een gestoorde dynamisch CA tijdens rust en inspanning. 

 Hoewel verondersteld wordt dat EPO hersenbeschermende eigenschappen heeft na een 

beroerte, is het geassocieerd met een hoge bloeddruk en cerebrovasculaire complicaties, mogelijk 

gerelateerd aan een verhoogd hematocrietwaarde. In hoofdstuk 6B werden de systemische en 

cerebrovasculaire effecten van EPO onderzocht tijdens acute en langdurige toediening, terwijl werd 

gekeken naar de vasculaire respons tijdens inspanning en verlaagde zuurstofspanning (hypoxie). In 

deze studie werd in beide omstandigheden (acuut en langdurige toediening van EPO) een verhoogde 

bloeddruk bevestigd met een verlaagde bloeddoorstroming in de systemische- en hersenvaten. 

Dynamische CA bleef onaangetast. De vergelijkbare hemodynamische veranderingen in de acute 
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fase van EPO toediening suggereert dat EPO leidt tot vernauwing van de systemische- en 

hersenvaten, onafhankelijk van de hematocrietwaarde. 

 Toediening van endotoxines is geassoceerd met een verlaagde bloeddoorstroming naar de 

hersenen, wat genoemd wordt als mogelijke verklaring van hersendysfunctie tijdens ernstige sepsis, 

echter de invloed op de regulatie van de hersenbloedstroom (CA) is nog onduidelijk. In hoofdstuk 6C 

hebben we de effecten van endotoxines onderzocht op de dynamische CA bij gezonde vrijwilligers, 

waarbij een vermindering van de bloedstroom naar de hersenen werd bevestigd, wat in tegenstelling 

tot onze verwachting gepaard ging met een verbeterde dynamisch CA. Beide bevindingen zouden 

verklaard kunnen worden door een verlaagde koolzuurspanning in het bloed. Er leek een correlatie te 

bestaan tussen lichaamstemperatuur aan de ene kant, en koolzuurspanning en bloedstroomsnelheid 

aan de andere kant, wat suggereert dat de verhoogde lichaamstemperatuur tijdens toediening van 

endotoxines mogelijk een van de mechanismen is voor de verlaagde koolzuurspanning, met als 

gevolg een verminderde bloeddoorstroming naar de hersenen.
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familie naar Amsterdam, toen zijn vader door een Koreaans bedrijf als expat werd uitgezonden. In 

1997 behaalde Yu-Sok zijn middelbare schooldiploma op het Vossius Gymnasium in Amsterdam. Na 

een jaar geneeskunde gestudeerd te hebben aan de Universiteit van Antwerpen, België, zette hij in 

1998 zijn studie voort aan de Universiteit van Amsterdam. In 2002 verrichte hij wetenschappelijk 

onderzoek bij de afdeling Vasculaire Geneeskunde aan de Seoul National University in Zuid Korea 

(Prof. dr. H.S. Kim, geen familie). In dezelfde periode was hij tevens werkzaam voor het organiserend 

comité van het FIFA WK 2002, welk destijds werd gehouden in Zuid Korea en Japan. Na terugkomst 

in Nederland werkte hij gedurende één seizoen als tolk bij voetbalclub Feyenoord (als Ajax fan), 

Rotterdam, voordat hij met zijn coschappen begon aan het Academisch Medisch Centrum (AMC) in 

Amsterdam. Na het voltooien van zijn coschappen in 2005 begon hij zijn onderzoek als promovendus 

bij Prof. dr. J.J. van Lieshout in het laboratorium voor Klinische Cardiovasculaire Fysiologie, 

Hartfaalcentrum, afdeling Anatomie, Embryologie en Fysiologie, afdeling Interne Geneeskunde van 

het AMC, Amsterdam, en de afdeling Anesthesiologie van het Rigshospitalet, Copenhagen Muscle 

Research Centre, Denemarken (Prof. dr. N.H. Secher). Na een jaar klinische ervaring te hebben 

opgedaan als ANIOS bij de afdeling Interne Geneeskunde, Flevoziekenhuis, Almere (opleider Dr. 

S.H.A. Peters), begon hij in 2011 als arts-assistent in opleiding tot internist in hetzelfde ziekenhuis, 

waarna hij in april 2014 zijn opleiding verder vervolgde in het AMC (opleiders Dr. S. Geerlings, Prof. 

dr. J.M. Prins en Prof. dr. J.A. Romijn). Yu-Sok is getrouwd met Juhee en de vader van Yerom en Gio. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


