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Before Homo sapiens explored the world in the upright posture our very early ancestors, and 
still most animals today, moved on four legs with all vital organs at more or less the same 
horizontal level. With adopting the erect posture the opportunity was provided to develop 
fine motor skills of the hands and anatomical changes of the head and neck were essential 
for the increase in brain volume and the development of speech. Without proper counter-
regulatory mechanisms, this evolution would have introduced the hazard of a decrease in 
blood pressure and of inadequate blood flow to the brain in the upright position. In the 
upright body position gravity drives part of the total blood volume from the upper to the 
lower body parts. As a consequence, the amount of blood returning to the heart (venous 
return) decreases. This thesis reports our studies on the physiology of autonomic 
cardiovascular regulation that secures blood flow, particularly to the brain, during 
orthostatic stress. The general hypothesis is that blood flow to the vital organs in the upright 
position depends on intact function of cardio- and cerebrovascular autonomic reflexes. 
Dysfunction of these cardiovascular autonomic reflexes are characteristic for several 
pathologic conditions. In order to understand the regulation of the blood circulation under 
these pathologic conditions, normal function should be elucidated first. 

 
HUMAN BLOOD VOLUME AND ITS DISPLACEMENT DURING ORTHOSTATIC STRESS  

Since the heart cannot pump out what it does not receive, the output of the heart (cardiac 
output) depends on the available blood volume that returns to the heart via the venous 
blood vessels (venous return). Clinically, a decline in blood volume is mainly evaluated by 
monitoring heart rate and arterial pressure. However, arterial pressure is not a reliable index 
of the intravascular volume as it is a regulated variable that is maintained during, e.g. 
hemorrhage until blood loss exceeds about one litre.11-15 In order to recognize an abnormal 
blood volume, first normal blood volume (normovolemia) should be defined. A definition for 
normovolemia is however lacking with the consequence that deviations from normovolemia 
are often not recognized until blood volume reaches an extreme value that requires 
immediate intervention. With a clear definition of normovolemia hyper-, but particularly 
hypovolemia can be recognized in an early stage and action can be taken to avert further 
deterioration. In Chapter 4 normovolemia is defined form the relation between venous 
return and cardiac stroke volume according to Frank-Starling’s “Law of the Heart”.16, 17 

Assumption of the upright position initiates a gravitational displacement of blood to 
dependent regions of the body and a fall in venous return.18, 19 Approximately 300-800 ml of 
blood volume is shifted from the chest to lower parts of the body.20, 21 Knowledge of the 
dynamics of the postural blood volume shift to the lower body parts is essential for 
understanding its effects on central blood volume. Current assumption is that a rapid shift of 
blood volume fills the capacitance blood vessels in the legs upon changing to the upright 
position.22, 23 A subsequent increase in leg volume is thought to result from translocation of 
fluid from the intra- to the extravascular compartment.19, 24, 25 The exact time course and 
contribution of the intravascular compartment of the leg in the upright position is however 
unclear. This is of importance since the intravascular volume is more easily recruited than 
the extravascular fluid for amplification of central blood volume and hence venous return, 
for example by passive leg raising or leg crossing to prevent collaps in vasovagal presyncope. 
In Chapter 5 we studied the time course of the accumulation of (intravascular) blood volume 
in the leg upon standing.  

 

 
SYMPATHETIC MODULATION OF THE BAROREFLEX 
With progressively decreasing cardiac preload the baroreflex is activated to compensate for 
the subsequent decrease in cardiac stroke volume and resulting lower blood pressure. The 
sensitivity of the baroreflex is a reflection of sympathico-vagal balance and can be expressed 
by the heart rate response to a given change in blood pressure. A major modulator of 
baroreflex sensitivity is the sympathetic nervous system that is activated under hazardous 
conditions that require a ‘fight-or-flight’ or stress response.26, 27 The cardiovascular 
adaptation to psychological stress seems physiological, but may trigger cardiac arrhythmias 
in the presence of heart disease.28, 29 Both blocking sympathetic activation and increased 
baroreflex function have beneficial effects on outcome in patients with cardiovascular 
disease probably by preventing these cardiac arrhythmias.30, 31 Whether blocking the 
sympathetic activation by psychological stress prevents the inhibition of baroreflex function 
is unknown. In Chapter 6 the hypothesis that partially blocking the activation of the 
sympathetic nervous system prevents the inhibition of baroreflex function is tested in 
healthy individuals under psychological stress. 

Another condition in which sympathetic overactivity plays a fundamental role is in heart 
failure. High levels of sympathetic activity attenuate baroreflex function, which is 
independently associated with increased mortality in these patients.32, 33 On the other hand, 
blockade of sympathetic β-receptors improves baroreflex sensitivity in these patients.34, 35 
The clinical effect of a single β-blocker may, however, have various responses among 
patients that cannot solely be explained by the pharmacological selectivity to the β1- or β2-
receptor in these patients. Genetic variations in the β2-receptor associated with agonist-
mediated desensitization could play an important role. In Chapter 7 we studied the 
combined effect of β-blocker selectivity and two genetic polymorphisms of the β2-receptor 
on baroreflex sensitivity in chronic heart failure patients.  

 

CEREBROVASCULAR CONTROL DURING GRAVITATIONAL STRESS IN HEALTH AND DISEASE 

An important modulator of cerebral blood flow independent of cerebral autoregulation is 
carbon dioxide partial pressure (PCO2) with a low PCO2 reducing cerebral blood flow by 
cerebral vasoconstriction.36 The postural decline in cerebral blood flow is therefore 
commonly attributed to the concomitant reduction in PCO2 by an increase in pulmonary 
minute ventilation.37, 38 To study the contribution of the orthostatic reduction of PCO2 on the 
response of cerebral blood flow we clamped PCO2 to the supine value in Chapter 8 and 
evaluated whether this affected the postural decline in cerebral blood flow. 

Together with the systemic autonomic regulation to secure central hemodynamics, cerebral 
autoregulation is an organ-specific mechanism aimed at the stabilization of blood flow to the 
brain despite fluctuations in cerebral perfusion pressure.39 Cerebral autoregulation may 
become affected into various degrees in the acute phase after ischemic stroke posing the 
already underperfused brain to harmful fluctuations in blood flow,40-42 for instance due to an 
orthostatic decrease in perfusion pressure. Horizontal head-of-bed position has been 
suggested as a simple intervention to optimize cerebral blood perfusion in these patients, 
while considerable heterogeneity of the cerebrovascular response to head-of-bed 

10
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SYMPATHETIC MODULATION OF THE BAROREFLEX

With progressively decreasing cardiac preload the baroreflex is activated to compensate for 
the subsequent decrease in cardiac stroke volume and resulting lower blood pressure. The 
sensitivity of the baroreflex is a reflection of sympathico-vagal balance and can be expressed 
by the heart rate response to a given change in blood pressure. A major modulator of 
baroreflex sensitivity is the sympathetic nervous system that is activated under hazardous 
conditions that require a ‘fight-or-flight’ or stress response.26, 27 The cardiovascular 
adaptation to psychological stress seems physiological, but may trigger cardiac arrhythmias
in the presence of heart disease.28, 29 Both blocking sympathetic activation and increased 
baroreflex function have beneficial effects on outcome in patients with cardiovascular 
disease probably by preventing these cardiac arrhythmias.30, 31 Whether blocking the 
sympathetic activation by psychological stress prevents the inhibition of baroreflex function 
is unknown. In Chapter 6Chapter 6C the hypothesis that partially blocking the activation of the 
sympathetic nervous system prevents the inhibition of baroreflex function is tested in 
healthy individuals under psychological stress.

Another condition in which sympathetic overactivity plays a fundamental role is in heart 
failure. High levels of sympathetic activity attenuate baroreflex function, which is 
independently associated with increased mortality in these patients.32, 33 On the other hand, 
blockade of sympathetic β-receptors improves baroreflex sensitivity in these patients.34, 35

The clinical effect of a single β-blocker may, however, have various responses among 
patients that cannot solely be explained by the pharmacological selectivity to the β1- or β2-
receptor in these patients. Genetic variations in the β2-receptor associated with agonist-
mediated desensitization could play an important role. In Chapter 7 we studied the 
combined effect of β-blocker selectivity and two genetic polymorphisms of the β2-receptor 
on baroreflex sensitivity in chronic heart failure patients. 

CEREBROVASCULAR CONTROL DURING GRAVITATIONAL STRESS IN HEALTH AND DISEASE

An important modulator of cerebral blood flow independent of cerebral autoregulation is 
carbon dioxide partial pressure (PCO2) with a low PCO2 reducing cerebral blood flow by 
cerebral vasoconstriction.36 The postural decline in cerebral blood flow is therefore 
commonly attributed to the concomitant reduction in PCO2 by an increase in pulmonary 
minute ventilation.37, 38 To study the contribution of the orthostatic reduction of PCO2 on the 
response of cerebral blood flow we clamped PCO2 to the supine value in Chapter 8Chapter 8C and 
evaluated whether this affected the postural decline in cerebral blood flow.

Together with the systemic autonomic regulation to secure central hemodynamics, cerebral 
autoregulation is an organ-specific mechanism aimed at the stabilization of blood flow to the 
brain despite fluctuations in cerebral perfusion pressure.39 Cerebral autoregulation may 
become affected into various degrees in the acute phase after ischemic stroke posing the 
already underperfused brain to harmful fluctuations in blood flow,40-42 for instance due to an 
orthostatic decrease in perfusion pressure. Horizontal head-of-bed position has been 
suggested as a simple intervention to optimize cerebral blood perfusion in these patients,
while considerable heterogeneity of the cerebrovascular response to head-of-bed 
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manipulation is observed among patients.43-47 On the other hand, dysfunction of cerebral 
autoregulation after stroke is associated with an increased risk for development of cerebral 
edema and hemorrhagic transformation.48 Hence, the safe upper limit for cerebral perfusion 
pressure may be easily exceed with head-of-bed lowering without the interference of 
functional autoregulation.49 In Chapter 9 we studied whether the efficacy of cerebral 
autoregulation after acute ischemic stroke relates to the cerebrovascular response to head-
of-bed lowering, of potential importance for individualized positioning and early 
mobilization of patients in the acute phase of ischemic stroke. 
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Blood flow is essential in maintaining organ function and thus insufficient systemic or 
regional blood flow commonly implies a medical emergency and requires immediate 
intervention. Prompt recognition of systemic or local hypoperfusion asks for unremitted 
monitoring of systemic blood flow as the single cardiovascular parameter represented in the 
definition of the supply of oxygen to the body tissues: 
 
oxygen delivery (𝐷𝐷𝐷𝐷𝑂𝑂𝑂𝑂2)  =  cardiac output (𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂) ×  arterial oxygen concentration (𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑂𝑂𝑂𝑂2) 
 
The primary evaluation of the hemodynamic condition is done indirectly by assessing heart 
rate (HR) and blood pressure (BP) as a surrogate for tissue perfusion.50 When these 
parameters change rapidly, a single measurement conveys insufficient information, making 
continuous monitoring desirable. At present, however, only intermittent blood pressure and 
heart rate are determined to evaluate cardiovascular homeostasis. Although providing vital 
information, BP and HR due to their regulated nature frequently do not respond to 
substantial changes in intravascular volume, e.g. fluid administration or blood loss.11-15 
Therefore these parameters are not ideal for early recognition of compromised blood flow 
as these values remain regulated for a prolonged period when faced with 
(patho-)physiological challenges.51 In this thesis various methods for non-invasive monitoring 
of systemic blood circulation were evaluated and applied in several studies. In addition, 
several non-invasive methods were used to study characteristics of regional blood perfusion 
in the lower extremities and the brain. The non-invasive nature of these techniques make 
them particularly attractive for application in research in both healthy subjects and patients. 

The derived continuous data of the blood circulation provide the opportunity to determine 
and quantify the short-term interaction between the several parameters. Several of these 
interactions reflect autonomic cardiovascular regulation within the human body and allow 
evaluation of its role under different conditions. Specifically, the interaction between the 
fluctuations in BP and HR quantifies baroreflex function, whereas the interaction between 
BP and cerebral blood flow allows for the quantification of cerebral autoregulation. 

 

SYSTEMIC CARDIOVASCULAR MONITORING 
As mentioned above continuous monitoring of systemic cardiovascular variables is essential 
to recognize instant deviations in the blood circulation, while a non-invasive nature of these 
techniques allows for a widespread application. For that reason non-invasive and continuous 
monitoring of systemic blood circulation plays a central role in this thesis. A detailed review 
of methods for non-invasive and continuously systemic cardiovascular monitoring is given in 
Chapter 2. In this thesis the main techniques applied for monitoring of blood pressure and 
cardiac output are finger photo-plethysmography52, 53 and the pulse contour method,7, 9 
respectively.  

Pulse contour and other methods for non-invasive and continuous determination of cardiac 
output are generally validated against thermodilution-based intermittent estimates of 
cardiac output.54, 55 Application of the Stewart-Hamilton equation for thermodilution-based 
assessment of cardiac output assumes constancy of blood flow. On the other hand, 
fluctuations in finger arterial physiology may affect cardiac output determinations by pulse 
contour methods from the finger arterial pressure wave. In Chapter 3 we tested whether 

 

 

variability in hemodynamics and peripheral vascular physiology impact on the comparison 
between thermodilution and pulse contour determined cardiac output. 
 
LOCAL CARDIOVASCULAR MONITORING 
Similar to studies on the regulation of systemic blood flow, study of the regulation of local 
blood flow requires techniques that are able to continuously and non-invasively monitor 
changes in blood perfusion. Two methods for this purpose used in this thesis are transcranial 
Doppler ultrasonography (TCD) and near-infrared spectroscopy (NIRS). Both methods make 
use of the manipulation of physic waves in the ultrasound or light spectral range, 
respectively, by the local blood circulation. As the name already suggests TCD is applied to 
monitor cerebral blood flow changes, while NIRS can be used to evaluate cerebral blood 
perfusion as well as for circulatory monitoring at any other peripheral site. 

 

Transcranial Doppler 

The Doppler effect on ultrasound, i.e. the change in the observed frequency of a wave when 
the source and receiver are moving relatively to each other, is applied in TCD to estimate 
blood flow velocity in the large cerebral blood vessels.56 The ultrasound wave emitted by the 
TCD device is reflected by the blood stream and subsequently observed by the same TCD 
device. The difference between the emitted and received frequencies is applied to calculate 
the flow velocity of the blood stream that reflected the ultrasound. When the blood vessel 
diameter is considered to be constant changes in blood flow velocity equal changes in blood 
flow. This technique allows for the non-invasive and continuous monitoring of changes in 
cerebral perfusion, of importance for determining instant changes in perfusion due postural 
and autonomic influences. A disadvantage of TCD is that it solely detects flow velocity 
changes in the proximal large cerebral blood vessels, while perfusion changes to the cerebral 
cortex through collateral blood vessels are missed. Furthermore, the ultrasound beam has to 
be steadily focussed on the centre of the blood vessel where laminal blood flow is maximal. 
Even slight deviations from this centre imply changes in blood flow velocity that do not 
reflect actual perfusion adjustments. To stabilize the TCD probe it is attached to a headband 
that allows to hold probes at a steady focus over the temporal windows at both sides of the 
head (Figure 1). 
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Blood flow is essential in maintaining organ function and thus insufficient systemic or 
regional blood flow commonly implies a medical emergency and requires immediate 
intervention. Prompt recognition of systemic or local hypoperfusion asks for unremitted 
monitoring of systemic blood flow as the single cardiovascular parameter represented in the 
definition of the supply of oxygen to the body tissues: 
 
oxygen delivery (𝐷𝐷𝐷𝐷𝑂𝑂𝑂𝑂2)  =  cardiac output (𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂) ×  arterial oxygen concentration (𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑂𝑂𝑂𝑂2) 
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parameters change rapidly, a single measurement conveys insufficient information, making 
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information, BP and HR due to their regulated nature frequently do not respond to 
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interactions reflect autonomic cardiovascular regulation within the human body and allow 
evaluation of its role under different conditions. Specifically, the interaction between the 
fluctuations in BP and HR quantifies baroreflex function, whereas the interaction between 
BP and cerebral blood flow allows for the quantification of cerebral autoregulation. 
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to recognize instant deviations in the blood circulation, while a non-invasive nature of these 
techniques allows for a widespread application. For that reason non-invasive and continuous 
monitoring of systemic blood circulation plays a central role in this thesis. A detailed review 
of methods for non-invasive and continuously systemic cardiovascular monitoring is given in 
Chapter 2. In this thesis the main techniques applied for monitoring of blood pressure and 
cardiac output are finger photo-plethysmography52, 53 and the pulse contour method,7, 9 
respectively.  

Pulse contour and other methods for non-invasive and continuous determination of cardiac 
output are generally validated against thermodilution-based intermittent estimates of 
cardiac output.54, 55 Application of the Stewart-Hamilton equation for thermodilution-based 
assessment of cardiac output assumes constancy of blood flow. On the other hand, 
fluctuations in finger arterial physiology may affect cardiac output determinations by pulse 
contour methods from the finger arterial pressure wave. In Chapter 3 we tested whether 

 

 

variability in hemodynamics and peripheral vascular physiology impact on the comparison 
between thermodilution and pulse contour determined cardiac output. 
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Similar to studies on the regulation of systemic blood flow, study of the regulation of local 
blood flow requires techniques that are able to continuously and non-invasively monitor 
changes in blood perfusion. Two methods for this purpose used in this thesis are transcranial 
Doppler ultrasonography (TCD) and near-infrared spectroscopy (NIRS). Both methods make 
use of the manipulation of physic waves in the ultrasound or light spectral range, 
respectively, by the local blood circulation. As the name already suggests TCD is applied to 
monitor cerebral blood flow changes, while NIRS can be used to evaluate cerebral blood 
perfusion as well as for circulatory monitoring at any other peripheral site. 

 

Transcranial Doppler 

The Doppler effect on ultrasound, i.e. the change in the observed frequency of a wave when 
the source and receiver are moving relatively to each other, is applied in TCD to estimate 
blood flow velocity in the large cerebral blood vessels.56 The ultrasound wave emitted by the 
TCD device is reflected by the blood stream and subsequently observed by the same TCD 
device. The difference between the emitted and received frequencies is applied to calculate 
the flow velocity of the blood stream that reflected the ultrasound. When the blood vessel 
diameter is considered to be constant changes in blood flow velocity equal changes in blood 
flow. This technique allows for the non-invasive and continuous monitoring of changes in 
cerebral perfusion, of importance for determining instant changes in perfusion due postural 
and autonomic influences. A disadvantage of TCD is that it solely detects flow velocity 
changes in the proximal large cerebral blood vessels, while perfusion changes to the cerebral 
cortex through collateral blood vessels are missed. Furthermore, the ultrasound beam has to 
be steadily focussed on the centre of the blood vessel where laminal blood flow is maximal. 
Even slight deviations from this centre imply changes in blood flow velocity that do not 
reflect actual perfusion adjustments. To stabilize the TCD probe it is attached to a headband 
that allows to hold probes at a steady focus over the temporal windows at both sides of the 
head (Figure 1). 
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Near-infrared spectroscopy

In contrast to visible light, light in the near-infrared spectral range (700 - 2500 nm) has the 
ability to relatively easy travel through organic tissues, while photons become absorbed 
mainly by hemoglobin in the capillary, arteriolar and venular beds. These characteristics of 
near-infrared light make it applicable for monitoring changes in the microvascular blood 
circulation.57, 58 Application of a modified Lambert-Beer equation allows for the 
differentiation of deoxygenated hemoglobin (deoxy-Hb) and oxygenated hemoglobin (oxy-
Hb), since deoxy-Hb maximally absorbs near-infrared light at a wavelength of approximately 
760nm, whereas the absorption peak for oxy-Hb lies at 900 nm.59 Together deoxy-Hb and 
oxy-Hb reflect total hemoglobin tissue concentration ([total Hb]) that informs on total blood 
volume changes. A possible disadvantage of NIRS is that the near-infrared light is also 
absorbed by myoglobin, which has a comparable absorption profile as hemoglobin making 
differentiation between the two molecules impossible. However, during relatively short time 
intervals myoglobin remains relatively constant and variations in the absorbed near-infrared 
light are mainly caused by fluctuations in the amount of hemoglobin within the path that is 
travelled by the light (Figure 1).

Figure 1 A headband provides the 
opportunity to monitor cerebral
perfusion using NIRS and TCD 
simultaneously on both sides of the 
head. The 2 glassfiber optodes of NIRS 
are attached over the forehead, while 
the TCD probes covers the temporal 
window.
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Application of NIRS is performed by placing two optodes on the skin. One optode transmits 
the near-infrared light while the other optode receives the photons that have travelled 
through the tissue. These optodes need to be placed at a predefined distance from each 
other, where a larger inter-optode distance increases the penetration depth of the light 
signal while decreasing the signal-to-noise ratio. When the optical path length that is 
travelled by the light in the studied tissue is known quantitative values of the hemoglobin 
concentration can be determined.60 Without knowledge of this path length a differential 
path length factor, that depends on the tissue of interest, has to be applied to account for 
the scattering of light.

Strain gauge plethysmography

As mentioned in the General introduction the transfer of the body from the supine to the 
upright position induces a shift of blood volume to the lower limbs. This blood volume 
increase in the leg can be determined with the application of strain gauge plethysmography
(Figure 2).6 This method is based on the change in limb circumference that comes with a 
change in limb volume due to, for instance, a gravitational blood volume shift or venous 
occlusion. The change in limb circumference is recorded through a mercury-in-silastic strain 
gauge that is wrapped around the limb. When the silastic tube filled with mercury is 
stretched the electrical resistance over the mercury core increases from which the level of 
stretch and hence the relative increase in limb circumference can be quantified.

Figure 2 Strain gauge 
plethysmography on forearm 
and calf.6
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CARDIOVASCULAR AUTONOMIC REGULATION

Arterial baroreflex

The reduction in venous return and hence cardiac stroke volume in the upright position is 
partially compensated for by a baroreflex-mediated increase in heart rate. The arterial 
baroreceptors in the aortic arch and carotid sinuses are stretch sensitive, and the firing rate 
from the carotid baroreceptors via the glossopharyngeal nerve (cranial nerve IX) and from 
the aortic baroreceptors via the vagus nerve (cranial nerve X) declines when blood pressure 
drops. This reduction of firing rate from the afferent part of the baroreflex is received by the 
nucleus tractus solitarii in the medulla oblongata of the brain stem, which in turn transmits 
the information to the nucleus ambiguous. From the nucleus ambiguous the firing rate of the 
efferent signal through the vagus nerve, the parasympathetic pathway to the sinus node, 
decreases with a resulting increase in heart rate and hence cardiac output. A second efferent 
signal comes from the rostroventrolateral medulla and activates the sympathetic pathway 
from the spinal cord to the post-ganglionic neurons, leading to peripheral vasoconstriction
and an increment of heart rate and cardiac contractility.  

The functionality of the baroreflex can be quantified as baroreflex sensitivity (BRS) both in 
the frequency domain and in the time domain.61-63 BRS in the frequency domain is obtained 
by Fast Fourier transform. In this methodology beat-to-beat systolic blood pressure (SBP)
and inter-beat interval (IBI) power spectral density of SBP variability and IBI variability are
computed using discrete Fourier transform. The BRS can then be obtained from the gain of 
the transfer function between SBP variability and IBI variability in the low frequency band 
(0.06 – 0.15 Hz) provided that coherence between the signals is above 0.5.64 Continuous BRS 
can be evaluated in the time domain by the sequence method. Here the cross-correlation 
between 10 sec series of SBP and IBI samples is computed for the delay (τ) between changes 
in SBP and IBI of 0 – 5 sec. The τ yielding the highest cross-correlation is selected if significant 
with α set at 0.05. The regression slope is recorded as a single BRS value. Subsequently, this 
process is repeated for series of SBP and inter-beat interval samples 1 sec later. 

Cerebral autoregulation

Besides the mechanisms to control systemic cardiovascular stability, constancy of cerebral 
blood flow (CBF) is maintained by cerebral autoregulation.39 This control mechanism
maintains CBF more or less constant despite fluctuations in blood pressure. When blood 
pressure at brain level decreases, which occurs as the brain is being elevated above heart 
level, cerebrovascular resistance decreases. In this way CBF is maintained despite the lower 
perfusion pressure. Vice versa, as arterial pressure at the level of the brain increases 
constriction of the cerebral resistance vessels averts hyperperfusion of the brain, which in 
severe cases has been associated with the development of intracranial edema and 
hemorrhage.48, 65

The ability of cerebral autoregulation in dampening the transfer of fluctuations in arterial 
pressure to CBF can be quantified by the latency between the input (arterial pressure) and 
output (CBF) signals. To that purpose cerebral autoregulation can be quantified in the 
frequency domain in order to determine the phase difference (Φ) between mean arterial 
pressure (MAP) and TCD determined CBF velocity (CBFV), generally measured in the middle 
cerebral artery (Figure 3).40, 41, 66 Lower Φ implies more passive following of CBF to 
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fluctuations in arterial pressure and hence reduced function of cerebral autoregulation. The 
variability of, respectively, MAP and CBFV is quantified by determining their power spectra 
with discrete Fourier transformation. From the cross spectrum of these signals Φ is derived
by transfer function analysis. According to the high-pass filter properties of cerebral 
autoregulation, performance of autoregulation is reflected by the Φ between oscillations of 
MAP and CBFV at 0.06 – 0.15 Hz.67, 68 To examine the strength of the relationship between
the MAP and CBFV signals, a coherence >0.5 is considered to imply sufficient covariety 
between these signals in the transfer function analysis. 

Figure 3 Fictional example of the determination of cerebral autoregulation by transfer function 
analysis. The red line represents mean cerebral blood flow velocity as measured by transcranial 
Doppler, whereas the black line represents mean arterial pressure. The latency between the 
fluctuations in two signals can be expressed as the phase difference (Φ) and reflects the efficacy of 
cerebral autoregulation. Gain reflects the dampening capability of cerebral autoregulation.
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ABSTRACT 

Monitoring of continuous blood pressure and cardiac output is important to prevent 
hypoperfusion and to guide fluid administration, but only few patients receive such 
monitoring due to the invasive nature of most of the methods presently available. 
Noninvasive blood pressure can be determined continuously using finger cuff technology 
and cardiac output is easily obtained using a pulse contour method. In this way completely 
noninvasive continuous blood pressure and cardiac output are available for clinical use in all 
patients that would otherwise not be monitored. Developments and state of art in 
continuous noninvasive hemodynamic monitoring are reviewed here, with a focus on 
noninvasive continuous hemodynamic monitoring.  

 

 

INTRODUCTION 
The primary evaluation of the hemodynamic condition is done by assessing heart rate (HR) 
and mean blood pressure (BP) as a surrogate of tissue perfusion. When these parameters 
change rapidly, a single measurement conveys insufficient information, making continuous 
measurement desirable69 For continuous measurement of BP, cannulation of an artery is the 
primary approach. However, noninvasive and continuous monitoring of BP has several 
advantages, particularly if intra-arterial measurement of BP is not warranted while 
intermittent measurements do not have the required time resolution.70 Finger cuff 
technology can provide such continuous and noninvasive monitoring of BP and other 
hemodynamics parameters.  

Although giving vital information, BP and HR due to their regulated nature frequently do not 
respond to substantial changes in intravascular volume, e.g. fluid administration or blood 
loss. Age and pre-existing cardiovascular morbidity complicate interpretation of these 
parameters further.11, 12, 14, 15, 71-73 In supine adults hypotension and tachycardia are 
frequently absent even after blood loss of more than 1 L.11-15, 51, 71, 72 Therefore, fluid 
administration to optimize cardiac preload guided by BP not straightforward. In contrast, 
cardiac output (CO) and especially cardiac stroke volume (SV) are sensitive to deviations in 
preload.15, 72 Also, when arterial pressure is being restored by administering 
sympathomimetic drugs, it is at the expense of regional flow possibly including that to the 
brain.74 Moreover, there is growing evidence that a patient’s cumulative fluid balance as well 
as strategy to guide fluid administration have an impact on patient morbidity and hospital 
stay. This has stimulated the development of methods that immediately detect changes in 
cardiac preload and output. With techniques like trans-esophageal and thoracic 
echocardiography or Doppler,75, 76 arterial pulse contour analysis5, 77-79 and determination of 
CO by lithium kinetics,80 several alternatives to the traditional indicator dilution and 
pulmonary artery catheterization techniques81-83 have become available. These alternatives 
facilitate continuous and even noninvasive evaluation of volume treatment of patients.84 
Many continuous CO monitoring devices are called “minimally invasive” since they use 
arterial access that is already present for monitoring of BP or blood gas analysis. 
Nonetheless, the use of these devices is restricted to patients having such access. Recently, 
several completely noninvasive devices measuring continuous BP or CO were introduced for 
clinical use. The Nexfin® (BMEYE B.V. Amsterdam, the Netherlands) allows hemodynamic 
monitoring with both BP and CO continuously available in patients without an arterial line. 
Continuous BP is measured with a cuff around a finger and a pulse contour method 
calculates beat-to-beat CO. This review summarizes past and present developments in BP 
and CO measurement with a focus on continuous noninvasive finger cuff technology and its 
clinical application. 

 

OVERVIEW OF METHODS FOR MEASUREMENT OF BLOOD PRESSURE  
The first quantitative measurements of blood pressure were performed in animals by Hales 
in 1733.85, 86 Early reports of intra-arterial pressure measurement in the human are from 
1912, when Bleichröder87 cannulated his own radial artery. It is unlikely that he recorded his 
BP although it would have been possible at that time: Frank developed accurate and fast 
manometers that could measure pulsatile pressure in 1903.88 Invasive measurement of BP 
was confined to the physiology labs for quite some time.89, 90 However in the 1950ties and 
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INTRODUCTION

The primary evaluation of the hemodynamic condition is done by assessing heart rate (HR) 
and mean blood pressure (BP) as a surrogate of tissue perfusion. When these parameters 
change rapidly, a single measurement conveys insufficient information, making continuous 
measurement desirable69 For continuous measurement of BP, cannulation of an artery is the 
primary approach. However, noninvasive and continuous monitoring of BP has several 
advantages, particularly if intra-arterial measurement of BP is not warranted while 
intermittent measurements do not have the required time resolution.70 Finger cuff 
technology can provide such continuous and noninvasive monitoring of BP and other 
hemodynamics parameters. 

Although giving vital information, BP and HR due to their regulated nature frequently do not 
respond to substantial changes in intravascular volume, e.g. fluid administration or blood 
loss. Age and pre-existing cardiovascular morbidity complicate interpretation of these 
parameters further.11, 12, 14, 15, 71-73 In supine adults hypotension and tachycardia are 
frequently absent even after blood loss of more than 1 L.11-15, 51, 71, 72 Therefore, fluid 
administration to optimize cardiac preload guided by BP not straightforward. In contrast, 
cardiac output (CO) and especially cardiac stroke volume (SV) are sensitive to deviations in 
preload.15, 72 Also, when arterial pressure is being restored by administering 
sympathomimetic drugs, it is at the expense of regional flow possibly including that to the 
brain.74 Moreover, there is growing evidence that a patient’s cumulative fluid balance as well 
as strategy to guide fluid administration have an impact on patient morbidity and hospital 
stay. This has stimulated the development of methods that immediately detect changes in 
cardiac preload and output. With techniques like trans-esophageal and thoracic 
echocardiography or Doppler,75, 76 arterial pulse contour analysis5, 77-79 and determination of 
CO by lithium kinetics,80 several alternatives to the traditional indicator dilution and 
pulmonary artery catheterization techniques81-83 have become available. These alternatives 
facilitate continuous and even noninvasive evaluation of volume treatment of patients.84

Many continuous CO monitoring devices are called “minimally invasive” since they use 
arterial access that is already present for monitoring of BP or blood gas analysis. 
Nonetheless, the use of these devices is restricted to patients having such access. Recently, 
several completely noninvasive devices measuring continuous BP or CO were introduced for 
clinical use. The Nexfin® (BMEYE B.V. Amsterdam, the Netherlands) allows hemodynamic 
monitoring with both BP and CO continuously available in patients without an arterial line. 
Continuous BP is measured with a cuff around a finger and a pulse contour method 
calculates beat-to-beat CO. This review summarizes past and present developments in BP 
and CO measurement with a focus on continuous noninvasive finger cuff technology and its 
clinical application.

OVERVIEW OF METHODS FOR MEASUREMENT OF BLOOD PRESSURE

The first quantitative measurements of blood pressure were performed in animals by Hales 
in 1733.85, 86 Early reports of intra-arterial pressure measurement in the human are from 
1912, when Bleichröder87 cannulated his own radial artery. It is unlikely that he recorded his 
BP although it would have been possible at that time: Frank developed accurate and fast 
manometers that could measure pulsatile pressure in 1903.88 Invasive measurement of BP 
was confined to the physiology labs for quite some time.89, 90 However in the 1950ties and 
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60ties, with the development of refined insertion techniques91 and Teflon catheters it 
became standard clinical practice. High fidelity catheter-tip manometers, such as used to 
measure pressure gradients across a coronary stenosis, were introduced by Millar in 1972.92 
Table 2.1 gives an overview of BP methods. Practical noninvasive (intermittent) BP 
measurement became possible when Riva-Rocci presented his air-inflatable arm cuff 
connected to a manometer in 1896.93, 94 By deflating the cuff and feeling for the pulse, 
systolic BP could be determined. In 1905 Korotkoff95, 96 advanced the technique further with 
the auscultatory method making it possible to determine diastolic pressure as well. In 1903 
Cushing recommended BP monitoring using the Riva-Rocci sphygmomanometer for patients 
under general anesthesia.50 Nowadays, automated assessment of BP with oscillometric 
devices is commonly used. These devices determine BP by analyzing the oscillations 
measured in the cuff-pressure. The pressure in the cuff is first brought above systolic 
pressure and then deflated to below diastolic pressure. Oscillations are largest when cuff 
pressure equals mean arterial pressure. Proprietary algorithms determine systolic and 
diastolic values from the oscillations. Oscillometers may be inaccurate,97 and provided values 
that are frequently lower than direct BP measurements in critically ill patients,98, 99 whereas 
detection of large BP changes is unreliable.100 Due to its intermittent nature hyper- and 
hypotensive periods may be missed 70. “Semi-continuous noninvasive methods” based on 
radial arterial tonometry require an additional arm cuff to calibrate arterial pressure.101-103 
The use of these devices may become problematic under conditions with significant patient 
motion or surgical manipulation of the limbs.103, 104 However, tonometry devices have 
contributed greatly to the knowledge of the relation between the pressure wave shape and 
cardiovascular function.105, 106 

 

NONINVASIVE CONTINUOUS MEASUREMENT OF BLOOD PRESSURE  
Continuous noninvasive measurement of BP is possible using finger cuff technology. The first 
generation using this technology was introduced with the Finapres™ device developed by 
Wesseling et al.53 in the early 1980s. This technology is based on the volume-clamp method 
invented by the Czech physiologist Jan Peňáz.52, 53, 107 The diameter of a finger artery under a 
cuff is “clamped” i.e. kept at a constant diameter in the presence of the changes in arterial 
pressure during each heartbeat. Changes in diameter are measured by means of an infrared 
photo-plethysmograph built into the finger cuff. The finger cuff keeps the diameter of the 
underlying arteries constant by dynamically applying a counter-pressure throughout the 
cardiac cycle. When an increase in arterial volume is detected by the plethysmograph, the 
cuff pressure is immediately increased by a rapid pressure servo-controller system to 
prevent the volume change.78 An artery could be clamped at any volume between collapsed 
and fully extended, but in either case the vessel wall will bear part of the pressure. Only 
when the artery is kept at its “unloaded” volume, there is no tension in the wall and internal 
pressure equals external pressure. Defining the correct unloaded volume of a finger artery is 
not straightforward. Moreover, the unloaded volume of an artery has to be established 
regularly since it is a function of arterial wall smooth muscle stress and tone. At zero 
transmural pressure the artery is not collapsed but retains approximately 1/3 or 1/2 of its 
maximal volume. The unloaded volume is also close to the volume it would have at a mean 
pressure where the amplitude of the pulsations in the plethysmogram are largest. The 
unloaded volume can be established by “Physiocal”, developed by Wesseling et al. 
Physiocal analyzes the curvature and sharpness of the plethysmogram during short periods 

 

 

of steady cuff pressure levels.107 A set of criteria allows determining whether the volume is 
precisely at a level that holds the optimum between the slightly too much collapsed and 
slightly too much extended volumes. The analysis is automatically repeated regularly during 
measurement, to follow changing physiological states of the vasculature. Owing to Physiocal, 
calibrated recordings of the entire finger arterial pressure wave are obtained.78 Generally, an 
interval between Physiocal calibrations of more than 30 beats is accepted as a criterion for a 
reliable measurement. Pressure values are typically available within approximately 1 minute 
after starting the measurement. While the Finapres and its successors use Physiocal, the 
CNAP device (CNSystems Medizintechnik AG, Graz, Austria) uses ´interlocking control loops´ 
for volume clamping called the VERIFI algorithm. However, frequent calibration with an 
upper arm cuff is still needed.108  

The Finapres device showed the arterial pressure as measured at the finger. However, since 
the brachial site is the clinical standard for noninvasive BP measurement later devices such 
as the Finometer (FMS, Amsterdam, the Netherlands) and the Nexfin (BMEYE, Amsterdam, 
the Netherlands) show the brachial pressure reconstructed from the finger pressure. 
Reconstruction reverses the physiological waveform transformation that waves experience 
while travelling through the arterial system (Figure 2.1). The progressively narrowing arteries 
cause backwards reflection of the pressure waves, resulting in a more peaked waveform 
towards the periphery. Additionally, in the smaller arteries, the resistance starts to play a 
role and pressure levels become affected. The change in waveform from the central to the 
peripheral arteries is largely predictable.109-111 The waveform transformation along the arm 
can be mathematically described and this description can be used to reverse the 
transformation.112, 113 The pressure drop due to resistance to flow in the smaller arteries can 
be compensated by application of a level correction formula. This population based formula 
determines a pressure drop based on systolic and diastolic values.109 The combination of 
these two methods reconstructs brachial artery pressures from finger arterial pressures. An 
alternative is used in the CNAP device that displays a finger pressure wave that is fitted to 
systolic and diastolic pressures from upper arm cuff measurements. 

Both the Finometer and the Nexfin use a system that automatically corrects for hydrostatic 
differences in pressure when the hand is not at heart level. The “finger side” of the heart 
reference system is fixed next to the finger on which the cuff is applied and the “heart side” 
at right atrial level. The hydrostatic difference is measured and the recordings are 
continuously corrected to give BP at heart level. The CNAP device uses repeated upper arm 
cuff measurements to compensate for hydrostatic pressure differences.  
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of steady cuff pressure levels.107 A set of criteria allows determining whether the volume is 
precisely at a level that holds the optimum between the slightly too much collapsed and 
slightly too much extended volumes. The analysis is automatically repeated regularly during 
measurement, to follow changing physiological states of the vasculature. Owing to Physiocal, 
calibrated recordings of the entire finger arterial pressure wave are obtained.78 Generally, an 
interval between Physiocal calibrations of more than 30 beats is accepted as a criterion for a 
reliable measurement. Pressure values are typically available within approximately 1 minute 
after starting the measurement. While the Finapres and its successors use Physiocal, the 
CNAP device (CNSystems Medizintechnik AG, Graz, Austria) uses ´interlocking control loops´ 
for volume clamping called the VERIFI algorithm. However, frequent calibration with an
upper arm cuff is still needed.108

The Finapres device showed the arterial pressure as measured at the finger. However, since 
the brachial site is the clinical standard for noninvasive BP measurement later devices such 
as the Finometer (FMS, Amsterdam, the Netherlands) and the Nexfin (BMEYE, Amsterdam, 
the Netherlands) show the brachial pressure reconstructed from the finger pressure. 
Reconstruction reverses the physiological waveform transformation that waves experience 
while travelling through the arterial system (Figure 2.1). The progressively narrowing arteries 
cause backwards reflection of the pressure waves, resulting in a more peaked waveform 
towards the periphery. Additionally, in the smaller arteries, the resistance starts to play a 
role and pressure levels become affected. The change in waveform from the central to the 
peripheral arteries is largely predictable.109-111 The waveform transformation along the arm 
can be mathematically described and this description can be used to reverse the 
transformation.112, 113 The pressure drop due to resistance to flow in the smaller arteries can 
be compensated by application of a level correction formula. This population based formula 
determines a pressure drop based on systolic and diastolic values.109 The combination of 
these two methods reconstructs brachial artery pressures from finger arterial pressures. An 
alternative is used in the CNAP device that displays a finger pressure wave that is fitted to 
systolic and diastolic pressures from upper arm cuff measurements.

Both the Finometer and the Nexfin use a system that automatically corrects for hydrostatic 
differences in pressure when the hand is not at heart level. The “finger side” of the heart 
reference system is fixed next to the finger on which the cuff is applied and the “heart side” 
at right atrial level. The hydrostatic difference is measured and the recordings are 
continuously corrected to give BP at heart level. The CNAP device uses repeated upper arm 
cuff measurements to compensate for hydrostatic pressure differences. 
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VALIDATION OF NONINVASIVE CONTINUOUS MEASUREMENT OF BLOOD PRESSURE

Tracking of changes in BP was already considered good in earlier devices using the finger cuff 
technology.114 With the physiological waveform transformation absolute values 
reconstructed from finger arterial pressures are comparable (non-) invasively measured 
brachial or radial pressures.10, 115, 116 Measurements with the Nexfin are performed without 
the need for an external calibration whereas other devices using finger cuff technology such 
as the Finometer.78, 117 and the CNAP require extra measurements with an upper arm cuff.118

A recent overview of noninvasive BP monitors and clinical validation studies focused 
specifically on the need for calibration by a separate method.119

The BP measurement with the latest generation finger cuff technology device, the Nexfin, 
was validated against both invasive and noninvasive methods.2, 116, 120 From a comparison 
against an auscultatory BP measurement (Riva-Rocci/Korotkoff) in 104 subjects it was 
concluded that Nexfin provides accurate measurement of BP with good within-subject 
precision.116 Validation against invasive radial pressure was tested in fifty patients during 
coronary artery bypass grafting.2 Within-patient analyses showed excellent correlations
between the noninvasive and invasive pressures and good within subject precisions over 
wide ranges of pressure changes. Moreover, bias and precision, defined as group average 
and standard deviation of the differences, were within AAMI criteria.121 No relation was 
found between the differences and mean arterial pressure or HR, indicating that the 
reconstruction methodology performs well in a wide range of hemodynamic states. It was 
concluded that noninvasively measured blood pressure could follow changes in pressure and 
provided values comparable to invasive monitoring. 

The Nexfin has also been evaluated in an emergency care setting where the authors 
concluded that continuous BP and HR measured by the Nexfin device showed reasonable 

Figure 2.1. The differences in pressure levels and wave shape in the radial (drawn) and finger The differences in pressure levels and wave shape in the radial (drawn) and finger The differences in pressure levels and wave shape in the radial (
(dotted) arteries. A physiological model can reconstruct the brachial artery pressure (dashed) 
from the finger arterial pressure. The staircase is the result of an automatic calibration.
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agreement when compared with the intermittent values obtained by automated ED 
equipment.122 However, they also suggested that theoretically, noninvasive and continuous 
monitoring of the BP and HR might better reflect underlying hemodynamics than these same 
measurements obtained intermittently and, thus, could be important in patient 
management.122

OVERVIEW OF METHODS FOR MEASUREMENT OF CARDIAC OUTPUT

Various methods to measure CO are being used and can be characterized by their 
invasiveness, their ability to measure continuously. Table 2.1 gives an overview of CO 
methods. One of the first methods to determine flow was proposed by Fick,123 and uses the 
relation between the rate of uptake of oxygen in an organ and the difference of oxygen 
concentrations over that organ. Therefore, to measure CO (total flow in the body), arterial 
and venous oxygen concentrations as well as oxygen consumption need to be sampled. 
Frank, also known for the Frank-Starling law of the heart, developed the 2-element 
Windkessel model to determine CO.124 The two elements of this model are total arterial 
compliance and systemic vascular resistance. After total arterial compliance was estimated 
by a pulse wave velocity measurement, systemic vascular resistance could be determined 
from the diastolic decay of the pressure curve. Using Ohm’s law, CO could then be calculated 
by dividing mean arterial pressure by this resistance. This method can be seen as a very early 
pulse contour method, in which the shape of the pressure wave is analyzed to obtain CO. 

Indicator dilution techniques use the Stewart-Hamilton125 equation to describe the rate at 
which an indicator, injected into the blood stream, is diluted. CO is calculated from the 
quantity of injected indicator and the area under the Stewart-Hamilton curve measured 
downstream. The indicator usually is a dye or a thermal marker, and is injected into a vein 
and following passage through the heart subsequently sampled from an artery. For the 
thermodilution technique iced glucose is injected in the right atrium and the temperature 
downstream in the pulmonary artery is sampled with the Swan-Ganz catheter.126 To obtain a 
reliable estimation with these techniques CO should remain constant for at least the 
duration of a single measurement. However, HR, SV and BP may change rapidly and this has 
resulted in the practice to perform several estimations of CO, and even sometimes in 
elimination of outliers from a series of consecutive thermodilution estimates, both indicating 
that the requirement of stability is usually not met. 

Determination of CO with the thermodilution method is in general restricted to the critically 
ill patients or patients at high risk associated during an intervention or with serious 
comorbidities. The use of intermittent estimation of CO by thermodilution is decreasing81-83

owing to the invasive nature of pulmonary artery catheterization. Besides the requirement 
to be less invasive, it may also be necessary to measure hemodynamic changes with short 
time intervals. Hereto, monitors need to provide a continuous measure of CO, usually based 
on analysis of the arterial BP curve (“pulse contour” methods).

In their publication of 1904 Erlanger and Hooker determined cardiac SV from characteristics 
of the arterial pressure pulse.127 Pulse contour methods are based on solid physical 
principles, less solid physiological models, and involve substantial computations.128 Until 
recently, pulse contour methods analyzed the arterial pulse wave from an intra-arterial 
catheter, initially in place for BP monitoring or sampling for blood gas analysis. Several 
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minimally invasive techniques have become available that provide continuous CO 
measurement129 operating either with or without an additional (invasive, intermittent) 
calibration. The LiDCO® system applies a bolus indicator dilution method for CO 
measurement using lithium chloride as an indicator. Detection of the indicator in arterial 
blood through a lithium-sensitive electrode produces a lithium concentration-time curve.80 
The produced CO estimate is used to calibrate a conventional pulse contour-derived SV. The 
PiCCO® system also utilizes pulse contour analysis of intra-arterial BP for continuous CO 
monitoring, whereas transpulmonary thermodilution is used for calibration.130 Although still 
invasive to some extent an advantage of these techniques over conventional thermodilution 
is that pulmonary artery catheterization is not required. The FloTrac/Vigileo™ system also 
uses an intra-arterial pressure waveform based pulse contour analysis,131-133 but without the 
need to calibrate. 

In general, calibration may improve the accuracy of the absolute values, but is not essential 
as long as changes in CO are accurately tracked. Continuous tracking is necessary to assess 
the response to a relatively fast hemodynamic change, such as a fluid challenge or passive 
leg-raising. Responding to the challenge with a certain increase in CO indicates that the 
patient is fluid responsive and thus may benefit from receiving additional fluid.15, 73 A recent 
meta-analysis comprehensively reviews current minimally invasive CO techniques.134  

 
  

 

 

 

Table 2.1. Methods for measurement of blood pressure 
system method company CO 

CO 
BP 
BP        Nexfin finger cuff technology /  

pulse contour analysis 
BMEYE 

+ 
___ 

+ 
___ 

Finometer finger cuff technology /  
pulse contour analysis 

FMS 
+ 

___ 
+ 

___ 

LIFEGARD® ICG thoracic electrical bioimpedance CAS Medical Systems, Inc. + ___ + .  .  .  
BioZ Monitor impedance cardiography CardioDynamics International Corporation + ___ + .  .  .  
Cheetah Reliant “bioreactance” Cheetah Medical + ___ + .  .  .  
Cardioscreen / 
Niccomo 

impedance cardiography and 
impedance plethysmography 

medis Medizinische Messtechnik GmbH 
+ 

___ 
+ 

.  .  .  

AESCULON electrical “velocimetry” Osypka Medical GmbH + ___ + .  .  .  
HIC-4000 impedance cardiography Microtronics Corp Bio Imp Tech, Inc. + ___   
NICaS regional impedance NImedical + ___   
IQ2 3-dimensional impedance Noninvasive Medical Technologies + ___   
ICON electrical “velocimetry” Osypka Medical GmbH + ___   
PHYSIO FLOW thoracic electrical bioimpedance manatec biomedical + ___   
AcQtrac thoracic impedance Väsamed + ___   
esCCO pulse wave transit time Nihon Kohden + ___   
TEBCO thoracic electrical bioimpedance HEMO SAPIENS INC. + ___   
NCCOM 3 impedance cardiography Bomed Medical Manufacturing Ltd + ___   
RheoCardioMonitor impedance cardiography Rheo-Graphic PTE + ___   
HemoSonic™ 100 transesophageal Doppler Arrow Critical Care Products + ___   
ECOM endotracheal bioimpedance ConMed Corporation + ___   
CardioQ-ODM™ oesophageal Doppler Deltex + ___   
TECO transesophageal Doppler Medicina + ___   
ODM II transesophageal Doppler Abbott + ___   
HDI/PulseWave™ 
CR-2000 

pressure waveform analysis Hypertension Diagnostics, Inc + _   _ + _   _ 
USCOM 1A transthoracic Doppler Uscom + _   _   
NICO rebreathing Fick Philips Respironics + .  .  .    
Innocor rebreathing Fick Innovision A/S + .  .  .    
Vigileo / FloTrac pulse contour analysis Edwards Lifesciences – ___ – ___ 
LiDCOplus 
PulseCO 

transpulmonary lithium dilution / pulse 
contour analysis 

LiDCO Ltd 
– 

___ 
– 

___ 

PiCCO2 transpulmonary thermodilution / pulse 
contour analysis 

PULSION Medical Systems AG 
– 

___ 
– 

___ 

MOSTCARE 
PRAM 

pulse contour analysis Vytech – ___ – ___ 
Vigilance pulmonary artery catheter 

thermodilution 
Edwards Lifesciences 

– 
.  .  .  

– 
___ 

DDG dye-densitogram analyzer Nihon Kohden – .  .  .    
Truccom pulmonary artery catheter 

thermodilution 
Omega Critical Care 

– 
.  .  .  

 
 

COstatus ultrasound dilution Transonic Systems Inc. –  + .  .  .  
CNAP Monitor 500 finger cuff technology CNSystems Medizintechnik AG   + ___ 
SphygmoCor® 
CPV System 

applanation tonometry AtCor Medical   + _   _ 
TL-200 T-LINE applanation tonometry Tensys Medical, Inc.   + _   _ 
+ noninvasive; – invasive; ___ continuous; _   _ semi-continuous; .  .  . intermittent 
 

 
 
 
NONINVASIVE CONTINUOUS MEASUREMENT OF CARDIAC OUTPUT  
Noninvasive and (semi-)continuous tracking of changes in SV can be accomplished by 
thoracic electrical impedance,135-137 ultrasound76, 138 and by pulse contour analysis.139-143 
Pitfalls of the first method include electrode placement, motion artifacts, validity of the 
applied equations, and calibration.144, 145 Doppler ultrasound measurement of aortic blood 
velocity combined with echocardiographic estimation of the aortic root cross-sectional area 
yields SV, although semi-continuous at best. The application of the semi-invasive trans-
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Table 2.1. Methods for measurement of blood pressure
system method company CO BP

Nexfin finger cuff technology / 
pulse contour analysis

BMEYE
+

___
+

___

Finometer finger cuff technology / 
pulse contour analysis

FMS
+

___
+

___

LIFEGARD® ICG thoracic electrical bioimpedance CAS Medical Systems, Inc. + ___ + .  .  . 
BioZ Monitor impedance cardiography CardioDynamics International Corporation + ___ + .  .  . 
Cheetah Reliant “bioreactance” Cheetah Medical + ___ + .  .  . 
Cardioscreen / 
Niccomo

impedance cardiography and 
impedance plethysmography

medis Medizinische Messtechnik GmbH
+

___
+

.  .  . 

AESCULON electrical “velocimetry” Osypka Medical GmbH + ___ + .  .  . 
HIC-4000 impedance cardiography Microtronics Corp Bio Imp Tech, Inc. + ___
NICaS regional impedance NImedical + ___
IQ2 3-dimensional impedance Noninvasive Medical Technologies + ___
ICON electrical “velocimetry” Osypka Medical GmbH + ___
PHYSIO FLOW thoracic electrical bioimpedance manatec biomedical + ___
AcQtrac thoracic impedance Väsamed + ___
esCCO pulse wave transit time Nihon Kohden + ___
TEBCO thoracic electrical bioimpedance HEMO SAPIENS INC. + ___
NCCOM 3 impedance cardiography Bomed Medical Manufacturing Ltd + ___
RheoCardioMonitor impedance cardiography Rheo-Graphic PTE + ___
HemoSonic™ 100 transesophageal Doppler Arrow Critical Care Products + ___
ECOM endotracheal bioimpedance ConMed Corporation + ___
CardioQ-ODM™ oesophageal Doppler Deltex + ___
TECO transesophageal Doppler Medicina + ___
ODM II transesophageal Doppler Abbott + ___
HDI/PulseWave™ pressure waveform analysis Hypertension Diagnostics, Inc + _   _ + _   _
USCOM 1A transthoracic Doppler Uscom + _   _
NICO rebreathing Fick Philips Respironics + .  .  . 
Innocor rebreathing Fick Innovision A/S + .  . . 
Vigileo / FloTrac pulse contour analysis Edwards Lifesciences – ___ – ___
LiDCOplus 
PulseCO

transpulmonary lithium dilution / pulse 
contour analysis

LiDCO Ltd
–

___
–

___

PiCCO2 transpulmonary thermodilution / pulse 
contour analysis

PULSION Medical Systems AG
–

___
–

___

MOSTCARE pulse contour analysis Vytech – ___ – ___
Vigilance pulmonary artery catheter 

thermodilution
Edwards Lifesciences

–
.  .  . 

–
___

DDG dye-densitogram analyzer Nihon Kohden – .  .  . 
Truccom pulmonary artery catheter 

thermodilution
Omega Critical Care

–
.  .  . 

COstatus ultrasound dilution Transonic Systems Inc. – + .  .  . 
CNAP Monitor 500 finger cuff technology CNSystems Medizintechnik AG + ___
SphygmoCor® applanation tonometry AtCor Medical + _   _
TL-200 T-LINE applanation tonometry Tensys Medical, Inc. + _   _
+ noninvasive; – invasive; ___ continuous; _   _ semi-continuous; .  .  . intermittent

NONINVASIVE CONTINUOUS MEASUREMENT OF CARDIAC OUTPUT

Noninvasive and (semi-)continuous tracking of changes in SV can be accomplished by 
thoracic electrical impedance,135-137 ultrasound76, 138 and by pulse contour analysis.139-143

Pitfalls of the first method include electrode placement, motion artifacts, validity of the 
applied equations, and calibration.144, 145 Doppler ultrasound measurement of aortic blood 
velocity combined with echocardiographic estimation of the aortic root cross-sectional area 
yields SV, although semi-continuous at best. The application of the semi-invasive trans-
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esophageal approach is limited to anesthetized patients. For a transthoracic approach the 
Doppler probe has to be held over the root of the aorta requiring a skilled operator and 
constancy of probe angle to minimize bias.138 Nonetheless, esophageal Doppler has been 
shown to give positive results in goal-directed therapy.146-148

In order to determine beat-to-beat SV and CO from noninvasive continuous BP from the 
finger a pulse contour method based on a physiological model of the circulation is used. In 
the early 1970s Wesseling developed the cZ pulse contour method making use of the systolic 
part of the pressure curve (pulsatile systolic area, PSA, see Figure 2).7 This cZ method used a 
constant impedance Z to calculate the SV from the PSA. An empirical formula incorporating 
patient age, HR and mean arterial pressure was used to dynamically correct the impedance Z 
(hence the name cZ for corrected impedance) for changes in the hemodynamic status. 
Tracking of SV changes was reliable, but calibration of Z with a reference method was 
necessary for correct absolute values. Subsequent to the cZ method, Wesseling et al. 
developed a method using a 3-element Windkessel description of aortic input impedance.9

By adding a third element to Frank’s 2-element Windkessel, Westerhof et al.149, 150

substantially improved the modeling of the pressure-flow relation.151 The third element, the 
characteristic impedance Zc represents the impedance that the ventricle encounters during 
ejection. Its value is determined by the interaction of the capacity of the proximal aorta to 
store volume (thus proximal compliance C) and the blood mass that needs to be accelerated 
(inertance L). Zc is equal to the square root of L/C. Windkessel compliance Cw is equal to the 
sum of the compliances of all arteries, mainly the ascending and descending aorta, and it 
represents the ability to elastically store the stroke volume ejected by the heart. Peripheral 
resistance Rp equals the sum of all resistances of small arteries and arterioles, representing 
the resistance to the flow of blood. In Wesseling’s Modelfow method a Windkessel model is 
used in which Zc and Cw as nonlinear functions of pressure, age, gender, height and weight8

assuring better absolute CO values and tracking over a wider range of pressures.152 Using 
pressure as input a flow curve could be calculated.9, 79, 153 Subsequent integration of the flow 
curve yielded SV. 

Nexfin CO-trek is a model implemented in the Nexfin that calculates beat-to-beat SV by 
dividing the area under the systolic part of the reconstructed brachial artery pressure curve 
by the aortic input impedance (Zin, Figure 2.2). Zin is determined from a 3-element 
Windkessel model149, 151 as with nonlinear functions of the parameters as proposed by 
Wesseling. Values for SV become instantaneously available with the onset of the BP 
measurement. Using the described physiological models for pressure reconstruction and 
input impedance, Nexfin CO-trek was internally evaluated on data including invasive and 
noninvasive finger arterial pressures together with thermodilution CO data obtained during 
cardiac surgery,9, 152 from healthy subjects subjected to progressive central hypovolemia by 
passive head-up tilt,5 and from critically-ill patients with arterial hypotension due to severe 
septic shock and treated with catecholamines.77 Thermodilution CO in these trials was 
determined with quadruple respiratory phase controlled thermodilution estimates.154 A 
specific objective for the development of Nexfin CO-trek was that noninvasive arterial 
pressure should be employed as input.
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Figure 2.2. The cZ pulse contour 
method, Modelflow and
Nexfin CO-trek. trek. trek The corrected Z 
(“cZ”, top) method uses an 
impedance Z to calculate stroke 
volume (SV).7 The time-integral of 
the arterial pressure wave above 
diastolic pressure and between valve 
opening and closing (as determined 
by upstroke and incisura) is called 
the pulsatile systolic area (PSA, 
hashed area in the Figure) of the 
pressure. This PSA together with the 
Zc, which is estimated from age and 
depending on mean arterial pressure 
(MAP) and heart rate (HR, the 
inverse of the heart period of the 
pressure wave), gives SV.
Cardiac output (CO) is calculated by 
multiplying SV and HR. The method 
was developed for tracking of 
changes in CO and for correct 
absolute values a calibration of Z was 
necessary.
In the Modelflow method (middle) the 
3-element Windkessel was 
implemented. Zc and Cw depend on 
age, gender, height and weight and 
are nonlinearly related to pressure as 
shown in the pressure – area 
relation.8 Thus, patient data and 
arterial pressures are both needed to 
determine these Windkessel 
parameters.9 The time varying Rp is 
the ratio of MAP and CO and 
iteratively determined. To calculate 
CO, Modelflow imposes arterial 
pressure on the Windkessel model.
A flow curve is produced of which the 
timetimeti -integral gives SV.
The most recent method (Nexfin CO-
trek, bottom) divides the PSA by the 
input impedance of the Windkessel to 
instantaneously give SV. In contrast 
to Modelflow, there is no need for 
constructing a flow curve. Moreover 
while Modelflow was developed to be 
used on invasive pressures, Nexfin 
CO-trek was developed to work with 
noninvasive BP as measured with 
Nexfin.10
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VALIDATION OF NONINVASIVE CONTINUOUS MEASUREMENT OF CARDIAC OUTPUT  
Thoracic electrical impedance and ultrasound measurement of CO have been extensively 
described in the literature. Raaijmakers concluded that “impedance CO might be useful for 
trend analysis”.155 Coats concluded that “Doppler methods are safe, fairly reproducible and 
reasonably accurate”.156 It should be noted that, although ultrasound is often used to assess 
fluid responsiveness, the change in aortic diameter may give rise to substantial errors when 
not accounted for.157  

In a recent study both noninvasive finger arterial pressure and intra-arterial pressure input 
were used as input to two methods: Nexfin CO-trek and Modelflow. Awake post-coronary 
artery bypass surgery patients with a pulmonary artery thermodilution-based estimate of CO 
serving as a reference were included.10 Measurements were done with patients in supine 
and sitting position. It was found that Nexfin CO-trek readings were comparable to 
thermodilution CO, with intra-arterial pressure as well as with noninvasive finger arterial 
pressure as input. The earlier Modelflow CO-method, developed to be used with invasively 
measured pressures, performed less well on noninvasive measured BP.10 

Sokolski et al. examined 25 ICU patients with advanced heart failure to compare CO 
measurements using the pulmonary artery catheter thermodilution method and using the 
Nexfin.158 The reported bias and standard deviation were 0.1 and 0.4 l/min, respectively. 
These results are promising, especially considering the fact that the population included 13 
patients with atrial fibrillation and 13 patients with decompensated heart failure. The 
authors therefore conclude that the Nexfin could be applied in clinical practice for patients 
with advanced HF.  

Broch et al. concluded that “the Nexfin is a reliable method of measuring cardiac output 
during and after cardiac surgery”.159 Compared with trans-cardiopulmonary thermodilution, 
the mean bias of Nexfin was –0.1 (95% limits of agreement –0.6 to +0.5, percentage error 
23%) and –0.1 (–0.8 to +0.6, 26%) l.min–1.m–2, before and after cardiopulmonary bypass, 
respectively. These data show that Nexfin gives excellent results without calibration. 
Further, a good correlation between the two methods was found when passive leg-raise was 
performed, with R2 = 0.72, p < 0.001 before and R2 = 0.76, p < 0.001 after cardiopulmonary 
bypass. 

Two recent studies further demonstrated the ability of tracking changes in CO. The first 
compared the changes in SV measured by Nexfin CO-trek with the echo Doppler aortic 
velocity-time integral as a measure of SV during the optimization of atrioventricular delay in 
cardiac resynchronization therapy and a good agreement was found.160 The second study 
compared, during exercise, the CO of Nexfin CO-trek with inert gas rebreathing method for 
CO estimation.161 A good correlation was found and values actually converged for large CO 
values.162  

 

CLINICAL APPLICATIONS OF NONINVASIVE CONTINUOUS HEMODYNAMIC MONITORING 
Anesthesiology 

Continuous, totally noninvasive monitoring is possible in groups currently (nearly) 
unmonitored. Examples include orthopedic surgery in the elderly, abdominal surgery and 
bariatric surgery. In obese patients upper arm cuffs for BP measurement often do not fit, 

 

 

and thigh cuffs are needed, or a brachial cuff is used on the forearm. While the arms and 
legs can increase significantly in circumference, fingers do get larger but usually not up to 
the degree that the finger cuff does not fit. 

For surgical patients volume treatment corrects a perioperative volume deficit and 
attenuates negative influences on the central blood volume (corresponding to the diastolic 
volume of the heart) caused by, e.g. hemorrhage, repositioning of the patient, anesthesia 
and ventilation. Interpretation of the heart rate (HR) and arterial pressure responses to a 
reduced central blood volume is complex. Cardiovascular variables are regulated and 
affected by influences other than central blood volume, including surgical stress and 
anesthesia.51 This makes it unlikely that accurate volume treatment can be based on HR and 
BP alone. Considering the important contribution of a subnormal central blood volume in 
circulatory shock, a definition of normovolemia may be derived from individualized goal-
directed volume therapy, not only to the patient in shock but also to patients in the 
perioperative period.72 Cerebral blood flow and oxygenation become affected with a blood 
loss corresponding to 30% of the central blood volume163 or a blood loss of 1.0-1.5 L.73 It is 
becoming clear that monitoring of the circulation allows for intervention well before 
cerebral blood flow and oxygenation become affected 164. Fluid therapy guided by cardiac 
output has been demonstrated to improve perioperative outcome and reduce complications 
and the length of hospital stay.146, 147, 165 This goal-directed volume treatment is guided by 
various techniques that determine cardiac output.147, 148 The availability of noninvasive and 
continuous monitoring of SV or CO enables individualization of fluid treatment from fixed-
volume to goal-directed volume therapy in a wide range of patients.  

 

Emergency care 

Noninvasiveness and ability for quick assessment allows the characterization of 
hemodynamic profiles of patients in the Emergency Department and following of possible 
changes. It was demonstrated by Nowak et al. that emergency physicians, when asked 
whether the CO of their patients was low, normal or high, were right only half of the time.166 
Nonetheless decisions in acutely ill patients are based on such assumptions of the underlying 
hemodynamic profile166 with potentially important clinical ramifications.  

 

Cardiology 

In cardiac resynchronization therapy, the atrioventricular delay or the inter-ventricular delay 
can be chosen to optimize SV. In a study comparing noninvasive pulse contour SV with echo 
Doppler aortic velocity-time integral while optimization the atrioventricular delay, a good 
agreement was found and the authors concluded that Nexfin is a promising tool in individual 
optimization.160  

During invasive electrophysiology procedures, it is common practice to use an intra-arterial 
line to monitor BP in critical situations of hypotension caused by tachyarrhythmias or by 
intermittent incremental ventricular temporary pacing till to the maximally tolerated systolic 
BP fall. During such procedures Nexfin recorded reliable BP waveforms notwithstanding the 
presence of tachyarrhythmia.167 The authors stated that continuous noninvasive BP 
monitoring is feasible in the interventional electrophysiology laboratory and may replace 
intra-arterial BP in that setting. 
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and thigh cuffs are needed, or a brachial cuff is used on the forearm. While the arms and 
legs can increase significantly in circumference, fingers do get larger but usually not up to 
the degree that the finger cuff does not fit.

For surgical patients volume treatment corrects a perioperative volume deficit and 
attenuates negative influences on the central blood volume (corresponding to the diastolic 
volume of the heart) caused by, e.g. hemorrhage, repositioning of the patient, anesthesia 
and ventilation. Interpretation of the heart rate (HR) and arterial pressure responses to a 
reduced central blood volume is complex. Cardiovascular variables are regulated and 
affected by influences other than central blood volume, including surgical stress and 
anesthesia.51 This makes it unlikely that accurate volume treatment can be based on HR and 
BP alone. Considering the important contribution of a subnormal central blood volume in 
circulatory shock, a definition of normovolemia may be derived from individualized goal-
directed volume therapy, not only to the patient in shock but also to patients in the 
perioperative period.72 Cerebral blood flow and oxygenation become affected with a blood 
loss corresponding to 30% of the central blood volume163 or a blood loss of 1.0-1.5 L.73 It is 
becoming clear that monitoring of the circulation allows for intervention well before 
cerebral blood flow and oxygenation become affected 164. Fluid therapy guided by cardiac 
output has been demonstrated to improve perioperative outcome and reduce complications 
and the length of hospital stay.146, 147, 165 This goal-directed volume treatment is guided by 
various techniques that determine cardiac output.147, 148 The availability of noninvasive and 
continuous monitoring of SV or CO enables individualization of fluid treatment from fixed-
volume to goal-directed volume therapy in a wide range of patients. 

Emergency care

Noninvasiveness and ability for quick assessment allows the characterization of 
hemodynamic profiles of patients in the Emergency Department and following of possible 
changes. It was demonstrated by Nowak et al. that emergency physicians, when asked 
whether the CO of their patients was low, normal or high, were right only half of the time.166

Nonetheless decisions in acutely ill patients are based on such assumptions of the underlying 
hemodynamic profile166 with potentially important clinical ramifications. 

Cardiology

In cardiac resynchronization therapy, the atrioventricular delay or the inter-ventricular delay 
can be chosen to optimize SV. In a study comparing noninvasive pulse contour SV with echo 
Doppler aortic velocity-time integral while optimization the atrioventricular delay, a good 
agreement was found and the authors concluded that Nexfin is a promising tool in individual 
optimization.160

During invasive electrophysiology procedures, it is common practice to use an intra-arterial 
line to monitor BP in critical situations of hypotension caused by tachyarrhythmias or by 
intermittent incremental ventricular temporary pacing till to the maximally tolerated systolic 
BP fall. During such procedures Nexfin recorded reliable BP waveforms notwithstanding the 
presence of tachyarrhythmia.167 The authors stated that continuous noninvasive BP 
monitoring is feasible in the interventional electrophysiology laboratory and may replace 
intra-arterial BP in that setting.

Noninvasive continuous hemodynamic monitoring
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Noninvasive BP with finger cuff technology has been used for a long time in the diagnosis 
and management of syncope168 and is used in tilt table testing and other autonomic function 
testing.169 Nexfin enables continuous cardiovascular evaluation of patients presenting with 
unexplained syncopal attacks and thus considerably contributed to diagnostic efficacy and 
accuracy.170 Also in this field CO is receiving increasing attention.171 

 

CONCLUSION & PERSPECTIVE 
As indicated by De Waal et al.172 the ideal CO monitor should be: “reliable, continuous, 
noninvasive, operator-independent, cost-effective, and should have a fast response time 
(beat-to-beat).” Noninvasive and continuous determination of CO is comparable to 
thermodilution CO, is continuous, truly noninvasive and operator independent. Generally 
within a minute after start-up, beat-to-beat data on BP, HR, SV and CO become 
simultaneously available. The only point of contact with the patient is the cuff around a 
finger. CO monitoring is not routine practice yet due to its often invasive and intermittent 
nature. Nonetheless, fluid therapy guided by CO has been shown to improve perioperative 
outcome and to reduce complications as well as length of hospital stay.165, 173 Noninvasive 
continuous CO techniques make routine monitoring of CO readily available facilitating easier 
assessment of fluid-responsiveness and a further application of goal directed fluid therapy. 
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ABSTRACT 
Background 

While hemodynamic variability interferes with the assumption of constant flow underlying 
thermodilution (TD) cardiac output (CO) calculation, variability in arterial physiology may 
affect pulse contour CO methods. We compared noninvasive finger arterial pressure (NAP) 
based continuous CO (Nexfin®, BMEYE, Amsterdam, the Netherlands) with TD CO during 
cardiothoracic surgery and determined the impact of cardiovascular variability on either 
method. 

Methods: 

NAP CO was compared with TD CO at four grades (A-D) of cardiovascular variability. Grade A 
data was defined as heart rate (HR) and mean arterial pressure (MAP) variability <5% and 
absence of arrhythmias (implying stable flow), and Physiocal® interval (as measure of 
variability in finger arterial physiology) >30 beats. Grade B included all levels of HR/MAP 
variability and arrhythmias (Physiocal <30 excluded). Grade C included all Physiocal intervals 
(HR/MAP variability >5% and arrhythmias excluded). Grade D included all data. Comparison 
results were quantified as percent errors. 

Results 

Measurements in twenty-seven patients undergoing coronary artery bypass surgery were 
analyzed. Before extracorporeal circulation, the percent error was 23% (N=14 patients) in 
grade A, 28% (N=20) in grade B, 32% (N=22) in grade C, and 37% (N=26) in grade D with a 
significant increase in variance (p=0.035). Bias did not differ between grades. After 
extracorporeal circulation (N=27), percent errors became larger but were not different 
between grades. 

Conclusions 

Variability during cardiothoracic surgery affected the comparison between TD and NAP CO. 
When main sources of variability impacting the compared methodologies were included, the 
percent errors were large. Future CO methodology comparison studies should report 
hemodynamic variability.

 

 

Reductions in central blood volume by hemorrhage, positioning of the patient, anesthesia 
and positive pressure ventilation can be corrected by fluid therapy, while early recognition is 
essential.174 Consequently, also patients undergoing moderate risk surgery may benefit from 
continuous hemodynamic monitoring for optimization of arterial flow. This led to a trend 
towards less invasive and continuous methods to determine cardiac output (CO) or stroke 
volume (SV) in order to guide fluid therapy during surgery and in the intensive care 
setting.175 So-called “minimally invasive” SV or CO monitoring typically needs arterial 
pressure (AP)134 only. Presently continuous CO can be derived from noninvasive AP (NAP) 
wave as well as from invasive AP (IAP) with pulse contour methods.10 

Validation of minimally- or noninvasive continuous CO is generally based on a comparison 
with conventional intermittent thermodilution (TD) based estimates of CO. However, the 
Stewart (1893)-Hamilton (1932) equation that is incorporated in the TD device to compute 
CO from the dilution curve is valid for constant blood flow only.54, 55, 125, 176 Since this is 
generally not the case -ventilation induced variability is even commonly quantified by 
“stroke volume variation”- errors are introduced and averaging of repeated measurements 
is required. Still, in order for this averaging to be effective, the estimates should be taken 
from an otherwise stationary flow. Thus, a comparison of a continuous CO method and 
discontinuous TD CO using averaging of multiple values can only be reliably performed under 
conditions of constant hemodynamics as evidenced by, at least, stability of heart rate (HR) 
and mean AP (MAP). Hemodynamic variability or arrhythmia obviously interfere with this 
requirement thus violating the basic assumptions that allow application of the Stewart-
Hamilton equation to calculate CO. 

The input for pulse contour CO methods are accurately measured arterial pressures. Since 
characteristics of the shape of the arterial pressure wave are analyzed, the signal should not 
be over- or underdampened. NAP measurements, using a finger cuff, are automatically 
calibrated by Physiocal,107 which regularly checks for the “unloaded volume” of the artery 
enclosed by the cuff. When changes in vascular tone are detected, a subsequent Physiocal is 
scheduled within a shorter time interval. Thus, the Physiocal interval is related to variability 
in the arterial physiology at the measurement site.78, 107 

This study tested the hypothesis that variability in hemodynamics and peripheral vasculature 
physiology during cardiothoracic surgery impact the comparison of discontinuous TD CO and 
continuous CO. As a secondary aim, we examined the hypothesis that NAP vs. invasive AP 
(IAP) as basis for CO measurement introduces errors. 

 
METHODS 
High risk patients undergoing coronary artery bypass surgery with a clinical indication for 
invasive CO monitoring were included after obtaining written informed consent. Patients 
with a cardiac shunt, valvular disease, or rhythm disorder were excluded. The study was 
approved by the Medical Ethics Committee of the Academic Medical Center of the University 
of Amsterdam, Amsterdam, the Netherlands (NL18810.018.07), and complied with the 
provisions of the Declaration of Helsinki. This manuscript adheres to the applicable Equator 
guidelines. 
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Reductions in central blood volume by hemorrhage, positioning of the patient, anesthesia 
and positive pressure ventilation can be corrected by fluid therapy, while early recognition is 
essential.174 Consequently, also patients undergoing moderate risk surgery may benefit from 
continuous hemodynamic monitoring for optimization of arterial flow. This led to a trend 
towards less invasive and continuous methods to determine cardiac output (CO) or stroke 
volume (SV) in order to guide fluid therapy during surgery and in the intensive care 
setting.175 So-called “minimally invasive” SV or CO monitoring typically needs arterial 
pressure (AP)134 only. Presently continuous CO can be derived from noninvasive AP (NAP) 
wave as well as from invasive AP (IAP) with pulse contour methods.10

Validation of minimally- or noninvasive continuous CO is generally based on a comparison 
with conventional intermittent thermodilution (TD) based estimates of CO. However, the 
Stewart (1893)-Hamilton (1932) equation that is incorporated in the TD device to compute 
CO from the dilution curve is valid for constant blood flow only.54, 55, 125, 176 Since this is 
generally not the case -ventilation induced variability is even commonly quantified by 
“stroke volume variation”- errors are introduced and averaging of repeated measurements 
is required. Still, in order for this averaging to be effective, the estimates should be taken 
from an otherwise stationary flow. Thus, a comparison of a continuous CO method and 
discontinuous TD CO using averaging of multiple values can only be reliably performed under 
conditions of constant hemodynamics as evidenced by, at least, stability of heart rate (HR) 
and mean AP (MAP). Hemodynamic variability or arrhythmia obviously interfere with this 
requirement thus violating the basic assumptions that allow application of the Stewart-
Hamilton equation to calculate CO.

The input for pulse contour CO methods are accurately measured arterial pressures. Since 
characteristics of the shape of the arterial pressure wave are analyzed, the signal should not 
be over- or underdampened. NAP measurements, using a finger cuff, are automatically 
calibrated by Physiocal,107 which regularly checks for the “unloaded volume” of the artery 
enclosed by the cuff. When changes in vascular tone are detected, a subsequent Physiocal is 
scheduled within a shorter time interval. Thus, the Physiocal interval is related to variability 
in the arterial physiology at the measurement site.78, 107

This study tested the hypothesis that variability in hemodynamics and peripheral vasculature 
physiology during cardiothoracic surgery impact the comparison of discontinuous TD CO and 
continuous CO. As a secondary aim, we examined the hypothesis that NAP vs. invasive AP 
(IAP) as basis for CO measurement introduces errors.

METHODS

High risk patients undergoing coronary artery bypass surgery with a clinical indication for 
invasive CO monitoring were included after obtaining written informed consent. Patients 
with a cardiac shunt, valvular disease, or rhythm disorder were excluded. The study was 
approved by the Medical Ethics Committee of the Academic Medical Center of the University 
of Amsterdam, Amsterdam, the Netherlands (NL18810.018.07), and complied with the 
provisions of the Declaration of Helsinki. This manuscript adheres to the applicable Equator 
guidelines.

The effect of hemodynamic and peripheral vascular variability on cardiac output 
monitoring: thermodilution and pulse contour cardiac output during cardiothoracic surgery
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Measurements 

Thermodilution CO (TD CO) was determined with a Swan-Ganz catheter (type 931HF75, 
Edwards Lifesciences, Irvine, CA) connected to a COM-2 apparatus (Baxter Healthcare 
Corporation, Edwards Critical Care Division, Irvine, CA). Injectate (10 ml bolus of 5% glucose 
solution) was drawn through an ice-filled container (CO-SET+, Edwards Lifesciences, Irvine, 
CA) and injected by a computer-controlled pneumatic power injector (Broszeit 
Medizintechnik, Werl, Germany) over a period of 2 seconds.177 With this approach the 
consistency of injected volume and linearity of injection rate was ensured, the injection time 
reduced and transfer of heat to the syringe by direct hand contact avoided. A priming 
injection to cool the tubing was followed by four injections of cooled (<10°C) glucose 
solution.77 The computer-controlled injections were precisely timed and equally distributed 
over the ventilatory cycle determined from airway pressure.154, 177 Each set of four TD CO 
determinations was averaged to obtain one single value. Automatically generated markers 
indicated the precise timing of the TD injections. TD curves were checked visually before 
acceptance. 

Noninvasive AP (NAP, Nexfin® monitor, Edwards Lifesciences BMEYE, Amsterdam, The 
Netherlands116) measurements, based on the volume-clamp method using a finger cuff as 
proposed by Peňáz,53 were regularly and automatically calibrated with Physiocal®, the 
physiological calibration developed by Wesseling et al.107, 178 Finger AP was reconstructed to 
brachial pressures in real time.2, 109, 179 Invasive AP (IAP) was measured in the radial artery 
with a 20 G catheter (Ref RA-04020; Arrow International Inc., Reading, PA) and a pressure 
transducer (Pressure Monitoring Set, Edwards Lifesciences, Irvine, CA, USA) positioned at 
heart level and connected to a module (HPM1006A; Hewlett Packard, Palo Alto, CA) 
mounted in a patient monitoring system (Philips Medical Systems, Andover, MA). The 
resonance frequency of the arterial catheter-manometer system was checked with the fast 
flush technique.77, 180 NAP and IAP waveforms were measured ipsilaterally and sampled at 
200 Hz. 

Continuous CO was determined from NAP (NAP CO) and IAP (IAP CO) with Nexfin CO-trek®.10 
This pulse contour method calculates beat-to-beat stroke volume by dividing the area under 
the systolic part of the AP curve, i.e. pulsatile systolic area (PSA), by the aortic input 
impedance (Zin). PSA is the time-integral of the AP wave above diastolic pressure and 
between aortic valve opening and closing as determined by upstroke and incisura.7 For the 
calculation of the PSA, brachial artery pressure is reconstructed from finger and radial AP 
with dedicated reverse filters.112 Dividing the PSA by the Zin instantaneously gives SV; for 
each beat, Zin is determined from a three-element Windkessel model.149, 151 The used model 
incorporates the nonlinear effect of MAP and the influence of age, height, weight and 
gender of the subject on aortic mechanical properties.179 CO is calculated from SV times HR. 
Beat-to-beat values of NAP CO respectively IAP CO were averaged over 30 s for each of the 4 
periods of the TD CO determinations. 

  

 

 

Statistical Analysis 

Hemodynamic variability was ascertained from IAP during the 4 TD determinations and 
expressed as: 

 

100% [
(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏ℎ𝑑𝑑𝑑𝑑 4 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏ℎ𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑)

4 − 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑 − 𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 ] 

 

Presence of variability was considered to impact TD measurements (for a theoretical 
evaluation of the errors in TD CO see the Supplemental Content, section “Factors affecting 
thermodilution cardiac output measurement”). Variability in the physiology underlying the 
NAP measurement was detected based on the Physiocal interval. A Physiocal interval larger 
than 30 beats is considered to indicate acceptable NAP measurement. Detection of changes 
in vascular tone reduces the interval to maintain accuracy (for a theoretical evaluation of 
NAP CO errors, see the Supplemental Content, section “Factors affecting noninvasive pulse 
contour cardiac output measurement”). To ensure good quality AP recordings, for IAP it was 
required that the catheter-manometer system had an adequate dynamic response.180 For 
NAP, a pulse pressure <20 mm Hg was considered a dampened pressure based on earlier 
findings120 (see Supplemental Content, section “Factors affecting noninvasive pulse contour 
cardiac output measurement.”) Clinical measurements (JT, YSK) and statistical analysis (BEW) 
were performed by separate researchers. 

NAP CO was compared with IAP CO to determine whether the noninvasive method 
introduces variability (some notes on assessing of agreement of methodologies are given in 
the Supplemental Content, section “Considerations on comparison of cardiac output 
methods”). The data after extracorporeal circulation (“after pump”) were considered to 
contain additional variability since peripheral AP may be less representative of central 
pressure.181, 182 Moreover, the temperature drift caused by the warming of the subject may 
render TD CO erratic. 

The AP CO and TD CO methods were evaluated for agreement of both the absolute and 
tracking values, i.e. quantifying the ability to follow CO changes.183 Data are presented as 
average ± standard deviation (SD) and minimum and maximum are given. AP CO – TD CO 
differences are called “absolute” while “tracking” are the AP CO – TD CO differences after 
removal of the bias in a subject. To remove the subject’s bias, a factor is calculated from the 
average TD CO values divided by the average AP CO values. Additionally, tracking was 
assessed by concordance analysis, in which the average of the TD CO values and AP CO 
values is subtracted from the values of a subject. Data in a zone of ± 0.5 l. min–1 around the 
origin were excluded.184 Bland-Altman analysis was performed showing mean bias and 95% 
limits of agreement (LOA, ± 1.96 SD). Percent error for absolute and tracking values is 
calculated as: 

100% 1.96 SD 

(AP CO +  TD CO
2 )
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Statistical Analysis

Hemodynamic variability was ascertained from IAP during the 4 TD determinations and 
expressed as:

100% [
(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏ℎ𝑑𝑑𝑑𝑑 4 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏ℎ𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑)

4 − 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑 − 𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 ]

Presence of variability was considered to impact TD measurements (for a theoretical 
evaluation of the errors in TD CO see the Supplemental Content, section “Factors affecting 
thermodilution cardiac output measurement”). Variability in the physiology underlying the 
NAP measurement was detected based on the Physiocal interval. A Physiocal interval larger 
than 30 beats is considered to indicate acceptable NAP measurement. Detection of changes 
in vascular tone reduces the interval to maintain accuracy (for a theoretical evaluation of 
NAP CO errors, see the Supplemental Content, section “Factors affecting noninvasive pulse 
contour cardiac output measurement”). To ensure good quality AP recordings, for IAP it was 
required that the catheter-manometer system had an adequate dynamic response.180 For 
NAP, a pulse pressure <20 mm Hg was considered a dampened pressure based on earlier 
findings120 (see Supplemental Content, section “Factors affecting noninvasive pulse contour 
cardiac output measurement.”) Clinical measurements (JT, YSK) and statistical analysis (BEW) 
were performed by separate researchers.

NAP CO was compared with IAP CO to determine whether the noninvasive method 
introduces variability (some notes on assessing of agreement of methodologies are given in 
the Supplemental Content, section “Considerations on comparison of cardiac output 
methods”). The data after extracorporeal circulation (“after pump”) were considered to 
contain additional variability since peripheral AP may be less representative of central 
pressure.181, 182 Moreover, the temperature drift caused by the warming of the subject may 
render TD CO erratic.

The AP CO and TD CO methods were evaluated for agreement of both the absolute and 
tracking values, i.e. quantifying the ability to follow CO changes.183 Data are presented as 
average ± standard deviation (SD) and minimum and maximum are given. AP CO – TD CO 
differences are called “absolute” while “tracking” are the AP CO – TD CO differences after 
removal of the bias in a subject. To remove the subject’s bias, a factor is calculated from the 
average TD CO values divided by the average AP CO values. Additionally, tracking was 
assessed by concordance analysis, in which the average of the TD CO values and AP CO 
values is subtracted from the values of a subject. Data in a zone of ± 0.5 l. min–1 around the 
origin were excluded.184 Bland-Altman analysis was performed showing mean bias and 95% 
limits of agreement (LOA, ± 1.96 SD). Percent error for absolute and tracking values is 
calculated as:

100% 1.96 SD

(AP CO + TD CO
2 )

The effect of hemodynamic and peripheral vascular variability on cardiac output 
monitoring: thermodilution and pulse contour cardiac output during cardiothoracic surgery
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The range of CO in an individual is quantified by within-subject variability, expressed as the 
SD of a subject’s averages of TD CO and AP CO. The within-subject precision is calculated as 
the SD of AP CO – TD CO differences.120 This within-subject precision, and also the within-
subject percent error that can be calculated from it, allow separating out precision in the 
individual from the precision determined over the group data. Group data is calculated from 
the SD over the individual averages of AP CO – TD CO differences and expressed as subject-
averaged percent error. The averaged data of each individual with horizontal and vertical 
error bars showing the within-subject variability and precision are also given in Bland-Altman 
plots.2

The influence of hemodynamic and peripheral vascular variability on the NAP vs. TD CO 
comparison was classified as follows: grade A data was defined as having HR and MAP 
variability <5%, no arrhythmias and Physiocal interval >30 beats; Grade B included all levels 
of HR/MAP variability and arrhythmias to evaluate the impact of hemodynamic variability, 
while Physiocal interval <30 beats was excluded. Grade C included all Physiocal intervals to 
evaluate the impact of peripheral vascular variability, while HR/MAP variability >5% and 
arrhythmias were excluded. Grade D included all data. Biases were compared by analysis of 
variance; variances were compared with Bartlett’s test.

For data management, statistical analyses and plotting, Microsoft Office Excel 2007 
(Microsoft Corporation, Redmond, WA), SPSS 19 (IBM SPSS Statistics 19, IBM Corporation, 
Somers, NY), and Sigmaplot 11 (Systat Software Inc., Chicago, IL) were used.

RESULTS

Twenty-eight patients undergoing coronary artery bypass surgery were included, of whom 
one was excluded due to a dampened NAP (Figure 3.1). The resonance frequency of the 
arterial catheter-manometer system ranged from 15-25 Hz. In total data from 27 patients 
(25 men, Table 3.1) were analyzed. Blood pressure was variable during surgery (Table 3.1, 
Figure 3.2). In these patients, 157 series of TD CO were determined in the periods before-
and after pump (Figure 3.3). Before pump, in one patient no TD CO measurements were 
performed (Figure 3.3) due to technical issues, so 26 patients were available with a total of 
91 data points.

Figure 3.1
Flow diagram of 
patient inclusion.
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Table 3.1 Patient characteristics

Average ± SD Range

Age (years) 65 ± 9 46 – 83

Height (cm) 175 ± 8 158 – 189

Weight (kg) 85 ± 18 62 – 130

Body mass index (kg m-2) 29 ± 5 23 – 41

Mean arterial blood pressure (mm Hg) 70 ± 7 28 – 163

SD on mean arterial blood pressure (mm Hg) 11 ± 3 4 – 18

Heart Rate (bpm) 66 ± 11 27 – 150

SD on Heart Rate (bpm) 11 ± 4 5 – 25
Twenty-Twenty-Twenty seven patients, 25 men and 2 women. The “SD on mean arterial blood pressure” 
and “SD on Heart Rate” give an indication of the variability within the subjects over the 
measurements.

Grade A data was available in 14 patients (Table 3.2, Figure 3.4) before pump; percent error 
was 23% for NAP CO versus TD CO which increased to 28% for grade B (20 patients, 
Table 3.2, Figure 3.4) and to 32% for grade C (22 patients, Table 3.2, Figure 3.4). In grade D 
the percent error of NAP CO became 37% (26 patients, Table 3.2 and Figure 3.4). Biases in 
NAP CO versus TD CO were not different between the grades, but variance was increased 
(p=0.035). Comparing NAP CO with IAP CO within the grades, biases were different but all 
smaller than 0.5 l. min–1 while variance was equal in each case. Variance for tracking was in 
each instance smaller than the variance of the absolute values. The NAP CO tracking percent 
error remained between 11 and 13% in all grades and was not affected by variability 
(Table 3.2). The within-subject percent errors of 12-13% were all smaller than the group 
(subject-averaged) percent error of 21-38% (Table 3.3), indicating that group errors contain 
systematic errors leading to underrate the precision of the individual CO data. Within-
subject variance was not different between grades.

The effect of hemodynamic and peripheral vascular variability on cardiac output 
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In the combined before and after pump data (Supplemental Content, section “After pump 
period analyses”), biases were not different between grades and not different from before 
pump; variance was larger than before pump but not different between grades. Within-
group comparisons of NAP CO and IAP CO revealed different biases but variance was equal 
in each case. Variances for tracking were smaller than the variances of the absolute values. 
The within-subject variance increased compared to the before pump period. NAP and IAP 
showed similar percent errors after pump.

Figure 3.2 Invasive 
(IAP, red) and 
noninvasive (NAP, 
green) arterial 
pressures of 27 
patients. Both 
recordings 
demonstrate the 
variability that was 
present during 
surgery. During the 
pump period, in 
some cases the 
Nexfin could not find 
sufficient pulsatility 
and continuously 
performed restarts; 
this is visible as 
“blocks” such as in 
patients 6, 10 and 
22.

The effect of hemodynamic and peripheral vascular variability on cardiac output 
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Figure 3.3 Cardiac 
output (CO) based 
on invasive (IAP 
CO, red) and 
noninvasive (NAP 
CO, green) arterial 
pressures (AP) of 
all 27 patients. One 
minute running 
averages were 
used for plotting. 
The thermodilution 
(TD) CO values, 
each averaged 
over 4 shots, are 
shown as small 
boxes. No TD CO 
measurements 
were performed 
during the pump 
period; in patient 26 
no TD 
measurements 
were performed in 
the period before 
the pump.

The effect of hemodynamic and peripheral vascular variability on cardiac output 
monitoring: thermodilution and pulse contour cardiac output during cardiothoracic surgery
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DISCUSSION

This study demonstrated that the comparison of NAP based CO and TD CO is affected by the 
hemodynamic and physiologic variability that occurs during cardiothoracic surgery. Percent 
errors are small for grade A with data acceptable for TD (low variability in HR, MAP and 
arrhythmia) and for NAP (low variability in finger arterial physiology). The larger percent 
errors in grade D including all data are more representative of observational studies; with 
percent errors ranging from 20%to 50% in the recent literature.134, 159, 185, 186

The impact of variability of hemodynamics and of peripheral vascular physiology on the used 
CO methods is dissimilar. Arrhythmia and changes in HR and MAP violate the basic 
assumption of constant blood flow which is required for calculation of TD CO with the 
Stewart-Hamilton equation.125, 176 The model-based pulse contour method makes no 
assumptions about hemodynamic stability, but noninvasive continuous AP based CO 
calculation relies on peripherally measured pressure which may be insufficiently 
representative of central pressure.187 The findings in this study are in line with the 
hypothesized impact of sources of variability on the NAP vs TD CO comparison. The NAP and 
IAP CO based comparisons showed similar variabilities.

Recent studies comparing CO from noninvasive continuous AP with other clinically available 
methods in intensive care units brought forth disparate results. While the authors in general 
welcome the fact that continuous CO can be obtained with a finger cuff as only interface
with the patient, concerns were raised about reliability, particularly in critically ill patients.185

The investigators suggest that severe vasoconstriction may have been the cause 
(Supplemental Content, section “Factors affecting noninvasive pulse contour cardiac output 
measurement”). In case of peripheral vascular decoupling measurements with a pulmonary 
artery catheter would seem clinically indicated.

The reference method that we used, the pulmonary artery TD technique is considered the 
clinical standard for cardiac output monitoring in critically ill patients.188 However, due to the 
invasive and complex nature of pulmonary artery TD it is reserved for patients at high risk of 
hemodynamic instability. The benefits of inserting a Swan-Ganz catheter should outweigh 
the risks of this procedure.81, 83 Moreover, the pulmonary artery TD CO measurement is an 
indirect procedure that has to be judged critically with regard to accuracy. Its accuracy is 
enhanced by averaging three or four determinations over various phases of the respiratory 
cycle, to eliminate the influence of respiration on cardiac output.154, 177 Nonetheless, 
arrhythmias or variability in HR or mean AP will degrade TD CO determinations.176

Assessment of fluid responsiveness demands accurate CO tracking rather than absolute 
accuracy of a single CO determination.134 Moreover, the hemodynamic variability associated 
with central hypovolemia, and considerable stroke volume / pulse pressure variation189

renders TD CO less reliable. Nonetheless the tracking of changes in CO by pulse contour 
methods or TD is hardly influenced by any of the respective variabilities. This can be 
explained by the analysis method for tracking, in which the averages of the available 
determinations for both methods were set equal. In this way the bias is annihilated but also 
random errors are reduced to a certain extent; what remains are the changes around the 
average value. Tracking errors were approximately half of the errors found in the absolute 
values, in accordance with earlier studies.190-192

The effect of hemodynamic and peripheral vascular variability on cardiac output 
monitoring: thermodilution and pulse contour cardiac output during cardiothoracic surgery
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Some limitations need to be acknowledged when interpreting the current findings. First, 
data were collected as clinically available and no interventions were planned to influence the 
accuracy or precision of the comparison. However, the analysis allowed us to separate out 
several factors known to influence either NAP or TD CO, giving insight in the respective 
errors and practical implications for use of continuous and intermittent methods. Second, 
non-invasive measurements were performed on the side of the intra-arterial cannula which 
may have influenced the pressure transfer to the finger. Finally, the data of one patient was 
not used due to insufficient quality of the NAP measurement. Like invasive measurements, 
which may exhibit dampening or overshooting of the pressure waves, non-invasive 
measurements may be unreliable and should be judiciously used as any measurement. 

In conclusion, the comparison of TD and AP CO is affected by several factors that are 
frequently encountered in clinical practice. The accuracy of TD is impacted by hemodynamic 
variability and the AP CO is influenced by variability in peripheral vascular physiology. Small 
errors can be reached in well-controlled studies,159 and in studies with hemodynamically 
stable patients.10 Comparison of CO methods in clinical practice will likely have larger errors. 
Studies to compare CO methods should report hemodynamic variability to allow a 
meaningful interpretation of the results. 

  

 

 

 

SUPPLEMENTAL CONTENT 

Factors affecting thermodilution cardiac output measurement 

Thermodilution (TD) cardiac output (CO) is considered the clinical “gold” standard to validate 
other methods of CO monitoring, however, it is not without errors.176, 193 Therefore, with the 
TD method as the reference, the inherent TD errors should be acknowledged. In the 
following, we will discuss and delineate three main sources of error, which will all be 
expressed as percent errors (95% CI). 

 

Technical limitations in acquisition and processing of the thermal signal 

TD CO calculation has to deal with practical aspects such as determining a Stewart-Hamilton 
description from the measured thermal dilution curve, which usually not behaves ideally. 
The curve needs to be truncated (to avoid inclusion of recirculation) and extrapolated. Also, 
assumptions need to be made to account for the loss of indicator before, during or after 
injection. This depends on temperature and volume of the injectate, on injection site and 
type of catheter, and is rolled up into the computation constant. The technical limitations 
related to imposing a model on actual physiology can be designated as instrument errors. 
Errors due to catheter positioning or due to using the TD method when contraindicated 
(tricuspid regurgitation, septum defect) are not discussed here. 

A recent study used a continuous flow rig to create optimal measurement circumstances and 
applied the best possible reference method (ultrasonic transit time flow probe) to determine 
the instrument errors in the TD method.194 Random errors (variations between readings) and 
systematic errors (differences related to 2 types of catheters and 3 monitoring systems) 
were addressed separately. The systematic precision errors (95% CI) ranged from 11.6% to 
26.7%; the random errors ranged from 5.8% to 10.0% for triplicate 5-ml, ice-cooled 
injections. The overall instrument related percent errors (square root of the summed 
squares) thus ranged from 13.0% to 28.1%.194 

 

Operator related variability in conducting bolus TD measurements 

Operator-related sources of error include inappropriate or inconsistent injectate 
temperature, varying volume of the injectate and speed / regularity of injection. When 
comparing CO measurements by manual vs. automated injection to simultaneous direct Fick 
CO, Stawicki et al. showed a 13.3% larger percent error for the manual method.195 Others 
reported similar CO for manual vs. automated injections notwithstanding significant 
variation in injection time, flow rate and consistency with manual injection.196 We will here 
assume that operator errors range from 0% to 13.3%. 

 

Physiological variability violating assumptions made in the TD algorithm 

For the measurement of CO with thermodilution two main assumptions are made. First, the 
Stewart-Hamilton equation assumes that actual flow or CO is constant over the period that a 
dilution curve is measured. One source of modulation is caused to the ventilation-related 
modifications of preload,197 which can be expressed as stroke volume variation (SVV) and is 
used to assess preload dependency.189 The Stewart-Hamilton equation assumes SVV to be 

50

Chapter 3

50



517157-L-bw-truien517157-L-bw-truien517157-L-bw-truien517157-L-bw-truien
Processed on: 5-3-2018Processed on: 5-3-2018Processed on: 5-3-2018Processed on: 5-3-2018 PDF page: 51PDF page: 51PDF page: 51PDF page: 51

SUPPLEMENTAL CONTENT

Factors affecting thermodilution cardiac output measurement

Thermodilution (TD) cardiac output (CO) is considered the clinical “gold” standard to validate 
other methods of CO monitoring, however, it is not without errors.176, 193 Therefore, with the 
TD method as the reference, the inherent TD errors should be acknowledged. In the 
following, we will discuss and delineate three main sources of error, which will all be 
expressed as percent errors (95% CI).

Technical limitations in acquisition and processing of the thermal signal

TD CO calculation has to deal with practical aspects such as determining a Stewart-Hamilton 
description from the measured thermal dilution curve, which usually not behaves ideally. 
The curve needs to be truncated (to avoid inclusion of recirculation) and extrapolated. Also, 
assumptions need to be made to account for the loss of indicator before, during or after 
injection. This depends on temperature and volume of the injectate, on injection site and 
type of catheter, and is rolled up into the computation constant. The technical limitations 
related to imposing a model on actual physiology can be designated as instrument errors. 
Errors due to catheter positioning or due to using the TD method when contraindicated 
(tricuspid regurgitation, septum defect) are not discussed here.

A recent study used a continuous flow rig to create optimal measurement circumstances and 
applied the best possible reference method (ultrasonic transit time flow probe) to determine 
the instrument errors in the TD method.194 Random errors (variations between readings) and 
systematic errors (differences related to 2 types of catheters and 3 monitoring systems) 
were addressed separately. The systematic precision errors (95% CI) ranged from 11.6% to 
26.7%; the random errors ranged from 5.8% to 10.0% for triplicate 5-ml, ice-cooled 
injections. The overall instrument related percent errors (square root of the summed 
squares) thus ranged from 13.0% to 28.1%.194

Operator related variability in conducting bolus TD measurements

Operator-related sources of error include inappropriate or inconsistent injectate 
temperature, varying volume of the injectate and speed / regularity of injection. When 
comparing CO measurements by manual vs. automated injection to simultaneous direct Fick 
CO, Stawicki et al. showed a 13.3% larger percent error for the manual method.195 Others 
reported similar CO for manual vs. automated injections notwithstanding significant 
variation in injection time, flow rate and consistency with manual injection.196 We will here 
assume that operator errors range from 0% to 13.3%.

Physiological variability violating assumptions made in the TD algorithm

For the measurement of CO with thermodilution two main assumptions are made. First, the 
Stewart-Hamilton equation assumes that actual flow or CO is constant over the period that a 
dilution curve is measured. One source of modulation is caused to the ventilation-related 
modifications of preload,197 which can be expressed as stroke volume variation (SVV) and is 
used to assess preload dependency.189 The Stewart-Hamilton equation assumes SVV to be 
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0%, while in reality it may be 20% on average in cardiac surgery patients177 or even larger, 
particularly in the pulmonary circulation.193 An approach to compensate for respiration 
related errors is to repeat the measurements three or four times throughout the ventilation 
cycle to average out the variations in stroke volume and baseline temperature. The error 
component amounts to 35.0% (95% CI) in single boluses and 20.2% in triplicate 
measurements when evenly distributed over the respiratory cycle.154 A carefully controlled 
study under very stable post-surgical circumstances showed that, under the assumption of a 
mean bias of zero, this procedure can reduce the physiological variability related precision 
error from 27.8% to 14.4% to (95% CI) for a triplicate TD CO average.177 

The commonly executed averaging approach, however, relies on yet another important 
assumption: that the three or four samples used to average out the ventilatory modulation 
are taken from an otherwise stationary process, in other words that the cardiac output 
showed no drifts up or down. Slower baseline changes of actual CO during the 
measurements (such as caused by surgery or pharmacological interventions), HR changes 
and arrhythmia render an approach of averaging multiple measurements unreliable. In the 
carefully controlled study mentioned above,177 this was achieved by obtaining 
measurements during deliberately established quiet pre- and post-surgical periods without 
patient manipulation. In daily practice OR situations, however, the assumption of stable CO 
during the 3 – 4 TD CO measurements is unrealistic, and therefore also the idea that 
averaging will significantly reduce the errors related to ventilator modulation of CO. 

Second, the Stewart-Hamilton equation assumes that the baseline temperature in the right 
atrium on which the cold injectate bolus is superimposed, is constant over the period that a 
dilution curve is measured. However, depending on the phase of the ventilation, variation in 
the admixture between blood from the superior and inferior caval veins, which have slightly 
different temperatures, results in cyclic baseline fluctuations influencing the area under the 
dilution curve and thus the computation of CO.176 Also rapid changes in pulmonary artery 
temperature after cardiopulmonary bypass results in errors.198 

 

Summary 

Errors related to technical limitations in thermal signal acquisition and processing are 
inevitably included in any TD CO measurement. Operator errors are avoided by fully 
automating the measurements as in the current study, but such systems are not 
commercially available and neither clinically applied on a regular basis. Procedures to do 
multiple measurements under hemodynamically steady circumstances to obtain stable 
baselines may be controlled in research settings but are challenging in routine clinical 
practice. TD CO measurements under conditions of hemodynamic variability c.q. arrhythmia 
should be discarded altogether. These requirements are regularly not met, explaining the 
large spread of errors between different clinical studies with TD CO as reference. 

The precision error ranges for the three main error sources for triplicate bolus TD CO are 
listed in Table 3.S1. Since the three precision errors are independent, the combined error 
can be determined as square root of the summed squares. The smallest (almost theoretical) 
precision error is close to 20%, as suggested by Critchley and Critchley for TD CO as 
reference method.199 The largest precision error is close to the reported combined TD CO – 
pulse contour percent error of 41.3%.134 In contrast, in Table 3.S1 the errors apply to the TD 

 

 

 

CO method itself, not the combined errors of two methods. Thus, TD CO method has several 
inherent errors; some are related to the system (choice of catheter and monitor). Other 
errors are related to the execution of the measurements (operational errors). Optimizing 
measuring conditions and avoiding hemodynamic variability seem the most effective way to 
reduce the TD CO error. 

 
Table 3.S1 Error sources in thermodilution measurements 
 Min - Max Reference 
     Technical limitations 13.0% - 28.1% 194 
Operator errors 0.0% - 13.3% 195, 196 
Physiological variability 14.4% - 27.8% 177 
Total 19.4% - 41.7%  
Percent error ranges in thermodilution cardiac output measurements taken from the literature. 

 
 
 
Factors affecting noninvasive pulse contour cardiac output measurement 
In the steps along the way from noninvasive pressure measurement to CO determination, 
errors related to technical aspects, to the operator and to model assumptions accumulate 
and these are discussed here. 

 

Technical limitations in pressure signal acquisition 

Finger arterial blood pressure measurement technology as implemented in the Nexfin is 
based on the volume clamp method53 and relies on Physiocal107 to calibrate the pressure 
measurement. The volume clamp method requires that the artery enclosed by the cuff is 
unloaded, having a diameter at which the vessel wall has no influence on the pressure 
balance between intra- and extravascular (cuff) pressure during the measurement. Physiocal 
searches for this unloaded diameter; however, in case of large changes in finger arterial tone 
more frequent recalibrations are needed, resulting in shortening of the interval at which 
Physiocal activated (< 30 beats). 

The cut-off value for pulse pressure as an exclusion criterion for NAP was determined based 
upon an earlier study that compared NAP against IAP,2 with NAP pulse pressure not lower 
than 20 mm Hg. If an invasive measurement would deliver such a pulse pressure, likely the 
anesthesiologist would check the catheter-manometer system. When a patient is on 
cardiopulmonary bypass, low pulsatility can be expected and can be correctly measured with 
Nexfin,120 so the 20 mm Hg cut-off value for pulse pressure is not a contraindication for such 
measurements. 
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CO method itself, not the combined errors of two methods. Thus, TD CO method has several 
inherent errors; some are related to the system (choice of catheter and monitor). Other 
errors are related to the execution of the measurements (operational errors). Optimizing 
measuring conditions and avoiding hemodynamic variability seem the most effective way to 
reduce the TD CO error.

Table 3.S1 Error sources in thermodilution measurements
Min - Max Reference

Technical limitations 13.0% - 28.1% 194

Operator errors 0.0% - 13.3% 195, 196

Physiological variability 14.4% - 27.8% 177

Total 19.4% - 41.7%
Percent error ranges in thermodilution cardiac output measurements taken from the literature.

Factors affecting noninvasive pulse contour cardiac output measurement
In the steps along the way from noninvasive pressure measurement to CO determination, 
errors related to technical aspects, to the operator and to model assumptions accumulate 
and these are discussed here.

Technical limitations in pressure signal acquisition

Finger arterial blood pressure measurement technology as implemented in the Nexfin is 
based on the volume clamp method53 and relies on Physiocal107 to calibrate the pressure 
measurement. The volume clamp method requires that the artery enclosed by the cuff is 
unloaded, having a diameter at which the vessel wall has no influence on the pressure 
balance between intra- and extravascular (cuff) pressure during the measurement. Physiocal 
searches for this unloaded diameter; however, in case of large changes in finger arterial tone 
more frequent recalibrations are needed, resulting in shortening of the interval at which 
Physiocal activated (< 30 beats).

The cut-off value for pulse pressure as an exclusion criterion for NAP was determined based 
upon an earlier study that compared NAP against IAP,2 with NAP pulse pressure not lower 
than 20 mm Hg. If an invasive measurement would deliver such a pulse pressure, likely the 
anesthesiologist would check the catheter-manometer system. When a patient is on 
cardiopulmonary bypass, low pulsatility can be expected and can be correctly measured with 
Nexfin,120 so the 20 mm Hg cut-off value for pulse pressure is not a contraindication for such 
measurements.
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monitoring: thermodilution and pulse contour cardiac output during cardiothoracic surgery

535353

3



517157-L-bw-truien517157-L-bw-truien517157-L-bw-truien517157-L-bw-truien
Processed on: 5-3-2018Processed on: 5-3-2018Processed on: 5-3-2018Processed on: 5-3-2018 PDF page: 54PDF page: 54PDF page: 54PDF page: 54

Two earlier studies in an intensive care setting demonstrated that CO from invasive vs. 
noninvasive pressure is comparable.10, 191 Recent studies in the medical or surgical intensive 
care reported accuracy and precision of Nexfin CO-trek CO without including invasive arterial 
pressure in the comparison. With respect to vasoconstriction due to vasopressors and body 
temperature Monnet et al.185 reported large percent errors that persisted when excluding 
patients with atrial fibrillation and/or norepinephrine from analysis, indicating other sources 
of errors. These sources were not disclosed since data on execution or performance of TD 
CO measurements are lacking (e.g. whether they were simultaneous with the noninvasive 
measurements, how many injections were averaged, what the injection volume was, how 
outliers were handled, if hemodynamic variability was present). Hofhuizen et al.,191 found no 
influence of core temperature and vasoactive drugs on bias; it should be noted that core 
temperature was not below 35.4°C and norepinephrine dosage did not exceed 0.1 µg/kg per 
minute.191 Ameloot et al.200 divided noninvasive CO versus transpulmonary TD CO in groups 
with low and high systemic vascular resistance and found larger percent errors for high 
resistance states. This indicates that the noninvasive method may have more difficulty in 
measuring is such circumstances. However it should be noted that percent error is inversely 
proportional to CO, implying that percent error is proportional to systemic vascular 
resistance.200

Operator errors in performing finger cuff technology measurements

Some sources of error in continuous noninvasive hemodynamic monitoring using finger cuff 
technology are attributable to the operator or related to incorrect set up of the 
measurements. The heart reference system (HRS) corrects finger cuff derived BP levels for 
the vertical distance between finger and heart. Correct placement of the heart reference 
sensor is challenged by moving the patient in a different plane, e.g. from supine to a lateral 
or to (anti-)Trendelenburg. In an offline analysis on the data of one of the patients in the 
current study (male of 62 years old, 170 cm tall and weighing 95 kg, well representing the 
“average patient”), the HRS correction value was changed and the effect on CO was 
calculated.9 The correct CO was 5.0 litres min-1, with the HRS value changed from -15 to +15 
mm Hg, CO changed from 5.6 to 4.4 litres min-1 (Figure 3.S1).

Also errors may ensue from the way the finger cuffs are applied. Depending on the tightness 
and skewness of the application and on how well the cuff is centred between the knuckles of 
the phalanx, the measured BP can vary and therefore the resulting CO may also show 
variation. In an internal study in 17 subjects, a cuff was re-applied ten times and the 
measured CO values were compared to simultaneously determined CO values from a cuff on 
an adjacent finger left in place during the experiment. Variation in CO, expressed as the SD 
of differences of each subject was 0.19 ± 0.17 litres min-1 ranging from 0.06 – 0.78 litres
min-1.
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Incorrect parameter assumptions for the hemodynamic models

The measured finger arterial pressure is reconstructed to brachial artery pressure used as 
input to the CO-trek algorithm. This reconstruction involves waveform filtering and level 
correction.109, 115 Both elements were established on large databases of simultaneous 
invasive and noninvasive blood pressure measurements. Although it was shown to be 
difficult to improve on the generalized approaches by individualization,109, 111 improvement 
was shown to be possible during physiological stress, as was reported by Stok et al. for 
exercising patients.201 In extreme situations such as sepsis the generalized models may be no 
longer valid.202

The Windkessel model used to calculate CO from pressure is personalized by a limited set of 
patient data (gender, age, height and weight). These data are used in the algorithm to 
approximate the patient’s aortic properties, including aortic cross-sectional area, the aortic 
pressure-area relation and the effective length, which in turn determine Windkessel 
compliance and characteristic impedance.77 Obviously, aortic properties in a certain patient 
may differ from population-based predictions and particularly the aortic cross-sectional area 
is variable. An incorrect assumption for the cross-sectional area will give rise to a 
multiplicative error, comparable to using a wrong outflow tract cross-sectional area when 
calculating flow from an echo-Doppler derived velocity profile. This explains why bias in PC 
CO methods is best eliminated by a multiplication factor.

We assessed the effect of using wrong patient data on CO by modifying the characteristics in 
an example patient of the current study (same patient as in the HRS analysis in the 
“Operator errors” section: male of 62 years, 170 cm and 95 kg). The original CO was 5.0 litres 
min-1; when the gender was changed from “male” to “female”, CO became 4.7 litres min-1. 
The results for changes in the other patient data are summarized in Figure 3.S1 B-D. Aging 
causes major changes in the aortic pressure-area relationship and the largest errors arise 
from incorrect patient age. Mutatis mutandis, the errors occurring in CO when a patient’s 
vascular system differs from the model assumptions may be inferred from this analysis.

Figure 3.S1 The effect of incorrect values of the Heart Reference System (HRS) and the effect of 
incorrect model assumptions on cardiac output (CO). Correct CO (indicate by dots) was 5.0 litres 
min-1 for this patient (male of 62 years, 170 cm and 95 kg). The HRS value was changed (in steps 
of 5 mm Hg) from –15 to +15 mm Hg which corresponds with a height difference –20.4 to +20.4 
cm (A). Age (steps of 5 years, B), height (steps of 5 cm, C) and weight (steps of 5 kg, D) were also 
varied and resulting model based CO was calculated.

The effect of hemodynamic and peripheral vascular variability on cardiac output 
monitoring: thermodilution and pulse contour cardiac output during cardiothoracic surgery
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Summary 

Instrument limitations include variable physiological conditions as indicated by short 
intervals between Physiocals, the automatic calibrations of the noninvasive pressure 
measurements.203 The arterial volume under the cuff must remain clamped at the diameter 
where the arterial wall is unloaded and this diameter is subject to physiological influences. In 
the present study, data with the interval between Physiocals less than 30 beats accounted 
for part of the variance in the invasive-noninvasive pressure based CO comparison with TD 
CO. One patient was excluded due to inadequate finger perfusion. 

Operator errors in finger cuff application are relatively small and controllable by making sure 
that the basic requirements concerning cuff positioning are met.203 Incorrect placement of 
the HRS of 20 cm resulted in an error of approximately 0.5 litres min-1. It is therefore 
worthwhile to maintain correct positioning of the HRS. 

The reconstruction of brachial arterial pressure from finger arterial pressure employs a 
generalized model, which is sufficient except in extreme states like circulatory shock.202 The 
Windkessel parameters in the CO model are optimised with patient characteristics; incorrect 
age gives the largest error. Wrong patient data contribute to bias but not to within-subject 
variability. 

 

 

Considerations on comparison of cardiac output methods 

When evaluating a particular monitoring system it is important to keep in mind for which 
purpose it will be used: invasive versus noninvasive, continuous versus intermittent, 
absolute values versus tracking.175 Assessment of absolute values and tracking is the main 
subject of discussion here, together with some remarks about timing are made and issues 
specifically related to simultaneous NAP CO and IAP CO. 

 

Comparison of absolute values 

In comparison studies usually accuracy (also called bias) and precision values are calculated; 
currently the focus is mainly on precision, while cut off values for bias are hardly a point of 
interest. For more background on this subject we refer to an excellent review by Cecconi et 
al.204 

Critchley and Critchley proposed to express precision as percent error, and further suggested 
a maximal percent error of 30% of the tested method against pulmonary artery TD CO to be 
acceptable.199 This criterion was generated by a Pythagorean approach with the accuracy of 
both, the tested method and the TD reference method, set at ±20%, based on an evaluation 
of the latter method during stable hemodynamics.205 In most patients with a clinical 
indication for CO monitoring, including those in the present study, absence of hemodynamic 
variability is unlikely. In patients undergoing coronary artery bypass surgery, a comparison of 
TD CO vs. ultrasonic transit time flow probe derived CO positioned on the ascending aorta 
resulted in percent errors of 42% and 46% pre- and post-cardiopulmonary bypass, 
respectively.188 In a porcine model with pharmacologically induced hemodynamic instability, 
TD had an overall percent error of 49% against transit time flow.206 In these studies, the 

 

 

 

authors also evaluated several less invasive methods for CO monitoring and did not identify 
TD as superior to these methods. A study comparing pulse contour CO and transthoracic 
Doppler echocardiography showed an improvement from 49.3% to 29.5% error when 
patients with irregular heart rhythm or aortic stenosis were excluded.207 These findings 
indicate that hemodynamic variability has a major impact on method-comparisons. In a 
meta-analysis of accuracy and precision of pulse contour, oesophageal Doppler, partial CO2 
rebreathing and transthoracic bioimpedance methods, percent errors were all above 40%.134 
In the current study, no percent errors higher than 40% were found. 

It is often forgotten the example by Critchley and Critchley, leading to the 30% percent error 
limit, was based on an average CO of 5 litres min-1. Obviously, when CO values are higher, 
the percent error will become lower for a similar spread in the data. It could be argued that 
a wider spread is acceptable for higher CO values, while a better precision is required for low 
CO values. Such different precisions could be captured by using an error grid that widens for 
higher values, like the Clark error grid for comparing glucose measurement methods.208 
Importantly Cecconi et al. recommend quantifying the inherent error in the reference 
technique instead of assuming a 20% inherent error.204 Often the standard method in use in 
a certain clinical setting is conveniently considered the gold standard, with limited or at least 
acceptable errors of its own. The methodology proposed Cecconi et al. uses variability in the 
reference measurements to quantify the precision. A caveat is that this approach tacitly 
assumes CO remains constant during the measurements with any variation in the values 
attributable to measurement technique errors. This may not be the case, as the current 
study illustrates. Nonetheless, the description of the measurements in comparison studies 
should at least detail how hemodynamic variability was assessed and addressed, outliers 
were handled, with specific attention to injectate volume and temperature, number of 
shots, checking of the TD curve. 

 

Comparison of tracking 

Tracking or trending quantifies the ability of a method to follow changes, with disregard of 
the absolute value. In the current study, the absolute value of the test method (AP CO) was 
set equal to the reference method (TD CO). Both test and reference method should then be 
set at this average level to assess tracking. Another way to assess the agreement of two 
methods in following changes is concordance analysis.209 With this method, the information 
is reduced to direction while magnitude is disregarded. To solve this shortcoming, the polar 
plot was introduced,184 however, the analysis as performed in the present study allows a 
direct comparison of tracking vs. absolute values. Additionally, polar plots may exclude 
opposite responses of methods from analysis.210 Recently, clinical concordance method was 
introduced which assesses trending with an error grid.183 Tracking- and concordance analysis 
further differ in that the former uses calibration with a multiplication factor while the latter 
uses subtraction of the averaged value. With pulse contour CO methods, bias is best 
described by a multiplication factor (see section “Factors affecting noninvasive pulse contour 
cardiac output measurement”).152 The within-subject precision analysis further illustrates 
that the percent error of an individual patient is smaller than the group error by a factor 2 to 
3. Thus, the individual biases result in relatively large precision error of the group, while the 
random errors around the biases of the subject-averaged data remain small. This can also be 
ascertained from the plots with averaged CO values, where individual vertical error bars are 
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authors also evaluated several less invasive methods for CO monitoring and did not identify 
TD as superior to these methods. A study comparing pulse contour CO and transthoracic 
Doppler echocardiography showed an improvement from 49.3% to 29.5% error when 
patients with irregular heart rhythm or aortic stenosis were excluded.207 These findings 
indicate that hemodynamic variability has a major impact on method-comparisons. In a 
meta-analysis of accuracy and precision of pulse contour, oesophageal Doppler, partial CO2

rebreathing and transthoracic bioimpedance methods, percent errors were all above 40%.134

In the current study, no percent errors higher than 40% were found.

It is often forgotten the example by Critchley and Critchley, leading to the 30% percent error 
limit, was based on an average CO of 5 litres min-1. Obviously, when CO values are higher, 
the percent error will become lower for a similar spread in the data. It could be argued that 
a wider spread is acceptable for higher CO values, while a better precision is required for low 
CO values. Such different precisions could be captured by using an error grid that widens for 
higher values, like the Clark error grid for comparing glucose measurement methods.208

Importantly Cecconi et al. recommend quantifying the inherent error in the reference 
technique instead of assuming a 20% inherent error.204 Often the standard method in use in 
a certain clinical setting is conveniently considered the gold standard, with limited or at least 
acceptable errors of its own. The methodology proposed Cecconi et al. uses variability in the 
reference measurements to quantify the precision. A caveat is that this approach tacitly 
assumes CO remains constant during the measurements with any variation in the values 
attributable to measurement technique errors. This may not be the case, as the current 
study illustrates. Nonetheless, the description of the measurements in comparison studies 
should at least detail how hemodynamic variability was assessed and addressed, outliers 
were handled, with specific attention to injectate volume and temperature, number of 
shots, checking of the TD curve.

Comparison of tracking

Tracking or trending quantifies the ability of a method to follow changes, with disregard of 
the absolute value. In the current study, the absolute value of the test method (AP CO) was 
set equal to the reference method (TD CO). Both test and reference method should then be 
set at this average level to assess tracking. Another way to assess the agreement of two 
methods in following changes is concordance analysis.209 With this method, the information 
is reduced to direction while magnitude is disregarded. To solve this shortcoming, the polar 
plot was introduced,184 however, the analysis as performed in the present study allows a 
direct comparison of tracking vs. absolute values. Additionally, polar plots may exclude 
opposite responses of methods from analysis.210 Recently, clinical concordance method was 
introduced which assesses trending with an error grid.183 Tracking- and concordance analysis 
further differ in that the former uses calibration with a multiplication factor while the latter 
uses subtraction of the averaged value. With pulse contour CO methods, bias is best 
described by a multiplication factor (see section “Factors affecting noninvasive pulse contour 
cardiac output measurement”).152 The within-subject precision analysis further illustrates 
that the percent error of an individual patient is smaller than the group error by a factor 2 to 
3. Thus, the individual biases result in relatively large precision error of the group, while the 
random errors around the biases of the subject-averaged data remain small. This can also be 
ascertained from the plots with averaged CO values, where individual vertical error bars are 
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smaller than the 95% confidence intervals. Interestingly, since the tracking seems to be less 
sensitive, it appears that variability may introduce a bias in individuals, which is removed in 
the tracking analysis.

Effect of timing

The effect of timing is also important when evaluating two methods. Ideally comparisons 
should be made simultaneously: slow and fast variations may be present, and CO methods 
may have different response times,210 affecting the spread in the comparison. For instance, 
when data is obtained from different phases in the ventilatory cycle, stroke volumes can be 
20% different, and (assuming that HR remains similar) also the CO can be 20% different. 
Thus, if values are simply (sequentially) read from two monitors, a large spread can be 
introduced in the comparison in a matter of seconds. Since hemodynamic monitors usually 
average their values over some period, these errors are mitigated to a certain extent, 
although the averaging periods may be different. When assessing tracking, although changes 
may be slower, also correct timing is important.

Comparing simultaneous IAP and NAP CO

When comparing two continuous pulse contour methods with beat-to-beat information 
available for both timing is no longer an issue. A question specific to the comparison of 
simultaneous NAP CO and IAP CO is whether measurements should be obtained from the 
same or from opposite arms. With ipsilateral measurements, the catheter in the radial artery 
will partly block the vessel and this may introduce a pressure drop. The pressure in the finger 
will be affected depending on the amount of obstruction and the supply by the ulnar artery. 
Additionally, the catheter may introduce a site for pressure wave reflection, increasing the 
pulse pressure. On the other hand, contralateral measurements have the drawback of 
introducing an unknown left-to-right difference. We prefer to use ipsilateral measurements,2

and also according to Dr Immink (Academic Medical Center, Amsterdam, the Netherlands) 
an ipsilateral NAP versus IAP comparison has less spread than a contralateral comparison 
(unpublished data).

Some simple calculations can give insight in the effect of both under- and over dampened 
measurements and the effect of frequency independent (resistive) changes. A pressure 
recording of a male of 62 years, 170 cm and 95 kg with a CO was 5.0 litres min-1 was 
reanalysed (the same patient as in section “Factors affecting noninvasive pulse contour
cardiac output measurement”). To simulate under- or over dampened measurements, pulse 
pressure (“oscillatory pressure”) was increased respectively decreased while mean arterial 
(“steady”) pressure was kept constant. For the assessment of resistive changes, pulse 
pressure and mean arterial pressure where changed concordantly. The analysis showed CO 
changed almost linearly with oscillatory pressure when steady pressure remained the same 
Figure 3.S2). A dampening of a factor 0.5 resulted in a CO of 3.3 litres min-1; with an under-
dampening of 1.5 CO became 6.4 litres min-1. When both oscillatory pressure and steady 
pressure were decreased simultaneously (resistive dampening) CO decreased in a highly 
nonlinear fashion; factor 0.5 resulted in a CO of 3.8 litres min-1, factor 0.3 resulted in a CO of 
2.6 litres min-1. Increasing both oscillatory pressure and constant pressure gave a somewhat 
lower CO; please note that it is physically impossible for the steady pressure to increase in 
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the arteries or in a catheter-manometer system. The result of hydrostatic errors (affecting 
only steady pressure) can be inferred from the analysis on the HRS (see section “Factors 
affecting noninvasive pulse contour cardiac output measurement”).

Summary

Bias, the average error over a group, is not a major concern nowadays. More focus is placed 
on precision, which can be seen a measure of performance in an individual. Critchley and 
Critchley proposed that the precision expressed as a percent error should be below 30%. 
This is achievable only in well controlled studies. However, precision does not give 
information on tracking for which several analysis methods are available.

Correct timing of CO samples in a comparison is important since e.g. ventilation induced 
changes can be substantial. Some particular attention is needed when using both NAP as 
well IAP measurements as basis for CO calculation. The catheter may affect the pressure 
transfer to the finger in ipsilateral measurements; contralateral measurements may be 
influenced by left-to-right differences.

Validation studies are not simple to perform: errors which will affect the comparison are 
easily introduced and differences are then usually attributed to the device under test. It 
should be remembered that there is no “gold standard” method for clinical CO 
measurement.

After pump period analyses
In the combined before and after pump data (tables 3.S2, 3.S3 and figure 3.S3), biases were 
not different between classes and not different from before pump; variance was larger than 
before pump but not different between classes. Within-group comparisons of NAP CO and 
IAP CO revealed different biases but variance was equal in each case. Variances for tracking 
were smaller than the variances of the absolute values. The within-subject variance (table 
3.S2) increased compared to the before pump period.

NAP and IAP show similar percent errors after pump; consequently, in clinical practice, NAP 
CO measurements after extracorporeal circulation would seem acceptable.159 This has to be 
investigated in more detail in future studies.

Figure 3.S2 The effect of oscillation and 
dampening on model based cardiac output (CO) 
calculation. Correct CO (indicate by dots) was 5.0 
litres min-1 for this patient (male of 62 years, 170 
cm and 95 kg). The “oscillatory factor” was used 
to multiply the oscillatory part of the pressure (A); 
“total factor” was used to change both oscillatory 
and steady (MAP) parts equally (B) in steps of 0.1, 
from 0.3 to 1.8 (below 0.3 beats were no longer 
detected in the used section of the recording).

The effect of hemodynamic and peripheral vascular variability on cardiac output 
monitoring: thermodilution and pulse contour cardiac output during cardiothoracic surgery
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Table 3.S3 Within-subject cardiac output variability and precision (before and after pump) 

 

Within-
subject 
variability 
[l. min-1] 

Within-subject 
precision 
[l. min-1] 

Within-subject 
percent error 
[%] 

Group 
(subject-averaged) 
percent error [%] 

    
Grade A (N = 18, n = 47)    

TD CO & NAP CO 0.71 ± 0.51 0.43 ± 0.23 17 27 

TD CO & IAP CO 0.71 ± 0.52 0.44 ± 0.25 18 28 
     
Grade B (N = 23, n = 93)    

TD CO & NAP CO 0.80 ± 0.43 0.38 ± 0.19 15 33 

TD CO & IAP CO 0.78 ± 0.42 0.38 ± 0.24 16 33 
     
Grade C (N = 25, n = 70)    

TD CO & NAP CO 0.87 ± 0.76 0.38 ± 0.21 16 38 

TD CO & IAP CO 0.84 ± 0.75 0.38 ± 0.23 16 32 
     
Grade D (N = 27, n = 157)    

TD CO & NAP CO 0.84 ± 0.53 0.45 ± 0.18 18 37 

TD CO & IAP CO 0.82 ± 0.52 0.40 ± 0.20 17 38 

Within-subject variability describes the range of CO in an individual; the within-subject precision is a 
measure of precision in an individual. The within-subject percent error is calculated from the within-
subject precision. Group (subject-averaged) percent error assesses the precision of the comparison 
over the group, after averaging the individual values for each subject. Grade A data: data pairs not 
included in case of >5% variability in heart rate, >5% variability in mean arterial pressure, arrhythmia or 
a Physiocal interval <30 beats during the TD CO. Effect of variability, grade B data: data pairs with 
variability in heart rate, mean arterial pressure >5% or arrhythmia included; grade C data: data pairs 
with Physiocal interval <30 beats included; grade D, all data. For the calculations see Methods. 
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Table 3.S3 Within-subject cardiac output variability and precision (before and after pump)

Within-
subject 
variability 
[l. min-1]

Within-subject 
precision 
[l. min-1]

Within-subject 
percent error 
[%]

Group
(subject-averaged) 
percent error [%]

Grade A (N = 18, n = 47)

TD CO & NAP CO 0.71 ± 0.51 0.43 ± 0.23 17 27

TD CO & IAP CO 0.71 ± 0.52 0.44 ± 0.25 18 28

Grade B (N = 23, n = 93)

TD CO & NAP CO 0.80 ± 0.43 0.38 ± 0.19 15 33

TD CO & IAP CO 0.78 ± 0.42 0.38 ± 0.24 16 33

Grade C (N = 25, n = 70)

TD CO & NAP CO 0.87 ± 0.76 0.38 ± 0.21 16 38

TD CO & IAP CO 0.84 ± 0.75 0.38 ± 0.23 16 32

Grade D (N = 27, n = 157)

TD CO & NAP CO 0.84 ± 0.53 0.45 ± 0.18 18 37

TD CO & IAP CO 0.82 ± 0.52 0.40 ± 0.20 17 38

Within-subject variability describes the range of CO in an individual; the within-subject precision is a 
measure of precision in an individual. The within-subject percent error is calculated from the within-
subject precision. Group (subject-averaged) percent error assesses the precision of the comparison 
over the group, after averaging the individual values for each subject. Grade A data: data pairs not 
included in case of >5% variability in heart rate, >5% variability in mean arterial pressure, arrhythmia or 
a Physiocal interval <30 beats during the TD CO. Effect of variability, grade B data: data pairs with 
variability in heart rate, mean arterial pressure >5% or arrhythmia included; grade C data: data pairs 
with Physiocal interval <30 beats included; grade D, all data. For the calculations see Methods.

The effect of hemodynamic and peripheral vascular variability on cardiac output 
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ABSTRACT 
The Frank-Starling mechanism describes the relationship between stroke volume and 
preload to the heart, or the volume of blood that is available to the heart- the central blood 
volume. Understanding the role of the central blood volume for cardiovascular control has 
been complicated by the fact that a given central blood volume may be associated with 
markedly different central vascular pressures. The central blood volume varies with posture 
and, consequently, stroke volume and cardiac output (CO) are affected, but with the 
increased central blood volume during head-down tilt, stroke volume and CO do not 
increase further indicating that in the supine resting position, the heart operates on the 
plateau of the Frank-Starling curve which, therefore, may be taken as a functional definition 
of normovolemia. Since the capacity of the vascular system surpasses the blood volume, 
orthostatic and environmental stress including bed rest/microgravity, exercise and training, 
thermal loading, illness, and trauma/hemorrhage is likely to restrict venous return and CO, 
and the cardiovascular responses are determined primarily by their effect on the central 
blood volume. Thus during environmental stress, flow redistribution becomes dependent on 
sympathetic activation affecting not only skin and splanchnic blood flow, but also flow to 
skeletal muscles and the brain. This review addresses the hypothesis that deviations from 
normovolemia significantly influence these cardiovascular responses. 

 

 

 

 

INTRODUCTION  
The most common clinical evaluation of the circulation is by reporting heart rate (HR) and 
arterial pressure and it was on the initiative of Harvey Cushing50 that Riva-Rocci’s mercury 
sphygmomanometer93 was introduced to medicine and forwarded to monitoring arterial 
pressure in patients during surgery.78 Arterial pressure, however, is a regulated variable 
that is maintained during, e.g. hemorrhage until blood loss exceeds about one litre.11-15 
Consequently, arterial pressure is not a reliable index of the intravascular volume211-214 and 
it is unlikely that normovolemia can be defined or monitored based on blood pressure or 
HR.215 It may be considered that when arterial pressure becomes the target of treatment, 
e.g. with administration of sympathomimetic drugs to restore blood pressure, it is at the 
expense of regional flow and may be even the brain.74 Also, the experience is that fluid 
infusion guided by focus on blood pressure allows for wide variation in the administered 
volume. In contrast, cardiac output (CO) and especially cardiac stroke volume are sensitive 
to deviations in preload.15, 72 With the development of techniques like trans-oesophageal 
and thoracic echocardiography or Doppler,75, 76 arterial pulse wave analysis5, 78 or 
determination of CO by lithium kinetics,80 several alternatives to the traditional dye 
dilution and pulmonary catheterisation techniques have become available. These 
techniques facilitate continuous, and even non-invasive evaluation of not only volume 
treatment of patients but also the effect of environmental stress on the circulation. 

This review focuses on the possibility to define normovolemia on the basis of the Frank-
Starling “law of the heart”. For supine healthy humans, the heart is operating on the 
plateau of the Frank-Starling curve since further expansion of the central blood volume 
does neither increase stroke volume nor CO.14, 216, 217 The influence of environmental stress 
including posture, microgravity, heat, exercise, hemorrhage and shock on the central blood 
volume and its consequence for cardiovascular control are considered in this review. 

 
STARLING’S LAW OF THE HEART FOR HUMANS 
Stroke volume of the heart depends on its preload or on the volume of blood that the heart 
is provided with, often indicated by its filling pressure (central venous pressure for the right 
ventricle and pulmonary capillary wedge pressure for the left ventricle), and the relationship 
between stroke volume and one of the two filling pressures is termed the Frank-Starling 
mechanism218 because of the pioneering studies by Otto Frank16 and Starling and 
colleagues.17, 219 The Frank-Starling mechanism or the “law of the heart” was established in a 
physiologic canine preparation, but is widely accepted also to apply to the intact organism. 
This hypothesis has now been evaluated for humans with emphasis on the filling volume of 
the heart rather than its filling pressures.4, 14 Since central vascular pressures increase, e.g. 
with pressure breathing and positive end-expiratory pressure ventilation, which are 
associated with a reduction in central blood volume and CO, preload expressed as volume 
rather than the so-called filling pressure to the heart is relevant for its function. Stroke 
volume is directly dependent on the volume provided to the heart and hence suitable to 
estimate cardiac preload in resting humans. A maximal value of stroke volume (and also CO 
and mixed venous oxygenation) is achieved in the supine position since a further increase in 
central blood volume by head-down tilt, causing a 7% increase in diastolic filling volume of 
the heart, is of no consequence, indicating that the maximum value of the Starling curve is 
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INTRODUCTION

The most common clinical evaluation of the circulation is by reporting heart rate (HR) and 
arterial pressure and it was on the initiative of Harvey Cushing50 that Riva-Rocci’s mercury 
sphygmomanometer93 was introduced to medicine and forwarded to monitoring arterial 
pressure in patients during surgery.78 Arterial pressure, however, is a regulated variable 
that is maintained during, e.g. hemorrhage until blood loss exceeds about one litre.11-15

Consequently, arterial pressure is not a reliable index of the intravascular volume211-214 and 
it is unlikely that normovolemia can be defined or monitored based on blood pressure or 
HR.215 It may be considered that when arterial pressure becomes the target of treatment, 
e.g. with administration of sympathomimetic drugs to restore blood pressure, it is at the 
expense of regional flow and may be even the brain.74 Also, the experience is that fluid 
infusion guided by focus on blood pressure allows for wide variation in the administered 
volume. In contrast, cardiac output (CO) and especially cardiac stroke volume are sensitive 
to deviations in preload.15, 72 With the development of techniques like trans-oesophageal 
and thoracic echocardiography or Doppler,75, 76 arterial pulse wave analysis5, 78 or 
determination of CO by lithium kinetics,80 several alternatives to the traditional dye 
dilution and pulmonary catheterisation techniques have become available. These 
techniques facilitate continuous, and even non-invasive evaluation of not only volume 
treatment of patients but also the effect of environmental stress on the circulation.

This review focuses on the possibility to define normovolemia on the basis of the Frank-
Starling “law of the heart”. For supine healthy humans, the heart is operating on the 
plateau of the Frank-Starling curve since further expansion of the central blood volume 
does neither increase stroke volume nor CO.14, 216, 217 The influence of environmental stress 
including posture, microgravity, heat, exercise, hemorrhage and shock on the central blood 
volume and its consequence for cardiovascular control are considered in this review.

STARLING’S LAW OF THE HEART FOR HUMANS

Stroke volume of the heart depends on its preload or on the volume of blood that the heart 
is provided with, often indicated by its filling pressure (central venous pressure for the right 
ventricle and pulmonary capillary wedge pressure for the left ventricle), and the relationship 
between stroke volume and one of the two filling pressures is termed the Frank-Starling 
mechanism218 because of the pioneering studies by Otto Frank16 and Starling and 
colleagues.17, 219 The Frank-Starling mechanism or the “law of the heart” was established in a 
physiologic canine preparation, but is widely accepted also to apply to the intact organism. 
This hypothesis has now been evaluated for humans with emphasis on the filling volume of 
the heart rather than its filling pressures.4, 14 Since central vascular pressures increase, e.g. 
with pressure breathing and positive end-expiratory pressure ventilation, which are 
associated with a reduction in central blood volume and CO, preload expressed as volume 
rather than the so-called filling pressure to the heart is relevant for its function. Stroke 
volume is directly dependent on the volume provided to the heart and hence suitable to 
estimate cardiac preload in resting humans. A maximal value of stroke volume (and also CO
and mixed venous oxygenation) is achieved in the supine position since a further increase in 
central blood volume by head-down tilt, causing a 7% increase in diastolic filling volume of 
the heart, is of no consequence, indicating that the maximum value of the Starling curve is 
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reached (Figure 4.1).4, 14, 216 This has been confirmed in supine healthy subjects where a fluid 
challenge does not increase stroke volume or CO.220 With the extreme 90° head-down tilt 
position causing a 16% increase in diastolic volume a reduction (12%) in stroke volume is 
observed217 indicating that the “right” descending part of the Starling curve is also a 
physiological phenomenon. Conversely, in the head-up position CO is reduced by more than 
1 l·min-1 with a concomitant ~10% fall in mixed venous oxygenation reflecting that in upright 
humans about 70% of the blood volume is positioned below the level of the heart. This 
orthostatic redistribution takes place since the location in the vascular tree where venous 
pressure is independent of posture is at the level of the diaphragm,221-224 while the volume 
indifference point is somewhat lower, i.e. at the level of the abdomen225 or the pelvis.226

Figure 4.1 Oesophageal Doppler aortic flow velocity during goal-directed fluid treatment with 
illustration of the Starling curve. Actual volume optimization using oesophageal Doppler 
technique utilizing flow velocity of blood in the descending aorta to estimate stroke volume in a 
79-year-year- -year-year old male undergoing surgery. Panels depict the oesophageal Doppler signal and derived 
values of stroke volume (SV), cardiac output (values of stroke volume (SV), cardiac output (values of stroke volume (SV CO), cardiac output (CO), cardiac output ( ) and heart rateCO) and heart rateCO (HR(HR( ) before optimization (A), HR) before optimization (A), HR
after 200 ml of colloid (B) and 400 ml of colloid (C) where the top of the Starling curve was 
considered to be reached since additional colloid administration did not result in >10% increase 
in SV. Hereafter colloid infusion was discontinued and additional boluses only adin SV. Hereafter colloid infusion was discontinued and additional boluses only adin SV ministered if SV 
decreased >10%.
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ORTHOSTATIC STRESS

Accordingly, from the supine to the erect position, there is a significant displacement of 
blood to the lower parts of the body with a similar reduction in the central blood volume 
227. The first circulatory event upon assumption of the upright position, either passive or 
active, is a gravitational displacement of blood away from the thorax filling the veins of 
dependent regions of the body resulting in a fall in central venous return.18, 19, 228 This shift 
in blood volume distribution is estimated to 300-800 ml222 of which 50% takes place within 
the first few seconds.229-232 The central blood volume is further challenged by an estimated 
10% or ~500 ml reduction after 5 min and 15–20% or ~750 ml reduction after 10 min233

reflecting a shift in the balance between transcapillary fluid loss and gain with distension of 
dependent veins.24, 25, 232, 234 Accordingly, features affecting the central blood volume play 
a key role in the cardiovascular response to posture.235

Since the capacity of the vasculature is larger than the total blood volume, distribution of 
the blood volume is critical for maintenance of arterial pressure and regional flow. 
Cardiovascular reflexes controlling sympathetic activation operate to translocate blood 
volume from the peripheral to the central circulation as a countermeasure to the 
circulatory effects of gravitational stress, while the veno-arterial reflex236 elevates total 
peripheral resistance. If humans stand still, however, they may faint, usually with a 
concomitant decrease in HR and arterial pressure. This reflex, named a vasovagal 
syncope,163, 237 is activated when central blood volume is reduced by ~30% due to 
gravitational pooling in the upright posture or by, e.g. hemorrhage or pressure breathing 
hindering venous return to the heart. The associated reduction in arterial pressure is 
attributed to a Bezold-Jarisch-like reflex,238 an eponym for the responses (apnoea, 
bradycardia and hypotension) demonstrated following intravenous injection of veratrum 
alkaloids in experimental animals.239 The respiratory effects are mediated through 
pulmonary vagal afferents and the bradycardia and vasodepression through cardiac vagal 
afferents that induce vasodilatation in skeletal muscles even at the expense of flow to the 
brain.12, 13, 239, 240

During graded orthostatic stress plasma volume normalized for lean body mass relates to 
time to presyncope.241 This suggests that individuals with a large plasma volume tolerate 
postural stress,227 and supports that venous return is the critical variable during orthostatic 
stress. A lower orthostatic tolerance in women242 seems associated with decreased cardiac 
filling rather than reduced responsiveness of vascular resistance during orthostatic 
challenges.243 Also, in the upright position subjects intolerant to orthostatic stress tend to 
demonstrate a larger increase in calf filling volume than tolerant subjects.244

The orthostatic fall in venous return affects the central blood volume and thus stroke 
volume with a decline in CO despite the increase in HR. Furthermore, both middle cerebral 
artery mean blood velocity and frontal lobe oxygenation decrease in association with the 
postural reduction in CO245 even though mean arterial pressure increases.246 The postural 
decrease in middle cerebral artery mean blood velocity247-249 and frontal lobe 
oxygenation250 is not accounted for by the associated reduction in the arterial carbon 
dioxide tension3, 251 and seems at odds with the concept of cerebral autoregulation, i.e. 
that cerebral blood flow is relatively constant within a wide range of perfusion pressures.39, 

252 Accordingly, either central blood volume or more likely CO influences the lower limit of 
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cerebral autoregulation and, therefore, cerebral perfusion both at rest and during 
exercise.253-257  

Despite the assault of posture on central blood volume and, in turn, CO and cerebral 
perfusion, humans can stand erect as long as their circulation is supported by a reflex 
increase in vasomotor tone. Vasomotor tone limits fluid accumulation in the lower 
extremities and the increase in total peripheral resistance maintains arterial pressure.258-

260 As known from soldiers standing in line however, a vasovagal syncope can be elicited 
when humans stand still illustrating that there is a need to activate leg muscles to prevent 
accumulation of blood and fluid in dependent parts of the body in order to maintain 
orthostatic tolerance.246, 261-263 

Taken together these findings are contrary to the “upright set-point” hypothesis for 
defining a “normal state” of the circulation in humans.221 Only in the supine position stroke 
volume, CO and mixed venous oxygenation are maximal for rest4 at minimal sympathetic 
activation. The need for activation of cardiovascular reflexes for circulatory postural 
adaptation, questions whether, in healthy humans, central blood volume is optimised to 
support the circulation in the upright position. In quadruped animals, the heart is placed at 
the level of, or below the main part of the circulation and any, even small deviation from 
that premises, as when the giraffe lowers its head to drink, challenges the circulation since 
preload to the heart and, therefore, CO declines because of venous pooling in the neck.264 
However, the anatomy of humans is much different since a great part of the musculature 
is located in the extremities. Consequently, even when humans position themselves on 
four extremities as quadruped animals, still much of musculature and, hence blood volume 
is below heart level. Only in the supine and prone positions is preload to the heart 
comparable with that established for standing quadruped animals. These considerations 
are consistent with the notion that the blood volume that fosters a maximal stroke 
volume, CO and mixed venous oxygen saturation corresponds to the central blood volume 
that manifests in supine humans, i.e. when the heart is at the level of the main part of the 
vasculature. 

 
MICROGRAVITY AND BED REST 
Bed rest and being exposed to microgravity during spaceflight lower the threshold for 
orthostatic intolerance.265-267 Orthostatic intolerance may develop quickly after even a 
brief parabolic flight and is associated with an exaggerated fall in total peripheral 
resistance suggesting that autonomic cardiovascular function alters rapidly after changes 
in gravity 268. During spaceflight plasma volume declines within the first day269 with a 
reduction in red cell mass by diminished cell survival via an undefined mechanism and a 
possibly decreased production of new erythrocytes.270 In microgravity and with bed rest, 
the central blood volume is initially increased because of reduced venous pooling in the 
extremities. The effect of an increased central blood volume is an elevated central venous 
pressure and via influence from, e.g. increased release of plasma atrial natriuretic peptide 
and a reduction in plasma antidiuretic hormone (also referred to as vasopressin), total 
blood volume becomes reduced by renal excretion. According to a model approach of 
body fluid volume regulation that includes a “set-point” regulatory mechanism, the result 
is what has been addressed to as a new lower set-point for total body water.271 The 

 

 

 

reverse phenomenon is observed in patients with orthostatic hypotension related to 
sympathetic failure, for whom the improvement during the day by postural renal retention 
of salt and water272 is enforced by an increased blood volume established by head-up 
sleeping273 and/or by administration of mineralocorticoids.274, 275  

The corollary that cardiovascular and fluid regulatory systems seek the “upright set point” 
in microgravity constitutes a central hypothesis for studies on acclimation to microgravity. 
The reduction in blood volume and in stroke volume during spaceflight276 results in 
development of orthostatic intolerance upon return to gravity.277 A symptomatic decline in 
blood volume is also common to humans after prolonged bed rest, and especially 
hospitalization. Such post bed rest hypovolemia is attributed to redistribution of the 
diminished blood volume due to the lack of an effect of gravity.270  

With stroke volume directly related to central blood volume 4 and left ventricular end-
diastolic volume,278 the excessive postural fall in stroke volume characterises the reduced 
orthostatic intolerance related to bed rest that has been attributed to a combination of 
hypovolemia and cardiac atrophy.279-281 Restoration of plasma volume improves the 
condition,282 but the observation that only a single day of bed rest reduces sympathetic 
nerve responses to lower body negative pressure (LBNP) does not support that cardiac 
“atrophy” is the primary mechanis.265 However, it remains debated whether orthostatic 
intolerance after bed rest is related to insufficient increase in sympathetic discharge in 
response to a greater postural reduction in stroke volume.265, 267, 278, 283-285 Whatever the 
opinion about the benchmark for sympathetic activity, the adaptation of the 
cardiovascular system to microgravity is a handicap on return to Earth.266 Hypovolemia on 
return to Earth is manifested by a reduced pulse pressure, a lower stroke volume, and a 
large increase in HR during standing, often with orthostatic intolerance.270, 277, 278, 286 

Furthermore, both bed rest and microgravity reduce exercise tolerance.287, 288 Simulated 
microgravity by prolonged head-down bed rest restricts upright exercise capacity with a 
reduction in maximal pulmonary oxygen uptake ( 2OV max).288 The finding that 2OV  max is 
maintained in the absence of gravity but is reduced immediately on return to Earth is 
attributed to a reduced blood volume with a lower stroke volume and CO.287 Yet, 
submaximal exercise performed daily in space is ineffective to improve orthostatic 
tolerance289 unless additional exposure to simulated gravity is applied.288, 290 Of interest, a 
single bout of maximal leg exercise restored the reduction in plasma volume as induced by 
head-down tilt bed rest because of greater fluid intake and reduced urine volume during 
the following 24 h.291 An explanation may be that thirst is provoked by the post-exercise 
reduction in central blood volume also manifested as a restricted pulmonary diffusion 
capacity due to a lower amount of red blood cells to receive carbon monoxide.292, 293 

 
HEAT STRESS 
During heating the vasculature of the skin dilates and is, therefore, increasingly perfused in 
order to decrease body temperature. Consequently, the central blood volume is reduced 
with a concomitant decrease in preload.294, 295 An upward and leftward displacement of 
the Starling curve is demonstrated and the ascending part of the curve also becomes 
steeper.296 Yet, the reduced central blood volume is the likely explanation for the 
increasing tendency of orthostatic intolerance in heat stressed individuals, since even a 
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reverse phenomenon is observed in patients with orthostatic hypotension related to 
sympathetic failure, for whom the improvement during the day by postural renal retention 
of salt and water272 is enforced by an increased blood volume established by head-up 
sleeping273 and/or by administration of mineralocorticoids.274, 275

The corollary that cardiovascular and fluid regulatory systems seek the “upright set point” 
in microgravity constitutes a central hypothesis for studies on acclimation to microgravity. 
The reduction in blood volume and in stroke volume during spaceflight276 results in 
development of orthostatic intolerance upon return to gravity.277 A symptomatic decline in 
blood volume is also common to humans after prolonged bed rest, and especially 
hospitalization. Such post bed rest hypovolemia is attributed to redistribution of the 
diminished blood volume due to the lack of an effect of gravity.270

With stroke volume directly related to central blood volume 4 and left ventricular end-
diastolic volume,278 the excessive postural fall in stroke volume characterises the reduced 
orthostatic intolerance related to bed rest that has been attributed to a combination of 
hypovolemia and cardiac atrophy.279-281 Restoration of plasma volume improves the 
condition,282 but the observation that only a single day of bed rest reduces sympathetic 
nerve responses to lower body negative pressure (LBNP) does not support that cardiac 
“atrophy” is the primary mechanis.265 However, it remains debated whether orthostatic 
intolerance after bed rest is related to insufficient increase in sympathetic discharge in 
response to a greater postural reduction in stroke volume.265, 267, 278, 283-285 Whatever the 
opinion about the benchmark for sympathetic activity, the adaptation of the 
cardiovascular system to microgravity is a handicap on return to Earth.266 Hypovolemia on 
return to Earth is manifested by a reduced pulse pressure, a lower stroke volume, and a 
large increase in HR during standing, often with orthostatic intolerance.270, 277, 278, 286

Furthermore, both bed rest and microgravity reduce exercise tolerance.287, 288 Simulated 
microgravity by prolonged head-down bed rest restricts upright exercise capacity with a 
reduction in maximal pulmonary oxygen uptake ( 2OV max).288 The finding that 2OV max is 
maintained in the absence of gravity but is reduced immediately on return to Earth is 
attributed to a reduced blood volume with a lower stroke volume and CO.287 Yet, 
submaximal exercise performed daily in space is ineffective to improve orthostatic 
tolerance289 unless additional exposure to simulated gravity is applied.288, 290 Of interest, a 
single bout of maximal leg exercise restored the reduction in plasma volume as induced by 
head-down tilt bed rest because of greater fluid intake and reduced urine volume during 
the following 24 h.291 An explanation may be that thirst is provoked by the post-exercise 
reduction in central blood volume also manifested as a restricted pulmonary diffusion 
capacity due to a lower amount of red blood cells to receive carbon monoxide.292, 293

HEAT STRESS

During heating the vasculature of the skin dilates and is, therefore, increasingly perfused in 
order to decrease body temperature. Consequently, the central blood volume is reduced 
with a concomitant decrease in preload.294, 295 An upward and leftward displacement of 
the Starling curve is demonstrated and the ascending part of the curve also becomes 
steeper.296 Yet, the reduced central blood volume is the likely explanation for the 
increasing tendency of orthostatic intolerance in heat stressed individuals, since even a 
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minor reduction in central blood volume with the standing position causes large reductions 
in stroke volume. 
 
EXERCISE CAPACITY AND TRAINING  
During exercise, an important function of the cardiovascular system is to supply oxygen to 
active skeletal muscles.297 Oxygen delivery depends on the transport capacity of the 
cardio-respiratory system including the volume of blood available. During exercise the 
major adaptive mechanism is to increase CO and thereby generate a greater perfusion 
pressure for blood flow which partially restores the blood flow deficit in the active 
muscles.298 During low intensity exercise, muscle oxygen delivery is prioritised by 
enhanced vascular conductance and the central blood volume is supported by splanchnic 
vasoconstriction.299, 300 However, during intense whole-body exercise blood pressure 
regulation and, therefore, vasoconstriction becomes of importance also for working 
skeletal muscles.301 

Ideally, perfusion to exercising skeletal muscles is regulated to match oxygen delivery to 
demand. Yet, venous oxygenation decreases during maximal exercise to very low levels 
(<10%) and oxygen delivery becomes dependent on flow. Thus, when CO can no longer 
support adequate flow, muscle metabolic capacity is affected restricting working muscle as 
during whole-body exercise.297 For maintained exercise, perfusion of the brain is of 
particular importance and accordingly middle cerebral artery mean blood velocity and 
frontal lobe oxygenation increase during dynamic exercise.302-304 However, the capacity to 
increase cerebral perfusion is attenuated or absent in patients with cardiac insufficiency.305 
or atrial fibrillation.254 Similarly when during cycling the ability to increase CO is limited by 
cardio-selective 1 adrenergic blockade in healthy subjects, the increase in middle cerebral 
artery mean blood velocity253 and frontal lobe oxygenation is equally reduced although 
mean arterial pressure is maintained.306 Conversely, in patients with heart failure, cerebral 
blood flow is reduced substantially but increases after cardiac transplantation.307 Thus, it 
seems that not only during orthostatic stress but also during exercise, cerebral blood flow 
participates in overall flow regulation that prioritizes maintained blood pressure at the 
expense of flow. 

Oxygen delivery to the working muscles is a major determinant of 2OV max attained during 
large muscle group exercise.308 Elite endurance athletes possess a high 2OV max primarily 
due to a high CO309 and the blood volume expansion associated with exercise training 
contributes to improve aerobic power. The main difference between endurance-trained 
athletes and sedentary individuals is maximal stroke volume.310 The lowered stroke 
volume in trained subjects during exercise associated with dehydration appears largely 
related to an increase in HR311 in response to a reduction in blood volume.312 During 
exercise humans lose weight by sweating, but even after weight is restored by drinking, 
central blood volume remains reduced for many hours following exercise and plasma 
volume is expanded by further drinking as thirst is maintained.291 Central blood volume is 
reduced following exercise due to muscle oedema provoked by the combined effects of 
elevated perfusion pressure and muscle vasodilatation associated with exercise. Also, 
cutaneous vasodilatation induced by the elevated body temperature contributes to the 
reduction of central blood volume.294 Even though body temperature normalises and 

 

 

 

muscle oedema is cleared rapidly after exercise,292, 313 muscle blood volume remains 
elevated for several hours.293  

The reduced central blood volume following exercise is reflected in the levels of hormones 
that regulate fluid balance, including plasma vasopressin (antidiuretic hormone) and atrial 
natriuretic peptide.293 Plasma vasopressin remains elevated while plasma atrial natriuretic 
peptide is low following exercise and both hormonal changes act to limit urine production 
resulting in positive fluid balance. As mentioned, during bed rest and space flight, central 
blood volume is maintained elevated and plasma volume is down-regulated by a reverse 
hormonal profile to that established following exercise. 

An intrinsic problem with whole-body exercise is that, due to vasodilatation, the total 
capacity of the vasculature outweighs the total blood volume, restricting venous return 
and thus CO.314, 315 Restriction of maximal CO implies that oxygen delivery sets a limit to 

2OV max301, 316 with a reduction in regional (muscle, brain) blood flow and, therefore, 
requires active vasoconstriction.317-319 Due to the limitation of CO in humans, sympathetic 
restraint of metabolic vasodilation in the active muscles when standing or exercising is 
important for arterial pressure regulation. The reflex pressor response is marked by a rise 
in sympathetic activation with vasoconstriction that in itself limits the ability to improve 
blood flow to the underperfused contracting muscles or brain.245, 246, 253, 255, 298, 320 Examples 
of differentiated regulation of blood flow during whole body exercise are arm 
vasoconstriction321 to an extent that affects oxygen delivery to and utilisation by working 
skeletal muscles 301, reduction of leg blood flow,322 and brain perfusion253, 306 when the 
increase in CO is restricted by cardio-selective β1-adrenergic blockade. Thus, the impaired 
systemic and skeletal muscle aerobic capacity that precedes fatigue is largely related to the 
failure of the heart to maintain CO and oxygen delivery to locomotive muscle308 limiting 
duration and intensity of exercise.297  

Exercise training increases blood volume both in healthy subjects and in subjects with 
orthostatic intolerance289, 323-328 but whether training-induced plasma volume changes 
improve athletic performance is debated.329 Expansion of plasma volume usually occurs 
immediately, but erythrocyte volume expansion takes weeks.271 The plasma volume 
expansion one day following intense exercise is related to a reduced transcapillary 
filtration rate for albumin suggesting a role for local transcapillary forces in the leg muscle 
favouring albumin retention in the vascular space after exercise.330, 331 It is less clear why 
the red cell volume increases in response to training. Bone marrow is stimulated by 
erythropoietin released mainly from the kidneys to produce hemoglobin. In that regard the 
regular finding of reduced arterial oxygen saturation and especially oxygen tension during 
whole body exercise may be important.332 However, exposure to high altitude hypoxemia 
increases hemoglobin production, but the acute increase in hematocrit is caused by loss of 
plasma volume.333 Conversely, end-stage kidney disease is associated with anemia 
attributed to low erythropoietin production and erythropoietin administration is 
integrated in the treatment of these patients. Thus, whole-body exercise, in addition to the 
exercise-induced hypoxemia stimulus for erythropoietin production, may stimulate 
hemoglobin production via sympathetically-induced reduction in kidney blood flow.334 In 
rowers, for whom arterial hypoxemia is prevalent,335 approximately 10% of the athletes 
present with a hematocrit above the ‘doping’ limit of 50% applied to, e.g., cycling.336 The 
increase in total hemoglobin is an important adaptation to training because 2OV max is 
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muscle oedema is cleared rapidly after exercise,292, 313 muscle blood volume remains 
elevated for several hours.293

The reduced central blood volume following exercise is reflected in the levels of hormones 
that regulate fluid balance, including plasma vasopressin (antidiuretic hormone) and atrial 
natriuretic peptide.293 Plasma vasopressin remains elevated while plasma atrial natriuretic 
peptide is low following exercise and both hormonal changes act to limit urine production 
resulting in positive fluid balance. As mentioned, during bed rest and space flight, central 
blood volume is maintained elevated and plasma volume is down-regulated by a reverse 
hormonal profile to that established following exercise.

An intrinsic problem with whole-body exercise is that, due to vasodilatation, the total 
capacity of the vasculature outweighs the total blood volume, restricting venous return 
and thus CO.314, 315 Restriction of maximal CO implies that oxygen delivery sets a limit to 

2OV max301, 316 with a reduction in regional (muscle, brain) blood flow and, therefore, 
requires active vasoconstriction.317-319 Due to the limitation of CO in humans, sympathetic 
restraint of metabolic vasodilation in the active muscles when standing or exercising is 
important for arterial pressure regulation. The reflex pressor response is marked by a rise 
in sympathetic activation with vasoconstriction that in itself limits the ability to improve 
blood flow to the underperfused contracting muscles or brain.245, 246, 253, 255, 298, 320 Examples 
of differentiated regulation of blood flow during whole body exercise are arm 
vasoconstriction321 to an extent that affects oxygen delivery to and utilisation by working 
skeletal muscles 301, reduction of leg blood flow,322 and brain perfusion253, 306 when the 
increase in CO is restricted by cardio-selective β1-adrenergic blockade. Thus, the impaired 
systemic and skeletal muscle aerobic capacity that precedes fatigue is largely related to the 
failure of the heart to maintain CO and oxygen delivery to locomotive muscle308 limiting 
duration and intensity of exercise.297

Exercise training increases blood volume both in healthy subjects and in subjects with 
orthostatic intolerance289, 323-328 but whether training-induced plasma volume changes 
improve athletic performance is debated.329 Expansion of plasma volume usually occurs 
immediately, but erythrocyte volume expansion takes weeks.271 The plasma volume 
expansion one day following intense exercise is related to a reduced transcapillary 
filtration rate for albumin suggesting a role for local transcapillary forces in the leg muscle 
favouring albumin retention in the vascular space after exercise.330, 331 It is less clear why 
the red cell volume increases in response to training. Bone marrow is stimulated by 
erythropoietin released mainly from the kidneys to produce hemoglobin. In that regard the 
regular finding of reduced arterial oxygen saturation and especially oxygen tension during 
whole body exercise may be important.332 However, exposure to high altitude hypoxemia 
increases hemoglobin production, but the acute increase in hematocrit is caused by loss of 
plasma volume.333 Conversely, end-stage kidney disease is associated with anemia 
attributed to low erythropoietin production and erythropoietin administration is 
integrated in the treatment of these patients. Thus, whole-body exercise, in addition to the 
exercise-induced hypoxemia stimulus for erythropoietin production, may stimulate 
hemoglobin production via sympathetically-induced reduction in kidney blood flow.334 In 
rowers, for whom arterial hypoxemia is prevalent,335 approximately 10% of the athletes 
present with a hematocrit above the ‘doping’ limit of 50% applied to, e.g., cycling.336 The 
increase in total hemoglobin is an important adaptation to training because 2OV max is 
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related to red cell volume or to hemoglobin.337 In an apparent paradox, athletes often 
present somewhat low hemoglobin concentrations (or hematocrit: 44% versus 46% in 
untrained) because of the enlarged plasma volume. For athletes plasma and red cell 
volume may be 61 and 46 ml·kg-1, respectively, compared to reference values of 46 and 33 
ml·kg-1, respectively, for men337 and training-induced increase in both plasma and red cell 
volume support preload to the heart.

During exercise, central blood volume contributes to the level of sympatho-excitation 
established as reflected by HR. For example, at supine rest  HR may be 60 beat·min-1 and 
increase to 80 beat·min-1 when standing but  HR decreases 10 beat·min-1 during contraction 
of the leg muscles in the upright position.246 Muscle contractions increase sympathetic 
activity but the concomitant enhancement of central blood volume and central venous 
pressure by the muscle pump elicits a “paradoxical” reduction in sympathetic activity.165, 246, 

259 Also, during running a smaller central blood volume manifests as a lower central venous 
pressure and less distension of the atria, as reflected by the plasma level of atrial natriuretic 
peptide. Furthermore, the lowest  HR increase in response to exercise is observed in the 
supine position.338 Thus there is a lower HR during rowing compared to running despite the 
higher 2OV max established by the larger active muscle mass during rowing (Figure 4.2).1

Similarly, the lowering of HR both at rest and during exercise in response to endurance 
training likely resembles the positional effect on central blood volume.339

Figure 4.2 Lower heart rate during rowing vs. running. Heart rate during rowing vs. running 
(*P<0.05), despite a higher oxygen uptake while rowing. Modified from Yoshiga and Highuchi.1
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Blood volume encompasses volumes of both red cells and plasma that change rapidly in 
response to physical activity. For example, plasma volume is elevated by 20% following short 
term training and it decreases during bed rest or space flight.270, 323 The enlargement of 
plasma volume following training and the reduction in plasma volume when central blood 
volume remains elevated as during bed rest or space flight suggests that central blood 
volume rather than total blood volume is the regulated variable.165

The effects of training on a subject’s tolerance to orthostatic stress are less clear with 
reports indicating improvement, no change or even deterioration.340-342 Athletes may 
develop structural cardiac changes with a steeper slope of the left cardiac pressure –
stroke volume relationship indicating a greater reduction in stroke volume for a given 
decrease in pressure during an orthostatic challenge.243 This may be of benefit when 
exercising but it leads to a considerable reduction in stroke volume during orthostasis.343

Ogoh et al.339 demonstrated a changed central venous pressure -central blood volume 
relationship in endurance-trained subjects indicating changes in the mechanical properties 
of the right heart as well. The implication is that highly fit subjects depend more tightly on 
the preservation of venous return to maintain CO in the upright body position. The effects 
of fluid expansion related to endurance training as an intervention to improve orthostatic 
tolerance appear to be paradoxically offset by cardiac remodelling and reduced 
effectiveness of baroreceptor control mechanisms. Orthostatic intolerance in 
deconditioned subjects is related to hypovolemia and possibly cardiac atrophy,280 and to 
attenuated carotid baroreflex responsiveness and a larger compliance of the heart in the 
highly fit. The debate as to the effect of physical training on an individual's tolerance to 
orthostatic stress may come to an end by accepting the existence of an ‘optimal level of 
fitness’, ill-defined as it is, located between the deconditioned and the highly trained 
state.344 In practice, extreme levels of aerobic fitness associated with orthostatic 
intolerance are likely to be achieved only by elite military personnel or athletes 339. The 
finding that the usual increase in carotid baroreflex responsiveness during head-up tilt is 
attenuated in endurance-trained subjects provides an explanation for the predisposition to 
orthostatic hypotension and intolerance in athletes.339 In moderately fit individuals 
improvement of the aerobic capacity usually enhances orthostatic tolerance.345, 346

Thus, it seems reasonable to advise exercise training to people who do not easily tolerate 
standing but to what extent is less certain.227, 344 In addition to the effects of increasing 
aerobic capacity, resistance training (weight lifting) may reduce venous pooling by 
increasing muscle tone.261, 347 In contrast, e.g. swimming training does not lead to greater 
orthostatic tolerance than training for running.348 The opposite effects may be seen
following prolonged inactivity.349, 350 Improving the aerobic capacity of moderately fit 
individuals increases the plasma volume and is usually associated with improved 
orthostatic tolerance.227 The beneficial effect of a training programme in improving 
orthostatic tolerance was demonstrated in identical twins who fainted during passive 
tilting. After a three-week training program applied to one of them, a subsequent head-up 
tilt induced faint could be elicited in the untrained twin only.351 This observation contrasts 
to the propensity of highly trained individuals towards a lower tolerance to orthostatic 
stress than untrained people, paraphrased as ‘trained men can run, but they cannot 
stand’.352
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HEMORRHAGE 
The changes in HR and arterial pressure during a progressive reduction in central blood 
volume by hemorrhage illustrate how central blood volume can be followed in humans.11, 353 
The first documented observations are from World War II in air raid casualties with 
hypovolemic shock,354, 355 in volunteers bleeding large amounts,356 and in patients with 
serious hemorrhagic shock where the finding of a low HR was unexpected.12, 357 

During the first stage of hemorrhage, corresponding to a reduction of the blood volume by 
approximately 15%, a modest increase in HR (<100 beats·min-1) and total peripheral 
resistance compensate for the blood loss with maintenance of a near normal arterial 
pressure.51, 353 The second stage is marked by a decrease in HR, total peripheral resistance 
and arterial pressure when the central blood volume becomes reduced by ~30% attributed 
to a Bezold-Jarisch-like reflex.19, 238, 358, 359 When blood loss continues, arterial pressure 
declines further and tachycardia (>120 beats·min-1) becomes manifest; this third stage 
probably reflects the transition to irreversible shock.353, 360 Sander-Jensen et al.361 showed in 
patients with serious blood loss that their  HR was initially low and increased only after 
repletion of the volume deficit. This observation underscores that the traditional teaching 
that hemorrhage is diagnosed easily by a reflex tachycardia and a low arterial pressure is not 
legitimate. 

Values for arterial pressure and  HR are easily obtained and continue to serve as monitors 
for volume treatment in hypotension and shock. This approach seems physiological when 
considering that arterial pressure is the principal cardiovascular variable monitored by the 
body through the baroreceptors362 but may be less relevant in old healthy subjects in whom  
HR changes during post-exercise hypotension are insignificant.215 Cardiac stroke volume and 
CO still play a subservient role although it is flow, not pressure that the tissues are in need 
of.363 For instance, in patients with septic shock, artificially increasing mean arterial pressure 
beyond ~65 mmHg does not improve established variables of tissue perfusion.364 
Nevertheless, a value for mean arterial pressure rather than flow continues to be the major 
target of treatment with fluids and inotropic agents.  

Thus the traditional description of hypovolemic shock365, 366 contrasts to the non-linear 
relationships of HR and arterial pressure with a volume loss in both humans358, 361 and 
animals.367, 368 

 

NORMOVOLEMIA 
According to studies in humans at rest and under different types of environmental stress, a 
functional definition of ‘normovolemia’ would be by its ability to provide the heart with an 
optimal central blood volume, i.e. that cardiac pumping capacity is not limited by its 
preload.369 Hypovolemia may be characterised by a reduced preload to the heart, i.e. with 
stroke volume and CO becoming dependent on central blood volume. A sensitive and 
specific measure of early reductions in central blood volume is CO15 and documenting that 
CO increases with volume loading is taken to imply that a patient is preload-responsive.214 
In contrast, the intravascular volume may be expanded beyond the volume that can 
provide for a ‘maximal’ CO at rest. By interpolation between hypo- and hypervolemia, 

 

 

 

functional normovolemia is the point in the cardiac preload-output relationship at which 
CO does not increase further under circumstances where venous return is unimpeded.4  

 

APPLICATIONS TO CLINICAL MEDICINE 
In clinical medicine central blood volume rather than the total blood volume is to be 
balanced between hypovolemic shock and development of pulmonary and peripheral 
oedema. With the functional perspective of normovolemia, volume treatment should be 
provided to secure a resting CO that is not preload limited.72, 165 There are several 
reservations in providing volume treatment primarily on the basis of cardiovascular 
variables. 

Physiology is concerned with regulation of cardiovascular variables such as mean arterial 
pressure, regional blood flow,15, 370 vascular resistance and blood volume,371 whereas clinical 
practise focuses on the information that such variables provide for treatment. Therefore, it is 
problematic that no single variable responds exclusively to a reduced central blood 
volume.72 Under various conditions, normal or average circulatory values do not apply to the 
individual, or to a given disease or condition.  

Acute blood pressure lowering in hypertensive patients may reduce cerebral perfusion.372 
Conversely, even a normal mean arterial pressure may induce cerebral hyperperfusion and 
death in a patient with acute liver failure.373 Comparable to what happens to skeletal muscle 
blood flow during exercise, regional flow is allowed to increase for as long as it does not 
affect mean arterial pressure. However, when CO is restricted and challenges mean arterial 
pressure, flow to exercising muscles, and to the brain, becomes limited.245 Under these 
conditions monitoring of cerebral blood flow is indicated, but continuous measurement of 
regional blood flow is not regularly available in the clinical setting. Since cerebral blood flow 
is related to CO independent from arterial pressure, maintaining CO may prevent 
undetected cerebral hypoperfusion and monitoring of CO under these circumstances 
becomes mandatory.  

The most common volume assessment still used in intensive care units is central venous 
pressure, together with pulmonary artery wedge pressure. Most often stroke volume or CO 
are related to either central venous pressure, mean pulmonary artery pressures or 
pulmonary artery wedge pressure.343, 374 The implicit assumption is that pressure changes in 
parallel with the central blood volume, but in some cases the reverse may be true. In 
patients there may be no correlation between stroke volume and central pressures while 
there is a tight relation between stroke volume and the filling of the heart.343, 375 Recent 
studies have questioned the correlation between these estimates of ventricular filling 
pressures and CO. Healthy volunteers demonstrate a lack of correlation between initial 
central venous pressure and pulmonary artery wedge pressure and both end-diastolic 
ventricular volume and stroke volume.376 Also with changes in central blood volume as 
elicited by tilting head-up and head-down, stroke volume changed with the thoracic fluid 
content rather than with the central vascular pressures.4 These findings question central 
venous pressure and pulmonary artery wedge pressure as useful predictors of ventricular 
preload377 and support the notion that the function of the heart relates to its volume rather 
than to its so-called filling pressures.4  

The classical method for determination of central blood volume is by a dye-dilution estimate 
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functional normovolemia is the point in the cardiac preload-output relationship at which 
CO does not increase further under circumstances where venous return is unimpeded.4

APPLICATIONS TO CLINICAL MEDICINE

In clinical medicine central blood volume rather than the total blood volume is to be 
balanced between hypovolemic shock and development of pulmonary and peripheral 
oedema. With the functional perspective of normovolemia, volume treatment should be 
provided to secure a resting CO that is not preload limited.72, 165 There are several 
reservations in providing volume treatment primarily on the basis of cardiovascular 
variables. 

Physiology is concerned with regulation of cardiovascular variables such as mean arterial 
pressure, regional blood flow,15, 370 vascular resistance and blood volume,371 whereas clinical 
practise focuses on the information that such variables provide for treatment. Therefore, it is 
problematic that no single variable responds exclusively to a reduced central blood 
volume.72 Under various conditions, normal or average circulatory values do not apply to the 
individual, or to a given disease or condition. 

Acute blood pressure lowering in hypertensive patients may reduce cerebral perfusion.372

Conversely, even a normal mean arterial pressure may induce cerebral hyperperfusion and 
death in a patient with acute liver failure.373 Comparable to what happens to skeletal muscle 
blood flow during exercise, regional flow is allowed to increase for as long as it does not 
affect mean arterial pressure. However, when CO is restricted and challenges mean arterial 
pressure, flow to exercising muscles, and to the brain, becomes limited.245 Under these 
conditions monitoring of cerebral blood flow is indicated, but continuous measurement of 
regional blood flow is not regularly available in the clinical setting. Since cerebral blood flow 
is related to CO independent from arterial pressure, maintaining CO may prevent 
undetected cerebral hypoperfusion and monitoring of CO under these circumstances 
becomes mandatory. 

The most common volume assessment still used in intensive care units is central venous 
pressure, together with pulmonary artery wedge pressure. Most often stroke volume or CO
are related to either central venous pressure, mean pulmonary artery pressures or 
pulmonary artery wedge pressure.343, 374 The implicit assumption is that pressure changes in 
parallel with the central blood volume, but in some cases the reverse may be true. In 
patients there may be no correlation between stroke volume and central pressures while 
there is a tight relation between stroke volume and the filling of the heart.343, 375 Recent 
studies have questioned the correlation between these estimates of ventricular filling 
pressures and CO. Healthy volunteers demonstrate a lack of correlation between initial 
central venous pressure and pulmonary artery wedge pressure and both end-diastolic 
ventricular volume and stroke volume.376 Also with changes in central blood volume as 
elicited by tilting head-up and head-down, stroke volume changed with the thoracic fluid 
content rather than with the central vascular pressures.4 These findings question central 
venous pressure and pulmonary artery wedge pressure as useful predictors of ventricular 
preload377 and support the notion that the function of the heart relates to its volume rather 
than to its so-called filling pressures.4

The classical method for determination of central blood volume is by a dye-dilution estimate 
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of CO with a concomitant determination of transit time.378 The tight coupling of CO with the
filling volume of the heart, even in situations where a relationship between CO and central 
filling pressures is lost, illustrates the feasibility of evaluation of cardiac preload by 
echocardiography.375 As most methods for measuring central blood volume require 
extensive apparatus, it is useful to apply Ohm’s law to the body and evaluate volume directly 
by electrical impedance plethysmography.263, 379-381 Such assessment of the volume of the 
body, and more specifically of the volume contained within the central vessels and the heart, 
is readily available (Figure 4.3).

Although estimates of changes in central blood volume are available, it is a problem that the 
optimal filling of the heart remains unknown. In surgery, preservation of the central blood 
volume is challenged by factors such as bleeding, capillary leakage and evaporation. Also 
anesthetic drugs applied in spinal and epi(peri)dural anesthesia reduce the central blood 
volume382 as a result of redistribution. Establishment of normovolemia to maintain an 
optimal oxygen delivery to organs is intuitively rational. Whereas standard monitoring of HR
and arterial pressure does not detect a reduction of central blood volume, which is a 
prerequisite of circulatory support, flow-related variables reflect the intravascular volume 
status in surgical patients, facilitating correct fluid therapy. However, fluid overload is also 
detrimental leading to compromised cardiac-, lung-, and gastrointestinal function383

affecting postoperative outcome.384-386 Consequently, to avoid both hypovolemia and fluid 
overload in surgical patients, fluid therapy with individual maximization of flow-related 
hemodynamic variables, so-called goal-directed therapy, has been introduced.148

With individualized goal-directed therapy, a volume (usually a synthetic colloid) is 
administered in amounts of 200-250 ml challenges. If stroke volume increases >10% the 

Figure 4.3 Left ventricular stroke 
volume and thoracic electrical 
admittance. Relationship between 
cardiac output and preload (thoracic 
admittance) during progressive 
central hypovolecentral hypovolecentral hypovol mia by passive 
head-up tilt at 60° in 9 healthy 
humans (1 female) with median age 
29 (range 22 - 39) yr., height 183 
(170 - 191) cm, and weight 75 (68 -
82) kg. Respectively, the supine and 
tilt positions are indicated, with the 
duration in the head-up position in 
minutes. Values are mean ± SE. 
Modified from Van Lieshout et al.Modified from Van Lieshout et al.M 4
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patient is regarded as being on the ascending part of the cardiac function curve (Figure 4.1) 
and then the fluid challenge is repeated until the ceiling of the cardiac function curve is 
reached. Hereafter stroke volume is monitored and a fluid challenge is only provided if a 10% 
decrease in stroke volume is observed.165, 173 In this context, peri-operative maximization of 
cardiac stroke volume by means of fluid therapy improves post-operative outcome after 
femoral fractures387, 388, general147, 389, cardiac390, 391 and major bowel surgery.146, 392, 393 Goal-
directed therapy reduces gastro-intestinal complications, overall complication and hospital 
stay.165 The reduction of complications especially in the splanchnic system may be explained 
by improved perfusion of its vasculature390 and possibly by avoidance of intestinal oedema.

The implication of individualised goal-directed fluid therapy is that when a maximal stroke 
volume is established for patients, cardiac preload has become comparable to that of supine 
healthy subjects.216, 217 In this context it is demonstrated that although the overall volume 
that has to be administered to obtain a maximal stroke volume is minor, patients with a 
larger deficit of clinical relevance may be identified.394-396 Use of the goal-directed approach 
is, however, challenged by the invasiveness of traditional monitoring modalities of stroke 
volume and CO. The thermodilution technique is the accepted clinical method of estimating
CO, but it is discontinuous and requires the presence of a pulmonary artery catheter for as 
long as monitoring of CO is needed. However, advances in the area potentially provides 
more readily available and less invasive modalities that may encourage more widespread use 
of the goal-directed approach.148, 397 Ultrasound138, 398 and pulse wave analysis or stroke 
volume modelling either noninvasively from finger pressure116 or from intra-arterial 
pressure5, 79, 399 posses the potential to track beat-to-beat changes in stroke volume and CO
in humans as initiated by postural fluid shifts (Figure 4.4).5 The use of variation in stroke 
volume and pulse pressure as markers of fluid responsiveness in mechanically ventilated 
patients is promising but so far the evidence of favoured outcome with use of these 
variables is limited.400
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CONCLUSIONS

Environmental stress including posture, microgravity, heat, exercise hemorrhage and 
shock affect preload to the heart and, consequently, stroke volume and cardiac output. 
Both at rest and during exercise, cardiac output is preload dependent in upright humans, 
which results in sympathetic activation with an increase in HR and total peripheral 
resistance. Under these conditions, primarily flow to the splanchnic area is reduced but 
also flow to the brain and working skeletal muscles become affected, especially during 
whole body exercise. Conversely, the plateau of the Starling curve for the heart is reached 
when humans are supine and that observation may be applied to define normovolemia of 
consequence for monitoring of volume treatment of patients, and, as exemplified in this 
review, to explain at least part of the cardiovascular response to environmental stress. 

Figure 4.4 Non-invasive 
stroke volume tracking 
during orthostatic variations 
in central blood volume. 
Tracking of a thermodilution Tracking of a thermodilution Tracking of a thermodiluti
estimate of stroke volume 
(solid line) (solid line) ( by Modelflow 
stroke volume (broken line) 
from non-invasive finger 
blood pressure (Finapres); 
averaged values obtained in 
10 healthy subjects. Central 
blood volume was
manipulated by passive (tilt) 
and active (standing) 
changes in body position. 
Direction of changes in 
stroke volume are reciprocal 
to body position (head-up 
vs. supine). Modified from 
Harms et al.5
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ABSTRACT 
Background 
Standing up shifts blood to dependent parts of the body and blood vessels in the leg become 
filled. The orthostatic blood volume accumulation in the small vessels is relatively unknown, 
whereas these may contribute significantly. We hypothesized that in healthy humans 
exposed to the upright posture volume accumulation in small blood vessels significantly 
contributes to the total fluid volume accumulated in the legs.  

Methods 
Considering that near-infrared spectroscopy (NIRS) tracks postural blood volume changes 
within the small blood vessels of the lower leg we evaluated the NIRS determined changes in 
oxygenated (Δ[oxy-Hb]), deoxygenated (Δ[deoxy-Hb]) and total hemoglobin (Δ[total Hb]) 
tissue concentration and in total leg volume by strain gauge plethysmography during 70o 
head-up tilt (HUT) (n=7). In a second experiment spatial and temporal reproducibility were 
evaluated with three NIRS probes applied on two separate days (n=8).  

Results 
In response to HUT an initially fast increase in [oxy-Hb] was followed by a gradual decline, 
while [deoxy-Hb] increased continuously. The increase in [total Hb] during HUT was closely 
related to the increase in total leg volume (r2=0.95±0.03). After tilt back [oxy-Hb] declined 
below and [deoxy-Hb] remained above baseline, whereas all NIRS signals gradually returned 
to baseline. Spatial heterogeneity was observed and in two probes [total Hb] highly related 
between days (r2=0.92±0.09 and 0.91±0.12), but less in the third probe (r2=0.44±0.36). 

Conclusion 
The results suggest a non-linear accumulation of blood volume in the small vessels of the leg 
with an initial fast phase followed by a more gradual increase at least partially contributing 
to the relocation of fluid during orthostatic stress. 
 

 

 

 

The immediate circulatory event upon assumption of the upright position, either passive or 
active, is a gravitational displacement of blood to dependent regions of the body and a fall in 
venous return.18, 19 300-800 ml of blood is shifted from the chest to lower parts of the body 
during orthostatic stress20, 21 and ~50% of that shift takes place within the first few 
seconds.230, 231 Passive head-up tilt (HUT) decreases activity of technetium labelled 
erythrocytes (99mTc) over the thorax by ~25%, whereas the 99mTc activity over the thigh 
increases.19 This intravascular part of the orthostatic shift in volume is supposed to reflect a 
rapid filling of capacitance vessels in the lower body,22, 23 while the further fall in circulating 
blood volume during sustained HUT is considered to be driven by enhanced capillary 
transmural pressure with fluid filtration into the interstitial space.19, 24, 25 

Prolonged accumulation of blood in dependent vessels has, however, been described.401, 402 
Traditionally, strain gauge plethysmography is used to evaluate orthostatic fluid shifts from 
the upper body to the lower limbs 6. Intra- vs. extravascular volume changes cannot be 
differentiated by this technique and generally, assumptions on the time course of volume 
changes in these separate compartments have to be made. Furthermore, at high pressures 
only about half of the orthostatic increase in leg volume is explained by blood volume in the 
large veins, whereas the small blood vessels may contribute significantly.403, 404 

We hypothesized that in healthy humans exposed to the upright posture volume 
accumulation in small blood vessels significantly contributes to the total fluid volume 
accumulated in the legs. We considered that near-infrared spectroscopy (NIRS) can be used 
to track intravascular orthostatic volume changes within the small blood vessels of the lower 
leg 57, 405, 406. Therefore we evaluated the NIRS determined changes in oxygenated (Δ[oxy-
Hb]), deoxygenated (Δ[deoxy-Hb]) and total hemoglobin tissue concentration ([total Hb]) 
and in total leg volume by plethysmography during the passive orthostatic blood volume 
accumulation in the legs of healthy subjects.  

 
METHODS 
Healthy subjects were included after oral and written informed consent was obtained as 
approved by the Medical Ethical Committee of the Academic Medical Center of the 
University of Amsterdam. Subjects abstained from alcohol and caffeine from 24 h before the 
study until completion. 

 

Measurements 

Measurements were performed on a tilt table and subjects were supported by a footboard. 
NIRS was applied to track changes in leg blood volume by orthostatic stress.405, 407, 408 The 
change in [total Hb], as the sum of oxygenated ([oxy-Hb]) and de-oxygenated ([deoxy-Hb]) 
hemoglobin tissue concentration, was taken to represent deviations of calf blood volume. A 
two-wavelength (780 and 850 nm) multi-channel continuous wave NIRS system (Oxymon, 
Artinis Medical Systems BV, The Netherlands) sampling at 10 Hz was used. The NIRS optodes 
were fixed with an inter-optode distance of 4.5 cm. 

Hemodynamic monitoring included recording of blood pressure by a servo-controlled photo-
plethysmograph (Portapres®, FMS, Amsterdam, the Netherlands) with the cuff placed on the 
middle phalanx of the left middle finger that was kept at heart level and the signal was A/D 
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The immediate circulatory event upon assumption of the upright position, either passive or 
active, is a gravitational displacement of blood to dependent regions of the body and a fall in 
venous return.18, 19 300-800 ml of blood is shifted from the chest to lower parts of the body 
during orthostatic stress20, 21 and ~50% of that shift takes place within the first few 
seconds.230, 231 Passive head-up tilt (HUT) decreases activity of technetium labelled 
erythrocytes (99mTc) over the thorax by ~25%, whereas the 99mTc activity over the thigh 
increases.19 This intravascular part of the orthostatic shift in volume is supposed to reflect a 
rapid filling of capacitance vessels in the lower body,22, 23 while the further fall in circulating 
blood volume during sustained HUT is considered to be driven by enhanced capillary 
transmural pressure with fluid filtration into the interstitial space.19, 24, 25

Prolonged accumulation of blood in dependent vessels has, however, been described.401, 402

Traditionally, strain gauge plethysmography is used to evaluate orthostatic fluid shifts from 
the upper body to the lower limbs 6. Intra- vs. extravascular volume changes cannot be 
differentiated by this technique and generally, assumptions on the time course of volume 
changes in these separate compartments have to be made. Furthermore, at high pressures 
only about half of the orthostatic increase in leg volume is explained by blood volume in the 
large veins, whereas the small blood vessels may contribute significantly.403, 404

We hypothesized that in healthy humans exposed to the upright posture volume 
accumulation in small blood vessels significantly contributes to the total fluid volume 
accumulated in the legs. We considered that near-infrared spectroscopy (NIRS) can be used 
to track intravascular orthostatic volume changes within the small blood vessels of the lower 
leg 57, 405, 406. Therefore we evaluated the NIRS determined changes in oxygenated (Δ[oxy-
Hb]), deoxygenated (Δ[deoxy-Hb]) and total hemoglobin tissue concentration ([total Hb]) 
and in total leg volume by plethysmography during the passive orthostatic blood volume 
accumulation in the legs of healthy subjects. 

METHODS

Healthy subjects were included after oral and written informed consent was obtained as 
approved by the Medical Ethical Committee of the Academic Medical Center of the 
University of Amsterdam. Subjects abstained from alcohol and caffeine from 24 h before the 
study until completion.

Measurements

Measurements were performed on a tilt table and subjects were supported by a footboard.
NIRS was applied to track changes in leg blood volume by orthostatic stress.405, 407, 408 The 
change in [total Hb], as the sum of oxygenated ([oxy-Hb]) and de-oxygenated ([deoxy-Hb]) 
hemoglobin tissue concentration, was taken to represent deviations of calf blood volume. A 
two-wavelength (780 and 850 nm) multi-channel continuous wave NIRS system (Oxymon, 
Artinis Medical Systems BV, The Netherlands) sampling at 10 Hz was used. The NIRS optodes 
were fixed with an inter-optode distance of 4.5 cm.

Hemodynamic monitoring included recording of blood pressure by a servo-controlled photo-
plethysmograph (Portapres®, FMS, Amsterdam, the Netherlands) with the cuff placed on the 
middle phalanx of the left middle finger that was kept at heart level and the signal was A/D 

ORTHOSTATIC LEG BLOOD VOLUME CHANGES ASSESSED BY NEAR-INFRARED SPECTROSCOPY

858585

4

to track intravascular orthostatic volume changes within the small blood vessels of the lower 

4

5



517157-L-bw-truien517157-L-bw-truien517157-L-bw-truien517157-L-bw-truien
Processed on: 5-3-2018Processed on: 5-3-2018Processed on: 5-3-2018Processed on: 5-3-2018 PDF page: 86PDF page: 86PDF page: 86PDF page: 86

converted at 100 Hz for off-line analysis. Beat-to-beat values for mean arterial pressure 
(MAP) were derived as the integral over one heart beat and heart rate (HR) was the inverse 
of the pulse interval. Beat-to-beat stroke volume (SV) was estimated from the arterial 
pressure wave according to the Modelflow method: integration of the aortic flow waveform 
per beat provides left ventricular SV.77 Cardiac output (CO) is SV times HR, and total 
peripheral resistance (TPR) is MAP divided by CO (BeatScope 1.1, FMS, Amsterdam, the 
Netherlands). 

Near-infra red spectroscopy and plethysmography 

Eight subjects were studied using simultaneous recordings of NIRS and strain gauge 
plethysmography (Medasonics SPG-16) of the right lower leg. Signals were sampled at 10 Hz 
and stored on hard disk. The NIRS probe covered the posterolateral part of the soleus 
muscle at the level of maximal calf circumference with the transmitting and receiving 
optodes aligned with the vertical axis of the leg. Between the NIRS optodes a mercury in 
strain gauge was applied around the lower leg.

Following instrumentation and a 5 min baseline measurements at supine rest subjects were 
tilted 70° head-up (t = 0). Subjects were tilted back after 10 min and measurements 
continued for another 10 min in the supine position.

Near-infra red spectroscopy reproducibility 

Eleven subjects were studied at the same time of the day (±15 min) on two separate days. 
The location of the NIRS optodes was marked for placement on the second day of 
measurement. An LBNP box was tightened over the iliac crest with the subjects supine on a 
manually operated tilt table.409 In order to evaluate spatial differences three NIRS probes 
were positioned along the lateral surface of the right lower leg (Figure 5.1): probe 1 was 
placed over the anterolateral muscle compartment, including the peroneus longus, extensor 
digitorum longus and tibialis anterior muscles, while the two other probes were located at 
the upper (probe 2) and lower (probe 3) parts of the soleus muscle.
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Following instrumentation and a 5 min baseline measurements at supine rest subjects were 
tilted 70° head-up (t = 0) and after 20 min, the orthostatic stress was intensified by adding 20 
mmHg LBNP for 10 min. Subjects were tilted back and LBNP was released immediately if pre-
syncopal symptoms revealed.

The orthostatic increase in lower leg [total Hb] was expressed by a double exponential 
model describing the initial rapid vascular distention followed a prolonged increase in blood 
volume that can be described by a first order transfer function (Eq. 1).235

𝛥𝛥𝛥𝛥[𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻](𝑡𝑡𝑡𝑡) = 𝑡𝑡𝑡𝑡1 (1 − 𝑒𝑒𝑒𝑒
−𝑡𝑡𝑡𝑡
𝜏𝜏𝜏𝜏1) + 𝑡𝑡𝑡𝑡2 (1 − 𝑒𝑒𝑒𝑒

−𝑡𝑡𝑡𝑡
𝜏𝜏𝜏𝜏2) (1)

where a1 and a2 are amplitudes and τ1 and τ2 time constants of the two phases of orthostatic 
blood volume accumulation in the lower leg, whereas t is time in seconds from onset of HUT.

Figure 5.1 Near-ar-ar infrared 
spectroscopy (NIRS) 
probe locations. 
(Illustration by Theo Smit;
https://nl.linkedin.com/in/
theosmitillustration)theosmitillustration)theosmitillustration
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Statistical analysis

The relation between Δ[total Hb] by NIRS  and total leg volume by strain gauge 
plethysmography during HUT was tested by Pearson’s correlation coefficient. Within-subject 
reproducibility over the two days of investigation was evaluated by linear regression of the 
time courses of Δ[total Hb]day1 vs. Δ[total Hb]day2 for each subject. Two-way ANOVA for 
repeated measures was used to identify differences in Δ[total Hb] between probes and days. 
Paired t-test or the Wilcoxon Signed Rank test were used to analyze changes during the 
experiments. Data are presented as mean±SD and the level of statistical significance was set 
at p<0.05.

RESULTS

Near-infra red spectroscopy and plethysmography

Data from 1 subject suffering from early pre-syncope were excluded, and data from 7 
subjects (4 women; age: 27 ± 3 years; height: 172 ± 7 cm; weight: 64 ± 4 kg; body mass index 
22 ± 1 kg/m2) became available for analysis. Signals from NIRS and strain gauge 
plethysmography were stable in the supine position (Figure 5.2). 

In response to HUT, [total Hb] and total leg volume increased with an initial rapid phase 
followed by a more gradual increase. The increases in [total Hb] and total leg volume related 
closely (r2 = 0.95 ± 0.03). The HUT induced Δ[oxy-Hb] comprised a initial rapid increase 
followed by a gradual decline. Δ[deoxy-Hb] demonstrated a consistent gradual increase after 
HUT. After tilt back both [total Hb] and total leg volume rapidly decreased with [total Hb] 
reaching baseline and total leg volume remaining above baseline. [oxy-Hb] declined below 
and [deoxy-Hb] remained above baseline, whereas all NIRS signals gradually returned to 
baseline within 10 min. 
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Near-infra red spectroscopy reproducibility
Data from 1 subject suffering from early pre-syncope and from 2 subjects with movement 
artifacts in the NIRS signal were excluded from further analysis. Consequently, data were 
available for 8 subjects (6 women; age: 29 ± 8 years height: 174 ± 12 cm; weight: 69 ± 12 kg; 
body mass index 23 ± 2 kg/m2). The increase in HR, MAP and TPR and the decline in SV in 
response to HUT were comparable between days (Table 5.1; Figure 5.3). 

Figure 5.2Figure 5.2F Simultaneous 
recording of near-infrared 
spectroscopy and strain 
gauge plethysmography 
in the lower leg during 
70° head-up tilt (n=7). 
Note that the reduction in 
[oxy-[oxy-[oxy Hb] after tilt back is 
below baseline in 
contrast to [deoxy-Hb], 
whereas both signals 
gradually return to 
baseline. HUT: head-up 
tilt; [oxy-Hb]: oxygenated 
hemoglobin tissue 
concentration; [deoxy-
Hb]: de-oxygenated oxygenated oxy
hemoglobin tissue 
concentration; [total Hb]: 
total hemoglobin tissue 
concentration; ΔV: 
volume change of the 
lower leg. Solid lines are 
means with grey areas as 
SE. SE. SE
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Table 5.1 Hemodynamic variables on day 1 four minutes before and eight 
minutes after head-up tilt

Rest -4 min HUT 8 min

MAP (mmHg) 71 ± 12 83 ± 14*

HR (bpm) 67 ± 8 81 ± 9*

SV (ml) 81 ± 18 64 ± 14*

CO (l·min-1) 5.3 ± 0.7 5.1 ± 0.9

PP (mmHg) 48 ± 12 45 ± 13

TPR (mmHg·ml-1·s) 1077 ± 146 1330 ± 226*

HUT: head-up tilt; MAP: mean arterial pressure; HR: heart rate; SV: stroke 
volume; CO: cardiac output; PP: pulse pressure; TPR: total peripheral resistance. 
*p<0.001 vs. rest -4 min . Values are means ± SD

Table 5.2 Within-subject reproducibility of changes in total hemoglobin tissue 
concentrations between day 1 and day 2.

Δ[total Hb]day 2 = 𝑦𝑦𝑦𝑦0 + a ∙ Δ[total Hb]day 1

y0 a r2

Probe 1 -0.7 ± 2.4 1.70 ± 3.32 0.44 ± 0.36

Probe 2 1.0 ± 3.4 1.04 ± 0.26 0.92 ± 0.09

Probe 3 -0.2 ± 3.1 0.97 ± 0.25 0.91 ± 0.12

[total Hb]day 1[total Hb]day 1[total Hb] : total hemoglobin tissue concentration on day 1; [total Hb]day 2l Hb]day 2l Hb] : total 
hemoglobin tissue concentration on day 2; y0: y-intercept of the regression model; a: 
slope of the regression model; r2slope of the regression model; r2slope of the regression model; r : coefficient of determination. Probe 1 placed over 
the anterolateral muscle compartment, while probes 2 and 3 represent the soleus 
muscle. Values are means ± SD
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After HUT the increase in Δ[total Hb] closely related between the two days in probes 2 and 3 
(r2 = 0.92 ± 0.09 and 0.91 ± 0.12, respectively), but less in probe 1 (r2 = 0.44 ± 0.36; 
Table 5.2). In response to HUT, [total Hb] followed the hypothesized double exponential 
model at all three probe locations (Table 5.3; Figure 5.4). Following the initial fast phase, 
[total Hb] gradually increased further for 6 (probe 1: τ2 = 80 (68 – 138) s) to 15 min (probe 2: 
τ2 = 175 (123 – 212) s). No interaction effect between days and probes was observed.

Figure 5.3Figure 5.3F Mean arterial 
pressure, heart rate, stroke 
volume and total hemoglobin volume and total hemoglobin volume and total hemoglobi
tissue concentration responses 
to head-up tilt on two separate 
days. MAP: mean arterial 
pressure; HR: heart rate; SV: 
stroke volume; Δ[total Hb]: 
change in total hemoglobin 
tissue concentration; HUT: 
head-up tilt. Δ[total Hb] from 
probe 3, day 1: solid lines, day probe 3, day 1: solid lines, day probe 3, day 1: solid l
2: dotted lines, grey areas are 
SEM.
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Table 5.3 Modeled changes in total hemoglobin tissue concentration (Δ[total Hb]) in the calf 
after head-up tilt.

𝛥𝛥𝛥𝛥[𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻](𝑡𝑡𝑡𝑡) = 𝑡𝑡𝑡𝑡1 (1 − 𝑒𝑒𝑒𝑒
−𝑡𝑡𝑡𝑡
𝜏𝜏𝜏𝜏1 ) + 𝑡𝑡𝑡𝑡2 (1 − 𝑒𝑒𝑒𝑒

−𝑡𝑡𝑡𝑡
𝜏𝜏𝜏𝜏2 )

Day 1 Day 2

r2

Probe 1 0.95 (0.81 – 0.97) 0.89 (0.54 – 0.98)

Probe 2 0.98 (0.97 – 0.99) 0.98 (0.96 – 0.99)

Probe 3 0.99 (0.98 – 0.99) 0.99 (0.98 – 0.99)

a1

Probe 1 1.9 (0.6 – 3.8) 1.2 (0.8 – 4.3)

Probe 2 7.6 (0.7 – 8.0) 6.1 (5.9 – 8.6)

Probe 3 4.2 (3.1 – 8.5) 5.5 (3.9 – 6.6)

τ1

Probe 1 3.1 (2.1 – 3.8) 2.1 (1.5 – 2.7)

Probe 2 3.6 (2.9 – 7.8) 2.3 (1.2 – 5.4)

Probe 3 3.1 (2.6 – 5.7) 2.6 (2.0 – 4.9)

a2

Probe 1 2.9 (1.3 – 7.4) 4.1 (0.6 – 11)

Probe 2 20 (18 – 24) 21 (16 – 25)

Probe 3 15 (13 – 18) 14 (12 – 16)

τ2

Probe 1 80 (68 – 138) 126 (106 – 132)

Probe 2 175 (123 – 212) 168 (147 – 212)

Probe 3 174 (120 – 271) 147 (128 – 177)

a: asymptote; τ: time constant; t: time in seconds from head-up tilt. Data are medians (IQR). 
[total Hb]: total hemoglobin tissue concentration. Probe 1 placed over the anterolateral muscle [total Hb]: total hemoglobin tissue concentration. Probe 1 placed over the anterolateral muscle [total Hb]: total hemoglobin tissue concent
compartment, while probes 2 and 3 represent the soleus muscle.
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The increase in [total Hb] 1 min after HUT was larger at probes 2 and 3 compared to probe 1 
and this difference remained after 8 min (Figure 5.5). At 8 min of HUT, Δ[total Hb] differed 
between all three probes. Furthermore, location specific time courses of Δ[oxy-Hb] and 
Δ[deoxy-Hb] following HUT were observed (Figure 5.6).

Figure 5.5 Effect of probe location on total hemoglobin tissue concentration 1 and 8 min after 
head-up tilt on two separate days. [total Hb]: total hemoglobin tissue concentration; HUT: head-up 
tilt. Data are means ± SD. † p<0.05, * p<0.01, ** p<0.001 versus supine.

Figure 5.4 Time courses of the 
changes in total hemoglobin 
tissue concentration during 
head-up tilt (HUT) in the three 
near-near-near infrared spectroscopy 
probes. Grey lines: mean 
Δ[total Hb]; black lines: 
regression curves (Eq. 1). 
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Data from two subjects were excluded from the analysis of responses to HUT+LBNP because 
of early tilt back to the supine position due to pre-syncopal complaints and insufficient 
quality of the NIRS signals. In 6 subjects addition of LBNP to HUT increased [total Hb] and 
reduced SV further (Figure 5.7).

Figure 5.6 Orthostatic changes in lower limb oxygenated, de-oxygenated and total hemoglobin 
tissue concentrations. HUT: head-up tilt; [O2up tilt; [O2up tilt; [O Hb]: oxygenated hemoglobin tissue concentration; 
[HHb]: de-oxygenated hemoglobin tissue concentration; [tHb]: total hemoglobin tissue concentration. 
Solid lines are means on day 1, dotted lines represent means on day 2. Grey area’s indicate one-
directional SEM’s.
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DISCUSSION

This study addressed the time course of the orthostatic accumulation of lower leg blood 
volume in small blood vessels using NIRS. We identified a rapid increase in total hemoglobin 
tissue concentration followed by a gradual increase, which together fitted a biphasic 
exponential model representing a prolonged filling of the small blood vessels in the leg. The 
present data suggest that the continuing increase in total leg volume in response to 

Figure 5.7 Hemodynamic and total 
hemoglobin tissue concentration 
responses to addition of lower body 
negative pressure to head-up tilt 
(n=6). HUT: head-up tilt; LBNP: 
lower body negative pressure (set 
at 20 mmHg after 20 min HUT); 
MAP: mean arterial pressure; HR: 
heart rate; SV: stroke volume; 
Δ[total Hb]: change in total 
hemoglobin tissue concentration at 
Probe 3. Black lines: means; grey 
areas: SEM.
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orthostatic stress is explained, at least in part, by blood volume increase in the small blood 
vessels.  

An initial fast phase of volume redistribution from the thorax to the legs has been reported 
to be followed by a slow phase involving fluid filtration into the interstitial space.22, 23 The 
present data, however, suggest that this slow phase encompasses a gradual increase in 
intravascular volume in addition to the traditionally proposed movement of plasma into the 
interstitial space as described by plethysmography incorporating both intra- and 
extravascular fluid changes. Only part of the increase in leg volume is explained by the 
orthostatic increase in blood volume in the large veins.403, 404 The data of this study, as 
previously proposed by Cirovic et al.,404 indicate that the increase in leg volume results from 
an increase in blood volume in smaller blood vessels as well. Near-infrared photons 
penetrate biological tissues and are absorbed mainly by hemoglobin in the capillar, arteriolar 
and venular beds, and by myoglobin.58, 410, 411 The concentration of total Hb is determined 
from the amount of near-infrared light absorbed in the transilluminated tissue, of which the 
amount of myoglobin in the investigated muscles is considered not to respond to orthostatic 
stress. The ratio between chromophores and solvent in the tissue may decline by 
accumulating fluid (solvent) in the interstitial space as a result of enhanced transmural 
pressure with potentially some underestimation of the increase in [total Hb] (chromophore) 
by NIRS. 

The time course of the postural shift in [total Hb] in the calf revealed a biphasic exponential 
increase with a time constant of almost three minutes, implying prolonged accumulation of 
erythrocytes. Similarly, an increase in blood volume for up to five minutes was suggested by 
accumulation of 133Xenon and an increase in 99mTc-labeled erythrocytes in the leg following 
venous occlusion in three subjects.401 Leg vascular resistance increases in response to HUT 
with a reduction in leg blood flow.412, 413 Separation of Δ[total Hb] into its components 
(Δ[oxy-Hb] and Δ[deoxy-Hb]) provides a detailed evaluation of the HUT-induced leg blood 
volume increase. The postural reduction in calf [oxy-Hb] may represent reflex arterial 
vasoconstriction as a decrease in [oxy-Hb] correlates with leg blood flow and inversely with 
sympathetic activity.406, 414 We speculate that the magnitude of this reduction in [oxy-Hb] 
may reflect the contribution of local vasoconstriction in the leg to the total increase in TPR 
and hence to blood pressure regulation in the upright posture. The early rapid increase in 
lower leg [total Hb] originated mainly from an increase in [oxy-Hb], whereas the following 
gradual increase originated from the increase in [deoxy-Hb]. This may indicate that the blood 
initially accumulates in the small arteries and arterioles of the leg followed by a gradual 
increase of blood volume in the veins and venules. Noteworthy, after tilt back [oxy-Hb] 
decreased below baseline with a subsequently slow recovery suggestive for a gradual fading 
of vasoconstriction. In contrast, [deoxy-Hb] gradually declined to baseline suggesting a 
prolonged increase in venous blood volume above baseline after HUT. 

Cirovic et al. suggested that the elevated hydrostatic pressure induced by HUT opens smaller 
veins or venular channels explaining the extended increase in blood volume.404 We speculate 
that the prolonged orthostatic increment in leg [total Hb] is explained by venous stress-
relaxation during maintained pressure elevation.415, 416 This is supported by the gradual 
increase and subsequent decline of [deoxy-Hb] during HUT and tilt back, respectively. 
Vascular stress-relaxation is recognized in both experimental models402, 417 and humans.418, 

419 but its influence on orthostatic blood redistribution to the lower body has not previously 

 

 

 

been investigated. Venous stress relaxation during HUT was suggested as to explain the 
absence of the characteristic transient decline in systolic pressure that is observed during 
active standing only when leg muscle groups are activated.235 Accumulation of blood in the 
lower leg may be limited by the maximal vessel wall stretch. However, adding LBNP to HUT 
further increased lower limb Δ[total Hb] together with a continuing decrease in SV excluding 
vascular distensibility as limiting factor for accumulation of blood in the lower leg. 

During HUT, the extent and reproducibility of the NIRS-determined increase in lower limb 
blood volume depended on the location of the probe, but they universally demonstrated an 
initial fast increase followed by a more gradual increase. Yet, further strain on the vessels by 
LBNP enhanced the accumulation of blood in the lower leg, demonstrating a balance 
between vascular tone and transmural pressure. Spatial heterogeneity in blood flow within 
and between muscles has been related to functional and anatomical factors such as muscle 
fiber type, capillary density, intramuscular pressure, and muscle architecture.420 
Reproducibility of orthostatic leg blood volume redistribution was location-dependent with 
high within-subject reproducibility for the probes covering the soleus muscle, but a lower 
reproducibility across the mm. peroneus longus, extensor digitorum longus and tibialis 
anterior muscles. Whereas the mechanism of this discrepancy is uncertain we consider 
variable engagement of antigravity muscles during footboard supported HUT as a 
biologically plausible explanation.421 We suggest that activity by multiple muscles in the 
heterogeneous anterolateral compartment generates a more variable impact of the muscle 
pump. In addition, magnetic resonance imaging revealed that the reactive hyperemic 
response following arterial occlusion of the leg is most prominent in the highly vascularized 
tissue of the soleus muscle with a high percentage of type 1 muscle fibers.422 In contrast, the 
unyielding anterolateral fascial compartment confines a larger proportion of less 
vascularized type 2 muscle fibers. This potentially accounts for the smaller increase in [total 
Hb] reflecting limited blood accumulation within this compartment. The present study 
suggests that NIRS can be applied to monitor blood volume changes in the small blood 
vessels of the leg and emphasizes the importance of probe placement.  

In summary, the results suggest a non-linear accumulation of blood volume in the small 
vessels of the leg with an initial fast phase followed by a more gradual increase at least 
partially contributing to the relocation of fluid during orthostatic stress. 
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been investigated. Venous stress relaxation during HUT was suggested as to explain the 
absence of the characteristic transient decline in systolic pressure that is observed during 
active standing only when leg muscle groups are activated.235 Accumulation of blood in the 
lower leg may be limited by the maximal vessel wall stretch. However, adding LBNP to HUT 
further increased lower limb Δ[total Hb] together with a continuing decrease in SV excluding 
vascular distensibility as limiting factor for accumulation of blood in the lower leg.

During HUT, the extent and reproducibility of the NIRS-determined increase in lower limb 
blood volume depended on the location of the probe, but they universally demonstrated an 
initial fast increase followed by a more gradual increase. Yet, further strain on the vessels by 
LBNP enhanced the accumulation of blood in the lower leg, demonstrating a balance 
between vascular tone and transmural pressure. Spatial heterogeneity in blood flow within 
and between muscles has been related to functional and anatomical factors such as muscle 
fiber type, capillary density, intramuscular pressure, and muscle architecture.420

Reproducibility of orthostatic leg blood volume redistribution was location-dependent with 
high within-subject reproducibility for the probes covering the soleus muscle, but a lower 
reproducibility across the mm. peroneus longus, extensor digitorum longus and tibialis 
anterior muscles. Whereas the mechanism of this discrepancy is uncertain we consider 
variable engagement of antigravity muscles during footboard supported HUT as a 
biologically plausible explanation.421 We suggest that activity by multiple muscles in the 
heterogeneous anterolateral compartment generates a more variable impact of the muscle 
pump. In addition, magnetic resonance imaging revealed that the reactive hyperemic 
response following arterial occlusion of the leg is most prominent in the highly vascularized 
tissue of the soleus muscle with a high percentage of type 1 muscle fibers.422 In contrast, the 
unyielding anterolateral fascial compartment confines a larger proportion of less 
vascularized type 2 muscle fibers. This potentially accounts for the smaller increase in [total 
Hb] reflecting limited blood accumulation within this compartment. The present study 
suggests that NIRS can be applied to monitor blood volume changes in the small blood 
vessels of the leg and emphasizes the importance of probe placement. 

In summary, the results suggest a non-linear accumulation of blood volume in the small 
vessels of the leg with an initial fast phase followed by a more gradual increase at least 
partially contributing to the relocation of fluid during orthostatic stress.
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ABSTRACT 
Background 
Acute psychological stress challenges the cardiovascular system with an increase in blood 
pressure (BP), heart rate (HR) and reduced baroreflex sensitivity (BRS). β-adrenergic 
blockade enhances BRS during rest, but its effect on BRS during acute psychological stress is 
unknown. This study tested the hypothesis that BRS is higher during acute psychological 
stress in healthy subjects under β-adrenergic blockade.  
Methods 
Twenty healthy novice male bungee jumpers were randomized and studied with (PROP, n = 
10) or without (CTRL, n = 10) propranolol. BP and HR responses and BRS (cross-correlation 
time-domain analysis by xBRS [BRSTD] and cross-spectral frequency-domain analysis [BRSFD]) 
were evaluated from 30 minutes prior up to 2 hours after the jump.  

Results 
HR, cardiac output and pulse pressure were lower in PROP throughout the study. Prior to the 
bungee jump BRS was higher in PROP vs. CTRL (BRSTD: 28 (24-42) vs. 17 (16-28) ms·mmHg-1; 
P<0.05, BRSFD: 27 (20-34) vs. 14 (9-19) ms·mmHg-1; P<0.05, medians (interquartile range)). 
BP declined after the jump in both groups and post-jump BRS did not differ between groups.  

Conclusion 
During acute psychological stress BRS is higher in healthy subjects treated with non-selective 
β-adrenergic blockade with significantly lower HR but comparable BP. 

 

 

 

INTRODUCTION 
Physiological adaptation to a potentially threatening situation involves a ‘fight-or-flight’ or 
stress response assumed to protect the individual.423 Besides mental changes also the 
autonomic nervous system is activated for fight or flight in part by promoting blood supply 
to skeletal muscles required to manage the threat. This reflex can be reproduced in animals 
by stimulation of the hypothalamic ‘defense area’, which relays descending neural traffic to 
the nuclei of the autonomic nervous system in the brain stem.424 The stress-induced increase 
in heart rate (HR) by sympathetic stimulation of cardiac β-adrenergic receptors is 
accompanied by a rise in blood pressure (BP) primarily mediated by α-adrenergic 
stimulation.26, 425, 426 This concomitant increase in HR and BP implies modulation of 
baroreflex function. Specifically, during psychological stress baroreflex sensitivity (BRS) was 
reported as being reduced,26, 27 may be by inhibitory inputs from the hypothalamus to the 
nucleus tractus solitarius as the origin of baroreceptor afferents.427 

The cardiovascular adaptation to psychological stress seems physiological, but the altered 
autonomic input may trigger ventricular arrhythmias in the presence of heart disease.28, 29 
Both β-receptor blocking agents and an enhanced BRS have beneficial effects on outcome in 
patients with cardiovascular disease probably by preventing ventricular arrhythmias.30, 31 In 
an attempt to reduce the physical effects of acute psychological stress β-adrenergic receptor 
blockade is widely used by performing artists and during public speaking.428, 429 With β-
adrenergic receptor blockade the HR response to acute psychological stress is reduced430 
and an increase in BRS during rest in healthy subjects has been reported.431, 432 Several 
studies evaluated heart rate variability during psychological stress with β-adrenergic 
receptor blockade, whereas the effect on BRS is unknown.433, 434 

This study tested the hypothesis that BRS is higher during acute psychological stress in 
healthy subjects with β-adrenergic blockade by determining BRS in healthy subjects using 
the lipophilic, non-selective β-blocker propranolol prior to an imminent bungee jump. 
Healthy subjects without β-blockade served as reference in this model of acute psychological 
stress. 

 

 

METHODS 
Participants 

Twenty healthy novice male bungee jumpers were randomized and studied with (PROP, 
n = 10) or without (CTRL, n = 10) propranolol (120 mg daily in 3 doses for the 3 days 
preceding the experiment and including the day of the jump), a non-selective lipophilic β-
blocker commonly used to relieve symptoms of acute psychological stress.429 Groups were 
comparable for height and weight, with slightly lower age in PROP (PROP: 26±4, CTRL: 30±4 
years; P<0.05). One week prior to the jump health screening was performed by 
questionnaire and physical examination. Subjects with chronic use of medication, known 
cardiac arrhythmias or asthma were excluded. 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 AMC Medical Ethical Committee and experiments were performed in 
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INTRODUCTION

Physiological adaptation to a potentially threatening situation involves a ‘fight-or-flight’ or 
stress response assumed to protect the individual.423 Besides mental changes also the 
autonomic nervous system is activated for fight or flight in part by promoting blood supply 
to skeletal muscles required to manage the threat. This reflex can be reproduced in animals 
by stimulation of the hypothalamic ‘defense area’, which relays descending neural traffic to 
the nuclei of the autonomic nervous system in the brain stem.424 The stress-induced increase 
in heart rate (HR) by sympathetic stimulation of cardiac β-adrenergic receptors is 
accompanied by a rise in blood pressure (BP) primarily mediated by α-adrenergic 
stimulation.26, 425, 426 This concomitant increase in HR and BP implies modulation of 
baroreflex function. Specifically, during psychological stress baroreflex sensitivity (BRS) was 
reported as being reduced,26, 27 may be by inhibitory inputs from the hypothalamus to the 
nucleus tractus solitarius as the origin of baroreceptor afferents.427

The cardiovascular adaptation to psychological stress seems physiological, but the altered 
autonomic input may trigger ventricular arrhythmias in the presence of heart disease.28, 29

Both β-receptor blocking agents and an enhanced BRS have beneficial effects on outcome in 
patients with cardiovascular disease probably by preventing ventricular arrhythmias.30, 31 In 
an attempt to reduce the physical effects of acute psychological stress β-adrenergic receptor 
blockade is widely used by performing artists and during public speaking.428, 429 With β-
adrenergic receptor blockade the HR response to acute psychological stress is reduced430

and an increase in BRS during rest in healthy subjects has been reported.431, 432 Several 
studies evaluated heart rate variability during psychological stress with β-adrenergic 
receptor blockade, whereas the effect on BRS is unknown.433, 434

This study tested the hypothesis that BRS is higher during acute psychological stress in 
healthy subjects with β-adrenergic blockade by determining BRS in healthy subjects using 
the lipophilic, non-selective β-blocker propranolol prior to an imminent bungee jump. 
Healthy subjects without β-blockade served as reference in this model of acute psychological 
stress.

METHODS

Participants

Twenty healthy novice male bungee jumpers were randomized and studied with (PROP, 
n = 10) or without (CTRL, n = 10) propranolol (120 mg daily in 3 doses for the 3 days 
preceding the experiment and including the day of the jump), a non-selective lipophilic β-
blocker commonly used to relieve symptoms of acute psychological stress.429 Groups were 
comparable for height and weight, with slightly lower age in PROP (PROP: 26±4, CTRL: 30±4 
years; P<0.05). One week prior to the jump health screening was performed by 
questionnaire and physical examination. Subjects with chronic use of medication, known 
cardiac arrhythmias or asthma were excluded. 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 AMC Medical Ethical Committee and experiments were performed in 
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accordance with the Declaration of Helsinki. Subjects performed their bungee jump in 
randomized order.

Measurements

With the 60 m high crane in full view subjects witnessed their predecessors take their jump 
when measurements were performed on the hospital parking lot at an ambient temperature 
of 20oC. Continuous finger BP and HR were recorded (Portapres, FMS, Amsterdam) during 5 
min in the supine position and another 5 min upright at stress 30 min preceding (t -30 min) and 
post-stress 120 min (t +120 min) following the jump (Figure 6.1). These time points were based 
on previous ratings of emotional states in bungee jumpers from one hour prior to one hour 
following the performance of a bungee jump.435 The finger cuff was applied to the 
midphalanx of the left hand and placed in the mid-axillary line at heart level. The continuous 
BP signal was A/D converted at 100 Hz and stored on hard disk for off-line analysis. 
Additionally, oscillometric BP and HR (BPo and HRo; Omron M5-I, Omron healthcare Inc., 
Kyoto, Japan) were measured at t -30 min (supine and upright) before entering the elevator, on 
the platform when harnessed at t -1 min (upright), following the jump at t +10 min (upright) and t 
+120 min (supine and upright). BPo was used to calibrate the finger BP signal. Stroke volume 
(SV) was estimated from the finger pulse pressure using the Modelflow method 
incorporating age, gender, height, and weight (BeatScope 1.1 software, FMS, Amsterdam, 
The Netherlands) 5. Pulse pressure (PP) was the systolic-diastolic BPo difference, whereas PP 
divided by 3 added with diastolic BPo gave MAPo. Finger mean arterial pressure (MAPf) was 
the integral of the arterial pressure wave divided by the corresponding beat interval 
duration. After interpolation of the arterial pressure signal to 1 ms and detection of the 20%-
level of pressure pulse height for each heart beat the inter-beat interval (IBI) was 
determined. HR (beats·min-1) was the inverse of IBI. Cardiac output (CO) was SV times HR 
and systemic vascular resistance (SVR) was the ratio of MAPf to CO. 

Figure 6.1 Study protocol. Timing of the measurements at stress (t -30 minStudy protocol. Timing of the measurements at stress (t -30 minStudy protocol. Timing of the measurements at stress (t ), and maximum stress  -30 min), and maximum stress  -30 min
(t -1 min(t -1 min(t ) prior to the bungee jump and 10 minutes (t -1 min) prior to the bungee jump and 10 minutes (t -1 min +10 min) and 120 minutes (t+10 min) and 120 minutes (t+10 min +120 min+120 min+120 mi ) postn) postn -stress 
following the bungee jump. BPffollowing the bungee jump. BPffollowing the bungee jump. BP , continuous finger blood pressure; BPf, continuous finger blood pressure; BPf o, continuous finger blood pressure; BPo, continuous finger blood pressure; BP , oscillometric blood 
pressure; HRf, heart rate from continuous finger blood pressure; HRf, heart rate from continuous finger blood pressure; HRf o, heart rate from 
oscillometric blood pressure.
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Estimates of BRS were obtained in the frequency-domain (BRSFD) by Fast Fourier Transform 
61 and in the time-domain (BRSTD) by the sequence method (xBRS).62 For BRSFD, beat-to-beat 
SBP and IBI time series were detrended using a Hanning window. Power spectral density and 
cross-spectra of SBP variability (BPV) and IBI variability (HRV) were computed using discrete 
Fourier transform. The low (LF; 0.06 – 0.15 Hz) and high frequency band (HF; 0.15 – 0.4 Hz)64

were selected and BPVLF-to-HRVLF transfer gain was computed for coherence >0.5. Estimates 
of BRSTD were obtained from beat-to-beat systolic BP (SBP) and IBI data. The cross-
correlation between 10 s series of SBP and IBI samples was computed for delays τ in IBI of 0 
– 5 s. The τ yielding the highest cross-correlation was selected if significant with α set at 
0.05. The regression slope was recorded as one BRSTD value. Subsequently, the process was 
repeated for series of SBP and IBI samples 1 s later. Distributions of individual BRSTD values 
are best described as log-normal.62 Therefore, geometric averages were used to obtain one 
value per subject at t -30 min and t +120 min. 

Statistical Analysis

Group data were expressed as mean ± SD or median and interquartile range (IQR). 
Differences between PROP and CTRL were identified by t-test when data were normally 
distributed; otherwise by the Mann-Whitney rank sum test. Time series derived from the 
oscillometric data in the upright position were analyzed by one way repeated measures 
ANOVA. Supine oscillometric values and continuous arterial pressure data were compared 
by paired t-test or Wilcoxon signed rank test to detect time- and posture-dependent 
changes. The level of statistical significance was set at P<0.05. 

RESULTS

Pre-jump data from 2 PROP subjects were excluded from BRS analysis due to insufficient 
quality of continuous arterial pressure recordings. Another 2 supine PROP recordings at t -30 

min were excluded from BRSFD analysis because of insufficient coherence between the SBP 
and IBI signals, whereas this was the case for 1 subject in PROP at t +120 min. 

Pre-jump-jump-

Prior to the bungee jump (t -30 min) BRSFD and BRSTD were higher with propranolol (Table 6.1, 
Figure 6.2 left panel) as was HRVHF. HR and CO were lower, and with SVR tending to be 
higher BP was unaffected by propranolol (Table 6.2, Figure 6.3). The HR increase upon 
standing was lower in PROP than in CTRL (P<0.01; Figure 6.4). From t -30 min to t -1 min BP
increased to a similar extent in PROP and CTRL, whereas the rise in HR was less with 
propranolol (P<0.001). 
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Table 6.1 Baroreflex sensitivity, blood pressure and heart rate variability

t -30 min t +120 min

BRSTD

(ms·mmHg-1)
CTRL 17 (16-28) 24 (14-27)
PROP 28 (24-42)* 27 (17-32)

BRSFD

(ms·mmHg-1)
CTRL 14 (9-19) 19 (9-22)
PROP 27 (20-34)* 18 (16-19)

BPVLF

(mmHg2·Hz-1)
CTRL 8 (4-15) 5 (3-10)
PROP 4 (1-7) 3 (2-7)

HRVLF

(ms2·Hz-1)
CTRL 1890 (698-2730) 754 (472-1720)
PROP 3780 (1290-6360) 1310 (702-1450)

HRVHF

(ms2·Hz-1)
CTRL 170 (66-186) 653 (234-1300)††

PROP 884 (506-2060)** 1690 (340-2310)

Data are presented in medians (IQR). PROP vs. CTRL: ** P<0.01, * P<0.05. Vs. t -30 min: †† 
P<0.01. BPV, blood pressure variability; BRSFD, baroreflex sensitivity determined by frequency-
domain analysis; BRSTD, baroreflex sensitivity determined by a cross-correlation time-domain 
method; CTRL, control group; HF, high frequency-domain; HRV, heart rate variability; LF, low 
frequency-domain; PROP, propranolol group.

Figure 6.2 Baroreflex sensitivity with vs. without β-blockade. Baroreflex sensitivity with (PROP; 
black bars) vs. without (CTRL; grey bars) propranolol pre-jump (t --jump (t -- 30 min, left panel) and post-
jump (t +120 min, right panel). Data are medians and interquartile range. BRSFD, frequency-
domain (0.06-0.15 Hz) based baroreflex sensitivity; BRSTD, time-domain based baroreflex 
sensitivity.
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Post-jump-jump-

Following the bungee jump BP and HR had declined at t +10 min to levels comparable to t -30 min

and BP decreased further in PROP and CTRL (Table 6.2, Figure 3). HRVHF at t +120 min was 
higher than at t -30 min. No difference in BRS was observed between groups at t +120 min (Table 
6.1, Figure 6.2 right panel). The HR increase upon active standing at t +120 min was lower in 
PROP vs. CTRL (P<0.05; Figure 6.4). Moreover, in both groups the orthostatic HR increases 
were larger compared to t -30 min (P<0.05). 

Following the bungee jump BP and HR had declined at t +10 min to levels comparable to t -30 min

and BP decreased further in PROP and CTRL (Table 6.2, Figure 3). HRVHF at t +120 min was 
higher than at t -30 min. No difference in BRS was observed between groups at t +120 min (Table 
6.1, Figure 6.2 right panel). The HR increase upon active standing at t +120 min was lower in 
PROP vs. CTRL (P<0.05; Figure 6.4). Moreover, in both groups the orthostatic HR increases 
were larger compared to t -30 min (P<0.05). 

Figure 6.3 Blood pressure and 
heart rate response to bungee 
jumping. Blood pressure (BP) 
and heart rate (HR) in subjects 
treated with propranolol 
(PROP; ●) and in control 
subjects (CTRL; ○). The instant 
of the bungee jump is indicated 
by the dotted line. * P<0.001 
vs. CTRL, † P<0.05 vs. t -30 
min. Data are presented as 
mean ± SD.
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DISCUSSION

The present study addressed cardiac baroreflex function in humans under acute 
psychological stress. The new finding is that BRS is higher during acute psychological stress in 
healthy subjects under β-adrenergic blockade. 

In healthy subjects mental stress elicits sympathetic activation as reflected by an increase in 
muscle sympathetic nerve activity and plasma catecholamines with an elevated HR and BP.26, 

425, 426, 436 In the present study BP but not HR decreased after the bungee jump. Reported 
ratings on emotional states indicate that bungee jumpers are more anxious and wakeful in 
the hour before than in the hour after the bungee jump and the post-jump decrease in blood 
pressure conforms to this.435 Co-activation of both the sympathetic and parasympathetic 
nervous system during psychological stress has been suggested437 and may result in an 
elevated BP without an increase in HR. In animals under psychological stress, absence of a 
HR increase was attributed to an increased parasympathetic activity, whereas these animals 

Figure 6.4 Blood pressure and heart rate response to active standing. Blood pressure (BP) and 
heart rate (HR) response to active standing with stress and post-stress before (t -30 min) and 
after (t +120 min) the jump with (PROP) and without propranolol (CTRL). Active standing was
performed at 0 seconds. Data are presented as mean ± SE.
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were revealed to be more vulnerable to ischemia induced fibrillation.438 Active standing, like 
psychological stress, elicits sympathetic activation with an increase in HR and BP.286 This 
study confirmed attenuation of the HR increase in response to active standing when under 
psychological stress 27. This attenuation of the HR response was also observed with 
propranolol, which may suggest increased parasympathetic modulation of the orthostatic 
response during psychological stress. Consequently, upright HR with propranolol was lower 
prior to vs. following the jump. This observation agrees with the results of Tulen et el.439 who 
reported a psychological stress-mediated increase in systolic and diastolic BP, together with 
a slight reduction in upright HR, and attributed this to a reduced vagolytic effect to 
psychological stress.  

The present study addressed BRS in healthy subjects under β-blockade during acute 
psychological stress. BRSTD and BRSFD were higher with β-adrenergic blockade during 
psychological stress. Quantitative differences between outcomes of BRSTD vs. BRSFD are likely 
related to methodological differences between time and frequency domain approaches.440 
For instance, in contrast to the xBRS method as used in the present study (BRSTD), a 
threshold is applied in frequency domain analysis (BRSFD) where sufficient coherence is 
required.62, 63, 440 Also, BRSFD produces one value over several minutes, whereas BRSTD is 
expressed as an average value comprising up to one value each second. Since pre-jump 
resting values were not determined it remains undecided whether the differences in BRS 
were caused by an increase in or a preservation of BRS during stress. Evidence in both 
humans and experimental animal models support that enhanced sympathetic activity 
impairs cardiac baroreflex function  and several studies examined β-adrenergic influence on 
HR control during psychological stress. Vaile et al.434 reported an increase of vagal activity by 
β-adrenergic blockade during mental stress in healthy subjects, whereas Kardos et al.433 
investigated in heart failure patients the effects of lipophilic vs. hydrophilic β-blockade on 
BRS in rest and heart rate variability during psychological stress. In heart failure cardiac 
norepinephrine spillover and muscle sympathetic nerve activity are increased441, 442 together 
with a reduced BRS.443 This impairment of arterial baroreflex circulatory control is implicated 
in an increased risk of sudden cardiac death and cardiovascular mortality.32, 33 Conversely, 
enhancement of BRS by training improves survival in post-myocardial infarction patients,31 
effects shared by β-adrenergic blockade.30, 431, 432 Adrenergic stimulation by psychological 
stress has arrhythmogenic effects in patients with ischemic heart disease28, 29 and the finding 
that BRS during acute psychological stress is higher in healthy subjects with β-adrenergic 
blockade may therefore be of clinical relevance.   

The mechanism of β-blockers in improving outcome in cardiovascular disease and enhancing 
BRS is ambiguous and has been attributed to an increase in vagal tone,444, 445 and to anti-
arrhythmogenic properties.446 Furthermore, β-receptor blockade reduces cardiotoxic effects 
of endogenous released catecholamines, inhibits renin release by blocking renal 
juxtaglomerular cell β1-adrenoceptors, blocks pre-synaptic α-adrenoreceptor activity limiting 
norepinephrine release from sympathetic nerve terminals, and reduces HR-related 
myocardial oxygen demand.447 Throughout the present study, HR but not BP was lower with 
propranolol. In accordance with earlier studies425, 448 propranolol tended to increase SVR, 
possibly due to blocking of β2-receptor mediated vasodilatation in skeletal muscles, leaving 
unopposed α-receptor activation. In addition to peripheral β-adrenergic receptors the 
lipophilic β-blocker propranolol binds to receptors in the central nervous system. Indeed, 
animal studies have demonstrated central modulation of autonomic cardiac control after 

 

 

 

intra-cerebral injection of β-adrenergic blockers.449, 450 However, a central mechanism 
remains difficult to verify in humans and thus, whether or not lipophilic and hydrophilic β-
blockers have different autonomic cardiovascular effects remains debated.431, 433, 434 

In conclusion, the present study identified a higher BRS during acute psychological stress in 
healthy subjects with β-adrenergic blockade. In addition, the HR increase in response to 
active standing was lower during acute psychological stress and this attenuated HR response 
was also seen with β-adrenergic blockade. 
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intra-cerebral injection of β-adrenergic blockers.449, 450 However, a central mechanism 
remains difficult to verify in humans and thus, whether or not lipophilic and hydrophilic β-
blockers have different autonomic cardiovascular effects remains debated.431, 433, 434

In conclusion, the present study identified a higher BRS during acute psychological stress in 
healthy subjects with β-adrenergic blockade. In addition, the HR increase in response to 
active standing was lower during acute psychological stress and this attenuated HR response 
was also seen with β-adrenergic blockade.
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ABSTRACT 
Background 
Chronic heart failure (CHF) is characterized by sympathetic overactivity, which is restrained 
by β-adrenergic receptor (AR) blockade. The efficacy in restoring autonomic balance may 
however differ between selective and nonselective βAR-blockers. Also genetic 
polymorphisms in de β2AR, affecting agonist mediated receptor downregulation, may 
influence the response to βAR-blockade. We hypothesized that nonselective βAR-blockade 
(carvedilol) restores autonomic balance, as reflected by baroreflex sensitivity (BRS), more 
effectively than selective β1AR-blockade (metoprolol) in CHF patients. This effect was 
expected specifically in those with the Gly16/Glu27 β2AR haplotype with less agonist 
mediated β2AR downregulation compared to the Arg16/Gln27 haplotype. 

Methods 
In 21 CHF patients homozygous for the Gly16/Glu27 β2AR or Arg16/Gln27 β2AR haplotype 
baroreflex sensitivity (BRS) was determined after two periods of 6 weeks of carvedilol vs. 
metoprolol treatment in a cross-over study. BRS was assessed by a sequential cross-
correlation between spontaneous systolic blood pressure and interbeat interval oscillations. 

Results 
BRS was higher during carvedilol vs. metoprolol treatment in the Gly16/Glu27 group 
(10.2±7.1 vs. 5.9±2.3 ms·mmHg-1, p<0.01), but not in the Arg16/Gln27 group (5.5±3.5 vs. 
5.5±2.5 ms·mmHg-1). 
Conclusion 
Nonselective βAR-blockade restores autonomic balance as evidenced by baroreflex 
sensitivity more effectively than selective β1AR-blockade in CHF patients with the 
Gly16/Glu27 haplotype for the β2AR, but not in patients with the Arg16/Gln27 haplotype. 

 

 

 

INTRODUCTION 

Sympathetic overactivity is a characteristic feature of chronic heart failure (CHF) and a major 
cause of progression of ventricular dysfunction and cardiovascular complications.451, 452 This 
sympathetic dominance is restrained by blockade of β-adrenergic receptors (βAR). The 
improved outcome in CHF with βAR-blockers453 forms the basis of current medical 
management of CHF.454 The response to βAR-blocker treatment in CHF is however not 
uniform and may be influenced by βAR-blocker selectivity.455 In contrast to selective β1AR-
blockade, nonselective βAR-blockade lowers systemic and cardiac norepinephrine spillover, 
possibly by blocking prejunctional β2ARs that facilitate the release of norepinephrine at 
sympathetic nerve terminals.456 High levels of sympathetic activity attenuate vagal 
modulation of heart rate (HR) and baroreflex function, whereas βAR-blockade improves 
vagal HR modulation and baroreflex sensitivity (BRS) in CHF.34, 35 Both high norepinephrine 
plasma levels457 and reduced BRS33, 458 are independently associated with increased 
mortality in CHF.  

Although part of the variation in responses to β-blocking treatment can be attributed to 
βAR-blocker selectivity, the effect of a specific βAR-blocker may still differ between patients. 
Genetic variations in the β2AR likely mediate the diversity in responses to nonselective β-
blockade.459, 460 Two common polymorphisms at codons 16 and 27 of the β2AR, substituting 
respectively arginine (Arg16) to glycine (Gly16) and glutamine (Gln27) to glutamate (Glu27), 
have the potential to affect receptor expression and function.461-463 The Gly16 and Glu27 
polymorphisms generally being linked together form the Gly16/Glu27 haplotype.464 In vivo 
data indicate that the Gly16/Glu27 haplotype is relatively resistant to agonist-mediated 
desensitization of the β2AR as compared to the Arg16/Gln27 haplotype.463 Resistance to 
β2AR desensitization would leave more receptors available for antagonist binding with 
enhanced responsiveness to nonselective βAR-blockers.465 

We considered that in CHF, nonselective in contrast to selective βAR-blockade inhibits the 
β2AR mediated release of norepinephrine, potentially with a greater improvement of 
autonomic balance. If so, β2AR-blockade would specifically benefit patients with the 
Gly16/Glu27 haplotype who are relatively resistant to agonist mediated β2AR 
desensitization. Accordingly we tested the hypothesis that nonselective vs. selective βAR-
blockade restores baroreflex function more effectively in CHF patients with the Gly16/Glu27 
vs. the Arg16/Gln27 haplotype. To that purpose we determined the effects of carvedilol vs. 
metoprolol on BRS in CHF patients homozygous for either the Gly16/Glu27 or Arg16/Gln27 
haplotype in a cross-over design. 

 

 
METHODS 
Patients 

Patients were recruited from the cardiology outpatient clinics in six regional hospitals in the 
Netherlands. After patients had given written informed consent, they were screened for 
eligibility, and blood was drawn for β2-receptor haplotype determination. Eligible subjects 
were patients aged 18-80 years, with stable symptoms of CHF (New York Heart Association 
(NYHA) classification I to III), and a left ventricular ejection fraction below 40%, as measured 
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INTRODUCTION

Sympathetic overactivity is a characteristic feature of chronic heart failure (CHF) and a major 
cause of progression of ventricular dysfunction and cardiovascular complications.451, 452 This 
sympathetic dominance is restrained by blockade of β-adrenergic receptors (βAR). The 
improved outcome in CHF with βAR-blockers453 forms the basis of current medical 
management of CHF.454 The response to βAR-blocker treatment in CHF is however not 
uniform and may be influenced by βAR-blocker selectivity.455 In contrast to selective β1AR-
blockade, nonselective βAR-blockade lowers systemic and cardiac norepinephrine spillover, 
possibly by blocking prejunctional β2ARs that facilitate the release of norepinephrine at 
sympathetic nerve terminals.456 High levels of sympathetic activity attenuate vagal 
modulation of heart rate (HR) and baroreflex function, whereas βAR-blockade improves 
vagal HR modulation and baroreflex sensitivity (BRS) in CHF.34, 35 Both high norepinephrine 
plasma levels457 and reduced BRS33, 458 are independently associated with increased 
mortality in CHF.

Although part of the variation in responses to β-blocking treatment can be attributed to 
βAR-blocker selectivity, the effect of a specific βAR-blocker may still differ between patients. 
Genetic variations in the β2AR likely mediate the diversity in responses to nonselective β-
blockade.459, 460 Two common polymorphisms at codons 16 and 27 of the β2AR, substituting 
respectively arginine (Arg16) to glycine (Gly16) and glutamine (Gln27) to glutamate (Glu27), 
have the potential to affect receptor expression and function.461-463 The Gly16 and Glu27 
polymorphisms generally being linked together form the Gly16/Glu27 haplotype.464 In vivo 
data indicate that the Gly16/Glu27 haplotype is relatively resistant to agonist-mediated 
desensitization of the β2AR as compared to the Arg16/Gln27 haplotype.463 Resistance to 
β2AR desensitization would leave more receptors available for antagonist binding with 
enhanced responsiveness to nonselective βAR-blockers.465

We considered that in CHF, nonselective in contrast to selective βAR-blockade inhibits the 
β2AR mediated release of norepinephrine, potentially with a greater improvement of 
autonomic balance. If so, β2AR-blockade would specifically benefit patients with the 
Gly16/Glu27 haplotype who are relatively resistant to agonist mediated β2AR 
desensitization. Accordingly we tested the hypothesis that nonselective vs. selective βAR-
blockade restores baroreflex function more effectively in CHF patients with the Gly16/Glu27 
vs. the Arg16/Gln27 haplotype. To that purpose we determined the effects of carvedilol vs. 
metoprolol on BRS in CHF patients homozygous for either the Gly16/Glu27 or Arg16/Gln27 
haplotype in a cross-over design.

METHODS

Patients

Patients were recruited from the cardiology outpatient clinics in six regional hospitals in the 
Netherlands. After patients had given written informed consent, they were screened for 
eligibility, and blood was drawn for β2-receptor haplotype determination. Eligible subjects 
were patients aged 18-80 years, with stable symptoms of CHF (New York Heart Association 
(NYHA) classification I to III), and a left ventricular ejection fraction below 40%, as measured 
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within six months prior to randomization by nuclear scan, magnetic resonance imaging or 
cardiac ultrasound. Patients’ medical condition was stable for at least three months. 
Exclusion criteria were atrial fibrillation, an acute coronary event or myocardial 
revascularization within three months prior to randomization, severe aortic or mitral valve 
disease, severely uncontrolled hypertension (blood pressure systolic ≥170 mmHg or diastolic 
≥105 mmHg), known drug or alcohol abuse, a history of poor treatment compliance, or a 
systemic disease that might complicate management or reduce life expectancy. The present 
study complies with the Declaration of Helsinki and was approved by the Ethics Committee 
of the Academic Medical Centre. The authors of this manuscript have certified that they 
comply with the Principles of Ethical Publishing in the International Journal of Cardiology.466 
Trial registration number: NTR1067 (http://www.trialregister.nl). 

 

β2-adrenergic receptor sequencing 

Genomic DNA was isolated from 10 ml peripheral blood using an AutopureLS apparatus 
according to the manufacturer’s protocol (Gentra Systems, Minneapolis, MI, USA). β2-
adrenergic genotypes at the alleles encoding for positions 16 and 27 were determined by the 
big-dye terminator sequencing technique, for which a pair of primers was designed (using 
Primer3; http://frodo.wi.mit.edu/primer3/). Polymerase chain reaction (PCR) was carried 
out with 50 ng of genomic DNA in a 25 μl reaction volume containing 1x Taq DNA 
polymerase buffer (Qiagen, Germany), 50 μmol/l of each dNTP, 0.4 μmol/l of each primer, 
and 1 U Taq DNA polymerase. The thermal cycling conditions were as follows: 95°C for 2 
minutes, then 20 cycles of 30 seconds at 95°C, 30 seconds at 65°C (minus 0.5°C each cycle), 
and 30 seconds at 72°C in a PCR apparatus (T3 Biocycler, Biometra, Germany). Then 30 
cycles of 30 seconds at 95°C, 30 seconds at 55°C, and 30 seconds at 72°C. The program 
ended 10 minutes at 72°C. The sequence reactions were performed using fluorescently 
labeled dideoxy chain terminations with a Big Dye Terminator ABI Prism kit (Applied 
Biosystems, Foster City, CA, USA) according manufacturer’s protocol and analyses on an 
Applied Biosystems automated DNA sequencer (model 3730). Sequences were analyzed with 
the Sequencher package (GeneCodes Co, Ann Arbor, MI, USA). 

 
Study protocol 

The study used a randomized open label crossover design for comparison of metoprolol vs. 
carvedilol in CHF patients. Patients homozygous for Gly16/Glu27 and Arg16/Gln27 who met 
the study criteria were randomized to treatment with carvedilol or metoprolol. Patients on 
βAR-blocker treatment received an equipotent dosage of carvedilol (Eucardic, Roche, 
Mijdrecht, the Netherlands) or metoprolol succinate (Selokeen ZOC, AstraZeneca, 
Zoetermeer, the Netherlands). Following the first βAR-blockade 6 week treatment period, 
patients switched βAR-blocker for another 6 weeks, again in an equipotent dosage 
(carvedilol 25 mg twice daily and metoprolol succinate 200 mg once daily).454 To assure 
equipotency resting HR was determined one week following the βAR-blocker switch for each 
arm of the trial, with dosage adjustment in case of a change in HR >5 beats/min. Compliance 
to βAR-blocker treatment was assessed by counting the remaining tablets at the end of the 
treatment episodes. Measurements were performed at the end of both treatment-periods.  

 

 

 

 

Measurements and data analysis 

Measurements were performed in the morning after an overnight fast in the laboratory with 
an ambient temperature of 22° C. After instrumentation in the supine position and following 
a 10 min period of rest, measurements were performed with the light dimmed and ambient 
noise minimized for at least 5 min. This procedure was repeated after 2 min in the upright 
position. Blood pressure (BP) and inter-beat interval were continuously monitored by non-
invasive finger photo-plethysmography (Nexfin, BMEye, Amsterdam, The Netherlands) with 
the finger cuff applied to the mid-phalanx of the left middle finger placed at heart level. The 
continuous BP signal was A/D converted at 200 Hz and stored on hard disk for off-line 
analysis. Mean arterial pressure (MAP) was the integral of the arterial pressure wave divided 
by the corresponding beat interval duration. HR was the inverse of inter-beat interval. Stroke 
volume (SV) was estimated from the finger pulse pressure using the Nexfin CO-trek® 
method.10 Cardiac output (CO) was SV times HR and systemic vascular resistance (SVR) was 
the ratio of MAP and CO. 

BRS was obtained from the 5 min beat-to-beat systolic BP (SBP) and inter-beat interval data 
by the sequence method in the supine and the upright position.62, 63 In detail, the cross-
correlation between 10 s series of SBP and inter-beat interval samples was computed for 
delays between changes in SBP and inter-beat interval, called τ, of 0 – 5 s. The τ yielding the 
highest cross-correlation was selected if significant with α set at 0.05. The regression slope 
was recorded as one BRS value. Subsequently, the process was repeated for series of SBP 
and inter-beat interval samples 1 s later. Distributions of individual BRS values are best 
described as log-normal.62 Therefore, geometric averages over the 5 min supine and upright 
periods were used providing one value for each condition. 

 

Statistical analysis 

A mixed-effects model was used to determine the effects of the within-subject factors βAR-
blocker and posture and the between-subjects factor haplotype. Differences between 
haplotypes in intra-individual change in BRS with metoprolol vs. carvedilol were evaluated by 
independent t-test. The level of statistical significance was set at P<0.05. Data are presented 
as mean±SD. 

 

 

RESULTS 
Patients 

Between 2007 and 2009, 86 CHF patients were screened, of whom 8 homozygous for the 
Gly16/Glu27 haplotype and 13 for the Arg16/Gln27 haplotype entered the study (Figure 7.1, 
Table 7.1). Median administered daily dosages were 12.5 mg (IQR: 12.5-37.5 mg) for 
carvedilol and 75 mg (IQR: 50-125 mg) for metoprolol. Compliance to βAR-blocker treatment 
was 99%. 
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Measurements and data analysis

Measurements were performed in the morning after an overnight fast in the laboratory with 
an ambient temperature of 22° C. After instrumentation in the supine position and following 
a 10 min period of rest, measurements were performed with the light dimmed and ambient 
noise minimized for at least 5 min. This procedure was repeated after 2 min in the upright 
position. Blood pressure (BP) and inter-beat interval were continuously monitored by non-
invasive finger photo-plethysmography (Nexfin, BMEye, Amsterdam, The Netherlands) with 
the finger cuff applied to the mid-phalanx of the left middle finger placed at heart level. The 
continuous BP signal was A/D converted at 200 Hz and stored on hard disk for off-line 
analysis. Mean arterial pressure (MAP) was the integral of the arterial pressure wave divided 
by the corresponding beat interval duration. HR was the inverse of inter-beat interval. Stroke 
volume (SV) was estimated from the finger pulse pressure using the Nexfin CO-trek®

method.10 Cardiac output (CO) was SV times HR and systemic vascular resistance (SVR) was 
the ratio of MAP and CO.

BRS was obtained from the 5 min beat-to-beat systolic BP (SBP) and inter-beat interval data 
by the sequence method in the supine and the upright position.62, 63 In detail, the cross-
correlation between 10 s series of SBP and inter-beat interval samples was computed for 
delays between changes in SBP and inter-beat interval, called τ, of 0 – 5 s. The τ yielding the 
highest cross-correlation was selected if significant with α set at 0.05. The regression slope 
was recorded as one BRS value. Subsequently, the process was repeated for series of SBP 
and inter-beat interval samples 1 s later. Distributions of individual BRS values are best 
described as log-normal.62 Therefore, geometric averages over the 5 min supine and upright 
periods were used providing one value for each condition.

Statistical analysis

A mixed-effects model was used to determine the effects of the within-subject factors βAR-
blocker and posture and the between-subjects factor haplotype. Differences between 
haplotypes in intra-individual change in BRS with metoprolol vs. carvedilol were evaluated by 
independent t-test. The level of statistical significance was set at P<0.05. Data are presented 
as mean±SD.

RESULTS

Patients

Between 2007 and 2009, 86 CHF patients were screened, of whom 8 homozygous for the 
Gly16/Glu27 haplotype and 13 for the Arg16/Gln27 haplotype entered the study (Figure 7.1, 
Table 7.1). Median administered daily dosages were 12.5 mg (IQR: 12.5-37.5 mg) for 
carvedilol and 75 mg (IQR: 50-125 mg) for metoprolol. Compliance to βAR-blocker treatment 
was 99%.
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Table 7.1 Baseline characteristics of CHF patients by β2-receptor haplotype
Gly16/Glu27

(n (%))
Arg16/Gln27

(n (%))

Age (years) 70 ± 8 60 ± 7*
Male 4 (50) 9 (69)
Cause of heart failure

Ischemic 4 (50) 10 (77)
Non-ischemic:

Hypertensive CMP 0 (0) 2 (15)
Dilated CMP 4 (50) 1 (8)

NYHA classification
I 2 (25) 4 (31)
II 4 (50) 5 (39)
III 2 (25) 4 (31)

LVEF (%) 28 ± 11 31 ± 4

Medical history
Hypertension 2 (25) 5 (39)
Diabetes Mellitus 2 (25) 6 (46)
Hypercholesterolemia 3 (38) 4 (31)

β-blocker before randomization
Carvedilol 3 (38) 4 (31)
Metoprolol 4 (50) 6 (46)
Bisoprolol 1 (13) 1 (8)
Nebivolol 0 (0) 2 (15)

Co-medication
RAAS-inhibitors 6 (75) 12 (92)
Loop-diuretic 6 (75) 11 (85)
Spironolactone 2 (25) 6 (46)
Vitamin K antagonists 4 (50) 8 (62)
Antiplatelet agents 5 (63) 8 (62)
Statin 6 (75) 12 (92)
Digoxin 2 (25) 1 (8)

CMP: cardiomyopathy, LVEF: left ventricular ejection fraction, NYHA: New York 
Heart Association, RAAS: renin-angiotensin-aldosterone-system. * p<0.05 vs. 
Gly16/Glu27.
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Baroreflex sensitivity and cardiovascular variables

In the supine position no differences were found in HR, BP, SV, CO, SVR and BRS between 
β2AR haplotypes or βAR-blockers (Table 7.2). After standing up SV decreased in both groups 
with both metoprolol and carvedilol. A postural decline in CO was statistically significant in 
the Gly16/Glu27 patients only. Standing significantly reduced BRS during metoprolol 
treatment in both groups, whereas this postural decrease in BRS was less evident during 
carvedilol treatment, particularly in the Gly16/Glu27 patients (Gly16/Glu27: p=0.76, 
Arg16/Gln27: p=0.06 vs. supine). Accordingly, BRS was higher with carvedilol vs. metoprolol 
in Gly16/Glu27 patients in the standing position (Table 7.2). With carvedilol compared to 
metoprolol BRS was 4.3±5.4 ms·mmHg-1 higher in patients with the Gly16/Glu27 haplotype 
whereas this difference was +0.2±2.5 ms·mmHg-1 in the Arg16/Gln27 patients (p<0.05 vs. 
Gly16/Glu27). During carvedilol treatment upright BRS was higher in Gly16/Glu27 compared 
to Arg16/Gln27 patients, but did not reach statistical significance (10.2±7.1 vs. 5.5±3.5 
ms·mmHg-1; p=0.06).

Figure 7.1. Flow diagram of the study.
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Table 7.2 Cardiovascular variables 

 
Gly16/Glu27 Arg16/Gln27 

Metoprolol Carvedilol Metoprolol Carvedilol 

Supine 
 HR  (beats·min-1) 62 ± 8 62 ± 8 63 ± 8 65 ± 8 
 BPsys (mmHg) 135 ± 17 133 ± 23 127 ± 28 123 ± 19 
 BPdia (mmHg) 70 ± 10 70 ± 15 70 ± 12 69 ± 7 
 MAP (mmHg) 92 ± 12 91 ± 17 89 ± 17 87 ± 10 
 SV (ml) 78 ± 22 80 ± 22 88 ± 19 83 ± 19 
 CO  (l·min-1) 4.9 ± 1.6 5.0 ± 1.6 5.6 ± 1.4 5.5 ± 1.4 
 SVR (dyn·s·cm-5) 1877 ± 1074 1769 ± 962 1364 ± 314 1423 ± 408 
 BRS  (ms·mmHg-1) 10.0 ± 4.7 10.9 ± 7.3 8.7 ± 4.6 9.2 ± 8.0 
Stand 
 HR  (beats·min-1) 74 ± 10‡ 70 ± 9‡ 72 ± 9‡ 74 ± 6‡ 
 BPsys (mmHg) 120 ± 20‡ 122 ± 26 124 ± 29 116 ± 25 
 BPdia (mmHg) 71 ± 9 72 ± 9 74 ± 12 70 ± 11 
 MAP (mmHg) 87 ± 12 88 ± 14 90 ± 17 85 ± 16 
 SV (ml) 58 ± 16‡ 63 ± 15‡ 75 ± 20‡ 70 ± 17‡ 
 CO  (l·min-1) 4.3 ± 1.4‡ 4.4 ± 1.1‡ 5.3 ± 1.3 5.1 ± 1.3 
 SVR (dyn·s·cm-5) 1866 ± 856 1804 ± 678 1439 ± 290 1480 ± 561 
 BRS  (ms·mmHg-1) 5.9 ± 2.3‡ 10.2 ± 7.1† 5.5 ± 2.5‡ 5.5 ± 3.5 
HR: heart rate, BPsys: systolic blood pressure, BPdia: diastolic blood pressure, MAP: mean arterial 
pressure, SV: stroke volume, CO: cardiac output, SVR: systemic vascular resistance, BRS: baroreflex 
sensitivity. † p<0.01 vs. metoprolol, ‡ p<0.05 vs. supine. Data are means ± SD. 
 
 
DISCUSSION 
In the present study we identified an enhanced BRS with carvedilol vs. metoprolol treatment 
in CHF patients with the Gly16/Glu27, but not with Arg16/Gln27 haplotype for the β2AR. This 
new finding indicates that β2AR genotype in CHF patients influences the effects of 
nonselective βAR-blocker treatment on cardiovascular autonomic balance in CHF patients. 

Sympathetic dominance in CHF contributes to disease progression and restraining this 
sympathetic overactivity by βAR-blocker treatment improves outcome.453 Consequently, 
βAR-blockers together with inhibitors of the renin-angiotensin-aldosterone axis form the 
mainstay of current medical management of CHF.454 Although both metoprolol and 
carvedilol reduce mortality in CHF467, 468, carvedilol extended median survival of CHF patients 
by 1.4 years as compared to metoprolol tartrate in the COMET-trial.455 It was, however, 
debated whether the degrees of β1AR-blockade achieved with the dose regimens used in 
that study were comparable.469 In the present cross-over study patients received both 
metoprolol succinate and carvedilol and dosages were titrated on HR. The level of HR 
reduction is significantly associated with the survival benefit of βAR-blockers in CHF whereas 
the dosage used was shown to be less important.470 

 

 

 

Genetic polymorphisms of the β2AR receptor may account in part for the interindividual 
variability in responses to nonselective βAR-blocker treatment.459, 460 The prevalent β2AR 
haplotypes Gly16/Glu27 and Arg16/Gln27 are associated with altered receptor trafficking 
and down-regulation.461-463 Venodilatation induced by the βAR agonist isoproterenol 
diminished in persons homozygous for the Arg16/Gln27 haplotype, whereas it was steady in 
subjects homozygous for the Gly16/Glu27 haplotype.463 A diminished β2AR mediated 
vasodilatation likely explains the higher systolic blood pressure and the increased risk for 
coronary events in subjects homozygous for the Arg16/Gln27 haplotype.471, 472 Furthermore, 
in acute coronary syndrome patients treated with (nonspecified) βAR-blockers mortality was 
lower in patients homozygous for the Gly16/Glu27 compared to patients with the 
Arg16/Gln27 β2AR haplotype.465 In CHF homozygosity for the Gln27 allele in particular was 
reported to negatively affect outcome,473, 474 whereas this was not confirmed by others.475 In 
these studies patients used various βAR-blockers and an interaction between β2AR genotype 
and βAR-blocker treatment may have influenced these findings. Together with previous data 
on a beneficial response to carvedilol in CHF patients homozygous for the Glu27 allele459, 460 
our findings suggest that nonselective βAR-blocker treatment efficacy interacts with β2AR 
genotype. 

Baroreflex control of HR is mainly effectuated through efferent vagal nerve pathways with 
low BRS during sympathetic dominance.34, 476 Reduced vagal activity is associated with 
increased risk of ventricular arrhythmias and BRS has independent prognostic value for 
outcome in CHF.33, 443, 458 Blocking βARs increases BRS in healthy subjects in rest and during 
sympathetic activation by psychological stress.431, 477 Carvedilol has been shown to enhance 
BRS in CHF patients, but whether selective βAR-blockers have the same effect on baroreflex 
function in these patients is uncertain.35, 478 A possible mechanism for improved survival with 
nonselective βAR-blockade is that blockade of the prejunctional β2AR mediated release of 
norepinephrine likely add to the normalization of autonomic balance with an improvement 
in baroreflex function.35, 456, 478 Consequently, nonselective βAR-blockade may prevent 
surges in sympathetic activity that potentially induce cardiac arrhythmias.28, 477 A large part 
of human activity is characterized by the upright posture,479 whereas baroreceptor 
unloading with standing evokes sympathetic activation and parasympathetic withdrawal 
together with a reduction in BRS.63 The postural decrease in BRS was absent during 
treatment with carvedilol, but not with metoprolol, particularly in the Gly16/Glu27 patients. 
This could be explained by a β2AR mediated postural decline in BRS in the Gly16/Glu27 
patients, whereas in the Arg16/Gln27 patients an alternative pathway may have been 
evolved due to desensitization of β2ARs. 
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Genetic polymorphisms of the β2AR receptor may account in part for the interindividual 
variability in responses to nonselective βAR-blocker treatment.459, 460 The prevalent β2AR 
haplotypes Gly16/Glu27 and Arg16/Gln27 are associated with altered receptor trafficking 
and down-regulation.461-463 Venodilatation induced by the βAR agonist isoproterenol 
diminished in persons homozygous for the Arg16/Gln27 haplotype, whereas it was steady in 
subjects homozygous for the Gly16/Glu27 haplotype.463 A diminished β2AR mediated 
vasodilatation likely explains the higher systolic blood pressure and the increased risk for 
coronary events in subjects homozygous for the Arg16/Gln27 haplotype.471, 472 Furthermore, 
in acute coronary syndrome patients treated with (nonspecified) βAR-blockers mortality was 
lower in patients homozygous for the Gly16/Glu27 compared to patients with the 
Arg16/Gln27 β2AR haplotype.465 In CHF homozygosity for the Gln27 allele in particular was 
reported to negatively affect outcome,473, 474 whereas this was not confirmed by others.475 In 
these studies patients used various βAR-blockers and an interaction between β2AR genotype 
and βAR-blocker treatment may have influenced these findings. Together with previous data 
on a beneficial response to carvedilol in CHF patients homozygous for the Glu27 allele459, 460

our findings suggest that nonselective βAR-blocker treatment efficacy interacts with β2AR 
genotype.

Baroreflex control of HR is mainly effectuated through efferent vagal nerve pathways with 
low BRS during sympathetic dominance.34, 476 Reduced vagal activity is associated with 
increased risk of ventricular arrhythmias and BRS has independent prognostic value for 
outcome in CHF.33, 443, 458 Blocking βARs increases BRS in healthy subjects in rest and during 
sympathetic activation by psychological stress.431, 477 Carvedilol has been shown to enhance 
BRS in CHF patients, but whether selective βAR-blockers have the same effect on baroreflex 
function in these patients is uncertain.35, 478 A possible mechanism for improved survival with 
nonselective βAR-blockade is that blockade of the prejunctional β2AR mediated release of 
norepinephrine likely add to the normalization of autonomic balance with an improvement 
in baroreflex function.35, 456, 478 Consequently, nonselective βAR-blockade may prevent 
surges in sympathetic activity that potentially induce cardiac arrhythmias.28, 477 A large part 
of human activity is characterized by the upright posture,479 whereas baroreceptor 
unloading with standing evokes sympathetic activation and parasympathetic withdrawal 
together with a reduction in BRS.63 The postural decrease in BRS was absent during 
treatment with carvedilol, but not with metoprolol, particularly in the Gly16/Glu27 patients. 
This could be explained by a β2AR mediated postural decline in BRS in the Gly16/Glu27
patients, whereas in the Arg16/Gln27 patients an alternative pathway may have been 
evolved due to desensitization of β2ARs.
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A potential limitation in this study is the higher age in the Gly16/Glu27 vs. Arg16/Gln27 
patients. The inverse relation of BRS with age in both healthy subjects480 and CHF patients458 
renders an effect of age on the higher BRS in the Gly16/Glu27 CHF patients unlikely. BRS was 
determined in CHF patients homozygous for the Gly16/Glu27 and Arg16/Gln27 haplotypes 
and therefore cannot be directly extended to patients heterogeneous for any of these 
polymorphisms, whereas they may act intermediately.463, 465 The present findings suggest 
that nonselective βAR-blockade improves cardiovascular autonomic balance more efficiently 
than selective β1AR-blockade in CHF patients homozygous for the Gly16/Glu27 β2AR 
haplotype, but not in patients with the Arg16/Gln27 haplotype. The revealed 
pharmacogenetic interaction between β2AR genotype and nonselective βAR-blockers may 
have contributed to the reported improved outcomes with either carvedilol455 or the 
Gly16/Glu27 β2AR haplotype465, 473 in cardiovascular disease. It supports the use of genetic 
information on drug targets to improve treatment efficacy in CHF.  
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A potential limitation in this study is the higher age in the Gly16/Glu27 vs. Arg16/Gln27 
patients. The inverse relation of BRS with age in both healthy subjects480 and CHF patients458 
renders an effect of age on the higher BRS in the Gly16/Glu27 CHF patients unlikely. BRS was 
determined in CHF patients homozygous for the Gly16/Glu27 and Arg16/Gln27 haplotypes 
and therefore cannot be directly extended to patients heterogeneous for any of these 
polymorphisms, whereas they may act intermediately.463, 465 The present findings suggest 
that nonselective βAR-blockade improves cardiovascular autonomic balance more efficiently 
than selective β1AR-blockade in CHF patients homozygous for the Gly16/Glu27 β2AR 
haplotype, but not in patients with the Arg16/Gln27 haplotype. The revealed 
pharmacogenetic interaction between β2AR genotype and nonselective βAR-blockers may 
have contributed to the reported improved outcomes with either carvedilol455 or the 
Gly16/Glu27 β2AR haplotype465, 473 in cardiovascular disease. It supports the use of genetic 
information on drug targets to improve treatment efficacy in CHF.  
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ABSTRACT 
Background 
In the upright position cerebral blood flow is reduced maybe because arterial carbon dioxide 
partial pressure (Pa,CO2) decreases. We evaluated the time-dependent influence of a 
reduction in Pa,CO2 as indicated by the end-tidal PCO2 tension (PET,CO2) on cerebral perfusion 
during head-up tilt. 

Methods 
Mean arterial pressure, cardiac output, middle cerebral artery mean flow velocity (MCA 
Vmean), and dynamic cerebral autoregulation at supine rest and 70º head-up tilt were 
determined during free breathing and with PET,CO2 clamped to the supine level. 

Results 
The postural changes in central hemodynamic variables were equivalent and the 
cerebrovascular autoregulatory capacity was not significantly affected by tilt or by clamping 
PET,CO2. In the first minute of tilt, the decline in MCA Vmean (10 ± 4 vs. 3 ± 4 cm s-1; mean ± 
S.E.M; P < 0.05) and PET,CO2 (6.8 ± 4.3 vs. 1.7 ± 1.6 mmHg; P < 0.05) was larger during 
spontaneous breathing than during isocapnic tilt. However, after two minutes in head-up 
position, the reduction in MCA Vmean was similar (7 ± 5 vs. 6 ± 3 cm s-1), although the 
spontaneous decline in PET,CO2 was maintained (P < 0.05 vs. isocapnic tilt). 

Conclusion 
These results suggest that the potential contribution of Pa,CO2 to the postural reduction in 
MCA Vmean is transient, leaving the mechanisms for the sustained restrain in MCA Vmean to be 
identified.   

 

 

 

INTRODUCTION 
When upright, middle cerebral artery mean flow velocity (MCA Vmean)247, 249 and cerebral 
oxygenation250 are lower than during supine rest indicating that cerebral blood flow (CBF) is 
reduced. That is the case although the postural decline in mean arterial pressure (MAP) at 
the level of the brain is minimal because MAP at heart level increases.250  

A low arterial carbon dioxide partial pressure (Pa,CO2) reduces CBF by cerebral 
vasoconstriction 36 independently of cerebral autoregulation, known as the CO2 reactivity of 
the brain circulation. Accordingly, one explanation for the postural decline in CBF is the 
concomitant reduction in Pa,CO2  by an increase in pulmonary minute ventilation.37, 38 Cardiac 
output (CO) also declines upon standing 5 and its distribution over the lungs changes481 with 
an alteration in the ventilation perfusion ratio 3 and an overestimate of the postural 
reduction in the Pa,CO2 by end-tidal PCO2 (PET,CO2).482, 483 In supine humans PET,CO2 is an 
adequate reflection of Pa,CO2 but when the postural reduction in MCA Vmean is related to 
Pa,CO2 rather than to PET,CO2, it explains only about half of the postural decline in MCA 
Vmean.3, 484  

No data are available on the effects of PCO2 on CBF during adaptation to prolonged postural 
stress. We therefore evaluated the time dependent influence of Pa,CO2 as indicated by 
PET,CO2 to the decline in MCA Vmean during head-up tilt to a 70º position (HUT) testing the 
hypothesis that Pa,CO2 as indicated by PET,CO2 has an only temporary influence on the 
postural fall in cerebral perfusion. In order to identify an influence of the reduction of Pa,CO2 
on MCA Vmean during orthostatic stress, this study clamped PET,CO2 to the supine value.  

 

 

METHODS 
Twenty healthy non-smoking subjects participated in this study at least two hours after a 
light meal without caffeine-containing beverages in a room maintained at 22 C. Following 
instrumentation, the subjects rested in a supine position on a tilt table to record baseline 
values after 10 min. The subjects received verbal and written explanation of the objectives 
of the study and techniques employed, including possible risks associated with the study and 
they provided written informed consent in accordance with the Declaration of Helsinki as 
approved by the Institutional Ethical Committee (MEC 01/147).  

 

Arterial-to-end-tidal CO2 pressure gradient 

The postural change in Pa,CO2 and the PET,CO2 is correlated but the decrease in PET,CO2 
overestimates that in Pa,CO2 (ΔPET,CO2 = -2.75 + 0.84 Δ Pa,CO2).3 Based on these data, we 
assumed that Pa,CO2 was clamped when the PET,CO2 was ~3 mmHg below the supine value. 
To verify that assumption, in 6 male subjects (28 (23 – 34) year), 72 (60 - 88 kg), 182 (173 - 
194 cm)) Pa,CO2 was sampled 4 respectively 2 min before assuming the upright position and 
during the early postural adaptation associated with characteristic and marked changes in 
blood pressure and heart rate (HR) at 30, 60, 90 and 120 s (Figure 8.1A).76, 142 
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INTRODUCTION

When upright, middle cerebral artery mean flow velocity (MCA Vmean)247, 249 and cerebral 
oxygenation250 are lower than during supine rest indicating that cerebral blood flow (CBF) is 
reduced. That is the case although the postural decline in mean arterial pressure (MAP) at 
the level of the brain is minimal because MAP at heart level increases.250

A low arterial carbon dioxide partial pressure (Pa,CO2) reduces CBF by cerebral 
vasoconstriction 36 independently of cerebral autoregulation, known as the CO2 reactivity of 
the brain circulation. Accordingly, one explanation for the postural decline in CBF is the 
concomitant reduction in Pa,CO2  by an increase in pulmonary minute ventilation.37, 38 Cardiac 
output (CO) also declines upon standing 5 and its distribution over the lungs changes481 with 
an alteration in the ventilation perfusion ratio 3 and an overestimate of the postural 
reduction in the Pa,CO2 by end-tidal PCO2 (PET,CO2).482, 483 In supine humans PET,CO2 is an 
adequate reflection of Pa,CO2 but when the postural reduction in MCA VmeanVmeanV is related to 
Pa,CO2 rather than to PET,CO2, it explains only about half of the postural decline in MCA 
VmeanVmeanV .3, 484

No data are available on the effects of PCO2 on CBF during adaptation to prolonged postural 
stress. We therefore evaluated the time dependent influence of Pa,CO2 as indicated by 
PET,CO2 to the decline in MCA VmeanVmeanV during head-up tilt to a 70º position (HUT) testing the 
hypothesis that Pa,CO2 as indicated by PET,CO2 has an only temporary influence on the 
postural fall in cerebral perfusion. In order to identify an influence of the reduction of Pa,CO2

on MCA VmeanVmeanV during orthostatic stress, this study clamped PET,CO2 to the supine value. 

METHODS

Twenty healthy non-smoking subjects participated in this study at least two hours after a 
light meal without caffeine-containing beverages in a room maintained at 22 C. Following 
instrumentation, the subjects rested in a supine position on a tilt table to record baseline 
values after 10 min. The subjects received verbal and written explanation of the objectives 
of the study and techniques employed, including possible risks associated with the study and 
they provided written informed consent in accordance with the Declaration of Helsinki as 
approved by the Institutional Ethical Committee (MEC 01/147). 

Arterial-to-end-tidal CO2 pressure gradient

The postural change in Pa,CO2 and the PET,CO2 is correlated but the decrease in PET,CO2

overestimates that in Pa,CO2 (ΔPET,CO2 = -2.75 + 0.84 Δ Pa,CO2).3 Based on these data, we 
assumed that Pa,CO2 was clamped when the PET,CO2 was ~3 mmHg below the supine value. 
To verify that assumption, in 6 male subjects (28 (23 – 34) year), 72 (60 - 88 kg), 182 (173 -
194 cm)) Pa,CO2 was sampled 4 respectively 2 min before assuming the upright position and 
during the early postural adaptation associated with characteristic and marked changes in 
blood pressure and heart rate (HR) at 30, 60, 90 and 120 s (Figure 8.1A).76, 142
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We considered that invasive procedures increase the likelihood of (pre)vasovagal syncope 
during orthostatic stress485-487 with changes in CO and systemic vascular resistance (SVR) 
preceding manifest syncope.163, 488 In order to avoid exposing the subjects to these 
potentially confounding effects of invasive instrumentation, Pa,CO2 was assessed non-
invasively. To verify that approach, the steady-state ΔP(a-ET),CO2 was determined twice in 4 
male subjects (26 (22 – 30) year), 74 (63 - 92 kg), 183 (171 - 188 cm)) both after 5 min of 
supine rest and during 70º HUT with free breathing and when blood pressure and HR had 
stabilized.76, 142 Subsequently, the inspired PCO2 was increased by using a modified PET,CO2

clamping device (see below) until Pa,CO2 was equivalent to the supine value allowing for 
determination of ΔP(a-ET),CO2 (Figure 8.1B)

For determination of ΔP(a-ET),CO2, a cannula (1.1 mm ID, 20 gauge) was introduced into the 
brachial artery of the non-dominant arm under local anesthesia (2% lidocaine) and 
connected to a pressure monitoring system (Hewlett Packard, Andover, MA). Blood samples 
for Pa,CO2, arterial O2 pressure (Pa,O2), O2 saturation (Sa,O2), and pH were obtained 
anaerobically in heparinised syringes and analysed immediately on an OSM-500 and ABL-3 
apparatus (Radiometer, Copenhagen, Denmark) at 37° C. PET,CO2, was followed by a 

Figure 8.1 Study protocol.
Panel A: Determination of the ΔP(a-ET)ET)ET ,CO2CO2CO directly after assuming the upright position (n=6).directly after assuming the upright position (n=6).directly after assumi
Panel B: Determination to what level the PETPETP ,ET,ET CO2CO2CO should be increased in the upright position, by 
using the CO2using the CO2using the CO clamping contrivance, to reach a PaPaP ,CO2CO2CO that is comparable to the supine level (n=4). that is comparable to the supine level (n=4). that is comparable to the supine level (
Panel C: Spontaneous vs. isocapnic tilt (n=10).White bars indicate spontaneous breathing. White 
to grey shaded bars indicate adjusting the clamping contrivance (mm Hg(mm Hg( 2mm Hg2mm Hg ·Hz-·Hz-·Hz 1)and creating the 
CO2CO2CO clamp. Grey bars indicate an adequate CO2clamp. Grey bars indicate an adequate CO2clamp. Grey bars indicate an adequate CO clamped condition.
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capnograph (Datex Normocap 200) with the sample line mounted in the mouthpiece of the 
rebreathing device.

PET,ET,ET CO2 clamping

To maintain the supine Pa,CO2 during tilt we used a modified contrivance clamp developed 
by Banzett et al.489 This method uses a functionally variable dead space to maintain alveolar 
ventilation by applying a self-regulating partial-rebreathing system that is independent of 
changes in breathing frequency and/or tidal volume and maintains PET,CO2 within ± 1 mmHg 
of the preset value.489 To reduce inspiratory pressure, the dimension of the flexible reservoir 
tube was modified to 7.5 cm ID by 100 cm stiff polystyrene tube and we added a T-junction 
in the inspiratory limb of the clamping device to switch between spontaneous breathing and 
isocapnia (Figure 8.2). The mouthpiece and nose clip needed to clamp PET,CO2 were also used 
during spontaneous breathing to account for potential changes in breathing pattern and 
systemic hemodynamic variables. During spontaneous breathing, a valve closes the 
inspiratory limb of the clamp and allows for inhalation of room air. Prior to isocapnic tilt, the 
rebreathing loop device was opened when in the supine position. With the alveolar 
ventilation clamp in use, the amount of pressurized air provided was adjusted to just below 
supine minute ventilation. The PCO2 was considered clamped when, in the supine position, 
PET,CO2 was equal to the value prior to HUT with spontaneous breathing (Figure 8.3).

Spontaneous breathing vs. isocapnic tilt

For determination of the time-dependent influence of a reduction in Pa,CO2 on cerebral 
perfusion during HUT, 10 non-invasively instrumented subjects (3 women 28 (range 21-36 
year), 74 (59-85 kg), 184 (175-198 cm) were tilted 70º head-up during spontaneous 
breathing. Following instrumentation, the subjects rested in a supine position on a tilt table 
to record baseline values for 5 min. After 5 min in the head-up position, the subjects were 
returned to supine and rested for 20 min. Thereafter, the tilt was repeated with the postural 
reduction in PET,CO2 offset by using the clamping device (isocapnic tilt; Figure 8.1C).
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Arterial pressure was measured with a Finapres (Model 5; the Netherlands Organization for 
Applied Scientific Research, Biomedical Instrumentation, TNO-BMI, Amsterdam). The cuff 
was applied to the midphalanx of the middle finger of the dominant hand placed at heart 
level and in the Finapres device, a built in expert system (Physiocal) was operative to 
establish and adjust a proper volume clamp set point.78 Stroke volume (SV) was calculated 
from the blood pressure waveform using the Model flow method incorporating age, gender, 
height, and weight of the subjects (BeatScope 1.0 software; TNO TPD; Biomedical 

Figure 8.2 Experimental set-up for the alveolar ventilation clamp. In the supine position, a 
continuous flow of pressurized air, adjusted to just below minute ventilation, supplies the alveolar 
ventilation clamp via a heater / humidifier. The pressurized air will be collected in a bag (black 
arrows). During expiration (gray arrows), the one way valve (V1) closes and this will force the 
expiratory air into the rebreath tube. The air already present in the expiratory tube leaves the 
circuit via an one way valve (V2way valve (V2way valve (V ). During inspiration, V2). During inspiration, V2 1 opens and V2opens and V2opens and V closes and the collected 
pressurized air from the bag is inhaled. When the subject increases minute ventilation, the air 
pressure in the circuit tends to decrease, and a low pressure spring valve (sV) opens and carbon 
dioxide containing air from the rebreath tube (grey) is inhaled (dotted arrows). For spontaneous 
ventilation, a valve in T1 closes the inspiratory limb of the circuit and the subject inhales room air 
(dashed arrow).
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Instrumentation; Amsterdam, The Netherlands).77 This technique tracks SV during moderate 
hypocapnia (PET,CO2 = ~30 mmHg) induced by orthostatic stress.5 The proximal segment of 
the right middle cerebral artery (MCA) was insonated (Multidop X4, Sipplingen, Germany) 
through the posterior temporal ultrasound window.490 Once the optimal signal-to-noise ratio 
was obtained, the probe was covered with ultrasonic gel and secured with a headband 
(Mark 600, Spencer Technologies, Seattle, WA). PET,CO2 was followed by a capnograph with 
the sample line mounted in the mouthpiece of the rebreathing device. The inspiratory PCO2

was increased to the preset PET,CO2 until it was within 3 mmHg of the supine value by the 
clamping contrivance. Steady-state PET,CO2 clamping was reached within 15 min and verified 
by maintained PET,CO2 during hyperventilation.

The signals of finger blood pressure, the envelope curve of the transcranial Doppler 
spectrum, PET,CO2 and a marker signal were A/D converted at 100 Hz and stored on hard disk 
for off-line analysis. MAP and MCA VmeanVmeanV were the integral over one heartbeat, HR was the 
inverse of the interbeat interval, and SVR was the ratio of  MAP and CO,CO,CO with SV, CO and SVR 
expressed relative to supine rest. The cerebrovascular effects of Pa,CO2 were quantified as 
cerebrovascular resistance index (CVRi) from MAP and MCA VmeanVmeanV accounting for the 
difference in hydrostatic pressure between the site of blood pressure recording and MCA 
insonation.491

Dynamic cerebral autoregulation

Dynamic cerebral autoregulation (CA) was determined by calculating the power spectra of 
pressure and velocity in the frequency domain from a 2 min episode of beat-to-beat data of 
MAP and MCA VmeanVmeanV in the supine and upright positions with spontaneous breathing and 

Figure 8.3 End-tidal carbon dioxide partial pressure (P(P( ETPETP ,ET,ET CO2CO2CO ) clamping. Representative example 2) clamping. Representative example 2

of the PETPETP ,ET,ET CO2CO2CO response in one subject to hyperventilation (black bar) during spontaneous 
breathing (Panel A) and with isocapnic clamp (Panel B).
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isocapnia with discrete Fourier transform, after spline interpolation with 4 Hz.41 Results were 
expressed as the integrated area in the low frequency range (0.07 to 0.15 Hz). To examine 
the strength between low frequency MAP and MCA VmeanVmeanV , coherence signified that the two 
signals co-vary. The squared coherence function reflects the fraction of output power (MCA 
VmeanVmeanV ) that can be related to the input power (MAP). With squared coherence > 0.5.492 the 
MCA VmeanVmeanV to MAP phase lead and gain were obtained from the MAP to MCA VmeanVmeanV cross-
spectrum. Phase was considered positive when MCA VmeanVmeanV leads MAP.

Statistical analysis

Data were resampled at 0.1 Hz by polynomial interpolation, expressed as mean ± SE and 
changes over time and between spontaneous breathing and isocapnic tilt were examined by 
two-way ANOVA for repeated measures. Post-hoc multiple comparisons were performed 
using the Holm-Sidak method. Differences in responses between body positions were 
examined by parametric or non-parametric tests where appropriate and a p value <0.05 was 
considered to indicate a statistically significant difference.  

RESULTS

Effects of HUT on the arterial-to-end-tidal CO2 pressure gradient (Figure 8.1A; n=6)

In the supine position at 4 and 2 min prior to HUT, Pa,CO2 was 42.8 ± 0.6 and 42.3 ± 0.7 
mmHg, respectively, and PET,CO2 was 39 ± 1 and 40 ± 1 mmHg. In the first 2 minutes 
following HUT, Pa,CO2 decreased to 40.4 ± 0.7, 41.7 ± 0.7, 40.6 ± 0.9 and 40.9 ± 1.3 mmHg at 
30, 60, 90 and 120 sec, respectively whereas PET,CO2 decreased from 38 ± 1 mmHg after 1 
min to 37 ± 1 mmHg after 2 minutes (Figure 8.4). 

Figure 8.4 Arterial versus end-
tidal carbon dioxide partial 
tension from supine to upright. 
Postural decrease in arterial 
carbon dioxide pressure 
(P(P( aPaP ,CO2CO2CO ); black circles) versus 2); black circles) versus 2

end-tidal carbon dioxide 
pressure (Ppressure (Ppressure ( ETPETP ,ET,ET CO2CO2CO ; black line) 
in 6 subjects mean ± SE in the 
early-early-early steady state of the head 
up position. In the first 2 min 
following HUT, PaPaP ,CO2CO2CO did not 
change whereas (P(P( ETPETP ,ET,ET CO2CO2CO ) 2) 2

decreased to 37 ± 1 mmHg 
after 2 min. Vertical dotted line 
indicates the onset of tilt. 
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Arterial-to-end-tidal CO2 pressure gradient during clamping (Figure 8.1B; n=4)

In the supine position, PET,CO2 and Pa,CO2 were 41 ± 1 and 42 ± 1 mmHg, respectively. During 
HUT with spontaneous breathing, ΔP(a-ET),CO2 increased from 1.1±0.4 to 3.8±0.7 mmHg with 
a PET,CO2 of 34 ± 2 mmHg and a Pa,CO2 of 38 ± 2 mmHg (P < 0.05). After adding CO2 to 
inspired air in the upright position to clamp Pa,CO2 (41 ± 2 mmHg), PET,CO2 was 38 ± 2 mmHg 
with a ΔP(a-ET),CO2 of 2.5±0.4 mmHg (Figure 8.5). The CO2 clamping procedure did not affect 
the Pa,O2, Sa,O2 or plasma pH.

Figure 8.5 Postural change in 
arterial vs. end-tidal carbon 
dioxide tension. Postural 
decrease in arterial carbon 
dioxide pressure (Pdioxide pressure (Pdioxide pressure ( aPaP ,CO2CO2CO ) vs. 2) vs. 2

end-tidal carbon dioxide 
pressure (Ppressure (Ppressure ( ETPETP ,ET,ET CO2CO2CO ) in 13 2) in 13 2

subjects (gray; adapted from 
ref.3) Black, the postural 3) Black, the postural 3

change in arterial to end-tidal 
carbon dioxide for 4 subjects carbon dioxide for 4 subjects carbon di
unclamped (filled black circles) 
and later clamped to maintain 
the PETPETP ,ET,ET CO2CO2CO (open black 
circles).
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Spontaneous breathing vs. isocapnic tilt (Figure 8.1C; n=10)

In the supine position, MAP was slightly lower than prior to isocapnic tilt (74 ± 4 vs. 77 ± 4 
mmHg; P = 0.04) and that difference remained during HUT (87 ± 4 vs. 90 ± 4 mmHg; P = 
0.04). The postural changes in HR (+21 ± 4 vs. +20 ± 4 min-1 ), SV (-38 ± 3% vs. -36 ± 3%), CO (-
20 ± 3% vs. -16 ± 3%) and SVR (+51 ± 8% vs. +44 ± 6%) after 2 min of HUT did not differ 
between spontaneous breathing and isocapnic tilt (Figure 8.6).  Prior to HUT PET,CO2 was 44 ± 
1 vs. 43 ± 2 mmHg in the spontaneous breathing vs. the isocapnic conditions. After 1 min in 
the spontaneous breathing HUT position, ΔPET,CO2 stabilized at -6.8 ± 4.3 mmHg. During 
isocapnic tilt, ΔPET,CO2 was -1.7 ± 1.6 mmHg at 1 min, -3.1 ± 1.4 mmHg at 3 min and 
stabilized after 5 min HUT at -2.3 ± 0.8 mmHg (P < 0.05 vs. spontaneous breathing). Resting 
MCA VmeanVmeanV was 64 ± 5 cm s-1 for both the spontaneous breathing and isocapnic tilted 

Figure 8.6 Carbon dioxide, 
cerebrovascular and systemic 
hemodynamic responses to 
spontaneous breathing tilt and 
isocapnic tilt. Averaged tilt 
responses of 10 healthy subjects ± 
SE. EndSE. EndSE -tidal carbon dioxide 
concentration (Pconcentration (Pconcentration ( ETPETP ,ET,ET CO2CO2CO ), middle 2), middle 2

cerebral artery mean blood velocity 
(MCA Vmean), mean arterial blood 
pressure (MAP), heart rate (HR) 
and percentage changes to supine 
of stroke volume (SV), cardiac 
output (COoutput (COoutput ( ), systemic vascular CO), systemic vascular CO
resistance (SVR) during 
spontaneous breathing tilt (filled 
circles) and isocapnic tilt (open 
circles). Vertical dotted line 
indicates the moment of head up 
tilt. Each dot represents the mean 
value of 10 sec.  * P < 0.05 
spontaneous breathing vs. 
isocapnic.
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positions. After 1 min HUT, the postural reduction in MCA VmeanVmeanV for spontaneous breathing 
was larger (10 ± 4 vs. 3 ± 4 cm·s-1; P < 0.05). However, from 2 min on, this difference in 
postural reduction was no longer present (8 ± 1 vs. 7 ± 1 cm·s-1; P = 0.29; Figure 8.6). 
Changes in CVRi were similar during spontaneous breathing (1.17 ± 0.06 to 1.13 ± 0.05 
mmHg·cm-1·s-1) and isocapnic tilt (1.23 ± 0.06 to 1.17 ± 0.07 mmHg·cm-1·s-1). Unaltered MAP-
to-MCA VmeanVmeanV phase and gain across changes in PCO2 indicated maintained CA (Table 8.1 and 
Figure 8.7).

Table 8.1 Postural and carbon dioxide influence on dynamic cerebral autoregulation
Breathing

Spontaneous Isocapnic
supine upright supine upright

MAP power (mm Hg2·Hz-1) 5.4 ± 1.6 15.1 ± 3.6* 6.1 ± 2.7 15.7 ± 4.6*

VmeanVmeanV power ((cm·s-1)2·Hz-1) 7.3 ± 2 20.5 ± 4.3* 5.4 ± 2.7 19 ± 6.6*

Coherence 0.7 ± 0.1 0.8 ± 0.1* 0.69 ± 0.04 0.88 ± 0.02*

Phase (degrees) 48 ± 6 34 ± 6 42 ± 6 39 ± 6

Gain ((cm·s-1·mmHg-1) 1.1 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.1

CVRi (mmHg·cm-1·s-1) 1.17 ± 0.06 1.13 ± 0.05* 1.23 ± 0.06 1.17 ± 0.07*

Low frequency variability of mean arterial pressure (MAP power), mean middle cerebral artery blood 
velocity (Vmean power), coherence, phase, gain and cerebrovascular resistance index (CVRi) in the 
supine position and during 70º head up tilt. * p < 0.05 vs. supine. Values are mean ± SE.SE.SE
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DISCUSSION

This study determined the temporal contribution of the postural decrease in PET,CO2 on the 
decline in cerebral blood flow velocity. Isocapnic tilting limited the postural reduction in 
MCA VmeanVmeanV only during the first minute of HUT as the postural decline in MCA VmeanVmeanV was 
independent of Pa,CO2 for the ~4 mmHg PCO2 difference between the supine and the upright 
position. The data suggest that the postural decrease in MCA VmeanVmeanV coincides with, but is not 
explained by a reduction in Pa,CO2 indicating that other factors dominate the reduction in 
MCA VmeanVmeanV during posture. 

MCA VmeanVmeanV evaluated the postural and PCO2 related changes in cerebral perfusion assuming 
that changes in MCA VmeanVmeanV are representative for those in CBF.493 This was the case although 
transcranial Doppler monitors blood velocity rather than flow rate and changes in the 
diameter of the insonated vessel modulate velocity independently from flow. Yet, the large 
cerebral arteries are conduit rather than resistance vessels and changes in MAP within the 
physiological range appear to have negligible effects on the diameter of the insonated 

Figure 8.7 Power spectra, and MAP to MCA VmeanPower spectra, and MAP to MCA VmeanPower spectra, and MAP to MCA V coherence, phase and gain during spontaneous 
breathing and isocapnia in the supine and upright position. Averaged power spectra of mean 
arterial pressure (MAP) and middle cerebral artery mean blood velocity (MCA Vmeanddle cerebral artery mean blood velocity (MCA Vmeanddle cerebral artery mean blood velocity (MCA V ) and MAP to mean) and MAP to mean

MCA VmeanMCA VmeanMCA V coherence, phase and gain of 10 subjects ± SE during spontaneous breathing (black 
line) and isocapnia (grey line) in the supine position (upper panels) and upright (lower panels).
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artery.245 Observations during craniotomy reveal that the vessel diameter does not change 
during variations in MAP within a magnitude that surpasses the changes manifest in 
response to orthostasis.494 Also orthostatic stress, as simulated by lower body negative 
pressure, or changes in PCO2  do not alter the diameter of the MCA as assessed with magnetic 
resonance imaging 495 and changes in MCA VmeanVmeanV   follow cerebral 133Xe clearance.245, 493 Thus, 
MCA VmeanVmeanV   increases in proportion to CBF245, 302 and internal carotid flow,303 and constancy 
of the MCA diameter during postural stress relates changes in VmeanVmeanV to those in CBF.495

Posture and PCO2

A tilt-induced reduction in MCA VmeanVmeanV with PET,CO2 clamped is reported.496 However, in that 
study inequalities in MCA VmeanVmeanV between the control state prior to isocapnic tilt vs. 
spontaneous breathing tilt precluded quantification of the contribution of Pa,CO2 to the 
postural decrease in MCA VmeanVmeanV . A prerequisite for the present study was that the steady 
state hemodynamic condition was comparable for spontaneous breathing and isocapnic tilt. 
These requirements were fulfilled apart from a small expected difference in MAP that did 
not change with posture.497

Association between the initial postural decline in Pa,CO2 and MCA VmeanVmeanV was suggested by 
Cencetti et al.37 expressing Pa,CO2 as PET,CO2. For the supine position, changes in PET,CO2

correlated with those in Pa,CO2.498 However, in the upright position, ventilation increases 
with a reduction in lung perfusion and a gravitational blood pressure gradient over the 
lung.499 In upright humans, distribution of lung ventilation and perfusion by gravity500

overestimate the postural decrease in Pa,CO2 by the PET,CO2.3, 482-484 Accordingly, applying the 
ΔP(a-ET),CO2 we considered Pa,CO2 to be clamped when PET,CO2 decreased by 3 mmHg during 
posture. 

Posture and critical closing pressure

Adaptation of CBF to orthostatic stress is conceptually linked to critical closing pressure 
(CrCP).501 In the rabbit, the relationship between CrCP and intracranial pressure is linear and 
CrCP decreases with arterial hypotension.501 Kongstad and Grände502 demonstrated in the 
cat an increase in venous pressure not to influence tissue pressure for as long as venous 
pressure remains below tissue pressure. Only when pressures are equal the collapse of the 
outflow vein disappears and the two pressures increase in parallel.502 The implication is that 
for as long as there is a venous outflow resistance, the effect of venous pressure on 
intracranial pressure is minimal. Accordingly, with the head at heart level, cerebral venous 
pressure (VPCRB) rises linearly with end-expiratory airway pressure.503 However, when the 
head is elevated, VPCRB is affected only by a large increase in central venous pressure. Thus 
jugular venous collapse serves as a resistance to the transmission of central venous pressure 
to VPCRB and supports that in the upright position, a Starling resistor-type mechanism 
becomes operative.503, 504 These observations are consistent with that the CrCP is under the 
influence of the cerebral venous outflow pressure and a variable venous outflow 
resistance.502, 505 CO2 has a significant influence on cerebral vessels and CBF independent of 
CA.490, 506 In humans, CrCP cannot be assessed directly and it remains uncertain whether a 
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small decline in Pa,CO2 modifies CrCP.  

 

Posture and cerebral perfusion  

CBF remains relatively stable over a range of blood pressure.490, 507 Assumption of the 
upright position affects venous return and CO, whereas MAP at the level of the heart is 
maintained by a sympathetically mediated increase in SVR.508 In the upright position, the 
cerebral arteries are positioned above the heart and their perfusion pressure is reduced.509 
Both the position of the cerebral circulation and the reduction in CO challenge CBF, and 
although the postural reduction in cerebral perfusion may be limited by cerebral 
autoregulatory mechanisms, global CBF,510 MCA Vmean,247, 249 and cerebral oxygenation250 
decrease. CA is also affected by the basal vascular tone. Aaslid et al.511 demonstrated a 
relationship between Pa,CO2 and CA with a strong influence of Pa,CO2 on MCA Vmean assumed 
to reflect changes in cerebral vascular smooth muscle tone.512, 513 In the present study, CA 
was maintained across the changes in PCO2 associated with posture change. Autonomic 
neural control of the cerebral circulation is tonically active.513 Evidence for sympathetic 
control of the cerebral circulation in humans was identified by demonstrating that CBF, and 
in parallel MCA Vmean, declines in response to trigeminal ganglion stimulation514 and 
increases following stellate ganglion blockade.515, 516 A relationship between CBF and CO was 
found by demonstrating that both the MCA Vmean and the near-infrared spectrophotometry 
determined cerebral oxygenation decrease in association with the postural reduction in 
CO.245 This reduction in cerebral perfusion takes place even though MAP increases,246 further 
indicating an important role of sympathetic activation for regulation of CBF.245 In support, 
both MCA Vmean and cerebral oxygenation increase when the standing position is 
supplemented by a leg muscle tensing manoeuvre that attenuates sympathetic activity by 
enhancing CO.246 Also, CO and MCA Vmean change concordantly with, respectively, volume 
expansion and depletion.255, 517 Evidence for an influence of autonomic neural activity on 
cerebral hemodynamics in humans is the finding that noradrenaline plasma kinetic 
measurements across the brain reflect cerebrovascular sympathetic activity.518 

This study suggests that the partial contribution of Pa,CO2 to the postural reduction in 
cerebral perfusion is limited to the first minute of tilt. This finding indicates that after this 
first minute, other factors than Pa,CO2 dominate the postural reduction in MCA Vmean and the 
postural reduction in CO supports that cardiac output is likely to have an independent 
influence on cerebral perfusion. 
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control of the cerebral circulation in humans was identified by demonstrating that CBF, and 
in parallel MCA Vmean, declines in response to trigeminal ganglion stimulation514 and 
increases following stellate ganglion blockade.515, 516 A relationship between CBF and CO was 
found by demonstrating that both the MCA Vmean and the near-infrared spectrophotometry 
determined cerebral oxygenation decrease in association with the postural reduction in 
CO.245 This reduction in cerebral perfusion takes place even though MAP increases,246 further 
indicating an important role of sympathetic activation for regulation of CBF.245 In support, 
both MCA Vmean and cerebral oxygenation increase when the standing position is 
supplemented by a leg muscle tensing manoeuvre that attenuates sympathetic activity by 
enhancing CO.246 Also, CO and MCA Vmean change concordantly with, respectively, volume 
expansion and depletion.255, 517 Evidence for an influence of autonomic neural activity on 
cerebral hemodynamics in humans is the finding that noradrenaline plasma kinetic 
measurements across the brain reflect cerebrovascular sympathetic activity.518 

This study suggests that the partial contribution of Pa,CO2 to the postural reduction in 
cerebral perfusion is limited to the first minute of tilt. This finding indicates that after this 
first minute, other factors than Pa,CO2 dominate the postural reduction in MCA Vmean and the 
postural reduction in CO supports that cardiac output is likely to have an independent 
influence on cerebral perfusion. 
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ABSTRACT 
Background 
Cerebrovascular responses to head-of-bed positioning in patients with acute ischemic stroke 
are heterogeneous, questioning applicability of general recommendations on head 
positioning. Whether the cerebrovascular response in stroke patients depends on 
autoregulatory performance remains unknown.  

Methods 

In 39 patients with acute ischemic stroke and in 17 reference subjects the responses of 
bilateral transcranial Doppler ultrasound determined cerebral blood flow velocity (CBFV) and 
local cerebral blood volume (CBV) assessed by near-infrared spectroscopy total hemoglobin 
tissue concentration ([total Hb]) to head-of-bed lowering from 30° to 0° were determined. 
Cerebrovascular autoregulatory performance was expressed as the phase difference of the 
arterial pressure-to-CBFV transfer function.  

Results 

Following head-of-bed lowering, CBV increased in the reference subjects only ([total Hb] 
+2.1±2.0 vs. +0.4±2.6 μM; p<0.05), whereas CBFV did not change in both groups. In patients’ 
hemispheres with autoregulatory performance <50th percentile CBV increased upon head-of-
bed lowering vs. a decrease in hemispheres with better autoregulatory performance ([total 
Hb]: +1.0±1.3 μM vs. -0.5±1.0 μM; p<0.05). The CBV response was inversely related to 
autoregulatory performance (r= 0.68; p<0.001) in the patients, while no such relation was 
observed for CBFV.  

Conclusion 

This study is the first to provide evidence that in patients with acute ischemic stroke cerebral 
autoregulatory performance affects the cerebrovascular response to changes in the position 
of the head. 

 
  

 

 

 

INTRODUCTION 
Ischemic stroke results from a serious mismatch between oxygen demand and delivery due 
to a sudden interruption in the blood supply to the affected brain region. Neurons located in 
the ischemic core of the infarction are generally not eligible for recovery, whereas neurons 
in the penumbra have the potential to regain function, provided a sufficient recovery of 
blood supply and tissue oxygenation.519 When the brain is elevated above heart level, 
cerebral perfusion pressure decreases,509 potentially of importance for patient positioning 
and mobilization after a stroke.520 However, at group level a horizontal vs. elevated head-of-
bed position for the first 24 hours after stroke does not seem to affect neurological 
outcome.521 On the other hand, the cerebrovascular effect of head-of-bed positioning in 
acute ischemic stroke reveals to be quite heterogeneous, including paradoxical responses.43-

47, 522-524 This questions generalized recommendations and suggests that patient-tailored 
positioning may be more appropriate. 

Cerebral blood flow (CBF) is autoregulated implicating that it is maintained more or less 
constant despite changes in cerebral perfusion pressure.39 Acute ischemic stroke negatively 
affects cerebral autoregulatory performance.40-42 Dependency of cerebral perfusion on 
head-of-bed position in stroke patients has been suggested to reflect impaired 
autoregulation,43, 45, 524 but whether autoregulation performance impacts on the 
cerebrovascular response to changes in head-of-bed position has not been substantiated.  

We hypothesized that the cerebrovascular response to head-of-bed manipulation depends 
on cerebral autoregulatory performance in acute ischemic stroke. We set out to determine 
the relationship between cerebral autoregulatory performance and the cerebrovascular 
response determined by transcranial Doppler ultrasonography (TCD) and near-infrared 
spectroscopy (NIRS) to head-of-bed lowering in patients with acute ischemic stroke and in 
reference subjects.  

 
 
METHODS 
Subjects 
Consecutive patients admitted to the Stroke Units of the Academic Medical Centre (AMC, 
Amsterdam, The Netherlands) and Bispebjerg Hospital (BBH, Copenhagen, Denmark) with an 
onset of non-convulsive focal neurological deficit within the past 48 hours were included. 
Exclusion criteria were signs of cerebral hemorrhage on computed tomography scan, 
arrhythmia, a history of cardiac or central nervous system disease, or inability to provide 
informed consent. Stroke severity was quantified according the National Institutes of Health 
Stroke Scale (NIHSS). Age-matched volunteers without a history of cardiac or central nervous 
system disease served as reference subjects. Subjects received verbal and written 
explanation about the objectives and measurement techniques associated with the study. 
Informed consent was provided in accordance with the Helsinki Declaration. The Medical 
Ethics committees of the AMC and the BBH approved the study protocol. 
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INTRODUCTION

Ischemic stroke results from a serious mismatch between oxygen demand and delivery due 
to a sudden interruption in the blood supply to the affected brain region. Neurons located in 
the ischemic core of the infarction are generally not eligible for recovery, whereas neurons 
in the penumbra have the potential to regain function, provided a sufficient recovery of 
blood supply and tissue oxygenation.519 When the brain is elevated above heart level, 
cerebral perfusion pressure decreases,509 potentially of importance for patient positioning 
and mobilization after a stroke.520 However, at group level a horizontal vs. elevated head-of-
bed position for the first 24 hours after stroke does not seem to affect neurological 
outcome.521 On the other hand, the cerebrovascular effect of head-of-bed positioning in 
acute ischemic stroke reveals to be quite heterogeneous, including paradoxical responses.43-

47, 522-524 This questions generalized recommendations and suggests that patient-tailored 
positioning may be more appropriate.

Cerebral blood flow (CBF) is autoregulated implicating that it is maintained more or less 
constant despite changes in cerebral perfusion pressure.39 Acute ischemic stroke negatively 
affects cerebral autoregulatory performance.40-42 Dependency of cerebral perfusion on 
head-of-bed position in stroke patients has been suggested to reflect impaired 
autoregulation,43, 45, 524 but whether autoregulation performance impacts on the 
cerebrovascular response to changes in head-of-bed position has not been substantiated.

We hypothesized that the cerebrovascular response to head-of-bed manipulation depends 
on cerebral autoregulatory performance in acute ischemic stroke. We set out to determine 
the relationship between cerebral autoregulatory performance and the cerebrovascular 
response determined by transcranial Doppler ultrasonography (TCD) and near-infrared 
spectroscopy (NIRS) to head-of-bed lowering in patients with acute ischemic stroke and in 
reference subjects. 

METHODS

Subjects
Consecutive patients admitted to the Stroke Units of the Academic Medical Centre (AMC, 
Amsterdam, The Netherlands) and Bispebjerg Hospital (BBH, Copenhagen, Denmark) with an 
onset of non-convulsive focal neurological deficit within the past 48 hours were included. 
Exclusion criteria were signs of cerebral hemorrhage on computed tomography scan, 
arrhythmia, a history of cardiac or central nervous system disease, or inability to provide 
informed consent. Stroke severity was quantified according the National Institutes of Health 
Stroke Scale (NIHSS). Age-matched volunteers without a history of cardiac or central nervous 
system disease served as reference subjects. Subjects received verbal and written 
explanation about the objectives and measurement techniques associated with the study. 
Informed consent was provided in accordance with the Helsinki Declaration. The Medical 
Ethics committees of the AMC and the BBH approved the study protocol.
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Protocol and Measurements 

Bedside measurements were performed at the stroke units within 48 hours after onset of 
stroke. Reference subjects were studied ≥2 hours after a light meal without caffeine-
containing beverages. Instrumentation was performed with the head-of-bed position 
elevated to 30°. Subsequently, a 5-min baseline measurement in the same position was 
followed by 0° head-of-bed position for 5 min. In all patients (n=39) and reference subjects 
(n=17) continuous blood pressure was measured (Portapres M2; TNO-BMI, The Netherlands) 
with the cuff applied to the midphalanx of the middle finger of the non-paralytic hand fixed 
at heart level and calibrated by oscillometry (Omron M5-I, Omron healthcare Inc., Japan). To 
estimate CBF, bilateral blood flow velocity was measured by TCD (Multidop X4, DWL, 
Germany) through the temporal acoustic windows in the proximal segments of the left and 
right middle cerebral artery. TCD determines cerebral blood flow velocity (CBFV) in large 
cerebral arteries leaving changes in microvascular and collateral blood flow undetected. In 
17 patients from Amsterdam and in all reference subjects bilateral changes in the cerebral 
microcirculation were monitored using continuous wave NIRS (Oxymon Mk II, Artinis 
Medical Systems BV, The Netherlands). NIRS tracks microvascular perfusion by trans-
illuminating the cerebral cortex and detects head-of-bed position induced changes in 
cerebral perfusion not sensed by TCD.45, 46, 57, 524 NIRS differentiates between oxygenated 
([oxy-Hb]) and deoxygenated hemoglobin ([deoxy-Hb]) tissue concentration, with local 
changes in cerebral blood volume (CBV) being reflected by total hemoglobin tissue 
concentration ([total Hb]).525-527 During manipulation of CBF [oxy-Hb] runs in parallel with 
the brain capillary oxygen saturation528 and relates to the blood-oxygen-level dependent 
functional magnetic resonance imaging (BOLD fMRI).529-532 A differential path length factor 
of 6.0 was applied to account for the scattering of light in the tissue. NIRS signals were 
recorded at 10 Hz above the supraorbital ridge and below the hairline. Changes in cutaneous 
perfusion may interfere with the accuracy of cerebral oximetry, whereas the distance 
between the transmitter and the receivers was 5.5 cm to assure deep enough penetration of 
the near-infrared light into the brain to exclude substantial contamination from the extra-
cerebral circulation.525 TCD probes and NIRS optodes were secured with a headband 
(modified Mark 600, Spencer Technologies). Blood pressure, TCD and NIRS signals were 
analog-to-digital converted and stored for analysis.  

 
Analysis 
Changes in [oxy-Hb], [deoxy-Hb] and [total Hb] were expressed relative to baseline (30° 
head-of-bed position). Mean arterial pressure (MAP) and CBFV were the integral over one 
heartbeat. Heart rate was taken from the pressure pulse interval. MAPbrain accounted for the 
hydrostatic difference between the level of the heart and the TCD probe at 30° head-of-bed 
elevation. Cardiac stroke volume was determined by pulse wave analysis (BeatScope 1.0 
software; BMEYE, Amsterdam, The Netherlands), and cardiac output was cardiac stroke 
volume x heart rate.  

Cerebral autoregulatory performance in dampening the transfer of fluctuations in arterial 
pressure to CBFV can be represented by the latency between the input (arterial pressure) 
and output (CBFV) signals. To that purpose cerebral autoregulatory performance was 
assessed in the frequency domain in order to determine the phase difference (Φ) between 
MAP and CBFV, where lower Φ implies more passive following of CBFV to fluctuations in 

 

 

 

arterial pressure and hence reduced cerebral autoregulatory performance.40, 41, 66 A 4-min 
tracing of beat-to-beat data of MAP and CBFV was spline interpolated and resampled at 4 
Hz. To quantify the variability of MAP and CBFV, their power spectra were determined by 
transforming the MAP and CBFV time series with discrete Fourier transformation to the 
frequency domain. From the cross spectrum, transfer function phase difference (Φ) and gain 
were derived. According to the high-pass filter model of CA, performance of autoregulation 
is reflected by the Φ between oscillations of MAP (input function) and CBFV (output 
function).67, 252 Results were expressed as the averaged integrated area for the low (0.07 to 
0.15 Hz) frequency range. The transfer function gain was normalized for MAP and CBFV and 
expressed as the percentage change in CBFV per percent change in MAP to account for 
intersubject variability.40, 41 To examine the strength of the relationship between MAP and 
CBFV, coherence was used to express the degree that the two signals co-vary significantly. 
Coherence above 0.5 was considered to provide a reliable estimate of the transfer function 
variables.252 

Differences between hemispheres and between head-of-bed positions were examined by 
two-way ANOVA for repeated measurements. Comparison between hemispheres with high 
vs. low cerebral autoregulatory performance was done after dichotomizing data according to 
the median Φ for each group. Differences between patients and reference subjects were 
identified by T-test when data fit a normal distribution; otherwise Mann-Whitney’s U-test 
was used. Data of the left and right hemispheres in the reference subjects were averaged. 
Correlation between the cerebrovascular responses to head-of-bed lowering and cerebral 
autoregulatory performance was evaluated by univariate linear regression analysis. Data are 
presented as mean±SD, unless otherwise indicated. P<0.05 was considered to indicate 
statistical significance. 
 

 

RESULTS    
Thirty-nine patients with acute ischemic stroke met the inclusion criteria and seventeen 
healthy volunteers served as reference subjects (Table 9.1). Figure 9.1 summarizes patient 
eligibility and inclusion according to data quality and availability. All recordings from the 
reference subjects fulfilled the required signal quality for analysis; MAP-CBFV coherence was 
insufficient for determination of cerebral autoregulatory performance in 1 patient 
hemisphere.  
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arterial pressure and hence reduced cerebral autoregulatory performance.40, 41, 66 A 4-min 
tracing of beat-to-beat data of MAP and CBFV was spline interpolated and resampled at 4 
Hz. To quantify the variability of MAP and CBFV, their power spectra were determined by 
transforming the MAP and CBFV time series with discrete Fourier transformation to the 
frequency domain. From the cross spectrum, transfer function phase difference (Φ) and gain 
were derived. According to the high-pass filter model of CA, performance of autoregulation 
is reflected by the Φ between oscillations of MAP (input function) and CBFV (output 
function).67, 252 Results were expressed as the averaged integrated area for the low (0.07 to 
0.15 Hz) frequency range. The transfer function gain was normalized for MAP and CBFV and 
expressed as the percentage change in CBFV per percent change in MAP to account for 
intersubject variability.40, 41 To examine the strength of the relationship between MAP and 
CBFV, coherence was used to express the degree that the two signals co-vary significantly. 
Coherence above 0.5 was considered to provide a reliable estimate of the transfer function 
variables.252

Differences between hemispheres and between head-of-bed positions were examined by 
two-way ANOVA for repeated measurements. Comparison between hemispheres with high 
vs. low cerebral autoregulatory performance was done after dichotomizing data according to 
the median Φ for each group. Differences between patients and reference subjects were 
identified by T-test when data fit a normal distribution; otherwise Mann-Whitney’s U-test 
was used. Data of the left and right hemispheres in the reference subjects were averaged. 
Correlation between the cerebrovascular responses to head-of-bed lowering and cerebral 
autoregulatory performance was evaluated by univariate linear regression analysis. Data are 
presented as mean±SD, unless otherwise indicated. P<0.05 was considered to indicate 
statistical significance.

RESULTS 

Thirty-nine patients with acute ischemic stroke met the inclusion criteria and seventeen 
healthy volunteers served as reference subjects (Table 9.1). Figure 9.1 summarizes patient 
eligibility and inclusion according to data quality and availability. All recordings from the 
reference subjects fulfilled the required signal quality for analysis; MAP-CBFV coherence was 
insufficient for determination of cerebral autoregulatory performance in 1 patient 
hemisphere. 
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Table 9.1 Demographics - patients and reference subjects

STROKE CTRL
Male/Female 20 / 19 7 / 10
Age (years) 68 ± 12 64 ± 7
Weight (kg) 75 ± 15 72 ± 11
Height (cm) 173 ± 9 169 ± 8
BMI 25 ± 4 26 ± 4
Stroke side (R/L) 20 / 19 N/A
NIHSS 8 ± 6 N/A
History
Hypertension 11 2
Diabetes Mellitus 3 0
Dyslipidemia 5 2
Medication
β-blocker 9 2
ACE-inhibitor 2 1
AT2RA 4 2
Diuretic 7 0
Cholesterol-lowering drug 12 2
Glucose-lowering drug 2 0

ACE: angiotensin-converting enzyme, AT2converting enzyme, AT2converting enzyme, AT RA: angiotensin type 2 receptor antagonist, BMI: body mass 
index, NIHSS: National Institutes of Health Stroke Scale. Data are mean±SD.

Cerebrovascular autoregulation and cerebrovascular responses to head-of-bed lowering
Autoregulatory performance was not significantly different between groups or hemispheres 
(Table 9.2). In response to head-of-bed lowering local CBV, reflected by NIRS determined 
[total Hb], increased in the patients’ hemispheres with autoregulatory performance <50th

percentile (Φ < 37°) while it tended to decrease in the patients’ hemispheres with better 
autoregulatory performance (Figure 9.2). The local CBV responses to head-of-bed lowering 
related inversely to Φ in the patients (p<0.05; Figure 9.3), whereas no such relationship was 
found in the reference subjects (Figure 9.3). In both groups the TCD determined CBFV 
response to head-of-bed lowering did not relate to autoregulatory performance.
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Figure 9.Figure 9.F 1 Inclusion and assessment of near infrared spectroscopy (NIRS) and transcranial Doppler 
(TCD) ultrasonography in ipsi-lateral and contra-lateral hemispheres in the stroke patients.
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Table 9.2 Dynamic cerebral autoregulation

STROKE
CTRLipsi-

lateral
contra-
lateral

MAP power
(mmHg2∙Hz-1)

6.3 ± 3.8* 3.8 ± 2.9

MCA Vmean power 
((cm∙s-1)2∙Hz-1)

3.1 ± 2.8 4.6 ± 8.6 2.5 ± 2.3

MAP – MCA Vmean transfer function

Φ (º) 43 ± 18 48 ± 21 42 ± 11

Normalized Gain (%∙%-1) 0.37 ± 0.20 0.47 ± 0.49 0.53 ± 0.31

Coherence (k2) 0.71 ± 0.13 0.69 ± 0.15 0.74 ± 0.09

Φ : phase difference, MAP: mean arterial pressure, MCA VmeanΦ : phase difference, MAP: mean arterial pressure, MCA VmeanΦ : phase difference, MAP: mean arterial pressure, MCA V : middle cerebral artery mean 
blood velocity. *p<0.01 vs. CTRL. Data are mean ± SD.

Figure 9.2 Changes in 
cerebral blood volume 
expressed as cerebral total 
tissue hemoglobin 
concentration (Δ[total Hb]) 
with head-of-of-of bed lowering in 
hemispheres with low vs. 
high cerebral autoregulation 
performance (Φ<37° vs. 
Φ>37°) in acute stroke 
patients (grey bars) and 
reference subjects (white 
bar). Boxes indicate median, 
25th and 75th percentile, 
while error bars indicate 10th 
and 90th percentile. *p<0.05 
vs. lower cerebral 
autoregulation performance.

●
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Cardio- and cerebrovascular responses to head-of-bed lowering
At baseline with the head-of-bed position elevated at 30° MAP, heart rate and cardiac 
output were higher in the patients, whereas CBFV was comparable between patients and 
reference subjects (Figure 9.4). In both groups head-of-bed lowering increased MAPbrain and 
cardiac output but not CBFV. Local CBV increased in the reference subjects only, mainly as a 
result of an increase in [oxy-Hb], whereas in the patients changes were non-significant  at 
group level (Figure 9.4).

Figure 9.3 Relation 
between cerebral between cerebral between cer
autoregulation efficacy and 
the change in total cerebral 
hemoglobin tissue 
concentration [total Hb] 
after head-of-of-of bed lowering 
in stroke patients (upper 
panel, ▲ affected 
hemispheres; ○ non-
affected hemispheres) and 
reference subjects (lower 
panel, ● left hemispheres; ●
right hemispheres).
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DISCUSSION

The cerebrovascular response to head-of-bed positioning in acute ischemic stroke varies 
widely across patients.43-47, 522-524 In the present study we reveal that in patients with acute 
ischemic stroke the cerebrovascular response to a change in head position relates to 
cerebral autoregulatory performance. This is of clinical relevance considering the potential 
influence of positioning and mobilization on clinical outcome in ischemic stroke.520 The data 
suggest that cerebral autoregulatory performance is to be accounted for when considering 
patient head positioning and mobilization.

TCD ultrasonography tracks blood flow velocity in large vessels and constancy of the 
insonated vessel diameter as assessed with ultra-high-field MRI links velocity to flow,533

rather than reflecting collateral perfusion in patients with cerebrovascular disease.45 Within 
the cortical volume sampled by NIRS, hemoglobin is contained in arterioles, capillaries, and 
venules, whereas the relative arterial and venous contributions vary534 and changes in [total 
Hb] correspond to CBV determined by PET.526, 527 Combining TCD and NIRS provides inside in 

Figure 9.4 Cardio- and cerebrovascular variables during head-of-of-of bed position lowering. Δ[total Hb]: 
change in total hemoglobin tissue concentration, Δ[oxy-Hb]: change in oxygenated hemoglobin 
tissue concentration, Δ[deoxy-Hb]: change in deoxygenated hemoglobin tissue concentration, 
CBFV: cerebral blood flow velocity, HR: heart rate, MAP: mean arterial pressure, CO: cardiac 
output, HOB: Head-of-of-of bed. NIRS data are relative changes to 30°. * p<0.05 vs. CTRL; # p<0.05 vs. 
30°. Data are mean±SE.
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the perfusion changes in both the large and small cerebral blood vessels, including collateral 
circulation.45, 46 The necessity of adequate quality of all signals together with sufficient 
transfer function coherence limited the number of observations in which we were able to 
relate the cerebrovascular to the cerebral autoregulatory performance. Particularly 
obtaining good quality TCD data can be challenging, illustrated by a study in more than 3000 
(healthy) subjects where bilateral TCD signals were available in less than 50% of subjects.535

Nevertheless, the present study is valuable as it is the first to demonstrate a relation 
between cerebral autoregulatoy performance and the cerebrovascular response to head 
positioning in acute ischemic stroke.

Initial observations in patients with severe ischemic stroke suggested CBF as being maximal 
in the horizontal head-of-bed position.43, 44 but this was not unanimously confirmed in more 
recent studies in mild to moderate stroke.45-47 Considerable heterogeneity in responses has 
been observed ranging from an increase to indifferent or paradoxical reactions that could 
not be explained by clinical or radiological patient features.45-47, 522, 523 Our findings are not 
intended to support either the horizontal or elevated head-of-bed position since it remains 
uncertain how these physiological effects translate into clinical outcomes. Recently, the 
lying-flat position vs. the sitting-up position for the first 24 hours after stroke did not affect 
neurological outcome at group level.521 On the other hand, very early mobilization vs. 
standard care in stroke patients resulted in a less favorable outcome,520 whereas a the role 
of cerebral perfusion in this outcome is yet unknown.

Fundamentally, cerebral autoregulation is an abstract entity rather than a physical 
quantity,252 with autoregulatory performance as a continuum of stages rather than an ‘all or 
nothing’ phenomenon. Cerebral autoregulatory performance is highly variable among both 
patients and healthy subjects,40-42 and clear cut-off criteria on ‘normal’ vs. ‘impaired’ 
autoregulation are as yet lacking.66 Cerebral autoregulation counter-regulates an increase in 
cerebral perfusion pressure by means of cerebral vasoconstriction reducing CBV.536 On the 
contrary, cerebral hypoperfusion and ischemia induce compensatory cerebrovascular 
vasodilatation until autoregulatory capacity becomes exhausted with increased CBV.537 Local 
increases in CBV induce pressure differentials potentially provoking brain tissue shifts and 
neurologic deterioration.65 Less effective cerebral autoregulation in ischemic stroke is 
associated with an increased risk of cerebral edema and hemorrhagic transformation 48, 65, 537

and worse clinical outcome.538 The ideal head-of-bed position after ischemic stroke is to be 
balanced between optimal cerebral perfusion and minimal risk for cerebral edema, 
reperfusion injury, hemorrhagic transformation or respiratory complications.49

Postural changes in cerebral perfusion are commonly considered to reflect impairment of 
cerebral autoregulation in stroke patients. However, in healthy humans positional changes in 
cerebral perfusion are physiological with a ~15% postural reduction in CBV and ~8% in 
cerebral cortical oxygenation.46, 246, 247, 539 Together with Aries et al.46 the present study is 
one of few that included a reference group without manifest cerebrovascular disease. 
Although the average cerebral autoregulatory performance did not differ between the two 
groups, the increase in CBV with head-of-bed lowering in the reference subjects was larger 
and not related to cerebral autoregulatory performance. Aries et al. observed a comparable 
trend towards larger cerebrovascular changes in healthy controls vs. stroke patients.46 We 
may speculate that, according to the Monro-Kellie doctrine,540 CBV after ischemic stroke 
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could be less responsive to postural changes as cerebral edema and increased intracranial 
pressure averts the inflow of extra blood volume.  

In conclusion, this study provides evidence that in patients with acute ischemic stroke 
cerebral autoregulatory performance affects the cerebrovascular response to changes in the 
position of the head. The findings suggest that patients could benefit from individualized 
positioning and mobilization, and question the feasibility of generalized recommendations 
on this issue. 
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This thesis evaluates cardiovascular autonomic control during orthostatic challenges under 
both healthy and pathologic conditions. The effect of orthostatic stress on both systemic and 
regional blood circulation were studied. In addition, the role of autonomic cardiovascular 
control mechanisms that secure optimal blood flow to the vital organs, specifically the brain, 
was evaluated. Insight is given in the orthostatic transfer of blood volume to the lower 
extremities and the importance of autonomic cardiovascular reflexes in health and disease. 

The first cardiovascular effect upon moving from the horizontal to the erect position is a 
displacement of blood from the central blood vessels to the lower extremities. In order to 
recognize a suboptimal central blood volume, which is essential for sufficient venous return 
to the heart, first the normal blood volume, i.e. normovolemia, should be defined. We 
defined normovolemia as the level of blood volume at the plateau of the Frank-Starling 
curve, where central blood volume does not limit cardiac stroke volume.16, 17, 219 In healthy 
humans this is reached in the supine position, which implies that central blood volume is not 
optimal in the upright posture. To compensate for this suboptimal level of central blood 
volume autonomic cardiovascular mechanisms, specifically the baroreflex and cerebral 
autoregulation, are activated to ensure sufficient blood flow to the brain and other vital 
organs. 

The time course of the blood volume displacement from the thoracic compartment to the 
lower extremities is of interest for the comprehension of orthostatic cardiovascular 
physiology. We demonstrated that the rapid blood volume increase in the legs after moving 
to the upright position is followed by a more gradual increase of blood volume. This 
contrasts with the earlier assumption that the prolonged orthostatic increase in leg 
circumference is mainly due to the transfer of fluid from the intra- to the extravascular 
compartment.19, 24, 25 Traditional studies on orthostatic volume shifts were mainly performed 
using strain gauge plethysmography that quantifies changes in limb circumference.6 The 
advantage of the method we used, NIRS, is that it detects changes in hemoglobin tissue 
concentration that reflect changes in intravascular blood volume solely.57 Our findings 
contribute to the understanding of orthostatic blood pooling and may eventually support a 
further understanding of the pathophysiology of orthostatic hypotension. These findings 
point to a prolonged accumulation of blood volume in the intravascular compartment and 
this knowledge could be helpful in the development of therapies for orthostatic 
hypotension, for instance, by limiting this intravascular volume accumulation. 

As the blood volume shifts to the lower parts of the body upon transferring to the upright 
position autonomic cardiovascular reflexes compensate for the decrease in cardiac preload 
in order to secure sufficient blood flow to the vital organs. One of the most important 
autonomic reflexes under these circumstances is the baroreflex. With unloading of the 
arterial baroreceptors diminishing activity of the parasympathetic efferent arm of the 
baroreflex induces an increase in heart rate in order to enhance cardiac output, whereas the 
sympathetic arm induces vasoconstriction resulting in an increase in blood pressure. The 
reaction of the baroreflex for a given change in blood pressure, expressed as baroreflex 
sensitivity, is not constant. Both internal and external conditions modulate baroreflex 
sensitivity, particularly those associated with stimulation of the sympathetic nervous 
system.34, 476 With activation of the sympathetic nervous system baroreflex sensitivity is 
inhibited, while pharmacologic blockade of adrenergic β-receptors enhances the sensitivity 

 

 

 

of the baroreflex.431 The sympathetic nervous system is activated, among other things, by 
psychological stress and heart disease. Combined these two conditions,28, 29 as well as a low 
baroreflex sensitivity,32, 33 are associated with increased risk for cardiac arrhythmias. On the 
other hand, β-blockers decreases this risk in patients with ischemic heart disease.30 Whether 
β-blockers also reduce the risk for cardiac arrhythmias during psychological stress is yet 
unknown. We demonstrated that the baroreflex sensitivity during psychological stress is 
increased by β-adrenergic blockade. Moving to the upright position also activates the 
sympathetic nervous system and accordingly we observed that the cardiovascular response 
to standing is affected by psychological stress. Our findings support a simultaneous increase 
in parasympathetic activity during psychological stress that results in an attenuated heart 
rate response to standing.27, 439 When part of the sympathetic activation is blocked by β-
blockade the stress induced increase in parasympathetic activation becomes obvious as we 
observed that heart rate in the upright position was lower during than after the 
psychological stress. Possibly, the parasympathetic activation during psychological may 
contribute to the risk for reflex syncope during psychological stress. 

As mentioned, sympathetic activation and reduced baroreflex sensitivity are also common in 
patients with heart disease.451, 452 Blockade of adrenergic β-receptors improves outcome in 
these patients.453 The clinical effectivity of therapy with β-blockers is however dependent on 
the selectivity of these drugs, to either the β1-receptor alone or combined with the β2-
receptor.455 In addition, genetic variations in the β2-receptor influence the response to non-
selective β-blockers.459, 460 Subjects with the Gly16/Glu27 haplotype are relatively resistant 
to agonist mediated β2-receptor desensitization compared to subjects with the Arg16/Gln27 
haplotype.463 We found that in chronic heart failure patients with the Gly16/Glu27 haplotype 
the non-selective β-blocker carvedilol, as compared with the β1-selective blocker metoprolol, 
improved baroreflex sensitivity, whereas this effect of β-blocker selectivity was not found in 
patients with the Arg16/Gln27 haplotype. This finding supports that genetic profiling of 
patients and individualized treatment may lead to improved clinical outcomes.   

This thesis ends with two studies on the cerebrovascular regulation during gravitational 
stress. In the end sufficient cerebral perfusion is the foremost requisite for maintaining 
consciousness specifically and life in general. The systemic cardiovascular reflexes are on 
their own probably insufficient to secure adequate blood flow to the brain in the upright 
position. Additional regulation of cerebral blood flow supports adequate perfusion of the 
brain during fluctuations in cerebral perfusion pressure as during changes in posture. 
Cerebral autoregulation secures relatively stable cerebral blood flow despite variations in 
perfusion pressure.39 Notwithstanding cerebral autoregulation blood flow to the brain 
slightly decreases when the head position is being transferred above heart level, as occurs 
with standing.247, 249 The upright decrease in arterial carbon dioxide partial pressure that 
induces cerebral vasoconstriction36 would be a solid explanation for the reduction in 
cerebral blood flow when standing.37, 38 By clamping end-tidal carbon dioxide we 
demonstrated that the postural reduction in arterial carbon dioxide explained the reduction 
in cerebral blood flow during the first minute after standing only. In other words, the 
persistent decrease in cerebral blood flow after the first minute of standing is not clarified by 
a reduction in arterial carbon dioxide. The reduction in cardiac output245, 246 and the increase 
in sympathetic nervous activity514-516 with standing are factors that likely play an important 
role in the postural cerebral blood flow decrease. 
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of the baroreflex.431 The sympathetic nervous system is activated, among other things, by 
psychological stress and heart disease. Combined these two conditions,28, 29 as well as a low 
baroreflex sensitivity,32, 33 are associated with increased risk for cardiac arrhythmias. On the 
other hand, β-blockers decreases this risk in patients with ischemic heart disease.30 Whether 
β-blockers also reduce the risk for cardiac arrhythmias during psychological stress is yet 
unknown. We demonstrated that the baroreflex sensitivity during psychological stress is 
increased by β-adrenergic blockade. Moving to the upright position also activates the 
sympathetic nervous system and accordingly we observed that the cardiovascular response 
to standing is affected by psychological stress. Our findings support a simultaneous increase 
in parasympathetic activity during psychological stress that results in an attenuated heart 
rate response to standing.27, 439 When part of the sympathetic activation is blocked by β-
blockade the stress induced increase in parasympathetic activation becomes obvious as we 
observed that heart rate in the upright position was lower during than after the 
psychological stress. Possibly, the parasympathetic activation during psychological may 
contribute to the risk for reflex syncope during psychological stress.

As mentioned, sympathetic activation and reduced baroreflex sensitivity are also common in 
patients with heart disease.451, 452 Blockade of adrenergic β-receptors improves outcome in 
these patients.453 The clinical effectivity of therapy with β-blockers is however dependent on 
the selectivity of these drugs, to either the β1-receptor alone or combined with the β2-
receptor.455 In addition, genetic variations in the β2-receptor influence the response to non-
selective β-blockers.459, 460 Subjects with the Gly16/Glu27 haplotype are relatively resistant 
to agonist mediated β2-receptor desensitization compared to subjects with the Arg16/Gln27 
haplotype.463 We found that in chronic heart failure patients with the Gly16/Glu27 haplotype
the non-selective β-blocker carvedilol, as compared with the β1-selective blocker metoprolol, 
improved baroreflex sensitivity, whereas this effect of β-blocker selectivity was not found in 
patients with the Arg16/Gln27 haplotype. This finding supports that genetic profiling of 
patients and individualized treatment may lead to improved clinical outcomes. 

This thesis ends with two studies on the cerebrovascular regulation during gravitational 
stress. In the end sufficient cerebral perfusion is the foremost requisite for maintaining
consciousness specifically and life in general. The systemic cardiovascular reflexes are on 
their own probably insufficient to secure adequate blood flow to the brain in the upright 
position. Additional regulation of cerebral blood flow supports adequate perfusion of the 
brain during fluctuations in cerebral perfusion pressure as during changes in posture.
Cerebral autoregulation secures relatively stable cerebral blood flow despite variations in 
perfusion pressure.39 Notwithstanding cerebral autoregulation blood flow to the brain
slightly decreases when the head position is being transferred above heart level, as occurs 
with standing.247, 249 The upright decrease in arterial carbon dioxide partial pressure that 
induces cerebral vasoconstriction36 would be a solid explanation for the reduction in 
cerebral blood flow when standing.37, 38 By clamping end-tidal carbon dioxide we 
demonstrated that the postural reduction in arterial carbon dioxide explained the reduction 
in cerebral blood flow during the first minute after standing only. In other words, the 
persistent decrease in cerebral blood flow after the first minute of standing is not clarified by 
a reduction in arterial carbon dioxide. The reduction in cardiac output245, 246 and the increase 
in sympathetic nervous activity514-516 with standing are factors that likely play an important 
role in the postural cerebral blood flow decrease.
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While the postural reduction in cerebral perfusion seems harmless in healthy individuals 
these variations may not be tolerated when cerebral perfusion is already compromised, like 
in ischemic stroke. This is emphasised by the fact that cerebral autoregulation is impaired 
after ischemic stroke.40-42 Very early mobilization of ischemic had a negative effect on 
outcome in ischemic stroke patients,520 although whether cerebral hypoperfusion played a 
role in this finding is yet undetermined. On the other hand, impaired autoregulation is 
associated with an increased risk for the development of cerebral edema and hemorrhagic 
transformation,48 and care should be taken to avoid cerebral hyperperfusion. At group-level 
no effect on clinical outcome was found in stroke patients with the head-of-bed in either the 
horizontal or elevated position.521 The effect of head-of-bed position on cerebral perfusion 
in acute ischemic stroke patients seems however quite variable among patients,43-47 
questioning a generalized approach for positioning and mobilization. We observed that the 
cerebrovascular response to head-of-bed position depends on the performance of cerebral 
autoregulation in patients with acute ischemic stroke. This may imply that individualized 
recommendations on positioning and mobilization, according to cerebral autoregulation 
performance, may be more appropriate after ischemic stroke.  

In conclusion, several aspects of the physiology and pathophysiology of the cardiovascular 
response to posture change were evaluated in this thesis. Insight is gained in the postural 
redistribution of central and peripheral blood volume, sympathetic modulation of the 
baroreflex and finally the orthostatic influence on cerebral perfusion. Together these 
findings add to the understanding of the gravitational effect on human blood circulation and 
the autonomic reflexes we possess the prevent consequent hypoperfusion of vital organs. 
This knowledge can contribute to the development of strategies to treat conditions in which 
the gravitational effects on blood circulation can no longer be averted, as in systemic or 
cerebral autonomic failure. Insight in the (patho-)physiology of the individual patient seems 
essential for the further development of patient tailored therapies and personalised 
medicine.  
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In conclusion, several aspects of the physiology and pathophysiology of the cardiovascular 
response to posture change were evaluated in this thesis. Insight is gained in the postural 
redistribution of central and peripheral blood volume, sympathetic modulation of the 
baroreflex and finally the orthostatic influence on cerebral perfusion. Together these 
findings add to the understanding of the gravitational effect on human blood circulation and 
the autonomic reflexes we possess the prevent consequent hypoperfusion of vital organs. 
This knowledge can contribute to the development of strategies to treat conditions in which 
the gravitational effects on blood circulation can no longer be averted, as in systemic or 
cerebral autonomic failure. Insight in the (patho-)physiology of the individual patient seems 
essential for the further development of patient tailored therapies and personalised 
medicine.  
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Summary 
This thesis evaluates aspects of the physiology and pathophysiology of the cardiovascular 
response to posture change. It provides some insight in the postural redistribution of central 
and peripheral blood volume, sympathetic modulation of the baroreflex and finally the 
orthostatic influence on cerebral perfusion.  

The first two chapters consider methods for the non-invasive and continuous monitoring of 
the cardiovascular system. In Chapter 2 methods for continuous and non-invasive 
hemodynamic monitoring are reviewed with an emphasis on finger photo-plethysmography. 
This latter method can be applied for continuous monitoring of blood pressure and heart 
rate derived from a finger in nearly every patient. Furthermore, the continuous blood 
pressure signal can be used for real-time stroke volume and cardiac output estimation. In 
this thesis finger photo-plethysmography is applied to evaluate the cardiovascular response 
to postural changes. The continuous nature of the photo-plethysmographic signal allows for 
the study of the interaction between variations in blood pressure at one hand and heart rate 
or cerebral blood flow at the other hand, quantifying baroreflex sensitivity and cerebral 
autoregulation, respectively. In the following chapters these parameters are applied to study 
the regulation of the cardiovascular system and the effects of gravitational challenges in 
health and disease. 

Methods for non-invasive and continuous determination of cardiac output are generally 
validated against discontinuous estimates of cardiac output, while fluctuations in finger 
arterial physiology may affect cardiac output determinations by pulse contour methods 
obtained from the finger arterial pressure wave. In Chapter 3 we demonstrated that 
variability in hemodynamics and peripheral vasculature physiology impact on the 
comparison between thermodilution and pulse contour determined cardiac output. In 
addition, we propose a classification to define hemodynamic stability that can be used when 
reporting validation studies of non-invasive, continuous cardiac output methods when 
compared against thermodilution determination of cardiac output. 

Identification of the hypovolemic patient requires a definition of normal volume status. In 
Chapter 4 we propose such a definition according to the Frank-Starling mechanism of the 
heart, which describes the relation between central blood volume (i.e. cardiac preload) and 
cardiac stroke volume. With this approach we defined normal volume status in humans as 
the point where the heart operates on the plateau of the Frank–Starling curve. Posture is an 
everyday moderator of central blood volume with blood volume migrating from the thoracic 
and splanchnic compartments to the lower parts of the body when the upright position is 
assumed. This leads to a reduction in venous return to the heart, resulting in a decrease in 
cardiac stroke volume. In healthy subjects the plateau of the Frank-Starling curve is 
established in the supine position.  

The postural accumulation volume in the lower extremities has traditionally been studied 
using strain gauge plethysmography. Is has been assumed that the fall in central blood 
volume is induced by a rapid increase of leg blood volume, while the progressive decline in 
central blood volume in the upright position is considered to be driven by capillary fluid 
filtration due to the increased hydrostatic pressure. However, strain gauge plethysmography 
does not differentiate between the intra- and extra-vascular contributions of the postural 

 

 

 

increase in leg volume. In Chapter 5 we applied near-infrared spectroscopy (NIRS) to 
monitor the orthostatic induced increase in intravascular blood volume in the lower leg. We 
observed that the prolonged orthostatic increase in leg volume is not solely the result of 
transcapillary fluid filtration but at least in part by a sustained accumulation of blood 
volume. 

With progressively decreasing cardiac preload the baroreflex is activated to compensate for 
the subsequent decrease in cardiac stroke volume and resulting lower blood pressure. 
Baroreflex sensitivity is a reflection of sympathico-vagal balance and offers a method to 
study autonomic cardiovascular regulation under several circumstances and has shown to be 
of clinical and prognostic importance. In Chapter 6 we studied the effect of acute 
psychological stress induced by the gravitational challenge of bungee jumping on baroreflex 
sensitivity. Partial blockade of the sympathetic autonomic nervous system by the β-blocker 
propranolol appeared to improve baroreflex sensitivity during psychological stress. This may 
describe a mechanism behind the anti-arrhythmic effect of β-blockers during acute 
psychological stress, in particular in patients with heart disease. 

The clinical effect of β-blockade in heart failure patients is influenced by the pharmacological 
selectivity to the β1-and β2-receptor. Still, a single type of β-blocker may have various 
responses among patients. This may partially be explained by genetic variations in the β2-
receptor associated with agonist-mediated desensitization of this receptor. In Chapter 7 we 
studied the combined effect of β-blocker selectivity and two genetic polymorphisms of the 
β2-receptor on baroreflex sensitivity in chronic heart failure patients. The data indicate that 
in particular patients relatively resistant to β2-receptor desensitization could benefit from 
nonselective β-blockade.  

Systemic cardiovascular reflexes alone cannot sufficiently secure blood flow to the brain in 
the upright position. Cerebral autoregulation supports adequate blood flow to the brain 
despite fluctuation in perfusion pressure, but does nevertheless not prevent a decrease in 
cerebral blood flow from supine to the upright position. The cerebral vasoconstriction 
induced by a decrease in arterial carbon dioxide partial pressure in the upright position has 
been suggested to account for this observation. In Chapter 8 we demonstrated that the 
postural reduction in arterial carbon dioxide only explains the initial, but not the prolonged, 
reduction in cerebral blood flow after standing.  

Local obstruction of cerebral blood flow may lead to ischemic stroke posing a serious threat 
to health and even to life. Horizontal head-of-bed position has been suggested as an 
intervention to optimize cerebral blood perfusion, while considerable heterogeneity of the 
cerebrovascular response to head-of-bed manipulation among patients exists. Under healthy 
conditions cerebral perfusion is more or less maintained during fluctuations in perfusion 
pressure by cerebral autoregulation. Ischemic stroke may affect cerebral autoregulation into 
various degrees. In Chapter 9 we found that the cerebrovascular response to head-of-bed 
lowering relates to the efficacy of cerebral autoregulation after acute ischemic stroke. This 
questions the feasibility of generalized recommendations and could guide individualized 
positioning and mobilization of patients in the acute phase of ischemic stroke.  
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Summary 
This thesis evaluates aspects of the physiology and pathophysiology of the cardiovascular 
response to posture change. It provides some insight in the postural redistribution of central 
and peripheral blood volume, sympathetic modulation of the baroreflex and finally the 
orthostatic influence on cerebral perfusion.  

The first two chapters consider methods for the non-invasive and continuous monitoring of 
the cardiovascular system. In Chapter 2 methods for continuous and non-invasive 
hemodynamic monitoring are reviewed with an emphasis on finger photo-plethysmography. 
This latter method can be applied for continuous monitoring of blood pressure and heart 
rate derived from a finger in nearly every patient. Furthermore, the continuous blood 
pressure signal can be used for real-time stroke volume and cardiac output estimation. In 
this thesis finger photo-plethysmography is applied to evaluate the cardiovascular response 
to postural changes. The continuous nature of the photo-plethysmographic signal allows for 
the study of the interaction between variations in blood pressure at one hand and heart rate 
or cerebral blood flow at the other hand, quantifying baroreflex sensitivity and cerebral 
autoregulation, respectively. In the following chapters these parameters are applied to study 
the regulation of the cardiovascular system and the effects of gravitational challenges in 
health and disease. 

Methods for non-invasive and continuous determination of cardiac output are generally 
validated against discontinuous estimates of cardiac output, while fluctuations in finger 
arterial physiology may affect cardiac output determinations by pulse contour methods 
obtained from the finger arterial pressure wave. In Chapter 3 we demonstrated that 
variability in hemodynamics and peripheral vasculature physiology impact on the 
comparison between thermodilution and pulse contour determined cardiac output. In 
addition, we propose a classification to define hemodynamic stability that can be used when 
reporting validation studies of non-invasive, continuous cardiac output methods when 
compared against thermodilution determination of cardiac output. 

Identification of the hypovolemic patient requires a definition of normal volume status. In 
Chapter 4 we propose such a definition according to the Frank-Starling mechanism of the 
heart, which describes the relation between central blood volume (i.e. cardiac preload) and 
cardiac stroke volume. With this approach we defined normal volume status in humans as 
the point where the heart operates on the plateau of the Frank–Starling curve. Posture is an 
everyday moderator of central blood volume with blood volume migrating from the thoracic 
and splanchnic compartments to the lower parts of the body when the upright position is 
assumed. This leads to a reduction in venous return to the heart, resulting in a decrease in 
cardiac stroke volume. In healthy subjects the plateau of the Frank-Starling curve is 
established in the supine position.  

The postural accumulation volume in the lower extremities has traditionally been studied 
using strain gauge plethysmography. Is has been assumed that the fall in central blood 
volume is induced by a rapid increase of leg blood volume, while the progressive decline in 
central blood volume in the upright position is considered to be driven by capillary fluid 
filtration due to the increased hydrostatic pressure. However, strain gauge plethysmography 
does not differentiate between the intra- and extra-vascular contributions of the postural 

 

 

 

increase in leg volume. In Chapter 5 we applied near-infrared spectroscopy (NIRS) to 
monitor the orthostatic induced increase in intravascular blood volume in the lower leg. We 
observed that the prolonged orthostatic increase in leg volume is not solely the result of 
transcapillary fluid filtration but at least in part by a sustained accumulation of blood 
volume. 

With progressively decreasing cardiac preload the baroreflex is activated to compensate for 
the subsequent decrease in cardiac stroke volume and resulting lower blood pressure. 
Baroreflex sensitivity is a reflection of sympathico-vagal balance and offers a method to 
study autonomic cardiovascular regulation under several circumstances and has shown to be 
of clinical and prognostic importance. In Chapter 6 we studied the effect of acute 
psychological stress induced by the gravitational challenge of bungee jumping on baroreflex 
sensitivity. Partial blockade of the sympathetic autonomic nervous system by the β-blocker 
propranolol appeared to improve baroreflex sensitivity during psychological stress. This may 
describe a mechanism behind the anti-arrhythmic effect of β-blockers during acute 
psychological stress, in particular in patients with heart disease. 

The clinical effect of β-blockade in heart failure patients is influenced by the pharmacological 
selectivity to the β1-and β2-receptor. Still, a single type of β-blocker may have various 
responses among patients. This may partially be explained by genetic variations in the β2-
receptor associated with agonist-mediated desensitization of this receptor. In Chapter 7 we 
studied the combined effect of β-blocker selectivity and two genetic polymorphisms of the 
β2-receptor on baroreflex sensitivity in chronic heart failure patients. The data indicate that 
in particular patients relatively resistant to β2-receptor desensitization could benefit from 
nonselective β-blockade.  

Systemic cardiovascular reflexes alone cannot sufficiently secure blood flow to the brain in 
the upright position. Cerebral autoregulation supports adequate blood flow to the brain 
despite fluctuation in perfusion pressure, but does nevertheless not prevent a decrease in 
cerebral blood flow from supine to the upright position. The cerebral vasoconstriction 
induced by a decrease in arterial carbon dioxide partial pressure in the upright position has 
been suggested to account for this observation. In Chapter 8 we demonstrated that the 
postural reduction in arterial carbon dioxide only explains the initial, but not the prolonged, 
reduction in cerebral blood flow after standing.  

Local obstruction of cerebral blood flow may lead to ischemic stroke posing a serious threat 
to health and even to life. Horizontal head-of-bed position has been suggested as an 
intervention to optimize cerebral blood perfusion, while considerable heterogeneity of the 
cerebrovascular response to head-of-bed manipulation among patients exists. Under healthy 
conditions cerebral perfusion is more or less maintained during fluctuations in perfusion 
pressure by cerebral autoregulation. Ischemic stroke may affect cerebral autoregulation into 
various degrees. In Chapter 9 we found that the cerebrovascular response to head-of-bed 
lowering relates to the efficacy of cerebral autoregulation after acute ischemic stroke. This 
questions the feasibility of generalized recommendations and could guide individualized 
positioning and mobilization of patients in the acute phase of ischemic stroke.  
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Samenvatting 
In dit proefschrift worden aspecten van de fysiologie en pathofysiologie van de 
cardiovasculaire respons op houdingsverandering geëvalueerd. Inzicht wordt verkregen in de 
houdingsafhankelijke herverdeling van het centrale en perifere bloedvolume, de 
sympathische modulatie van de baroreflex en uiteindelijk de orthostatische invloed op de 
cerebrale perfusie. 

De eerste twee hoofdstukken beschouwen methoden om het cardiovasculaire systeem 
niet-invasief en continu te monitoren. In hoofdstuk 2 worden methoden voor continue en 
niet-invasieve hemodynamische monitoring beschreven, waarbij de nadruk ligt op foto-
plethysmografie van de vinger. Deze methode kan worden toegepast voor de voortdurende 
controle van de bloeddruk en de hartfrequentie vanuit de vinger van vrijwel iedere patiënt. 
Bovendien kan het continue bloeddruksignaal worden gebruikt voor real-time cardiaal 
slagvolume en hartminuutvolume schatting. In dit proefschrift wordt vinger foto-
plethysmografie toegepast om de cardiovasculaire respons op houdingsveranderingen te 
evalueren. Vanwege het continue karakter van het foto-plethysmografische signaal is de 
techniek geschikt om de interactie tussen variaties in bloeddruk, aan de ene kant, en 
hartslag of cerebrale bloedstroom, aan de andere kant, respectievelijk baroreflex 
gevoeligheid en cerebrale autoregulatie, te bestuderen. In de daaropvolgende hoofdstukken 
worden deze parameters toegepast om de regulatie van het cardiovasculaire systeem te 
onderzoeken en de effecten van zwaartekracht bij gezondheid en ziekte. 

Methoden voor niet-invasieve en continue bepaling van het hartminuutvolume worden in 
het algemeen gevalideerd tegen intermitterende schattingen van het hartminuutvolume. 
Daarnaast kunnen schommelingen in de arteriële fysiologie bepalingen van het 
hartminuutvolume uit de arteriële drukgolf in de vinger doormiddel van pulse-contour 
methoden beïnvloeden. In hoofdstuk 3 tonen we aan dat de variabiliteit in hemodynamiek 
en perifere vaatfysiologie invloed heeft op de vergelijking tussen het thermodilutie en pulse-
contour bepaalde hartminuutvolume. We stellen een classificatie voor om hemodynamische 
stabiliteit te definiëren die gebruikt kan worden bij het rapporteren van validatiestudies 
tussen niet-invasieve, continue hartminuutvolume methoden tegen bepaling van het 
hartminuutvolume doormiddel van thermodilutie. 

Identificatie van de hypovolemische patiënt vereist een definitie van het normale 
bloedvolume. In hoofdstuk 4 stellen wij een definitie van normale bloedvolume voor volgens 
het Frank-Starling-mechanisme van het hart, dat de relatie tussen het centrale bloedvolume 
(cardiale ‘preload’) en het slagvolume van het hart beschrijft. Met deze benadering kan het 
normale bloedvolume in de mens worden gedefinieerd als het punt waar het hart op het 
plateau van de Frank-Starling-curve functioneert. Lichaamshouding is een alledaagse 
manipulator van het centrale bloedvolume waarbij het bloedvolume migreert vanuit de 
thoracale en splanchnische compartimenten naar de onderste delen van het lichaam 
wanneer de staande positie wordt aangenomen. Dit leidt tot een vermindering van de 
veneuze terugstroom van bloed naar het hart, wat resulteert in een afname van het cardiale 
slagvolume. Bij gezonde personen wordt het plateau van de Frank-Starling-curve in de 
liggende positie bereikt. Gezien houdingsverandering een fysiologische reactie induceert is 
deze manoeuvre regelmatig in dit proefschrift gebruikt om de cardiovasculaire autonome 
regulatie te bestuderen.  

 

 

 

De houdingsafhankelijke accumulatie van bloedvolume in de onderste ledematen wordt 
traditioneel onderzocht met behulp van ‘strain-gauge-plethysmography’. Aangenomen werd 
dat de afname in het centrale bloedvolume wordt geïnduceerd door een snelle vulling van 
de bloedvaten in de benen, terwijl de aanhoudende afname van het centrale bloedvolume in 
de staande positie wordt verklaard door capillaire vloeistoffiltratie als gevolg van de 
verhoogde hydrostatische druk. Met behulp van ‘strain-gauge-plethysmography’ kan echter 
geen onderscheid worden gemaakt tussen de intra- en extra-vasculaire bijdragen van de 
houdings-induceerde toename van het been volume. In hoofdstuk 5 hebben we ‘near-
infrared spectroscopie’ (NIRS) toegepast om de orthostatisch geïnduceerde toename in 
intravasculaire bloedvolume in het onderbeen waar te nemen. We constateerden dat de 
aanhoudende orthostatische toename van het beenvolume niet alleen het resultaat is van 
transcapillaire vloeistoffiltratie, maar dat er sprake is van een voortdurende accumulatie van 
het bloedvolume.  

Met een toenemende daling van de cardiale ‘preload’ wordt de baroreflex geactiveerd om te 
compenseren voor de daaropvolgende afname van het cardiale slagvolume en de bloeddruk. 
Baroreflex gevoeligheid is een weerspiegeling van de sympathisch-vagale balans en biedt 
een methode om autonome cardiovasculaire regulatie onder verschillende omstandigheden 
te bestuderen en lijkt van klinisch en prognostisch belang te zijn. In hoofdstuk 6 
bestudeerden we het effect van acute psychologische stress veroorzaakt door de invloed van 
zwaartekracht, in de vorm van bungeejumpen, op de baroreflex gevoeligheid. Gedeeltelijke 
blokkade van het sympathische autonome zenuwstelsel door de β-blokker propranolol bleek 
de gevoeligheid van de baroreflex te verbeteren tijdens de psychologische stress. Dit 
beschrijft mogelijk een mechanisme achter het anti-aritmische effect van β-blokkers bij 
acute psychologische stress, in het bijzonder bij patiënten met hart- en vaatziekten. 

Het klinische effect van β-blokkade bij patiënten met hartfalen wordt beïnvloed door de 
farmacologische selectiviteit voor de β1- en β2-receptor. Toch kan een enkel type β-blokker 
verschillende effecten veroorzaken tussen patiënten. Dit kan gedeeltelijk worden verklaard 
door genetische variaties in de β2-receptor geassocieerd met agonist-gemedieerde 
desensibilisatie van deze receptor. In hoofdstuk 7 bestudeerden we het gecombineerde 
effect van β-blokkerselectiviteit en twee genetische polymorfismen van de β2-receptor op de 
baroreflex gevoeligheid bij patiënten met chronisch hartfalen. Deze bevindingen wijzen er 
op dat vooral patiënten die relatief bestand zijn tegen β2-receptor-desensibilisering kunnen 
profiteren van niet-selectieve β-blokkade. 

Systemische cardiovasculaire reflexen alleen zijn onvoldoende in staat om een adequate 
bloedstroom naar de hersenen in de staande positie te waarborgen. Cerebrale autoregulatie 
ondersteunt een adequate bloedstroom naar de hersenen ondanks schommelingen in de 
perfusiedruk, maar kan desalniettemin niet voorkomen dat een afname van de cerebrale 
bloedstroom optreedt als de staande positie wordt aangenomen. Cerebrale vasoconstrictie 
geïnduceerd door een afname in arteriële kooldioxide druk tijdens staan wordt 
gesuggereerd als verklaring voor deze waarneming. In hoofdstuk 8 tonen we aan dat de 
posturale reductie van arterieel kooldioxide alleen de initiële, maar niet de aanhoudende 
vermindering van de cerebrale bloedstroom na staan verklaart. 

Lokale obstructie van de cerebrale bloedstroom kan leiden tot een herseninfarct welke een 
ernstige bedreiging voor het functioneren en zelfs voor het leven vormt. De horizontale 
positie van het hoofdeinde van het bed is gesuggereerd als een interventie om de cerebrale 
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Samenvatting 
In dit proefschrift worden aspecten van de fysiologie en pathofysiologie van de 
cardiovasculaire respons op houdingsverandering geëvalueerd. Inzicht wordt verkregen in de 
houdingsafhankelijke herverdeling van het centrale en perifere bloedvolume, de 
sympathische modulatie van de baroreflex en uiteindelijk de orthostatische invloed op de 
cerebrale perfusie. 

De eerste twee hoofdstukken beschouwen methoden om het cardiovasculaire systeem 
niet-invasief en continu te monitoren. In hoofdstuk 2 worden methoden voor continue en 
niet-invasieve hemodynamische monitoring beschreven, waarbij de nadruk ligt op foto-
plethysmografie van de vinger. Deze methode kan worden toegepast voor de voortdurende 
controle van de bloeddruk en de hartfrequentie vanuit de vinger van vrijwel iedere patiënt. 
Bovendien kan het continue bloeddruksignaal worden gebruikt voor real-time cardiaal 
slagvolume en hartminuutvolume schatting. In dit proefschrift wordt vinger foto-
plethysmografie toegepast om de cardiovasculaire respons op houdingsveranderingen te 
evalueren. Vanwege het continue karakter van het foto-plethysmografische signaal is de 
techniek geschikt om de interactie tussen variaties in bloeddruk, aan de ene kant, en 
hartslag of cerebrale bloedstroom, aan de andere kant, respectievelijk baroreflex 
gevoeligheid en cerebrale autoregulatie, te bestuderen. In de daaropvolgende hoofdstukken 
worden deze parameters toegepast om de regulatie van het cardiovasculaire systeem te 
onderzoeken en de effecten van zwaartekracht bij gezondheid en ziekte. 

Methoden voor niet-invasieve en continue bepaling van het hartminuutvolume worden in 
het algemeen gevalideerd tegen intermitterende schattingen van het hartminuutvolume. 
Daarnaast kunnen schommelingen in de arteriële fysiologie bepalingen van het 
hartminuutvolume uit de arteriële drukgolf in de vinger doormiddel van pulse-contour 
methoden beïnvloeden. In hoofdstuk 3 tonen we aan dat de variabiliteit in hemodynamiek 
en perifere vaatfysiologie invloed heeft op de vergelijking tussen het thermodilutie en pulse-
contour bepaalde hartminuutvolume. We stellen een classificatie voor om hemodynamische 
stabiliteit te definiëren die gebruikt kan worden bij het rapporteren van validatiestudies 
tussen niet-invasieve, continue hartminuutvolume methoden tegen bepaling van het 
hartminuutvolume doormiddel van thermodilutie. 

Identificatie van de hypovolemische patiënt vereist een definitie van het normale 
bloedvolume. In hoofdstuk 4 stellen wij een definitie van normale bloedvolume voor volgens 
het Frank-Starling-mechanisme van het hart, dat de relatie tussen het centrale bloedvolume 
(cardiale ‘preload’) en het slagvolume van het hart beschrijft. Met deze benadering kan het 
normale bloedvolume in de mens worden gedefinieerd als het punt waar het hart op het 
plateau van de Frank-Starling-curve functioneert. Lichaamshouding is een alledaagse 
manipulator van het centrale bloedvolume waarbij het bloedvolume migreert vanuit de 
thoracale en splanchnische compartimenten naar de onderste delen van het lichaam 
wanneer de staande positie wordt aangenomen. Dit leidt tot een vermindering van de 
veneuze terugstroom van bloed naar het hart, wat resulteert in een afname van het cardiale 
slagvolume. Bij gezonde personen wordt het plateau van de Frank-Starling-curve in de 
liggende positie bereikt. Gezien houdingsverandering een fysiologische reactie induceert is 
deze manoeuvre regelmatig in dit proefschrift gebruikt om de cardiovasculaire autonome 
regulatie te bestuderen.  

 

 

 

De houdingsafhankelijke accumulatie van bloedvolume in de onderste ledematen wordt 
traditioneel onderzocht met behulp van ‘strain-gauge-plethysmography’. Aangenomen werd 
dat de afname in het centrale bloedvolume wordt geïnduceerd door een snelle vulling van 
de bloedvaten in de benen, terwijl de aanhoudende afname van het centrale bloedvolume in 
de staande positie wordt verklaard door capillaire vloeistoffiltratie als gevolg van de 
verhoogde hydrostatische druk. Met behulp van ‘strain-gauge-plethysmography’ kan echter 
geen onderscheid worden gemaakt tussen de intra- en extra-vasculaire bijdragen van de 
houdings-induceerde toename van het been volume. In hoofdstuk 5 hebben we ‘near-
infrared spectroscopie’ (NIRS) toegepast om de orthostatisch geïnduceerde toename in 
intravasculaire bloedvolume in het onderbeen waar te nemen. We constateerden dat de 
aanhoudende orthostatische toename van het beenvolume niet alleen het resultaat is van 
transcapillaire vloeistoffiltratie, maar dat er sprake is van een voortdurende accumulatie van 
het bloedvolume.  

Met een toenemende daling van de cardiale ‘preload’ wordt de baroreflex geactiveerd om te 
compenseren voor de daaropvolgende afname van het cardiale slagvolume en de bloeddruk. 
Baroreflex gevoeligheid is een weerspiegeling van de sympathisch-vagale balans en biedt 
een methode om autonome cardiovasculaire regulatie onder verschillende omstandigheden 
te bestuderen en lijkt van klinisch en prognostisch belang te zijn. In hoofdstuk 6 
bestudeerden we het effect van acute psychologische stress veroorzaakt door de invloed van 
zwaartekracht, in de vorm van bungeejumpen, op de baroreflex gevoeligheid. Gedeeltelijke 
blokkade van het sympathische autonome zenuwstelsel door de β-blokker propranolol bleek 
de gevoeligheid van de baroreflex te verbeteren tijdens de psychologische stress. Dit 
beschrijft mogelijk een mechanisme achter het anti-aritmische effect van β-blokkers bij 
acute psychologische stress, in het bijzonder bij patiënten met hart- en vaatziekten. 

Het klinische effect van β-blokkade bij patiënten met hartfalen wordt beïnvloed door de 
farmacologische selectiviteit voor de β1- en β2-receptor. Toch kan een enkel type β-blokker 
verschillende effecten veroorzaken tussen patiënten. Dit kan gedeeltelijk worden verklaard 
door genetische variaties in de β2-receptor geassocieerd met agonist-gemedieerde 
desensibilisatie van deze receptor. In hoofdstuk 7 bestudeerden we het gecombineerde 
effect van β-blokkerselectiviteit en twee genetische polymorfismen van de β2-receptor op de 
baroreflex gevoeligheid bij patiënten met chronisch hartfalen. Deze bevindingen wijzen er 
op dat vooral patiënten die relatief bestand zijn tegen β2-receptor-desensibilisering kunnen 
profiteren van niet-selectieve β-blokkade. 

Systemische cardiovasculaire reflexen alleen zijn onvoldoende in staat om een adequate 
bloedstroom naar de hersenen in de staande positie te waarborgen. Cerebrale autoregulatie 
ondersteunt een adequate bloedstroom naar de hersenen ondanks schommelingen in de 
perfusiedruk, maar kan desalniettemin niet voorkomen dat een afname van de cerebrale 
bloedstroom optreedt als de staande positie wordt aangenomen. Cerebrale vasoconstrictie 
geïnduceerd door een afname in arteriële kooldioxide druk tijdens staan wordt 
gesuggereerd als verklaring voor deze waarneming. In hoofdstuk 8 tonen we aan dat de 
posturale reductie van arterieel kooldioxide alleen de initiële, maar niet de aanhoudende 
vermindering van de cerebrale bloedstroom na staan verklaart. 

Lokale obstructie van de cerebrale bloedstroom kan leiden tot een herseninfarct welke een 
ernstige bedreiging voor het functioneren en zelfs voor het leven vormt. De horizontale 
positie van het hoofdeinde van het bed is gesuggereerd als een interventie om de cerebrale 
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bloeddoorstroming te optimaliseren, echter bestaat er tussen patiënten aanzienlijke 
heterogeniteit in de cerebrovasculaire respons op de manipulatie van het hoofdeinde. Onder 
gezonde omstandigheden wordt de cerebrale perfusie min of meer gehandhaafd tijdens 
fluctuaties in perfusiedruk door de cerebrale autoregulatie. Na een herseninfarct kan de 
cerebrale autoregulatie echter in wisselende mate zijn aangedaan. In hoofdstuk 9 vonden 
we dat de cerebrovasculaire respons op het verlagen van het hoofdeinde gerelateerd is aan 
de effectiviteit van de cerebrale autoregulatie na een herseninfarct. Dit trekt de 
bruikbaarheid van gegeneraliseerde aanbevelingen in twijfel en kan geïndividualiseerde 
adviezen t.a.v. lichaamshouding en mobilisatie van patiënten in de acute fase van een 
herseninfarct ondersteunen.  
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Dankwoord 
Om te beginnen wil ik alle proefpersonen die hun medewerking hebben verleend aan de 
door ons verrichtte onderzoeken hartelijk danken. De totstandkoming van dit proefschrift is 
daarbij van ondergeschikt belang aan de bijdrage die proefpersonen aan de wetenschap 
verlenen. Zonder hen zou de vooruitgang in de wetenschap, en in het bijzonder in de 
geneeskunde, een stuk minder voorspoedig zijn. 
 
Beste Han, jou wil ik natuurlijk als een van de eersten veel dank tonen voor je onmiskenbare 
bijdrage aan de totstandkoming van dit proefschrift. Je staat aan het begin van mijn 
wetenschappelijke loopbaan en ik heb ontzettend veel van je geleerd. Vooral je ontembare 
enthousiasme en positivisme hebben mij het inzicht verschaft dat er altijd weer een 
oplossing is om de vele drempels te passeren voor resultaten wereldkundig worden 
gemaakt. Maar ook het gezamenlijk afstruinen van je muziekdatabase hebben een niet 
onbelangrijke bijdrage geleverd aan de plezierige samenwerking. Hierbij wisselden we onze 
toch enigszins verschillende muziekvoorkeuren uit, wat in ieder geval mijn muzikale horizon 
maar ik vermoed ook die van jou, verder verbreed heeft. Ik hoop en verwacht dat deze 
momenten niet uitsluitend tot het verleden zullen behoren. 
 
Beste Prof. Moorman, beste Antoon, het is een grote eer om als één van de laatste (zo niet 
dé laatste?!) promovendi de doctorstitel te mogen ontvangen van een wetenschapper met 
zo een indrukwekkende staat van dienst. Veel dank voor uw tijd en de bijdrage aan de 
afronding van mijn promotie! 
 
De leden van de promotiecommissie; Prof. van Bavel, Prof. Roos, Prof. Stroes, Dr. Pott en 
Prof. Wang. Thank you very much for your willingness to participate in the Doctorate 
Committee and for the time taken to read and evaluate the scientific quality of this thesis. 

 
Yu-Sok, dank voor de mooie tijd die we samen hebben doorgebracht op M01 in het AMC. 
Hoewel we daar in de ‘kelder’ van het AMC zaten weggestopt, zou menig promovendus 
jaloers zijn op onze ruime kamer, met voor het AMC zeldzame daglichtinval en uitzicht op 
een prachtig gazonnetje. Je bent een fijne collega waarmee ik naast wetenschappelijk te 
kunnen sparren, ook veel gezellige momenten heb beleefd. Zowel het gezamenlijk uitvoeren 
van thermodiluties op de operatiekamer als onze verkenning van Seoul (voor jou iets minder 
onbekend dan voor mij) zijn dierbare herinneringen die mij nog lang bij zullen blijven. 
Uiteraard ben ik je ook dankbaar dat je bereid bent mijn paranimf te zijn. 
 
Peter, we go way back! Dat is een uitspraak die op onze vriendschap zeker van toepassing is. 
Al onze herinneringen zouden een apart boek kunnen vullen, maar voorlopig heb ik even 
genoeg geschreven. Het betekent veel voor mij dat jij me tijdens de verdediging van dit 
proefschrift wilt bijstaan als paranimf! 

 

 

 

 
Berend, naast je inhoudelijk grote bijdrage aan verschillende hoofstukken van dit proefschrift 
ben ik je ook dankbaar voor de fijne samenwerking en je (soms ietwat droge) humor en 
relativerende houding. Velen die mij goed kennen zullen beamen dat ik deze eigenschappen 
wel kan waarderen.  
 
Wim, vrijwel geen enkele studie komt goed van de grond voordat jij er je technische en 
analytische blik op hebt geworpen. Mijn dank voor je onmisbare bijdrage is groot. Ik hoop 
dat het AMC, en in het bijzonder het Laboratorium voor Klinische Cardiovasculaire 
Fysiologie, nog lang van je talenten kunnen profiteren. 
 
John, dank voor je kritische blik en feedback waar ik als startende wetenschapper veel van 
heb geleerd. 
 
Shyrin, je hebt een belangrijke bijdrage geleverd aan de vele studies die we samen hebben 
uitgevoerd. Maar ook je prettige gezelschap is een onuitwisbare herinnering. Dank voor je 
inzet en de talloze momenten dat we hebben gelachen. Ik wens je een hele mooie toekomst!  
 
Nina (Yanru), no matter that we grew up on opposite sides of the planet, we appreciated 
each other’s humor and I enjoyed your company. I wish you a lot of happiness and good 
luck! 
 
Stagiaires Dagmar, Lotte, Renee, Saskia en Milène. Dank voor jullie nieuwe inzichten en 
bijdragen aan de onderzoeken die we samen verricht hebben. Het was prettig met jullie 
samen te mogen werken en ik wens jullie een mooie carrière en veel geluk toe! 
 
Collegae (ex-)promovendi Erfan, Olav, Saskia, Bas en Barbara. Jullie zijn mij inmiddels al 
vooruitgestreefd en hebben jullie promotie afgerond. Ik heb nu nog groter respect voor de 
prestatie die jullie hebben neergezet. Veel dank voor de fijne samenwerking en voor de 
mooie resultaten die we samen bereikt hebben.  
 
I want to thank all co-authors for their contribution to the publications in this thesis. 
Teamwork is the only way to good science! 
 
Jeroen van Goudoever en Willy Colier, zonder jullie technische bijdragen en ondersteuning 
zouden veel studies niet afgerond, of zelf niet van de grond, zijn gekomen. Veel dank 
daarvoor! 
 
Collega’s van de Interne geneeskunde en Vasculaire geneeskunde AMC, in het bijzonder 
Bert-Jan van den Born en Jan Prins die met enige regelmaat informeerden naar de afronding 
van dit proefschrift en daarmee de nodige stok achter de deur wisten te verstevigen. 
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Mijn ouders en broers, een belangrijk deel van de kansen die ik heb gekregen om dit 
proefschrift te schrijven zijn door jullie gecreëerd. Ik ben trots op mijn familie en ben 
dankbaar dat ik hierin heb mogen opgroeien. Ik hoop nog heel lang van jullie liefde, 
gezelschap en steun te mogen genieten. 
 
Lieve Lieke, veel dank voor het bieden van een thuis waar ik liefde en rust vind. Niet alleen 
noodzakelijk om de energie te vergaren om, tijdens mijn opleiding tot internist, dit 
proefschrift af te ronden, maar vooral om gelukkig te zijn. Ik dank je voor je begrip dat ik 
vaak geen tijd had om samen activiteiten te ondernemen. Gelukkig hebben we nog een hele 
lange tijd voor ons, waarbij de komst van Veerle mij nog eens extra duidelijk heeft gemaakt 
wat echt belangrijk is in het leven.  
  

 

 

 

Portfolio 
 

1. PhD training 

 Year ECTS 

General courses  

-  Practical Biostatistics 

 

2008 

 

 1.1 

Specific courses  

- Integrative Human cardiovascular control, Copenhagen 

 

2009 

 

 3.0 

Seminars, workshops and master classes 

-  Masterclass by Prof. Stehouwer 

 

2010 

 

 0.2 

Conferences and Presentations 

- Jonge Fysiologen dag, Papendal 
(oral presentation) 

- Wetenschapsdag Nederlandse Hartstichting, Amsterdam 
(poster presentation) 

- 7th World Stroke Congress, Seoul 
(poster presentation) 

- 2nd Rembrandt Symposium, Amsterdam 
(poster presentation) 

 

2007 

 
2008 

 
2010 

 

2011 

 

0.5 

 
0.5 

 
1.5 

 

0.5 

 
 
 

2. Teaching 

 Year ECTS 

Tutoring, Mentoring 

- Master Technische Geneeskunde Universiteit Twente 
(3 students) 

 

 2011 

 

 4.0 
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