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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) 
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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.


