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2.1 PARAMETERS 
 
2.1.1  Systemic 
Blood Pressure  
In the studies presented in this thesis continuous ABP was monitored either non-invasively as 
finger arterial blood pressure (FinAP) measured by servo controlled photoelectric 
plethysmography (Portapres M2, Finapres M5 or Nexfin; Netherlands Organization for 
Applied Scientific Research, Biomedical Instrumentation, TNO-BMI, Amsterdam, The 
Netherlands or NexFin, BMEye, Amsterdam, The Netherlands). Intra arterial blood pressure 
(IAP), as oscillometric blood pressure (ABP; HEM-705CP, Omron, Kyoto, Japan), or 
invasively via a catheter (1.1 mm ID, 20 gauge) placed in the brachial or radial artery of the 
non-dominant arm (IAP after calibrating and zeroing to the midaxillary level) with the patient 
in the supine position. The FinAP cuff was applied to the middle finger of the dominant hand 
placed at heart level supported by a sling. To detect changes in FinAP correctly, a built-in 
expert system (Physiocal) tracks the unloaded diameter of the finger artery to establisch and to 
adjust the arterial unloaded volume.24 Changes in FinAP accurately track changes in IAP during 
normotension and moderate hypertension 25, 57, 76, 116-121, 132, 288 and the studies in chapter 5 
extend these observations to extreme hypertension.  
 
Hemodynamics 
Mean IAP and mean FinAP was measured as the integral over one heart beat. HR was the 
inverse of the inter beat interval. Stroke volume (SV) was determined by a three-element model 
of arterial input impedance (Modelflow).278 SV was calculated from the blood pressure 
waveform using the model flow method incorporating age, sex, height, and weight (BeatScope 
1.0 software; BMEye, Amsterdam, The Netherlands).133 This technique tracks fast changes in 
SV.98, 131, 133, 278 SV was expressed as percentage change of the initial value, Q was HR times SV 
and systemic vascular resistance (SVR) was the ratio of MABP and Q. When calibrated against 
a gold standard method such as thermodilution or Fick, this methodology provides accurate 
estimates of changes in SV in patients with septic shock,133 cardiovascular disease,131, 278, during 
orthostatic stress98, 267, exercise254, and under conditions of moderate hypocapnia (PETCO2 = 
~30 mmHg) as induced by orthostatic stress.98 
 
2.1.2  Cerebral 
Steady state values for gCBF have been earlier reported as the clearance of gases including 
N2O and 133Xe, or a tracer such as indocyanine green, or as the arterial-jugular venous O2 
difference. A disadvantage of these methods is that one gCBF measurement takes about 15 
minutes185 making these methods impractical for monitoring the autoregulatory abilities of 
gCBF in response to rapid changes in cerebral perfusion pressure.  
 
Cerebral tissue oxygenation 
The “accidental” discovery of near-infrared energy is ascribed to William Herschel in 1800. 
The principle of tissue spectroscopy for oxygen is well known and ‘pulse oximetry’ of the 
oxygen saturation of arterial blood is based on the ear oximeters of Millikan published in 
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1942.180 Thirty-five years later Jöbsis134 described brain spectroscopy in cats applying the same 
method as reported by Millikan. In this thesis the oxygen content of frontal lobe cerebral tissue 
oxygenation was monitored by near infra-red spectroscopy (NIRS) based on the tissue 
transparency to light in the near-infrared region and on the O2 dependent absorption changes 
in absorption in cerebral tissue caused by chromophores, i.e. mainly oxy- and deoxy-
hemoglobin (cO2Hb and cHHb).41, 171 Using an adapted computation based on Lambert-Beer’s 
law, changes in light absorption at different wavelengths are measured and tissue oxygenation 
is monitored.50 To estimate the concentration changes in cO2Hb and cHHb a differential path 
length factor of 6.0 was applied to account for the scattering of light in the tissue.50, 264 A 
continuous wave Oxymon NIRS instrument (Artinis Medical Systems b.v., Zetten, the 
Netherlands) with three wavelengths (at 901, 848 and 770 nm) and 10 Hz sampling time, or an 
INVOS 3100 NIRS (Somanetics, Troy, MI, USA) was used. The NIRS optodes were attached 
on the right side of the forehead to avoid the frontal sinuses and sufficiently lateral to avoid the 
sagital sinus with the transmitting and receiving optodes placed 5.5 cm apart. Since there is no 
standard for cerebral oximetry, calibration is not possible. Major consideration is that the 
relative position of the pigments sampled by NIRS remains unclear. Based on anatomical 
studies it is suggested that in the cerebral tissue volume sampled by NIRS the amount of 
hemoglobin in the arterioles is ~20%, in the capillaries is ~5% and in the venules about 75%.17 
This suggests that the NIRS value for cerebral oxygenation is dominated by the local venous 
O2 saturation rather than the tissue O2 content. 
The NIRS determined oxygenation changes in parallel with gCBF as determined by 133Xe 
clearance31 and estimated cerebral O2 saturation in humans during carotid clamping and 
declamping compares satisfactory with jugular bulb venous O2 saturation.283 Olsen et al.197 
determined the lower limit of CA by reducing arterial pressure through a combined 
pharmacological and physical approach by providing pharmacological α- and β-adrenoceptor 
blockade by labetalol and applying subatmospheric pressure to the lower part of the body 
(lower body negative pressure, LBNP). The level of blood pressure at which the cerebral 
arterio-venous O2 saturation dropped was set equal to the lower limit of CA. The cO2Hb 
correlated weakly with the internal jugular bulb saturation and the absolute values of the cO2Hb 
were higher but, with both methods the lower limit of CA could be determined at an almost 
identical arterial pressure level. To our knowledge, the upper limit of CA has, for obvious 
reasons, never been determined in humans.  
Also NIRS tracked positron emission tomography derived parameters like cerebral blood 
volume and flow with cerebral vasodilatation by acetazolamide.196 Frontal lobe NIRS follows 
brain capillary oxygen saturation as calculated from the O2 content of brachial arterial and right 
internal jugular venous blood when supine and seated, with inhaled O2 air-mixtures (10% to 
100%) with and without added 5% carbon dioxide and during hyperventilation, supporting that 
NIRS is an adequate cerebral capillary-oxygenation-level-dependent measure during 
manipulation of CBF or inspired O2 tension.217 We report changes in cO2Hb and cHHb 
concentration (µmol·l-1) with supine control values as reference set at 0 µmol·l-1. 
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Middle cerebral artery blood velocity  
In 1982 Aaslid et al.4 proposed to study cerebral hemodynamics with Doppler ultrasound. A 
critical issue is to what extent blood velocity reflects an actual volume flow. In the unlikely case 
that blood flow is not laminar, the blood velocity changes out of proportion with volume flow. 
Changes in velocity are parallel with volume flow only when both the angle of insonation and 
the diameter of the vessel remain constant. The large cerebral arteries are conductance rather 
than resistance vessels and changes in systemic arterial blood pressure within the physiological 
range appear to have a negligible effect on the diameter of the insonated artery.87, 241 Validation 
studies found that changes in MCA Vmean follow cerebral 133Xe clearance.19, 40 
The TCD derived MCA V was measured in the proximal segments of the left and/or right 
MCA (DWL Multidop X4, Sipplingen, Germany) with a 2.5 MHz probe located just above the 
zygomatic arch. When a sonogram is found three steps have to be taken to make certain that it 
is actually the MCA that is insonated. First, the velocity pattern should be positive indicating 
that the flow is towards the probe. Second, the flow signal should remain present when the 
insonation depth is decreased to ~35 mm. Third, the insonation depth is increased and above a 
insonation depth of 55 mm the velocity signal will change because the bifurcation with the 
anterior cerebral artery will be reached.224 Once the optimal signal-to-noise ratio is obtained at 
a insonation depth between 45 and 55 mm, the probe is secured with a headband (Mark 600, 
Spencer Technologies, Seattle, USA). TCD determinations of MCA Vmean are reproducible 
with a difference between two measurements of less than 3% with R=0.95.45 The 
cerebrovascular resistance index (CVRi) is expressed as the ratio of MABP and MCA Vmean.288 
The Gosling pulsatility index of the MCA is taken as an index of cerebral microangiopathy 
expressed as the amplitude of MCA V divided by time-averaged MCA V.159  
In the patients suffering acute ischemic stroke described in chapter 4.1 the MCA V was 
measured bilaterally. In these patients we checked the patency of the carotid arteries by 
Doppler imaging with a 4.5- to 5.5-MHz transducer (Hewlett Packard SONOS 2000). 
 
2.1.3  Pulmonary 
Vewntilatory parameters 
Respiratory parameters were obtained from a Zirconia O2 analyzer and a nondispersive 
infrared sensor for CO2 (MedGraphics CPX/D, St. Paul, Minnesota) that reported tidal 
volume (VT), breathing frequency, O2 consumption (VO2) and CO2 production (VCO2). VT 
multiplied by f is pulmonary ventilation (VE).  
 
Partial end-tidal carbon dioxide pressure  
PETCO2 was monitored by a sampling infrared capnograph (Datex Normocap 200, Helsinki, 
Finland or Tonocap, Datex-Ohmeda, Madison, USA).  
 
Partial arterial carbon dioxide pressure 
PaCO2, partial arterial oxygen pressure (PaO2), arterial oxygen saturation (SaO2) and pH were 
determined by sampling blood from the radial artery that was anaerobically stored in 
heparinized syringes and analyzed immediately on an OSM-500 and ABL-3 apparatus 
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(Radiometer, Copenhagen, Denmark) at 37° C. All parameters were expressed as the average 
of two determinations drawn 30 seconds from each other. 
 
 
2.2 QUANTIFICATION OF CEREBRAL AUTOREGULATION 
gCBF remains relatively constant despite variation in cerebral perfusion pressure between ~50 
and 150 mmHg.155 Both fast and slow acting regulatory mechanisms are required to span the 
prevailing demands on gCBF in everyday life.2  
 
2.2.1  Static Cerebral Autoregulation 
Static cerebral autoregulation (sCA) reflects the overall efficiency of the cerebrovascular 
autoregulatory system and is assessed by monitoring the gCBF during different steady state 
blood pressure levels. Since changes in gCBF are tracked by changes in MCA Vmean,19 sCA is 
considered to be intact when constancy of MCA Vmean is maintained during a decrease in 
MABP at the level of the MCA and is impaired when the MCA Vmean changes together with 
MABP at brain level. To assess sCA for individual subjects, in this study the continuous signals 
of  MCA Vmean and IAP were first averaged to 30 seconds episodes and then linearly related to 
each other.  
The steady state response of MCA Vmean to a postural change in relation to MABP at brain 
level was assessed from data sampled from 1 min prior to standing up, and again at 5 min in 
the upright position. Gravitational displacement of blood to the abdomen and the legs affects 
preload to the heart and reduces Q by ~15%. An increase in HR (by ~ 20 min-1) SVR (by 
~30%) maintain ABP as sympathetic activity raises.99 On top of these large shifts in systemic 
hemodynamic parameters, the head becomes positioned approximately 30 cm above heart 
level, resulting in a reduction in CPP of ~20 mmHg.268 This results in a decrease in cO2Hb96, 

268 and gCBF232 reflected by the TCD determined MCA Vmean.3 In healthy subjects, sCA limits 
the physiological reduction in MCA Vmean to ~15% following a postural change.96, 215, 265, 268  
 
2.2.2  Dynamic Cerebral Autoregulation 
Time domain 
Dynamic cerebral autoregulation (dCA) refers to the ability to restore gCBF in the face of a 
sudden change in perfusion pressure and reflects the latency of the system.3 It is quantified by 
the counter-regulatory capacity to maintain MCA V constant during induced165 or 
spontaneous51, 52, 203, 209, 210 abrupt changes in blood pressure. Tiecks et al.260 introduced a 
dynamic autoregulatory index (ARI) based on a second-order differential equation. The 
autoregulatory index ranges from 0 (absence of CA) to 9 (best measurable CA). Each from 
these ten integer value correspond to a MCA V template response curve. The modeled 
second-order curve that best fits the measured MCA V curve will then determine the 
corresponding value of the ARI. This model was validated on blood pressure decreases created 
with bilateral thigh cuff release but later also on arterial pressure changes during a Valsalva 
maneuver.259 An ARI of 5 or higher is considered to indicate integrity of CA.260 
We manually selected upward and downward BP transients lasting at least 10 seconds at a 
stable PETCO2. All 10 second episodes per 15 min tracing were identified and averaged curves 
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of all 10 seconds up- and downward ABP transients plotted. In the time domain, dCA is 
considered adequate with MCA Vmean remaining stable during a change in MABP, apart from 
~4 s delay, and is considered to be impaired when MCA Vmean follows MABP passively.127 
 
Frequency domain (Figure 1) 
In awake subjects we determined dCA in the frequency domain from the spontaneous 
oscillations observed in continuous IAP or FinAP recordings. High frequency (HF) rhythmic 
oscillations (0.15-0.3 Hz) are related to respiration and some consider this to be a marker for 
vagal modulation. Low frequency (LF) BP oscillations (0.07-0.15 Hz), also referred to as Mayer 
waves, are considered to be a marker for sympathetic modulation.173 although the suggested 
relationship between spectral components of cardiovascular variabilities and direct measures of 
muscle sympathetic nerve activity200, 265 has been disputed231 These oscillations are transferred 
to the brain vasculature where changes in gCBF are recorded by TCD and output as MCA V 
signal. The cerebral autoregulatory mechanism acts as a high pass filter. This has several 
implications. LF oscillations in MABP will also be present but damped in the MCA Vmean 
signal whereas HF MABP oscillations will pass more or less unmodified. Furthermore, 
oscillations in MCA Vmean in the low frequency range precede those in MABP with ~50 to 70 
degrees52 whereas in the HF range this phase difference declines.22 dCA is considered to be 
impaired when the LF phase lead decreases to ~30º as observed in patients with carotid artery 
obstruction52 or malignant hypertension.127 
dCA in the frequency domain was examined from a 2 to 3 min tracing of beat-to-beat ABP 
and MCA V data (panel A). MABP and MCA Vmean (panel B) were spline interpolated and 
resampled at 4 Hz. With Discrete Fourier Transform, the MABP and MCA Vmean variability 
was expressed as a continuous curve or as the integrated areas in the very low frequency (VLF: 
0.02-0.07 Hz), LF and the HF ranges (panel C). 
To examine the strength between MABP and MCA Vmean, the coherence was used to signify 
that the two cardiovascular signals co-vary significantly at a given frequency (panel D). The 
coherence function reflects the fraction of output power (MCA Vmean) that can be linearly 
related to the input power (MABP) at each frequency. Similarly to a squared correlation 
coefficient, it varies between 0 and 1. From the MABP to MCA Vmean cross-spectrum, the 
transfer function gain (cm·s-1·mmHg-1) and the MCA Vmean to MABP phase lead (degrees) 
were obtained (panel E).292 The transfer function gain was normalized for MABP and MCA 
Vmean to account for the inter subject variability and expressed as % change in cm·s-1 per % 
change in mmHg.205 Phase was defined positive where MCA Vmean leads MABP. 
Theoretically, dCA is assumed to be impaired when the LF phase lead decreases together with 
an increase in gain. However, the majority of clinical studies did not report simultaneous 
changes in gain and phase when CA had deteriorated leaving this matter as yet unsettled. Some 
studies reported an increasing gain together with an unmodified phase22, 292 while others found 
a declining phase with a constant gain.102, 128 It remains as yet unsettled whether phase or gain 
is to be considered as the best parameter of dCA capacity,. This thesis follows the concept 
developed by Panerai who concluded, based on model studies, that when quantifying dCA, 
phase is the more robust parameter required and that a high value of gain should not be 
accepted as an indication of impaired CA in the presence of higher values of phase206 
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Figure 2.2.1 
Calculation of the mean middle cerebral artery blood velocity (M

CA
 V

m ) to mean arterial pressure (M
A

BP) phase difference and gain. First a two or three minute tracing of 
blood pressure (A

BP) and M
CA

 V
 was isolated (panel A) and the M

A
BP and M

CA
 V

m  were calculated (panel B
). W

ith D
iscrete Fourier Transform the variability 

was expressed as a continuous curve (panel C
). The squared coherence function is calculated to signify that the two cardiovascular signals co-vary with each other or not 

(panel D
). If the coherence is above 0.5 the M

CA
 V

m  to M
A

BP phase lead and gain can be determined (panel E
). 
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2.3 QUANTIFICATION OF CEREBRAL CARBON DIOXIDE REACTIVITY 
 
Changes in PaCO2 have a pronounced influence on gCBF independently from CA124. 
Hypocapnia induces a decrease in gCBF of ~1 ml·100 g·min-1 per mmHg177 by cerebral 
vasoconstriction whereas gCBF increases by hypercapnia. Reducing PaCO2 from 40 to 25 
mmHg halves gCBF whereas further reductions in PaCO2 are not effective.219 Increasing the 
PaCO2 to 80 mmHg increases gCBF by six-fold but ~50% of it is related to endogeneous 
cathecholamine release and activation of neuronal metabolism.16 
The sensitivity of the gCBF to CO2 is expressed as its percentage change per mmHg in PaCO2 
(the CO2 reactivity of the brain)162 and is quantified non-invasively by relating changes in MCA 
Vmean to those in the PETCO2. The MCA Vmean to PETCO2 relationship is non-linear with a 
lower sensitivity of the MCA Vmean to changes in PETCO2 with hypocapnia compared to 
hypercapnia.114 In the normocapnic range, MCA Vmean changes ~3.5% per mmHg PETCO2.141 
However, CA is functioning slightly less efficient during hypercapnia and more under 
hypercapnic conditions.206 
The exact mechanism of action has not been fully clarified. It is not the initial change in PaCO2 
but the concomitant change in pH that modifies gCBF. Applying acid or alkalic solutions 
dilates respectively constricts cerebral arteries273 whereas gCBF has a tendency to normalize 
during either chronic hypocapnia243 or chronic hypercapnia.277 More definite evidence about 
this issue was indicated by Kontos et al. when applying artificial cerebrospinal fluid to the brain 
of anesthetized cats. They found that the cerebral arteriolar diameter responded to changes in 
pH when fluid PCO2 was clamped while in the reversed experiment, clamping the pH with 
variation of the fluid PCO2, did not change cerebral vessel diameter.150, 152 The site of action 
remains unclear. In animal studies endothelial damage,275 tetrodotoxin (a sodium channel 
blocking agent),112 or selective destruction of cortical neurons111 did not alter CO2 reactivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


