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“…It certainly was a bold enterprise of nature to create quadrupeds like 

man or the giraffe with a predominantly vertical extension, who carry 

their heads and hearts at a considerable distance above the center of 

gravity of the body…” (Gauer and Thron, 1965)

The ancients knew already that prolonged exposure to upright posture would eventually 

lead to unconsciousness and death (227). Death was the consequence of hypotension and 

cerebral ischemia. Orthostatic hypotension is derived from the Greek “orthos” (“straight” 

or “upright”) and “statikos” (“standing still”). The brain is the organ most susceptible to 

ischemia. Its location with respect to the heart when in the upright position also makes it 

susceptible to the effects of gravity on cerebral perfusion. As soon as cerebral blood fl ow 

falls below a critical level for 6-10 seconds, consciousness is lost. (227, 272). Orthostatic 

hypotension has intrigued scientist over the centuries. Amberson wrote: ”When man’s 

subhuman ancestors dared to rise and walk upon their hind legs, they essayed a physiologic 

experiment of no mean diffi culty” (5). Consequently, in order to withstand its vulnerability 

to the effects of gravity the human body has been provided with a set of remarkably effective 

controllers that secure cerebral perfusion and oxygenation under conditions as orthostatic 

stress.

Adjustments in orthostatic stress in healthy humans

Influence of gravity

When humans stand up from the supine position, the fi rst circulatory event is a gravitational 

displacement of blood away from the thorax to dependent regions of the body (6, 254, 256, 

293). Depending on the type of orthostatic stress (i.e. active standing, head-up tilt or lower 

body negative pressure) one half to one litre of thoracic blood is transferred to the region 

below the diaphragm. Orthostatic pooling of venous blood begins immediately, the greater 

part is transferred within the fi rst 30 seconds and the total transfer is almost complete within 

3 minutes. Most of this volume pools in the large deep veins of the upper legs and buttocks. 

Additionally there is some pooling in the abdominal and pelvic regions (Figure 1) (85, 

154,227, 254). Pooling in the splanchnic area during orthostasis (by passive head-up tilt) 

is maybe more important than previously reported in studies using simulated orthostasis 

by applying lower body negative pressure (263, 268). The pooled blood is not stagnant; its 

circulatory transit time through the lower part of the body is increased by changes in the 

pressure gradient across the vascular bed and by increases in venous volume (220, 225, 256). 

In addition to this transfer of thoracic blood, central blood volume decreases in the upright 

posture due to transcapillary fi ltration of fl uid into the interstitial spaces in the dependent parts

proefschrift helene final.indd   11proefschrift helene final.indd   11 4-3-2008   16:21:514-3-2008   16:21:51



12
Figure 1.

Influence of gravity on intravascular fluid shift (From Rowell). Change of intravascular fluid shift from the supine to the upright body position.

of the body in response to the high capillary pressure with little interstitial counterpressure 

(256, 293). Continued fi ltration further reduces the circulating volume, although fl uid is 

gained from tissue above the venous hydrostatic indifference point, which is defi ned as 

the axial reference within the column of venous blood where pressure is not altered by 

postural reorientation (158, 205, 227). In humans the venous hydrostatic indifference point 

is approximately at diaphragmatic level (227). The transcapillary loss of fl uid is considerable 

and also occurs initially rather fast. During 5 minutes of standing the plasma volume 

decreases by about 10% (500 ml) and the transcapillary loss of fl uid approaches stability after 

20-30 minutes with a fall in plasma volume of 15-20% (700 ml), but a steady state is probably 

not reached (157, 163, 167, 256). As a consequence of gravitationally induced blood pooling 

and the superimposed decline in plasma volume, the return of venous blood to the heart is 

reduced and central venous pressure falls from about 5 mmHg in the supine position to nearly 

0 mmHg, or even lower, in the upright position (167, 227, 287). This affects the end-diastolic 

fi lling volume of the right ventricle, which in turn leads to a reduction in stroke volume via 

the Frank-Starling relationship that is not compensated by the refl ex increase in heart rate 

resulting in a ∼ 20% fall in cardiac output (123, 261, 287, 324).
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Neuro- and humerocardiovascular adaptation

Despite the postural fall in cardiac output, mean arterial pressure is preserved by 

compensatory vasoconstriction of the resistance and capacitance vessels in the splanchnic, 

musculo(cutaneous) and renal vascular beds (44, 173, 225, 295). The rapid short-term 

circulatory adjustments to orthostatic stress are mediated exclusively by the neural pathways 

of the autonomic nervous system. During prolonged orthostatic stress, sympathetic outfl ow of 

the autonomic nervous system continues to play a pivotal role. Sustained elevation of efferent 

sympathetic activity is documented by directly recorded sympathetic nerve activity to skeletal 

muscle and indirectly by an increased plasma spillover of noradrenaline (38, 61, 107, 122, 

323). During prolonged orthostatic stress additional adjustments are mediated by the humoral 

limb of the neuro-endocrine system (i.e. renin-angiotensin-aldosteron system and vasopressin 

vasoconstriction) (256, 293). The humoral responses are of importance for cardiovascular 

adjustments during hypotensive orthostatic stress, but cannot supplant the function of the 

neural system (226). When the effective circulating blood volume is adequate, defi ned as 

the part of the volume within the vascular system effectively perfusing the tissues, renin-

angiotensin and vasopressin vasoconstriction is minimally involved in the early steady-state 

circulatory adjustment (3, 241, 256). Activation of neuro-endocrine mechanisms becomes more 

important during prolonged orthostasis, particularly in combating imminent arterial hypotension 

in the volume-depleted state (228, 256, 293). As long as salt intake is normal, blood pressure is 

maintained during passive head-up tilt also when renin release is pharmacologically inhibited by 

propranolol or angiotensin formation is prevented by angiotensin-converting enzyme inhibition 

(176, 231). Under these circumstances, the sympathetic nervous system and vasopressin act in 

concert to maintain arterial pressure. Thus, the renin-angiotensin system and vasopressin can 

compensate for each other. Activation of both systems simultaneously appears of importance in 

the maintenance of orthostatic blood pressure in salt-depleted states (256).

The main sensory receptors involved in orthostatic neural refl ex adjustment are the arterial 

mechanoreceptors (baroreceptors) located in the aortic arch and carotid sinuses and 

mechanoreceptors located in the heart and lungs (cardiopulmonary receptors) (Figure 2). In 

the upright position the drop in arterial and cardiac fi lling pressures is perceived by the carotid 

sinus and aortic arch baroreceptors and cardiopulmonary receptors and results in an increase 

in heart rate and vasoconstriction (21, 228). 

The gradual increase in diastolic pressure at heart level during postural stress is related to a 

rise in peripheral vascular resistance, whereas the change in systolic pressure is only small. 

The net effect is an increase in mean arterial pressure of 5-10 mmHg at heart level in the 

upright posture. Cardiopulmonary receptors act in concert with arterial baroreceptors to 

effect the necessary adjustments in sympathetic vasomotor outfl ow, but are not essential 

for the cardiovascular adjustments to orthostatic stress (256). The barorefl ex-mediated 

sympathoexcitation can be reinforced by local refl ex mechanisms as the venoarteriolar refl ex 

and a myogenic response (58, 95, 256, 295).
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Figure 2.
Schematic drawing of the afferent and efferent pathways of the arterial baroreceptor reflex arc. Nerve fibres from the carotid and aortic join the 
glossopharyngeal nerve and vagus nerve respectively toward the vasomotor centre (VMC) in the brainstem. Nerve fibres from the lungs and the heart (not 
shown) join the vagus nerve as cardiopulmonary afferents. The baroreflex-mediated sympathoexcitation can be reinforced by local reflex mechanisms as 
the venoarteriolar reflex and a myogenic response.
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Mechanical adjustments to orthostatic stress

A vital defence mechanism against a critical reduction in central blood volume during 

orthostatic stress is that of muscle activity or the “skeletal muscle pump” (163, 256, 269). 

In the upright position maintenance of suffi cient venous return to the heart is assisted by the 

circulatory effects of the pumping action of contracting muscles, serving as a second heart 

(10, 227). If the muscle pump is inactivated, this may result in syncope that even healthy 

humans experience (133, 163, 266). The static increase in skeletal muscle tone involved 

opposes pooling of blood in limb veins. Postural sway during quiet standing may compensate for 

otherwise poor orthostatic tolerance (46). The importance of skeletal muscle activity in opposing 

gravitational pooling of venous blood is illustrated when applying low levels of isometric leg 

muscle tension enhancing orthostatic tolerance in both patients with sympathetic failure and 

persons with recurrent vasovagal (pre-) syncope (Figure3) (29, 33, 134, 259, 291, 309).

Figure 3.

Leg crossing in standing position in a healthy subject. Note the instantaneous increase in finger arterial blood pressure at the start of leg muscle tension.

These muscle tensing manoeuvres translocate blood pooled below the diaphragm to the chest 

and thereby partially restore cardiac fi lling, stroke volume and cardiac output (131, 132, 269, 

285, 287). There is evidence that a reduced leg intra-muscular pressure is associated with 

lower orthostatic tolerance (169). However orthostatic tolerance is not associated directly 

with leg muscle mass (143). Thus an adequately functioning muscle pump seems to rely more 

on intra-muscular pressure than on anatomical factors. The “respiratory pump” is another 

mechanism supporting venous return to the heart. During inspiration, the thoracic pressure 

lowers and intra-abdominal pressure increases thereby promoting venous return and right 

atrial fi lling (172, 227). A sighing respiration often precedes an actual faint and it remains 

uncertain whether this is of advantage. It has been proposed to assist in preventing syncope by 

enhancing the respiratory pump and by inducing venoconstriction in the skin (308). However, 
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at the same time deep breathing elicits hypocapnia with cerebral vasoconstriction whereas skin 

venoconstriction is only transient. Recently the application of respiratory countermanoeuvres 

(either by pursing the lips or using a designed device), to enhance the contribution of the 

respiratory pump in patients with orthostatic hypotension, has been shown to increase 

orthostatic tolerance provided hyperventilation is avoided (48, 273).

 

Central blood volume, normovolemia and orthostatic stress

Humans are exposed to a reduced central blood volume when standing, because the 

fi rst circulatory event is a gravitational displacement of blood away from the thorax to 

dependent regions of the body (6, 254, 256, 293). Despite this fall in central blood volume, 

and subsequently cardiac output, mean arterial pressure is preserved by compensatory 

vasoconstriction of the resistance and capacitance vessels to secure cerebral perfusion and 

oxygenation under orthostatic stress (225). Identifi cation of the optimal central blood volume 

under orthostatic stress and how to determine and monitor is therefore of clinical interest.

Normovolemia is the normal blood volume of healthy individuals and averages ~75 ml.kg 

body weight-1 (258). The effective circulating blood volume is assumed to depend mainly 

on the central blood volume, that is, the amount of blood directly available to the left heart. 

Transition from the supine to the upright posture has little effect on the blood pressure and 

orthostasis is proposed as the operating set point for human cardiovascular function (65). 

However as mentioned earlier, in order to maintain blood pressure to compensate for the fall 

in central blood and cardiac output during standing, an elevated vascular tone is required 

(225). The need for activation of cardiovascular refl exes for circulatory adaptation questions 

whether, in healthy humans, central blood volume is optimised to support the circulation in 

the upright position.

Physiology is concerned with the regulation of variables such as mean arterial pressure, 

regional blood fl ow, vascular resistance and blood volume, whereas clinical practice focuses 

on the information that such variables provide to guide volume treatment (246). A functional 

defi nition of normovolemia would be the ability to provide the heart with appropriate central 

blood volume, i.e. cardiac preload (55, 120). However, no single variable responds exclusively 

to a reduced central blood volume and the usual clinical and hemodynamic parameters are not 

reliable indices of preload to the heart. Also an “optimal” volume is neither defi ned nor it is an 

easily measurable entity (28, 210). Hypovolemia may be characterised by a reduced preload 

to the heart, i.e. with stroke volume and cardiac output becoming dependent on central blood 

volume. An increase in cardiac output in response to a fl uid challenge is taken to imply that a 

patient is preload responsive (28, 210). Conversely the intravascular volume may be expanded 

beyond the volume that can provide for a “maximal” cardiac output at rest. 

Several methodologies are used to estimate the central blood volume (246). However each 
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method has its drawbacks. The classical method for the determination of central blood volume 

is by a dye-dilution estimate of cardiac output with a concomitant determination of transit 

time (255). A tracer is injected through a central venous catheter and the dilution curve is 

registered from an artery to calculate cardiac output. Multiplication of cardiac output (l/min) 

by time (min) derives a volume that represents the amount of blood between the tip of the 

two catheters. A common assessment of central blood volume is by assessing central venous 

pressure, together with pulmonary artery wedge pressure (246) thereby examining the Frank-

Starling relationship. Starlings law of the heart was established in an animal preparation (261), 

but it is also accepted widely to apply to the function of the heart in the intact organism. In 

parallel with the length-tension diagram for skeletal muscles, the “law of the heart” states that 

stroke volume depends on the diastolic volume (123, 324). However most often stroke volume 

or cardiac output is related to central venous or pulmonary artery wedge pressures (148, 204). 

The implicit assumption is that pressure changes in parallel with the central blood volume but, 

in some cases, the reverse may be true (214). In patients there may be no correlation between 

stroke volume and central pressures (276). Recent studies have questioned the correlation 

between these estimates of ventricular fi lling pressures and ventricular end-diastolic volumes/

cardiac performance variables. Healthy subjects demonstrate a lack of correlation between 

central venous or pulmonary artery wedge pressures and both end-diastolic ventricular volume 

indices and stroke volume index (137). These fi ndings question whether central pressures are 

useful predictors of ventricular preload and support the concept that the function of the heart 

relates to its volume rather than to its so-called fi lling pressures (73, 246).

Orthostatic hypotension in autonomic failure

Historically, the fi rst reported cases of autonomic failure were described by Bradbury and 

Eggleston as idiopathic orthostatic hypotension (8, 30). Major symptom of the syndrome are 

light-headedness, blurring of vision and fainting when upright with immediate recovery of 

symptoms and blood pressure when supine. A neck ache radiating to the occipital region of 

the skull and the shoulders (“cloth hanger area”) often precedes the loss of consciousness (20, 

293). The postulated mechanism is ischemia in continuously contracting postural muscles. 

Other symptoms suggesting impaired muscle perfusion are lower back and buttock ache or 

angina pectoris (20, 293). Orthostatic hypotension is one feature of autonomic failure, the 

condition is usually associated with other symptoms related to neurological disturbances of 

organ systems like urinary bladder, sexual function and sweating. Patients with orthostatic 

hypotension due to autonomic failure are markedly incapacitated to perform daily life 

activities. Light-headedness forces patients frequently to sit down in order to prevent fainting. 

Meals, heat and exercise worsen the fall in blood pressure during standing (30, 193, 194, 196, 

309). During the day symptoms of orthostatic hypotension may gradually improve (30, 116, 
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193). This improvement is related to an increase in upright blood pressure. The underlying 

mechanism is an increase in stroke volume and cardiac output, with total peripheral resistance 

unchanged (193). The debilitating early morning orthostatic intolerance is attributed to 

the nocturnal polyuria observed in patients with autonomic failure (166, 314). Important 

shifts of fl uid volume between the intravascular and extravascular compartments may also 

be an important contributing factor (193, 292, 315).The primary abnormality in patients 

with autonomic failure is the reduced capacity to increase total peripheral resistance due to 

disturbances in sympathetic pathways (14, 44, 97, 164). In addition the fall in cardiac output 

is exaggerated in autonomic failure patients compared with healthy humans (Figure 4).

Figure 4.

Cardiovascular  response to standing in patients with autonomic failure and healthy subjects. The supine resting values (from -60 to 0 s) and the first 

(from 0 to -60 s) and the last minute of standing (from -60 to 0 s) are shown. Boxes indicate standing. Bold lines: patients, Dotted lines: healthy 

subjects. Systolic and diastolic blood pressure (BP), heart rate (HR) changes in stroke volume (SV) cardiac output (CO) and total peripheral resistance 

(TPR). Note the reduced capacity to increase systemic vascular and larger fall in cardiac output in autonomic failure patients.
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This excessive fall in cardiac output is ascribed to increased venous pooling and impaired 

cardiac inotropic and chronotropic responses (14, 100, 256). However the importance 

of impairment of inotropic and chronotropic responses as a cause of reduced orthostatic 

tolerance is debated (310). For instance pharmacological blockade of inotropic and 

chronotropic responses does not play an important role in the adaptation to the upright 

posture (280). This is also illustrated in patients with a cardiac transplant who do not develop 

orthostatic hypotension (7, 174, 256). Studies in patients with autonomic failure stress the 

importance of disturbances in body fl uid homeostasis (53). However the link between day-to-

day variation in orthostatic complaints and subtle changes in plasma volume is as yet not well 

understood (53, 193, 256, 290).

Treatment of orthostatic hypotension in autonomic failure is focused on symptoms rather than 

actual arterial pressure. Increasing patient awareness of factors that may lower blood pressure 

like meals, heat, post-exercise and standing in line, is of importance (165). Volume expansion 

by salt loading, salt retaining drugs (mineralocorticoids) and sleeping in head-up tilt position 

is the primary therapeutic approach (165, 292, 306). Patients with orthostatic hypotension 

related to sympathetic dysfunction and persons with recurrent vasovagal syncope may 

combat their symptoms of cerebral hypoperfusion when tensing leg muscles by leg crossing 

with prolongation of the tolerated standing time (33, 131, 132, 134, 267, 285, 286, 291). 

Vasoconstrictive drugs usually play a minor role in the treatment, with the exception of the 

alpha-agonist midodrine. It is a promising therapeutic agent providing for constriction of both 

arterial resistance and venous capacitance vessels (112, 124, 306).

Cerebral blood flow and posture

The brain, which weighs approximately 1400 grams is about 2 % of body weight, receives 

50 to 60 ml·100 g-1·min-1 of blood which is 12 to 15 % of resting cardiac output. Total cerebral 

oxygen uptake is 3 to 3.5 ml·100 g-1·min-1 of oxygen accounting for 15 to 20 % of total body 

basal metabolic rate (225). Mental confusion becomes prominent with a 50-60% reduction in 

cerebral blood fl ow compromising cerebral oxygenation (162, 183), and securing brain blood 

fl ow under all circumstances is a major endeavour of nature.

Cerebral blood fl ow is dynamically adjusted to changes in the perfusion pressure, the 

metabolic activity of the brain, humoral factors, and probably autonomic nerve activity (40). 

The relative constancy of the overall craniospinal volume, the cerebrovascular anatomy, and 

the variations in cerebral perfusion pressure to the ever-changing position of the cerebral 

circulation relative to the heart make the intracranial hemodynamics complex (293). Control 

of cerebral blood fl ow compromises the arterial cerebrovascular bed, the large cerebral veins, 

and the processes associated with the production and reabsorption of cerebrospinal fl uid (76, 

281, 293). A characteristic feature of the cerebral circulation is that the cerebral blood fl ow 

proefschrift helene final.indd   19proefschrift helene final.indd   19 4-3-2008   16:21:544-3-2008   16:21:54



20

tends to remain relatively constant over a range of systemic blood pressure, termed cerebral 

autoregulation. The actual range of pressures may vary between subjects (142, 200). Cerebral 

autoregulation is regulated by local and systemic mechanisms (293).

The proposed local mechanisms of cerebral autoregulation operating at the level of cerebral 

vascular muscle tone include myogenic, metabolic, neural and endothelial factors (142, 200). 

Carbon-dioxide is a potent vasodilator of cerebral vessels and cerebral blood fl ow increases 

with hypercapnia independent of cerebral autoregulation. Conversely, hypocapnia induces 

constriction of the smaller cerebral arteries (Figure 5) (1, 40, 91, 126, 178, 216). 

Figure 5.

Effect of hypocapnia and hypercapnia on cerebral blood velocity. Open box indicates hyperventilation with a hypocapnia and a cerebral blood velocity 

decrease. Closed box indicates breath holding resulting in hypercapnia and cerebral blood velocity increase. 
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Cerebral autoregulation is traditionally divided in a static and a dynamic component (197). 

Cerebral autoregulation is thought to have both fast- and slow-acting regulatory components 

spanning the range of prevailing demands on cerebral blood fl ow in everyday life (1, 277). 

Dynamic cerebral autoregulation refers to the ability to restore cerebral blood fl ow in the 

face of arterial blood pressure changes within seconds and refl ects the latency of the cerebral 

vasoregulatory system (198). Static cerebral autoregulation refl ects the overall effi ciency 

of the system. For the maintenance of suffi cient cerebral perfusion in upright humans the 

lower limit of cerebral autoregulation is of special interest. This lower limit of cerebral 

autoregulation is identifi ed in humans subjected to pharmacologically and posture induced 

hypotension (141). Patients with orthostatic hypotension related to sympathetic failure tolerate 

a reduction in arterial blood pressure remarkably well, suggesting that the lower limit of 

cerebral autoregulation is not a fi xed value and that it may shift toward a lower arterial blood 

pressure (274).

In the upright position, the cerebral arteries are positioned 30 cm above the heart, and their 

perfusion pressure is reduced (224). Both the position of the cerebral circulation and the 

reduction in cardiac output challenge cerebral blood fl ow, and although the postural reduction 

in the transcranial Doppler determined middle cerebral artery blood velocity (22, 150, 239, 

322), the near-infrared spectroscopy determined cerebral oxygenation (89, 99, 162) and the 

nitric oxide determined cerebral blood fl ow (235) is kept limited via cerebral autoregulatory 

mechanisms (287), orthostatic intolerance is not uncommon in healthy subjects (222). 

During standing up, the rapid initial drop in cerebral perfusion pressure takes place too fast 

to be counterregulated. This makes the initial drop in cerebral blood fl ow proportional to the 

driving pressure and explains the transient fall in cerebral blood fl ow velocity during standing 

up (293). The postural reduction in cerebral blood fl ow and oxygenation during orthostatic 

stress are not completely understood (Figure 6). The reduction in cerebral blood fl ow takes 

place even though the cerebral perfusion pressure remains within what is considered to be its 

autoregulatory range (106). 

During orthostatic stress in humans, arterial and end-tidal carbon dioxide tension decrease 

(18, 68, 185, 248, 249, 287) and since hypocapnia in itself lowers cerebral blood fl ow by 

vasoconstriction, the postural decrease in cerebral blood fl ow has been attributed to the 

postural decline in arterial carbon dioxide. The decrease in end-tidal carbon dioxide during 

standing is due to an increase of end-tidal volume and functional residual capacity, a decrease 

in cardiac output and a gravity related ventilation/perfusion mismatch (68). The decrease in 

cerebral blood fl ow has been attributed to the associated postural decrease in arterial carbon 

dioxide, but this decline in arterial carbon dioxide accounts for approximately half of the 

orthostatic infl uence on cerebral artery mean blood velocity (106, 249). In consequence, 

other factors than arterial carbon dioxide alone contribute to the postural decrease in cerebral 

perfusion and oxygenation. Sympathetic outfl ow and carbon dioxide may affect cerebral 

perfusion independently during orthostatic stress (144), and the postural decrease in cerebral
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22 Figure 6.

Cerebral perfusion in healthy subjects during standing. The supine resting values (from -60 to 0 s) and the first (from 0 to -60 s) and the last minute of 

standing (from -60 to 0 s) are shown. Boxes indicate standing. Mean cerebral blood velocity (V
mean

), mean blood pressure at brain level (MAP
mca

) and 

changes in oxyhemoglobin (∆O
2
Hb).

perfusion has been attributed, at least in part, to cerebral vasoconstriction by an increase in 

sympathetic cerebrovascular tone (190, 320, 321). A relationship between cerebral blood 

fl ow and cardiac output is found by demonstrating that both the mean cerebral blood velocity 

and the near-infrared spectroscopy determined cerebral oxygenation decrease in association 

with the postural reduction in cardiac output (245). This reduction in cerebral perfusion takes 

place even though mean arterial pressure increases (287) further indicating an important role 

of sympathetic activation for regulation of cerebral blood fl ow (245). In support, both mean 

cerebral blood velocity and cerebral oxygenation increase when the standing position is 

supplemented by a leg crossing manoeuvre that attenuates sympathetic activity by enhancing 

cardiac output (287). Also both at rest and during exercise, increases or decreases in cardiac 

output with volume expansion or application of lower body negative pressure alter cerebral 

blood fl ow velocity respectively in a linear fashion when mean arterial pressure and arterial 

carbon dioxide were kept constant (190). Taken together, there is evidence for a relationship 

between cardiac output and cerebral blood fl ow velocity beyond the infl uence of blood 

pressure (245, 287, 293)
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Outline of this thesis

This thesis addresses methodological, (patho)physiological and therapeutical aspects of the 

cardio- and cerebrovascular system in healthy subjects and in patients with sympathetic failure 

during orthostatic stress, attempting to fi nd at least a partial answer to the following questions: 

1) Is continuous stroke volume tracking feasible by modelling arterial fl ow from non-invasive 

fi nger pressure (Chapter 2.3) ?

2) Can normovolemia be considered as the point in the cardiac preload-output relationship 

where cardiac output does not increase further under circumstances where venous return is 

unimpeded (Chapter 3.1) ?

3) Does cardiac stroke volume relate to changes in thoracic fl uid content rather than to the 

concomitant changes in central vascular pressures during manipulation of the central blood 

volume (Chapter 3.2) ?

4) Which cardio-cerebrovascular mechanisms are involved in the improvement of postural 

tachycardia syndrome related to inactivity (Chapter 4.1) ?

5) How are orthostatic symptoms in patients with orthostatic hypotension due to sympathetic 

failure related to cerebral perfusion and oxygenation (Chapter 4.2) ?

6) How do orthostatic manoeuvres in patients with orthostatic hypotension due to sympathetic 

failure improve cerebral perfusion (Chapter 4.3) ?
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Chapter 2.1

Non-invasive assessment of cerebral perfusion and 
oxygenation by transcranial Doppler ultrasonography and 
near-infrared spectroscopy

In humans, steady-state values of cerebral perfusion are reported as the clearance of gases 

including N
2
O and 133Xe, of a tracer such as indocyanine green, or as the arterial-jugular 

venous O
2
 difference under conditions of assumed stable rate of brain metabolism (293). A 

disadvantage of these methods is that one cerebral blood fl ow determination takes about 

15 min and that blood samples have to be taken. Transcranial Doppler (TCD) ultrasonography 

determined cerebral blood fl ow velocity of large cerebral arteries has a favourable temporal 

resolution compared with the more traditional techniques for assessing cerebral blood 

fl ow. Changes in cerebral oxygenation can be monitored by dual-wavelength near-infrared 

spectroscopy (NIRS) (245, 293). Both methods have the potential to provide a continuous and 

non-invasive assessment of changes in cerebral blood fl ow (17, 218).

Transcranial Doppler ultrasonography 

The fi rst TCD recordings from the basal cerebral arteries were made in the early 1980’s by 

Aaslid (2). TCD is based on the Doppler principle which describes the relationship between 

the velocity of objects and transmitted or received wave frequencies (181). TCD takes 

advantage of natural foramina or relatively thin areas of the skull through which intracranial 

vessel can be insonated. Basically all large cerebral arteries can be studied whereas in this 

thesis the middle cerebral artery (MCA) is insonated. The MCA is a direct continuation and 

main branch of the internal carotid artery, coursing in a horizontal plane, laterally and slightly 

anteriorely. The MCA is monitored through the temporal window of the skull, superior to the 

zygomatic arch (Figures 1 and 2). 

Ultrasound frequencies of 2 MHz are used, which allow better bone penetration. In Doppler 

ultrasonography the Doppler frequency shift is determined as the difference between the 

transmitted and the refl ected signal. The difference between the emitted and refl ected 

sound (the Doppler shift) corresponds predominantly to moving erythrocytes within the 

sample volume. The velocity of fl owing blood is determined by calculation of the frequency 

shift between the transmitted ultrasound and the refl ected ultrasound. By fast-Fourier-

transformation the Doppler shift is split up in frequencies (expressed in Hz) mainly refl ecting 

the heterogeneous erythrocyte velocities within the sample volume, and their respective
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Figure 1.

Cross-sectional view of the circle of Willis and the insonation pathway for the middle cerebral artery through the temporal window.

amplitude or power (expressed in dB) corresponding to the number of refl ectors moving at 

that frequency. The typical velocity profi le in a small artery like the MCA is parabolic with 

the highest velocity (V
max

) in the centre of the vessel and low, in principle zero, velocity 

close to the vessel wall. This in contrast to a so-called bulk-profi le as, e.g. in the aorta where 

velocities are similar across the vessel (212). The frequency shift is converted to cm.s-1, and 

corresponds to the velocity of the fl owing blood as long as the angle between the ultrasound 

beam and the blood fl ow is 0º. If this angle differs from 0º, the true velocity is related to the 

observed velocity by:

V
real

 = (V
real

·/ cos α)

where α is the angle between the ultrasound beam and the fl ow stream (181). 
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Figure 2.

The middle cerebral artery is insonated through the temporal window of the skull close to the zygomatic arch. 

The mean velocity (V
mean

) refers to the time average of V
max

 and needs to be distinguished 

from the intensity weighted mean velocity (IWV
mean

), i.e. an integration of the amplitudes 

and the frequencies within the sample volume (216, 217). Usually V
mean

 is preferred to the 

IWV
mean

 as it is robust for small changes in the insonation angle or in the position of the 

sample volume due to, e.g. the heart pulse (212). By weighted averaging of each component 

of the Doppler spectrum the mean fl ow velocity is determined (180). However this approach 

is only valid if there is no vessel movement with constant sample volume, a suffi cient signal 

to noise ratio, a straight segment of the artery and no vessel branches in the sample volume. 

These conditions are often violated and therefore the “envelope” or spectral outline velocity is 

chosen as a parameter (180). By defi nition the envelope corresponds to the maximal frequency 

of the Doppler shift and, therefore, to the maximal velocity component of the velocity profi le 

spectral. Thus V
mean

 reports the velocity associated with the maximal frequency of the Doppler 

shift (the envelope) rather than the IWV
mean

 or the total signal power (245). Theoretically the 

major drawback of this approach is occurrence of turbulence in the insonated vessel (129), 

in practice this is minor problem with the laminar fl ow in cerebral arteries (180). Laminar 

linear fl ow maintains a constant velocity profi le and a constant relationship between spectral 

outline velocity and the weighted mean fl ow velocity. Therefore it is common practice to 

derive systolic peak velocity (V
sys

), diastolic velocity (V
dia

) and mean velocity (V
mean

) from the 

spectral outline velocity. The MCA V
mean

 differs with age and gender (180). MCA V
mean

 is low 

shortly after birth but rises rapidly in the fi rst few day of life. Between the age of 3 and 6 years 

the velocity increases by 10 cm.s-1 each year. From 6 to 16 years velocity decreases about 

2 cm.s-1 each year. Thereafter it declines steadily with a slower rate throughout life to 40 cm.s-1 

proefschrift helene final.indd   29proefschrift helene final.indd   29 4-3-2008   16:21:564-3-2008   16:21:56



30

for men in their seventies (180). Women have 3-5% higher velocities than men (36, 77, 296).

The V
mean

 refl ects cerebral blood fl ow under the conditions of laminar fl ow, stable viscosity, 

and unchanged vessel diameter. According to Poiseulle’s law, blood fl ow through a vessel 

depends on its radius to fourth power, a relation that emphasises the consequences of even 

small changes in vascular diameter for the interpretation of the velocity signal. The MCA 

is an artery with an approximate diameter of 2-4 mm (175) and constriction by 0.2-0.4 mm 

could elevate V
mean

 more than 20% at unchanged volume fl ow. Therefore changes in fl ow 

are proportional to changes in velocity only with constancy of the insonated cerebral vessel 

diameter. The large cerebral arteries are conductance rather than resistance vessels, and 

changes in arterial blood pressure within the physiological range appear to have negligible 

effects on the diameter of the insonated artery (293). Direct observations during craniotomy 

have confi rmed that the diameter of the large cerebral arteries does not change signifi cantly 

during variations in mean arterial pressure of about 30 mmHg (67). Orthostatic stress, as 

simulated by lower body negative pressure, does not alter the diameter of the MCA as 

assessed with MRI (250) and changes in MCA V
mean

 follow 133Xe determined cerebral blood 

fl ow (17, 45). In summary, with a constant small insonation angle and considering that 

changes in diameter of the insonated vessel are minimal, changes in cerebral blood velocity 

represent changes in cerebral blood fl ow (17).

Near-infrared spectroscopy 

With the large changes in arterial pressure as observed when patients with orthostatic 

hypotension stand up, there may be uncertainty on the constancy of MCA diameter. An 

approach to evaluate whether changes in MCA V
mean

 follow changes in (regional) cerebral 

blood fl ow is to co-register the NIRS determined concentration changes in oxygenated (O
2
Hb) 

and deoxyhemoglobin (HHb) over the cerebral region of interest. We consider that NIRS is 

not only based on a different physical principle, but can also be registered with a comparable 

time-resolution as V
mean

 (212). NIRS is a non-invasive and continuous optical method for 

assessment of tissue oxygenation (47, 160, 195, 218, 305). Starting with the pioneering 

work of Jobsis 30 years ago, NIRS has been used to investigate functional activation of the 

human cerebral cortex (187). The technique is based on two fundamental characteristics: the 

relative transparency of human tissue to light in the near infrared region, and the oxygenation 

dependent absorption changes in tissue caused by chromophores, mainly O
2
Hb and HHb 

(47, 161). With the use of a modifi ed Lambert-Beer law, changes in light absorption at 

different wavelengths are measured, and tissue oxygenation is monitored (52). To estimate 

the concentration changes in O
2
Hb and HHb, a differential pathlength factor of 6.0 is applied 

which accounts for the scattering of light in the tissue (284, 318). This equation is valid for 

a medium with one chromophore. Therefore to monitor absorption changes in tissue caused 
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by O
2
Hb and HHb, a minimum of two wavelengths is needed (282). The NIRS optodes are 

attached on the right side of the forehead with the receiving optode at least 2 cm from the 

midline. The transmitting optodes are placed 5.5 cm from the receiving optodes, therefore 

limiting the contribution of the extracranial circulation, along the hairline (Figure 3) (47). 

Angulation of the optodes is of relevance with small interoptode distances (283). The depth of 

the measured tissue volume is a function of the interoptode distance (92, 161).

Figure 3.

The NIRS optodes are attached on the right side of the forehead with the receiving optode at least 2 cm from the midline. Placing the transmitting 

optodes 5.5 cm from the receiving optodes limits the contribution of the extracranial circulation. The right middle cerebral artery is simultaneously 

insonated through the temporal window.

Methodological issues with the application of NIRS include insuffi cient light shielding, 

optode displacement, and a sample volume including muscle or the frontal mucous membrane 

(161). Since there is no “gold standard” for cerebral oximetry, calibration is not possible. The 

spectroscopic measurement is regional while the reference measurement are global (170). 

However NIRS determined cerebral cortical oxygenation changes in parallel with cerebral 

blood fl ow as determined by 133Xe clearance (37) and estimated cerebral O
2 
saturation in 
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humans during carotid clamping and declamping compares satisfactory with jugular bulb 

venous O
2 
saturation (316). The O

2
Hb refl ects the cerebral cortex at the measurement site 

only (4). Within the sampled volume, hemoglobin is contained in arterioles, capillaries, 

and venules, but the relative position of pigments determined by NIRS remains unknown. 

From anatomic studies of the brain, the venule to total vessel volume ratio ranges from 2/3 

to 4/5 (13). Because 5% of the blood is within the capillaries and 20% in the arterioles, it 

may be argued that NIRS is dominated by the local venous O
2
 saturation rather than a tissue 

O
2
 content. Yet values of NIRS measured O

2
Hb are higher than internal jugular venous O

2
 

saturation, and NIRS differentiates fainters from nonfainters before the onset of the faint by 

the reduction in O
2
Hb (47, 161). From studies conducted during carotid surgery, the NIRS 

determined cerebral oxygenation refl ects the tissue oxygenation, provided that superfi cial 

tissue oxygenation is eliminated by spatial resolution (4). In humans NIRS is an adequate 

cerebral capillary-oxygenation-level-dependent measure during manipulation of cerebral 

blood fl ow or varying the oxygen fraction of the inspired gas mixture (218).

In this thesis an attempt was made to overcome the uncertainty of the methods by combining 

TCD and NIRS because they are based on different physical principles, assuming that 

concordant changes indicate a change in regional cerebral blood fl ow (4, 162, 214, 287). 

Changes in cerebral blood fl ow evaluated with TCD are tracked, at least quantitatively, by 

O
2
Hb (Figure 4). Thus if the V

mean
 and O

2
Hb change in parallel, it is diffi cult not to accept that 

also cerebral blood fl ow is changed in that direction and this has been confi rmed by clinical 

evaluation (161, 293).

Figure 4.

Parallel changes in MCA V
mean

 and the oxyhemoglobin concentration (cHbO
2
) over the frontal cortex during a Valsalva manoeuvre. Thin line: cHbO

2
., 

Bold line:  ∆ V
mean

. Note the delay of peak changes in cHbO
2
. Reproduced from (214).
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Chapter 2.2

Non-invasive assessment of arterial pressure, cardiac stroke 
volume and central blood volume

For a better understanding of the cardiovascular dynamics during orthostatic stress in humans 

a continuous recording of blood pressure, cardiac stroke volume (SV) and changes in central 

blood volume (CBV) is required because events proceed rapidly. Non-invasive recordings 

are preferable since the invasive recording procedures itself may promote neurally mediated 

syncope. In this chapter we describe how blood pressure can be measured non-invasively by 

a continuous recording of fi nger blood pressure. The principle of and relation to intra-arterial 

pressure is described. Application of pulse wave analysis to the arterial fi nger pressure offers 

a non-invasive and continuous recording of stroke volume. The Modelfl ow method computes 

a fl ow wave from the arterial pressure wave that is integrated to obtain the SV of the heart. We 

describe in this chapter the theoretical and physiological background of the Modelfl ow method 

and how thoracic impedance can be used as a non-invasive index of changes in CBV

Non-invasive finger blood pressure

Finapres principle

For a continuous measure of blood pressure, cannulation of an artery was necessary until the 

early 1980s when two devices, the “Finapres” and “Portapres” were developed by Wesseling 

et al. (1995) based on the volume-clamp method introduced by the Czech physiologist 

Peñáz (1973). By doing so, continuous non-invasive measurement of arterial pressure was 

introduced both for research purposes and clinical medicine (23, 105). Finger blood pressure 

is measured non-invasively using the Finapres (FINger Arterial PRESsure) principle (105). 

From the fi nger pressure waveform, heart beats are detected and systolic, diastolic and mean 

pressure and pulse rate are output in a beat-to-beat mode. Blood pressure measurement 

devices based on the Finapres principle use an infl atable fi nger cuff which comprises an 

infrared plethysmograph and a small box attached to the wrist enclosing a fast servo-

controlled pressurising system for the continuous adjustment of cuff pressure according to 

changes in the plethysmographic output (Figure 1). The cuff and wrist-box are connected to a 

main unit which holds the air pump, electronics and a computer. 
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Figure 1.

Non-invasive finger blood pressure measurement during active standing. The finger cuff is held at heart level, preferable in the mid-axillary line, in order 

to avoid hydrostatic level errors in different body positions.

Arterial pressure in the fi nger is measured making use of the volume-clamp method (203).

The method is based on the development of the dynamic (pulsatile) unloading of the fi nger 

arterial walls using an infl atable fi nger cuff with a built-in photo-electric plethysmograph 

(105, 301). In this method the diameter of an artery under a cuff wrapped around the fi nger 

is kept constant (clamped) at a certain diameter, the “set-point”, in spite of the changes 

in arterial pressure during each heart beat. Changes in diameter are detected by means of 

an infrared photo-plethysmograph built into a fi nger cuff. If during systole an increase is 

detected in arterial diameter the fi nger cuff pressure is immediately increased by a rapid 

servo-controller system to prevent the diameter change. A fast pneumatic servo system and 

a dynamic servo setpoint adjuster assure arterial unloading at zero transmural pressure and 

consequent full transmission of arterial pressure to cuff air pressure (105, 203, 300). To fully 

collapse the fi nger artery requires a cuff pressure larger than the fi nger intra-arterial pressure. 

At zero transmural pressure the artery is not collapsed (unstressed arteries still have ~ 1/
3
 or 

½ their original cross-sectional area and volume) but “unloaded”, that is, the arterial walls 

are held at zero transmural pressure which corresponds with their unstressed diameter (105, 

301). As a result, fi nger cuff pressure equals intra-arterial pressure when the volume-clamp 

method is active at the proper unloaded diameter of the fi nger artery. Defi ning the correct 

unloaded diameter of a fi nger artery is not straightforward. The unloaded diameter is close to 

the average diameter at a pressure where the amplitude of the pulsations in the plethysmogram 

is largest. Changes in stress and tone of smooth muscle in the arterial wall and in hematocrit 

affect the unloaded diameter. Therefore, the unloaded diameter is usually not constant during 

a measurement and has to be verifi ed at intervals.
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An important feature is an expert system (Physiocal®) consisting of a dynamic servo setpoint 

adjuster, it defi nes and maintains the diameter at which the fi nger artery is clamped (301). 

The Physiocal algorithm includes the search procedure and criterion for the automated 

determination and periodic adjustment of the arterial unloaded volume. It explores part of the 

pressure-diameter relation by analysing the plethysmogram at a number of steady pressure 

levels, and is able to track the unloaded diameter of a fi nger artery even if smooth muscle 

tone changes. To adjust the correct unloaded diameter of the fi nger artery based on the 

signal from the fi nger cuff plethysmograph, cuff pressure is kept constant at regular intervals 

(23). A consequence is that the measurement of blood pressure is temporarily interrupted. 

Activation of the Physiocal procedure is considered mandatory to maintain accuracy during 

measurements (304).

Finger arterial pressure vs intra-arterial pressure

In a review of 43 studies comprising a total of 1031 subjects the accuracy of fi nger pressure 

vs. intra-arterial pressure was studied (105). The weighted accuracy for systolic pressure was 

–0.8 ± 11.7 mmHg (range –48 to 30 mmHg) for mean pressure –1.6 ± 8.5 mmHg (–20 to 19 

mmHg) and for diastolic pressure –1.6 ± 7.7 mmHg (–13 to 25 mmHg). This, precision is too 

low for systolic and mean pressures and does not meet the acceptable limit of the 

8 mmHg SD of the American Association for the Advancement of Medical Instrumentation 

(AAMI) recommendations. Although for diastolic pressure the accuracy and precision 

values are within the limits the overall performance does not permit fi nger arterial pressure 

measurements for assessment of absolute blood pressure levels in individual patients (105). 

Continuous fi nger arterial pressure reliably follows intra-arterial pressure under a variety of 

circumstances (Figure 2) (103, 104, 199). 

Reconstruction of brachial arterial pressure from fi nger arterial pressure, as implemented in 

the Finometer, reduces the pressure differences and thereby meets the AAMI criteria (24, 27, 

82, 243). In conclusion fi nger arterial pressure is in general a reliable alternative for intra-

arterial measurements method for the assessment of beat-to-beat changes in arterial pressure 

(105). Especially in clinical practice for the assessment of blood pressure regulation by 

autonomic function testing, orthostatic hypotension and syncope it has established its place, 

where application of intravascular instrumentation may affect these responses.
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Figure 2.

Original intra-arterial (IAP) and non-invasive finger arterial pressure (FINAP) registration during active standing in 23-year old male subject. Open bar 

indicates period of light-headedness, sweating and “not feeling well”. Arrow indicate lying down. IAP is tracked by FINAP for all levels of arterial pressure 

including impending vasovagal syncope. Note physiocals in FINAP registration (small arrows).
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Non-invasive cardiac stroke volume

The Modelflow method

The Modelfl ow method computes an aortic fl ow waveform from a peripheral arterial 

pressure signal. It uses a non-linear three-element model of the aortic input impedance. The 

hemodynamic behaviour of the aorta in opposing ejection of blood from the left ventricle has 

been described by a three-element model of the arterial input impedance (34, 39, 278). The 

three elements correspond to the characteristic impedance of the aorta (the opposition to the 

pulsatile fl ow from the left ventricle), the total arterial compliance (opposition to an increase 

in aortic blood volume), and a peripheral vascular resistance. 

The fi rst element in the model is the aortic characteristic impedance (Z
0
); it describes the 

relation between pulsatile fl ow and pressure at the entrance of the aorta. The rise in pressure 

will depend on the instantaneous fl ow, on the cross-sectional area of the aorta and on the 

aortic compliance. Hence, Z
0
 represents the aortic opposition to pulsatile infl ow from the 

contracting left ventricle. Z
0
 has the dimension of pressure divided by fl ow. The second model 

element is the arterial compliance (C
w
); it describes how much the aortic pressure rises for a 

given volume of blood and represents the aortic opposition to an increase in blood volume. 

Compliance is defi ned as a change in volume (dV) divided by a change in pressure (dP). The 

third element in the model is peripheral vascular resistance (Rp). Rp is a measure for the 

ease of constant blood drainage from the Windkessel into the peripheral vascular beds. Rp is 

defi ned as the ratio of mean pressure to mean fl ow, and is not a major determinant of systolic 

infl ow (303).

The fi rst two elements of the model, Z
0
 and C

w
, are thus dependent on the elastic properties 

of the aorta. In earlier models of the arterial system, changes in aortic volume were assumed 

to be linearly related to the aortic pressure (34, 39, 278). From Langewouters’ studies on 

the elastic properties of human thoracic and abdominal aortas it was found that the aortic 

properties vary in a non-linear manner with distending pressure. The change in thoracic aortic 

cross-sectional areas was described as an arctangent function of transmural pressure (138). 

The model uses this property and is non-linear thus mimicking the hemodynamic behaviour of 

the aorta in detail (Figure 3). It computes two of the model parameters, Z
0
 and C

w
, making use 

of a built-in database of arctangent area-pressure relationships given subject gender and age 

as input (138). Instantaneous values of C
w
 and Z

0
 are used in the model simulation resulting in 

the computation of an aortic fl ow waveform. Rp as the third element is calculated each beat by 

the model simulation and updated.
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Figure 3.

Diagram of modelling flow from arterial pressure.

Left panel: non-invasive FINAP as input to the model for one heart beat.

Middle panel: three-element model of the aortic input impedance used to compute flow from pressure. Z
0
: characteristic impedance of the proximal 

aorta; C
w
: “Windkessel” compliance of the arterial system; Rp: total systemic peripheral resistance. The Z

0
 and C

w
 elements have non-linear, pressure-

dependent properties indicated by the stylized ∫ symbol. The peripheral resistance element, Rp, varies with time, as symbolized by the arrow. Arterial 

pressure waveform, P (t); blood flow, Q (t), as function of time and Windkessel pressure, Pw (t). 

Right panel: the computed output of the model, i.e. the aortic flow as function of time.

Thus the Modelfl ow method computes SV from the arterial pressure wave with continuous 

non-linear corrections for variations in aortic diameter, compliance and impedance during the 

arterial pulsation (303). Integrating the aortic fl ow waveform per beat provides left ventricular 

SV. Cardiac output (CO) is computed by multiplying SV and heart rate. Only if absolute 

values for SV are requested, Modelfl ow SV needs calibration against a "golden" standard, 

e.g. thermodilution or inert gas rebreathing. Otherwise, SV can be expressed as changes from 

control with the same precision in SV tracking. 

Aortic pressure, theoretically preferred as model input, is not routinely available in clinical 

practice, and therefore a peripheral arterial pressure is used. Peripherally measured arterial 

pressure is, however, distorted in comparison with aortic pressure. Although the calculated 

fl ow waveform is therefore distorted also, the area under the fl ow wave which equals the SV, 

was shown to be affected only minimally by such distortion (303). The effect is that peripheral 

arterial pressures, including non-invasive fi nger arterial pressure, appear suffi ciently close to 

aortic pressure to be applied in the model and still compute SV reliably (119, 303). Correct 

tracking of intra-arterial pressure by non-invasive fi nger arterial pressure is a prerequisite for 

such a proper computation of model simulated SV as demonstrated in healthy subjects (60, 

118, 209) and in patients with coexisting hypertension and vascular disease (26).

The cross-sectional area of the aorta is increased in arteriosclerotic aortas with an increased 

stiffness. The net effect of both increments is that they compensate for each in their effects on 

compliance, such that the compliant behaviour of an arteriosclerotic is almost identical with 

that of a non-sclerotic aorta over the physiological pressure range (139). Studies in patients 

proefschrift helene final.indd   40proefschrift helene final.indd   40 4-3-2008   16:22:004-3-2008   16:22:00



41

with cardiovascular disease demonstrated that Modelfl ow accurately track changes in CO in 

both direction and degree when compared with thermodilution-based estimates (119, 240, 

303).

Thoracic impedance as a non-invasive index of the central blood volume 

As most methods for measuring CBV require extensive apparatus, it is useful to apply Ohm’s 

law to the body and evaluate volume directly (186). Such assessment of the volume of the 

body, and more specifi cally of the volume contained within the central vessels and the heart, 

is readily available with the use of either band or ECG electrodes. Given a constant fi eld, the 

current depends on the resistance it is exposed to (246). For assessment of CBV, the thoracic 

region is of interest. Transthoracic electrical impedance, or its reciprocal value admittance, 

correlates to changes in central blood volume (41, 54, 167, 207, 211, 246). Electrical 

impedance is based on the principal that conductivity is a basic property of biological 

tissue. Accordingly, alterations of thoracic fl uid volume must be followed by alterations in 

impedance (186, 242). Therefore a decrease in CBV results in a reduction in conductance 

and an increase in impedance. To evaluate the volume within the thoracic region, including 

the central vessels and the heart two electrodes are placed on the sternocleidomastoid muscle 

and two electrodes on the lower contralateral ribs in the midaxillary line (206, 246, 253). The 

outer two electrodes serve as current electrodes with a frequency of 100 kHz and are spaced 

5 cm from the inner electrodes. The latter monitor changes in voltage (Figure 4). 

Figure 4.

Thoracic impedance as a non-invasive index of changes in central blood volume. Two electrodes are placed on the sternocleidomastoid muscle and two 

electrodes on the lower contralateral ribs in the midaxillary line. The outer two electrodes serve as current electrodes with a frequency of 100 kHz and are 

spaced 5 cm from the inner electrodes. The latter monitor changes in voltage.
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Impedance differs considerably between subjects (242, 246). Therefore comparison of 

sequential measurements is feasible only in one and the same subject. This difference is 

probably due to the fact that basic electrical impedance depends on the electrical conductivity 

of the thorax which in turn is determined by its anatomical structure. The result is that 

individual differences in the architecture and dimensions of the chest affect impedance 

(140, 242, 246). Impedance measurements may be infl uenced by electrode position and 

replacement, tissue movement between the recording electrodes and body position (125, 

167, 211, 242). In severe respiratory failure there is no change in electrical impedance due to 

fi xation of fl uid within the lung (242). Emphysema results in higher electrical impedance due 

to the large amount of air in the chest which is a poor conductor (125). A direct evaluation of 

the electrical properties of the thorax is made during thoracocentesis where the change in fl uid 

volume is known. The correlation coeffi cient between changes in thoracic impedance and 

the amount of fl uid withdrawn is satisfactory (r=0.97) (208). Measurement of central blood 

volume by thoracic impedance show high correlations, for instance with the volume defi cit 

during haemorrhage and following reperfusion in the pig (130), and allows for the prediction 

of hypotension when the central blood volume is reduced, for instance during head-up tilt 

(167, 206), lower body negative pressure (41), syncope (189) and hemodialysis (42).
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Chapter 2.3

Continuous stroke volume monitoring by modelling flow 
from non-invasive measurement of arterial pressure in 
humans under orthostatic stress

M.P.M. Harms, K. H. Wesseling, F. Pott, M. Jenstrup, J van Goudoever, N. H. Secher,

J.J. van Lieshout

Clinical Science 1999; 97: 291-301

Introduction

In order to evaluate the mechanisms leading to syncope, a continuous recording of blood 

pressure and ideally also stroke volume is required because the events proceed rapidly (60, 

118, 209). Invasive procedures themselves induce a neurally mediated syncope, and therefore, 

blood pressure is preferably recorded non-invasively (11, 262). The least intrusive technique 

available that adequately monitors changes in the arterial pressure is the fi nger volume clamp 

method (11).

Application of pulse wave analysis to the arterial fi nger pressure (FINAP) offers a non-invasive 

and continuous recording of stroke volume. The analysis is based on models of the arterial 

system assuming that the aortic dimension and also elastic properties remain constant (34, 74) 

although they are known to change when the distending pressure of the aorta is changed (302). 

A three-element model of the arterial input impedance (Modelfl ow) is advanced that takes into 

account the non-linear aortic pressure-area relationship (138). Modelfl ow computes a fl ow wave 

from the arterial pressure wave that is integrated to obtain the stroke volume of the heart. 

Head-up tilt testing is used for the evaluation of patients with neurally mediated syncope (11, 

57). A change in body position infl uences the effect of gravity on the cardiovascular system, 

hereby changing the sympathetic tone to the heart and blood vessels (228). In response to 

assumption of the upright position, either actively by standing up or passively by head-up tilt, 

sympathetic outfl ow increases (182), whereas in the head-down position sympathetic tone 

decreases (177). Also, the upright position raises the hydrostatic pressure in the arteries below the 

hydrostatic indifference point which is located approximately at the level of the left ventricle and 

therefore reduces the pressure in arteries above that level (21, 228). Both head-up and head-down 

tilt may change the arterial input impedance by modulating sympathetic tone and transmural 

vascular pressures. The Modelfl ow computation of stroke volume is, however, based on a supine 

model of the arterial hemodynamic characteristics and it is unclear if under the condition of 

orthostatic stress, stroke volume can be derived from the arterial pressure wave. We addressed if 

the model approach, validated for supine intra-arterial pressure (303), is applicable also during 
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orthostatic stress. The study in awake healthy subjects under varying degrees of active or passive 

orthostatic stress was designed to compare a thermodilution determined stroke volume (TDSV) 

with Modelfl ow stroke volume (MFSV) obtained from brachial intra-arterial pressure (IAP) and 

from non-invasively determined FINAP.

Methods

Subjects

Ten healthy subjects (nine males) were studied after informed consent as approved by the 

Ethical Committee of Copenhagen. Their mean age was 29 (range 20-39) years, height 183 

(170-191) cm, and weight 74 (68-82) kg (Table 1). All subjects had normal physical fi tness 

without sports training. They had no history of orthostatic fainting and used no medication.

 
Table 1. 
Subjects and the calibration factor, K, for MFSV

IAP
 and MFSV

FINAP

Subject Gender   Age   Height  Weight   MFSVIAP MFSVFINAP

   (yr)    (cm)    (kg)          K        K

      S1      M     32      183      78       1.33       1.02
      S2      M     34      191      80       0.95       0.85
      S3      F     39      170      71       1.32       1.13
      S4      M     30      181      78       1.25       0.98
      S5      M     20      178      68        —        —
      S6      M     34      179      68       1.16       1.09
      S7      M     26      188      74       1.19       1.17
      S8      M     25      190      82       1.14       1.99
      S9      M     22      182      70       1.16       1.24
      S10      M     23      187      72       1.34       1.19

 Mean±SD   29±6   183±6    74±5  1.20±0.12  1.18±0.32

In subject S8, the difference between mean K for IAP vs. FINAP 
 
was related to cuff malpositioning on the finger. 

Pressure Measurements

Under local anaesthesia (2% lidocaine), a catheter (20 G; internal diameter:1.0 mm) 

was placed in the brachial artery (radial artery in subject S2) of the non-dominant arm 

and a balloon-tipped thermodilution catheter (model 93A-831H-7.5F, Baxter Healthcare 

Corporation, Irvine, CA) was introduced percutaneously through the left basilic vein under 

continuous ECG recording. Correct catheter positioning was confi rmed by monitoring the 

pressure waveform. Intra-arterial, pulmonary artery and right atrial pressures were measured 

with Baxter disposable transducers. To minimize hydrostatic errors during changes in body 
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position, the transducers  were fi xed to the left upper arm at the level of the right atrium. 

Catheter lumens were fl ushed continuously.

Good quality of the intra-arterial pressure signal is a prerequisite for proper computation 

of MFSV. The tubing of the catheter-manometer system has to be non-compliant and the 

catheter system free of clots and air bubbles. Suffi cient signal quality should be assessed by 

checking the dynamic performance of the arterial pressure measurement system. Maintenance 

of an adequate resonance frequency (range 12-25 Hz) (64) was confi rmed before and after 

completion of the protocol. FINAP was measured non-invasively with a Finapres model 

5 (Netherlands Organization for Applied Scientifi c Research, Biomedical Instrumentation 

(BMI-TNO)). The Finapres is based on the volume clamp technique of Peñáz (203) and the 

Physiocal criteria of Wesseling (301). In order to avoid hydrostatic level errors, the cuff was 

applied to the mid-phalanx of the third fi nger of the hand contra-lateral to the cannulated 

arm and held at right atrial level in the mid-axillary line. The positions of the fi nger cuff 

and pressure transducer were checked for possible hydrostatic level errors and occasionally 

readjusted. In the Finapres device, the Physiocal expert system was in operation to establish 

and maintain a proper volume clamp set-point (301). Mean arterial pressure (FINAP and IAP) 

was obtained as the integral of pressure over each beat divided by the corresponding beat 

interval.

Thermodilution

The thermodilution catheter was connected to a Baxter COM-2 cardiac output computer 

(Baxter-Edwards). A 10 ml sample of iced glucose solution (5%) was drawn from a CO-SET 

cooling unit (Baxter) and injected by a pneumatic power injector (Broszeit Medizintechnik) 

over ~ 3 seconds (114). Following the passage of the thermodilution curve and after at least 

18 seconds, the syringe was refi lled automatically. Each thermodilution curve was checked 

visually for shape and appearance time before acceptance. One thermodilution cardiac output 

estimate was taken as the average of four random injections. In all subjects (except S10), 

each series of four TD injections was preceded by one manual injection to prime the syringe 

and the catheter with cold liquid. 

Modelflow Stroke Volume

Beat-to-beat stroke volume was estimated with the Modelfl ow method (Figure 3 in Chapter 

2.2). The method uses a non-linear, three-element model of the aortic input impedance to 

compute an aortic fl ow waveform from the arterial pressure wave. The fl ow waveform is 

integrated per beat to yield stroke volume (see Chapter 2.2).

Experimental Protocol

After an overnight fast, the subjects were attached to instruments at 09.00 hours in a room 

with an ambient temperature of 22° C and a test run was performed to familiarize the subject 
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with the protocol. The protocol started with a period of supine rest after which periods of 

standing and tilt at various degrees were interspaced with further periods of supine rest to 

re-establish baseline (Figure 1). In each position, one or more series of four thermodilution 

cardiac output estimates were performed. All subjects were observed by the same physician. 

The prolonged orthostatic stress was terminated by returning the subject to the horizontal 

position either after 60 min head-up tilt or 10 min in the active standing position, or earlier at 

the subject’s request, or when blood pressure decreased more than 20 mmHg for systolic or 

more than 5 mmHg for diastolic blood pressure (271). Consequently, the full protocol could 

not always be completed. 

Figure 1.

Experimental protocol. Thermodilution estimates were taken 10 min after the start of each supine rest period, after 5 and 10 min after active standing, 

after 5 min of HDT5, HDT10, HDT20 and HUT30 positions, and every 10 min during sustained HUT70. A maximum of six cardiac output estimates were 

obtained during one hour of HUT70. Arrow indicates the times of the thermodilution measurement.

Data Acquisition and Analysis

A PC-based system was used to control and mark the thermodilution injections, to start 

the COM-2, and to read its output via the serial port. An event marker was used to identify 

the onset of changes in posture. The IAP, pulmonary arterial pressure, right atrial pressure, 

FINAP, and marker signals were sampled at 100 Hz, stored on disk and also recorded on a 

polygraph (Graphtec) for on-line inspection. Signals to and from the computer were routed 

through an interface providing electrical isolation. Signals requiring offset and sensitivity 

adjustments went through additional variable offset and gain amplifi ers. 

For determination of cardiac output by averaging series of four thermodilution estimates, 

hemodynamic variables must remain relatively stable (86, 113). The stability of the signals 

was verifi ed by examining heart rate, systolic, mean and diastolic arterial pressures, mean 

pulmonary arterial and mean right atrial pressures over the episodes of each individual 

thermodilution estimate (Figure 2). If any variable differed more than 10% from the mean of 

the series, the series was rejected (115). To obtain unbiased averages of the thermodilution 

determined cardiac output, injections are executed at random phases of the respiratory cycle. 

In this study, injections were at regular intervals of 36 seconds, and since respiration was 

spontaneous and irregular, the injection moment was assumed to be ‘random’. This was tested 

for each subject by two-way analysis of variance.

Stroke volume was calculated from the IAP and FINAP waves, giving two estimates of arterial-

pressure-derived stroke volume: MFSV
IAP

 and MFSV
FINAP

. The average of a series of four 

thermodilution cardiac output estimates was divided by heart rate over the corresponding
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Figure 2.

Stable (left panels) and unstable (right panels) hemodynamic states in a series of four thermodilution (TD) estimates.

A: Intra-arterial pressure (IAP), pulmonary artery pressure (PAP), and right atrial pressure (RAP). Rectangles indicate the duration of one TD series.

B: Detail of A showing the plotted signals of systolic (SAP), mean (MAP), diastolic (DAP), mean pulmonary (MPAP) arterial pressures, mean right atrial 

pressure (MRAP), and heart rate (HR) during TD1-TD4. One TD measurement takes 18 s. Note the difference in the variability of the signals between a 

stable and an unstable hemodynamic state.

period to obtain the average TDSV. Thus, three simultaneous stroke volume estimates were 

available for analysis for each series. The supine average TDSV was used to calibrate the 

pressure-derived stroke volumes by multiplying uncalibrated model stroke volume by the 

ratio (calibration factor K) of TDSV to either MFSV
IAP 

 and MFSV
FINAP

.

The pooled data and stroke volume during HUT70 (head-up tilt at 70º) were not normally 

distributed and are expressed as mean with ranges. The data obtained for the HDT20 (head-
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down tilt at 20º), HUT30 (head-up tilt at 30º) and standing were normally distributed and 

are expressed as mean ± SD. For the supine position, six to seven values were available; in 

the standing position two to four values, and in HUT70 position one to seven values. One 

value was available for each of the HUT30 and HDT20 positions. TDSV was compared 

to MFSV
IAP 

 and MFSV
FINAP

 for all body positions by linear regression. The distribution 

of changes with body position was examined by repeated measures analysis of variance 

on ranks. Signifi cant differences were located by subsequent multiple comparison testing 

(Student-Neuman-Keuls). Differences between MFSV
IAP 

and MFSV
FINAP

 and deviations from 

TDSV were evaluated with parametric or non-parametric tests. A P value of < 0.05 was 

considered to indicate a statistically signifi cant difference.

Results

In subject S5, thermodilution injections required as much as 10 s rather than the usual 3 s, 

and errors and alerts were frequently noted. An analysis of variance showed systematic 

differences in stroke volume within a series of four injections but not between the 

manoeuvres, while in all other subjects the signifi cant variation was between manoeuvres 

and not within the series of four injections; therefore this subject was excluded from the 

analysis. In two subjects, active standing had to be terminated after four and fi ve minutes, 

respectively because they experienced pre-syncopal symptoms with a fall in blood pressure. 

In four subjects, HUT70 was terminated after 9, 9.5, 28 and 34 min respectively because 

of near-fainting; three of the subjects had a fall in blood pressure and one subject was tilted 

back on his own request.

A total of 160 TDSV series were therefore available in the nine remaining subjects. The 

10% criterium for hemodynamic stability was not fulfi lled in two series (in two subjects). 

Due to an unnoticed displacement of the fi nger cuff, three series in subject S8 in the HUT70 

position were rejected. Thus, 155 series (97%) of MFSV
IAP

 and MFSV
FINAP

 remained 

available for comparison. For both pressure sites, the calibration value (K) is listed in 

Table 1. In six of the nine subjects the fi nger cuff was repositioned to another fi nger of the 

same hand because of discomfort in the cuffed fi nger, usually after 2 hours of continuous 

monitoring. After repositioning of the cuff to another fi nger, the study was continued, usually 

within 5 min, when a reliable stable FINAP was confi rmed by checking waveform and 

blood pressure level. Repositioning of the cuff did not affect the FINAP or calculated stroke 

volume. Differences between TDSV and stroke volume from respectively IAP and FINAP 

did not dependent on blood pressure or heart rate.
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Stroke Volume

TDSV ranged from 33 to 137 ml (Table 2). The difference between TDSV and MFSV
FINAP

, 

(range -16 to 33 ml; not signifi cant) was smaller than that between TDSV and MFSV
IAP

 (range 

-16 to 51 ml; p<0.01) (Table 3 and Figure 3).

Table 2. 

TDSV, mean IAP, mean FINAP, heart rate (HR), mean pulmonary artery pressure (PAP) and mean right atrial pressure (RAP) in each subject

Subject   TDSV         IAP        FINAP        HR       PAP        RAP
   (ml)      (mmHg)       (mmHg)       (bpm)     (mmHg)     (mmHg)

    S1 45-120       84-110         88-117       62-116       7-21         0-8
    S2 33-105       86-96         73-90       46-86       6-18         0-5
    S3 45-102       93-113         84-111       52-114       5-16         0-6
    S4 41-128       86-97         94-112       62-108     10-18         1-5
    S6 51-112       68-83         69-99       54-81       4-18        -1-3
    S7 63-136       82-89         73-91       48-88     10-18         3-6
    S8 54-137       78-105         69-107       48-87     10-16        -1-4
    S9 73-121       82-95       113-137       44-82       9-19         0-6
    S10 44-121       85-104         96-127       44-72       3-12         0-6

Table 3. 

Group-average values for correlation r and offset for MFSV from IAP and FINAP

MFSV

FINAP IAP

    Offset r Offset r

  All  1   (-16 - 33)   0.97**     4  (-16 - 51)‡        0.94**

  HDT20 -4 ±   7 0.87*    -6    ±    6†        0.90**

  Standing  3     ±   9  0.78**   12    ±    9‡        0.84**

  HUT30  5     ±   2  0.98**     6    ±    3        0.99**

  HUT70  3   (-6 - 33)  0.87**    11  (-1 - 51)‡        0.83**

Data were obtained for the various body positions. All: pooled data from all manoeuvres.

Significance of correlations: * p<0.01; ** p<0.001.

Significance of offset from TDSV values: † p<0.05; ‡ p<0.01.
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Figure 3.

Pooled data for the two pressure sites.

Left panels: regression of pooled data for TDSV against MFSV

Right panels: scatter diagrams of the differences between TDSV
 
and MFSV against their mean. Horizontal lines indicate mean ± 1.96 SD. IAP: intra-

arterial pressure; FINAP: finger arterial pressure.

Supine Position and Head-down Tilt

TDSV did not change signifi cantly from the supine to the head-down tilt position ((values of 

113±12 ml (range 81-137ml) and 114±13 ml (range 94-133 ml) respectively). Both indices 

of MFSV tended to underestimate TDSV during HDT20, but the offset was signifi cant only 

for MFSV
IAP

 (-6±6 ml, compared with -4±7 ml for MFSV
FINAP

) (Table 3 and Figure 4).

Head-up Tilt and Standing

On moving from the supine position to HUT30 position, TDSV decreased 24% to 86±12 

ml (range 60-103 ml) (Figure 4). In the upright body position, MFSV overestimated TDSV. 

The difference from TDSV was similar for MFSV
FINAP

 (5±2 ml) and MFSV
IAP

 (6±3 ml; 

not signifi cant) (Table 3). In the HUT70 position, TDSV dropped 51% to 55 ml (range 

33-83 ml); the offset of MFSV
FINAP

 from TDSV was not signifi cant (3(-6-33ml)), unlike 

that of MFSV
IAP

 from TDSV (11(-1-51 ml; p<0.01)). During head-up tilt, there was no 

systematic trend in the difference between FINAP and IAP (Table 4). On moving from the 
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supine position to standing, TDSV decreased by 40% to 68 ml (range 41-94 ml) (Figure 4). 

For MFSV
FINAP

 the offset induced by standing (3±9 ml) was not signifi cant, unlike that for 

MFSV
IAP

 (12±9 ml; p<0.01) (Table 3).

Figure 4. 

Stroke volume for different body positions.

TD: thermodilution stroke volume; MFfin: model stroke volume from finger arterial pressure; MFiap: model stroke volume from intra-arterial pressure.

Table 4. 

Individual changes in mean FINAP and mean IAP during HUT70

Subject Tilt duration
(min)

 IAP
(mmHg)

 FINAP
(mmHg)

 (IAP-FINAP)
(mmHg)

S1 30 14.7 20.4 -5.7
S2 22 -12.9 -9.1 -3.8
S3 50 8.8 16.3 -7.5
S4 50 9.3 4.2 5.1
S6 8 1.7 10.2 -8.5
S7 49 11.2 9.4 1.8
S8 bs 14 -1.2 8.1 -9.3
S8 as 23 1.9 9.0 -7.1
S9 30 -1.5 -1.7 0.2
S10 8 -13.2 -5.4 -7.8

Mean±SD 28.4±16.6 1.9±9.6 6.1±9.3 -4.3±5.0

In subject S8, the finger cuff was switched to another position during tilt-up; bs: before switch, as: after switch.

Tracking of Stroke Volume

In all subjects except one, MFSV
FINAP

 tracked TDSV in all body positions, including HUT 70 for 

one hour (Figure 5). In subject S10, MFSV
FINAP

 deviated from TDSV during orthostatic stress, 

giving an underestimate of the orthostatic fall in TDSV.
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Figure 5.

TDSV and MFSV
FINAP

 values in the individual subjects.

Solid line: TDSV. Broken line: MFSV
FINAP

. Changes in stroke volume are shown as elicited by active standing and passive changes in body position between 

HDT20 and HUT70.

Discussion

The present study investigated whether the decrease in cardiac stroke volume evoked by 

orthostatic stress can be derived from a non-invasive arterial pressure waveform using a model 

based on hemodynamic characteristics of the human aorta in the supine position. In young 
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adults it was demonstrated that stroke volume as obtained by simulation of this model using 

a non-invasively determined arterial pressure refl ects the TDSV, with a non-signifi cant offset 

over the full range of stroke volume changes observed during postural changes.

Body Position and Model Stroke Volume

Under varying degrees of active and passive orthostatic stress in humans, an accepted 

method for computing stroke volume from arterial pressure is not available. We compared a 

beat-by-beat determination of stroke volume with a determination based on thermodilution, 

i.e. a discontinuous method integrating over several heart beats. The Modelfl ow method uses 

a three-element model of the aortic input impedance to compute fl ow from the pulsation of 

the arterial pressure (303). The mechanical properties of the aorta dominate the impedance 

to outfl ow that is presented to the left ventricle in systole, which depend in turn on the 

difference between the intra-arterial pressure and the tissue pressure exerted on the outside of 

the aortic and arterial wall, i.e. the transmural pressure.

On moving from the supine to the upright position, the intra-arterial pressure below the level 

of the heart increases in proportion to the hydrostatic height, but it is unknown to what extent 

this rise in pressure is counterbalanced by an increased tissue pressure, and the respiratory 

movement-related abdomino-thoracic pump may also be of importance. Therefore it is 

unclear whether the orthostatic increment in intravascular pressures is translated into an 

increase in transmural pressure in the descending thoracic and abdominal aorta (21, 65, 228, 

229).

Assumption of the upright position, either as a voluntary effort during standing or as a 

passive movement during head-up tilt, might increase aortic transmural pressure below heart 

level and consequently reduce its compliance. A reduction in compliance of the aorta implies 

that, for a given pressure, the actual volume of blood stored in the aorta becomes less than 

the computed volume from the three-element model of the aortic input impedance (303) 

which mimics the impedance of the aorta in the supine position. This view is supported by 

the fi nding that, in comparison with the TDSV estimate, the computed MFSV was greater 

in the upright body position and smaller in the head-down position, but only so when the 

MFSV based on an intra-arterial reading of blood pressure.

The cardiovascular stress is intensifi ed during maintained head-up tilt, with amplifi cation 

of refl ex vasoconstriction (308). Maintaining the HUT70 for one hour, however, did not 

infl uence the offset of the MFSV, and we take this to imply that the estimate of peripheral 

vascular resistance included in the model (303) is simulated appropriately. 

Accuracy of Thermodilution Method 

We attributed the differences between MFSV (303) and TDSV estimates entirely to the 

model. The thermodilution method is based on the law of conservation of energy, i.e. that the 

temperature at the site of injection is the same as that at the site of detection, that mixing of 
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the indicator and blood is complete, that the induced temperature change can be discriminated 

accurately from the fl uctuations in baseline temperature, and that blood fl ow remains constant 

while the measurement is made (113). In the present study, the temperature of the indicator 

was measured at the entrance of the catheter lumen and corrected for. Iced injection fl uid 

yields a greater signal-to-noise ratio of the thermodilution signal and a lower variance of 

consecutive measurements than an equivalent volume of injection fl uid at room temperature 

(113). The addition of heat to the syringe by direct hand-contact (145) was avoided by using 

an automatic injector in combination with a closed delivery system that also reduces injection 

time and improves consistency in injected volume and linearity of injection rate (179). The 

Stewart-Hamilton equation used to calculate the area under the thermodilution curve is valid for 

constant blood fl ow only (86, 113). Prolonged orthostatic stress elicits central hypovolemia by 

continued pooling of fl uid in the legs and splanchnic venous beds, and amplifi cation of refl ex 

vasoconstriction (167, 270). This introduces oscillations in the central and arterial pressures, as 

well as in cardiac output; these are amplifi ed further by respiration (Figure 2), which inevitably 

increases the scatter of thermodilution estimates. 

We restricted the infl uence of the respiratory oscillations in cardiac output in two ways. First, by 

distributing four injections randomly through the respiratory cycle, the accuracy of the series-

average cardiac output improves with the square root of the number of observations (114). 

Secondly, we excluded from the analysis the cardiac output series obtained under conditions 

when pressures and heart rate deviated by more than 10% from the their average values 

(Figure 2). Nevertheless, in awake subjects the prerequisite of constancy of blood fl ow during 

the period of the dilution curve may not be fully established during orthostasis, with an ongoing 

accumulation of blood in the legs and the occurrence of cardiovascular refl ex responses to it.

Absolute values for stroke volume are preferred, and model calibration against a standard 

is recommended, for both non-invasive and invasive arterial pressure measurements. On the 

other hand, for purposes of orthostatic stress testing and in ambulant patients, a continuous 

measure of stroke volume is preferably non-invasive, and absolute values of stroke volume are 

less relevant (11, 262).

Site of Pressure Measurement

In the head-down position the offset of the MFSV obtained from both pressure sites was 

small. After transition to the upright position, the increase in the offset was signifi cant only 

for MFSV based on IAP, and not for that based on FINAP. A change in arterial pressure 

by a hydrostatic level error of the pressure transducer introduced by the change in body 

position is a possibility, although we attempted to minimize changes in height of the arterial 

pressure transducer with respect to the level of the heart. In addition, an orthostasis-related 

downward shift of the heart might have introduced a hydrostatic error in measurement of 

arterial pressure. Since no systematic trend was found in the difference between FINAP and 

IAP (Table 4), we consider that the contribution of possible hydrostatic level errors in arterial 
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pressure to the offset of MFSV to be small.

Changes in the aortic transmural pressure due to orthostasis may lead to an offset in stroke 

volume derived from IAP that is not accounted for by the model. During postural changes, 

an offset in MFSV as obtained from IAP, but not from FINAP, is remarkable. In the upright 

position, FINAP readings differ from those of IAP (103). Apparently the hypothesised 

changes in arterial compliance due to orthostasis not accounted for by the model were 

compensated for by the level of arterial pressure as measured in the fi nger. 
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Chapter 3.1

Postural effects on cardiac output and mixed venous oxygen 
saturation in humans

M.P.M. Harms, J.J. van Lieshout, M. Jenstrup, F. Pott and N. H. Secher

Experimental Physiology 2003; 88: 611-616

Introduction

Normovolemia is the blood volume of healthy individuals and averages ~75 ml·(kg body 

weight)-1 (258). The effective circulating blood volume refers to the part of the volume within 

the arterial system effectively perfusing the tissues (3, 241) and it is regulated by the interplay 

between the circulatory system and the kidneys (83). Changes in the venomotor tone can 

increase, or decrease, the capacity of the venous circulation and thereby partially compensate 

for variations in the effective circulating blood volume. The effective circulating blood 

volume is assumed to depend mainly on the central blood volume (CBV), that is, the blood 

available to the heart. Transition from the supine to the upright posture has little effect on the 

blood pressure and orthostasis is proposed as the operating set point for human cardiovascular 

function (65). However, in order to maintain blood pressure during standing, an elevated 

vascular tone is required (111, 182, 219). Cardiac output (CO) is reduced by the postural 

fall in venous return and CBV (21, 167) with the gravitational displacement of blood to the 

dependent regions of the body (12, 257). The need for activation of cardiovascular refl exes for 

circulatory postural adaptation questions whether, in healthy humans, CBV is optimised to 

support the circulation in the upright position.

A functional defi nition of ‘normovolemia’ would be the ability to provide the heart with 

an appropriate CBV, that is cardiac preload (55, 120). However, the usual clinical and 

hemodynamic parameters are not reliable indices of preload to the heart (28, 210) and an 

“optimal” volume is neither defi ned nor is it an easily measurable entity. Hypovolemia 

may be characterised by a reduced preload to the heart, that is with stroke volume and CO 

becoming dependent on CBV. The reported increase in CO with volume loading is taken to 

imply that a patient is preload-responsive (28, 210). Conversely, the intravascular volume 

may be expanded beyond the volume that can provide for a “maximal” CO at rest. By 

interpolation between hypo- and hypervolemia, normovolemia may be considered as the 

point in the cardiac preload-output relationship at which CO does not increase further under 

circumstances where venous return is unimpeded. We reasoned that in the absence of cardiac 
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disease, changes in CO itself rather than in central circulatory pressures refl ect CBV, and that 

this holds also for central venous O
2
 saturation (S

v
O

2
) (159, 160, 234). With the hydrostatic 

indifference point for volume positioned at the level of the pelvis (205), CBV becomes 

reduced during head-up tilt (HUT), while CO and S
v
O

2
 decrease. The extreme values related 

to a maximal and minimal preload in the same group of subjects have not been identifi ed and 

the body position that relates to an optimal preload is unknown. 

The body position that provides the heart with enough volume to establish a maximal CO at 

rest was evaluated in volunteers exposed to variations in preload as evoked by displacement 

of the blood volume to and from the chest by passive tilt at various angles between HUT and 

head-down tilt (HDT). We hypothesised that changes in CBV are refl ected by concurrent 

changes in S
v
O

2
 and CO, and that for both CO and S

v
O

2
 a maximum is reached during HDT. 

The possible appearance of pre-syncopal symptoms during HUT was taken to represent a 

lower physiologic limit for both variables in healthy humans.

Methods

Subjects

Nine healthy subjects (one female) were studied after informed consent was given. The study 

was approved by the Ethical Committee of Copenhagen. The subjects (mean age 29 (range 

22-39) years, height 183 (170-191) cm and weight 75 (68-82) kg) showed normal levels of 

physical fi tness without specifi c training. They had no history of orthostatic fainting and used 

no medication.

Pressure Measurements

Under local anaesthesia (2% lidocaine), a catheter (20 G; internaldiameter:1.0 mm) was 

placed in the brachial artery (radial artery in one subject) of the non-dominant arm and a 

balloon-tipped thermodilution catheter (93A-831H-7.5F Baxter Healthcare Corporation, 

Irvine, CA,USA) was introduced through the left basilic vein under ECG recording. Proper 

catheter positioning was confi rmed by monitoring the pressure waveform and the catheter 

lumen was continuously fl ushed with 3 ml isotonic saline per hour. Pressures were measured 

by Baxter disposable transducers fi xed to the left upper arm at the level of the right atrium. 

Central venous (CVP), pulmonary artery mean pressure (PAMP), pulmonary capillary wedge 

pressure (PCWP) and mean arterial pressure (MAP) were all measured as the integral over 

each beat divided by the corresponding interval. Heart rate (HR) was obtained from the pulse 

pressure interval.

Cardiac Output

The thermistor signal was connected to a cardiac output computer (COM-2, Baxter-Edwards). 

The CO was determined with 10 ml iced 5% glucose solution drawn from a closed automated 
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injectate delivery system (Baxter-Edwards) and injected linearly over ~ 3 seconds using 

a pneumatic pump (114, 119). This approach avoids manual heating of the indicator and 

improves injection time, consistency in injected volume and linearity of the injection rate 

(114, 179). Following the passage of the thermodilution curve and after at least 18 seconds, 

CO was estimated by the COM-2 and analysed with a personal computer via the serial 

port and an interface box. Finally, the syringe was automatically refi lled. Four consecutive 

injections were executed at random phases of the respiratory cycle over 2 minutes to minimise 

the infl uence of ventilation, and CO was expressed as the mean. Each thermodilution curve 

was visually checked for shape and appearance time before acceptance. 

Mixed Venous Oxygen Saturation

Blood samples for S
v
O

2
 and arterial O

2 
saturation (S

a
O

2
), partial pressures for arterial and 

mixed venous O
2 
and arterial and mixed venous hemoglobin (Hb

a
 and Hb

v
, respectively) 

concentrations were taken anaerobically in heparinised syringes and analysed immediately 

on an OSM3 and ABL-4 apparatus (Radiometer, Copenhagen, Denmark) at 37° C.

Protocol

After an overnight fast, the subjects were instrumented at 09.00 hours in a room with an 

ambient temperature of 22° C. Following instrumentation, a test run was performed. After 

supine rest, periods of tilt at various degrees were interspaced with further periods of supine 

rest to re-establish control values.

Head-down tilt. After 10 min of supine rest, the subjects were tilted passively with shoulder 

support to a stepwise increasing angle of -5°, -10° and -20° for 10 min each.

Head-up tilt. After a further 10 min of supine rest, a passive 30° HUT was performed in 

3 seconds on a table provided with a foot support. The subjects remained in this position 

for 5 min and were subsequently tilted supine. After another 10 min, the subjects were 

tilted to 70° in 6 s. The tilt was terminated by returning the subject supine after 60 min, or 

at the subject’s request, or when the systolic blood pressure fell by more than 20 mmHg. 

Subjects were requested to abstain from movement in order to minimise changes in oxygen 

consumption (VO
2
) related to muscle activity. Blood samples were drawn and a series of four 

thermodilution CO estimates was performed after 5 min in each position of the HDT and 

HUT 30°, and every 10 min during the sustained HUT 70°. 

Data Analysis and Statistical Procedures

Systemic vascular resistance was (MAP-CVP)/CO and pulmonary vascular resistance 

(PAMP-PCWP)/CO. The VO
2
 was the arterial-venous O

2
 difference times CO. Values at 

supine rest prior to 30° HUT were taken as baseline. Apart from CO, data followed a normal 

distribution and were expressed as mean ± SD. The CO was expressed as median with range. 

Changes with body position were examined by Student’s t-test with the Ryan-Holm stepdown 
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Bonferroni adjustment to control the family-wise Type I error-rate (155). Interdependencies 

were evaluated by the least square method and a P value < 0.05 was taken to represent a 

statistical signifi cant difference. 

Results

The supine and HDT positions were tolerated well, where 70° HUT evoked syncopal 

symptoms in four subjects (Figure 1). One subject experienced presyncopal symptoms 

(abdominal discomfort and weakness) without a drop in MAP (92 mmHg) and HR (82 bpm) 

and was tilted back after 24 min. In three subjects MAP dropped to 42-47 mmHg and HR to 

68-87 bpm after 9, 10 and 26 min, respectively, together with the development of presyncopal 

symptoms. The subjects recovered upon reaching the horizontal position. The median time at 

70° HUT was 28 (range 10-66) min allowing for 10 (range 9-14) observations in each subject.

Figure 1.

Cardiac output and mixed venous oxygen saturation during head-up and head-down tilt in 9 healthy young subjects. O: supine;   : head-down tilt; ∆: 

head-up tilt. In subjects S1, S3, S6 and S9 arrows indicate presyncopal values. CO: cardiac output; S
v
O

2
: mixed venous oxygen saturation.

∆
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Head-down Tilt

From supine rest to 20° HDT, MAP decreased from 93 ± 9 to 90 ± 9 mmHg with no changes 

in HR (53 ± 10 bpm). In contrast, PCWP (10.2 ± 2.4 to 11.3 ± 2.5 mmHg; P<0.05) and PAMP 

(14.8 ± 2.5 to 16.3 ± 2.4 mmHg; P<0.05) increased, with CVP (3.8 ± 1.2 to 4.7 ± 0.5 mmHg; 

P = 0.08) following the same pattern. The Hb
a
 level did not change but the Hb

v
 decreased 

indicating slight hemodilution (Table 1). Despite these indices of an enlarged CBV, CO did 

not change signifi cantly and S
v
O

2
 also remained stable. Accordingly, pulmonary vascular 

resistance (63.2 ± 15.3 to 62.5 ± 15.5 dyne·sec-1·cm-5) nor systemic vascular resistance 

(1077 ± 158 to 1108 ± 116 dyne·sec-1·cm-5) or VO
2
 (291 ± 47 to 285 ± 47 ml.min-1) varied 

signifi cantly. The S
a
O

2
 was 97.6 ± 0.7% and was not infl uenced by body position.

Table 1. 

Cardiac output, arterial and mixed venous O
2
 saturation and hemoglobin during head-down tilt

     HDT -20°   HDT -10°   HDT -5°         Supine

CO (l·min-1)    6.2 (5.2-7.5)  6.1 (5.0-8.0)     5.9 (5.2-7.1)      6.1 (5.3-8.7)

SvO2  (%)        73.9 ± 1.2    74.4 ± 1.7     73.7 ± 2.0      73.6 ± 2.6

SaO2  (%)        97.6 ± 0.7    97.4 ± 0.7     97.4 ± 0.8      97.6 ± 0.7

Hbv  (mmol·l-1)          8.6 ± 0.3      8.5 ± 0.4 *       8.6 ± 0.4 *        8.8 ± 0.4

Hba  (mmol·l-1)          8.5 ± 0.4      8.5 ± 0.4       8.5 ± 0.3        8.7 ± 0.3

HDT: head-down tilt; CO: thermodilution cardiac output; S
a
O

2
: arterial O

2 
saturation; S

v
O

2
: mixed venous O

2
 saturation, Hb

a
: arterial hemoglobin; Hb

v
: venous 

hemoglobin.

Values are expressed as mean ± SD or median with range in parentheses.

Significant difference from supine: * p <0.05.

Head-up Tilt

From the supine position to 30° HUT, MAP did not change and CO tended to decrease to 5.3 

(3.4-8.1) l·min-1 (P = 0.07) while S
v
O

2
 remained stable at 72.3 ± 3.0% (Figure 2). From 30° 

to 70° HUT, CO and S
v
O

2
 decreased to, 5.2 (4.6-7.8) l·min-1 and 66.1 ± 4.4%, respectively. 

The MAP did not change but systemic vascular resistance increased (1143 ± 221 to 1317 

± 263 dyne·sec-1·cm-5; P < 0.0001). During 70º HUT, CVP decreased from 4 ± 2 to 2 ± 2 

mmHg, PAMP from 14 ± 3 to 11 ± 4 mmHg and PCWP from 9 ± 3 to 2 ± 3 mmHg. The VO
2
 

increased to 331 ± 65 ml·min-1 and remained at that level until the subjects were supine. Just 

prior to tilting the subjects to the supine position, the CO was 4.7 (3.9-5.6) l·min-1 and S
v
O

2
 

64.1 ± 3.9%. With resumption of the supine position CO (6.1 (5.6-7.5) l·min-1 ) and S
v
O

2
 

(74.4 ± 1.7%) returned to the baseline level.
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Figure 2.

Relationship between systemic hemodynamic variables, mixed venous O
2 
saturation and tilt angle. BP: systolic, mean and diastolic blood pressure; HR: 

heart rate; CO: cardiac output; S
v
O

2
: mixed venous oxygen saturation. Variables are mean ± S.E.   # :  P<0.05 vs. 0º. Dotted line: supine position;   70º

a
 : 

10 min. head-up tilt 70º;   70º
b
 : last minute of head-up tilt 70º.

Discussion

It has been proposed that the upright body position is the operating set point for human 

cardiovascular function (65). The corollary that cardiovascular and fl uid regulatory systems 

seek this “up-right set point” in microgravity constitutes a central hypothesis for studies on 
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acclimation to microgravity. After a few days in microgravity, blood volume and thus cardiac 

stroke volume decrease as is the case after prolonged bed rest on earth (299). The fi nding 

of an elevated vascular resistance in space agrees with the “upright set-point” hypothesis 

(298). Our study in healthy humans demonstrates that CO, and in turn S
v
O

2
, do not increase 

from supine rest to head-down tilt, a condition in which CBV was assumed to be expanded. 

Conversely, both CO and S
v
O

2
 decreased during HUT and were lower by 1.3 l·min-1 and 

10%, respectively, when fainting was imminent. These results suggest that the “optimal 

volume”, defi ned as the circulating blood volume that can provide for a maximal CO (and 

in turn S
v
O

2
), corresponds to the volume that is available to humans in the supine position. 

This is perhaps a surprising fi nding as healthy humans spend many hours upright. However, 

sympathetic tone increases to raise vascular resistance and to maintain blood pressure in the 

upright position, and it may be considered that the fi lling state should be optimal under the 

conditions with the lowest sympathetic tone, that is recumbency. The consequent state of 

CBV level in the upright body position with a lowered CO and S
v
O

2
, and also a reduction in 

cerebral blood velocity and regional cerebral tissue oxygenation (89, 150, 213, 293), can be 

ameliorated by leg muscle tensing (134, 287) and refl ex vasoconstriction with an increase in 

venous return and thus CO (65, 96, 252). These fi ndings appear contrary to the “upright set-

point” hypothesis and point to supine rest as the body position at which resting CO and S
v
O

2
 

are maximal on earth (307).

Table 2. 

Mixed venous O
2
 saturation and cardiac output measured by thermodilution in the 20º head-down and the sustained 70º head-up positions

-20° Head-down tilt 70° Head-up tilt

Subject    SvO2  CO      SvO2 CO
    (%) (l·min-1)       (%) (l·min-1)

    S1      74.5  6.24        65.5  4.26
    S2      73.9  6.31        59.1  4.27
    S3      74.4  6.12        64.4  4.67
    S4      73.9  6.86        58.9  4.41
    S5      73.6  5.67        71.8  5.56
    S6      71.7  5.18        66.8  4.74
    S7      72.4  6.80        61.4  5.41
    S8      75.0  5.27        62.6  3.90
    S9      75.5  7.47        66.3  5.40

Average      73.9  6.21        64.1  4.73

CO: cardiac output measured by thermodilution; S
v
O

2
: mixed venous O

2
 saturation.

Identifi cation of an “optimal volume” is of clinical interest. A decrease in blood volume may 

progress to circulatory shock within minutes to hours and the immediate aim is to 
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re-establish and maintain a blood volume able to provide near normal blood pressure and 

an adequate CO. On the other hand, deliberately increasing blood volume during surgery 

may expose patients to a volume overload (120). A “normal” blood volume may be defi ned 

as the volume of blood contained within a healthy person. Yet the blood volume varies not 

only with stature and gender, but also with physical activity (244) and it is not known how an 

average value for the population applies to the individual. Furthermore, the blood volume is 

not a readily determined variable. We considered that the blood volume is characterised not 

only by its size but also by its function as preload to the heart. 

From the supine to the upright position ~500 ml of blood is immediately pooled in the 

venous system (255) with a reduction in CBV of about 25% (167, 257). With a postural 

reduction in CBV, CO decreases and S
v
O

2
 follows CO as a given oxygen uptake has to be 

extracted from blood exposed to a lower fl ow. During standing, presyncopal symptoms 

appear when the CBV is reduced by ~30% (167) associated with a decline in HR in response 

to increased vagal tone, while sympathetic tone to skeletal muscle ceases leading to a 

reduction in systemic vascular resistance and MAP (9, 149, 232, 288, 289). Fainting refl ects 

the decrease in cerebral perfusion (161, 293). Conversely, we considered a body position for 

which both CO and S
v
O

2
 would reach maximal values, that is a body position where CO is 

not limited by the preload to the heart. By tilting the subjects to the head-down position, we 

found that neither CO nor S
v
O

2
 increased. Thus, in humans ‘normovolemia’ may be defi ned 

as the circulating blood volume a healthy subject is provided with during supine rest.
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Chapter 3.2

Stroke volume of the heart and thoracic fluid content during 
head-up and-down tilt in humans

J.J. van Lieshout, M.P.M. Harms, F. Pott, M. Jenstrup, and N. H. Secher

Acta Anaesthesiologica Scandinavica 2005; 49: 1287-1292

Introduction

In the surgical patient, a decrease in the central blood volume (CBV) by the accumulation 

of blood in dependent parts of the body becomes a problem, in particular when regional 

anaesthesia paralyses venous tone during procedures that squeeze the lower caval vein, as 

with lower abdominal surgery requiring an extended body position. In addition, the surgical 

patient becomes vulnerable when required to remain motionless if the intervention is carried 

out in a position where venous return and the CBV are compromised. Vasovagal episodes 

are regularly reported during procedures on the shoulder using local anaesthesia and with the 

patient sitting upright. The initial cardiovascular response to hemorrhage is similar to that 

derived from observations in patients, and from experiments in which the CBV is reduced by 

lower body negative pressure or prolonged orthostatic stress like passive head-up tilt (HUT) 

(50, 128, 247). Under these conditions, the effect of gravity on the cardiovascular system is 

changed with a refl ex increase in sympathetic tonus to the heart and blood vessels (182, 225).

During HUT, the CBV is decreased by venous pooling in the legs (167) and stroke volume 

(SV) decreases (206), that is SV may become dependent on the fi lling of the heart (230) 

although during HUT, SV is supported by sympathetic activation (16, 168, 182, 225). Under 

such circumstances, the Frank-Starling relationship is examined with vascular pressures to 

indicate pre-load to the heart, with resulting curvilinear functions (72, 146, 148).

The Frank-Starling law of the heart was established in an animal preparation (261), but it is 

also accepted widely to apply to the function of the heart in the intact organism. In parallel 

with the length-tension diagram for skeletal muscles, the “law of the heart” states that SV 

depends on the diastolic volume (123, 324). However, most often, SV or cardiac output 

(CO) is related to central venous (CVP), mean pulmonary artery (MPAP), or pulmonary 

artery wedge (PAWP) pressures (148, 204). The implicit assumption is that pressure changes 

in parallel with the CBV, but in some cases the reverse may be true. For example, during a 

Valsalva manoeuvre, compression of the central vessels restrains venous return and, in turn, 

SV (213). In patients, there may be no correlation between SV and central pressures, whereas 

there is a tight relation between SV and the fi lling of the heart (276).
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In addition, in humans subjected to lower body negative pressure as a supine model of 

orthostatic stress, there is a larger change in left ventricular volume for a given range of 

central vascular pressures in athletes than in control subjects, i.e. the compliance of the 

heart is enhanced with endurance training (146, 148) as confi rmed with thoracic electrical 

admittance of thoracic fl uid content (TA) during HUT (191). Nevertheless, in dogs submitted 

to graded caval vein occlusion during autonomic blockade, the relationship between stroke 

work and the end-diastolic length or chamber volume of the heart is linear (72). The 

hypothesis of this study was that, even with an intact autonomic system, changes in SV relate 

to those in thoracic fl uid content rather than to the concomitant changes in central vascular 

pressures during manipulation of the CBV. In addition, for SV, we evaluated changes in CO 

against those in TA and central vascular pressures.

Methods

Nine healthy, non-smoking, untrained subjects (one female) without orthostatic intolerance 

participated in the study. Their median age was 29 (range 22-39) years, height 183 (170-191) 

cm, and weight 75 (68-82) kg. Informed consent was obtained and the study was approved by 

the Ethics Committee of Copenhagen.

Experimental Protocol

The subjects reported to the laboratory in the morning after an overnight fast. Instrumentation 

began at 09.00 hours in a room at 22º C, while the subjects were laying on a motor-driven 

tilt-table. A test run was performed to familiarise the subject with the protocol and in order 

to manipulate the CBV, they were requested to lay still, i.e. not to activate the muscle pump. 

Thirty minutes of rest was followed by 20 min of supine control to establish baseline values. 

Thereafter, 20º head-down tilt (HDT) was assumed for 5 min with support for the shoulders 

and, after further 20 min of supine rest, 70º HUT was established with support for the feet. 

The HUT was terminated at the subject’s request, or if the systolic pressure fell by more than 

20 mmHg.

Measurements

The subjects were instrumented with electrocardiogram (ECG) electrodes (Q-10-25) and, 

under local anaesthesia (2% lidocaine), a catheter (20 G; internaldiameter:1.0 mm) was placed 

in the brachial artery of the non-dominant arm. A pulmonary artery catheter (93A-831H-7.5F, 

Baxter Healthcare Corporation, Irvine, CA) was introduced through a percutaneous sheet 

in the basilic vein of the left arm, with, ECG monitoring, and the position of the catheter 

was confi rmed by monitoring the characteristic pressure waveforms. Mean arterial pressure 

(MAP), PAWP, MPAP, and CVP were measured with Unifl ow transducers (Baxter Healthcare 
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Corporation, Irvine, CA) calibrated and zeroed at the level of the right atrium in the mid-

axillary line, fastened to the subject and connected to a pressure monitoring system (Dialogue 

2000, Copenhagen, Denmark). The catheter lumens were continuously fl ushed with 3 ml 

isotonic saline per hour and, at both the beginning and end of the recording, it was ascertained 

that the natural frequencies for the pressure systems were > 15 Hz for arterial pressure and 

> 8 Hz for the central vascular pressures (64).

Cardiac Output

A COM-2 apparatus (Baxter Edwards Critical Care, Irvine CA) was used to compute CO. 

Four injections of 10 ml ice-cooled (<10° C) 5% glucose solution were provided with a 

computer-controlled injectate pump within 3 min, separated by at least 36 seconds (119). The 

injectate was delivered through the proximal port of the pulmonary artery catheter in 

~ 2 seconds and the syringe was refi lled automatically using a closed injection system 

(CO-set, Baxter Edwards Critical Care). The injections were made at random phases of the 

respiratory cycle as ascertained with no systemic difference between measurements when 

assessed by two-way analysis of variance. An interface box provided electric isolation.

Thoracic Electrical Admittance

Thoracic electrical admittance was measured with 200 mA at 100 kHz (C-Guard, Danmeter, 

Odense, Denmark). After the skin was cleaned with alcohol swabs, pairs of electrodes (Q-10-

25) were placed behind the right sternocleidomastoid muscle and corresponding to the upper 

left ribs in the midaxillary line, with each pair placed with an internal distance of 5 cm (253). 

This electrode placement was also used when a correlation with changes in the CBV was 

evaluated (87, 98, 205). The outer two electrodes provided the electrical fi eld, while the inner 

pair was sensing; such an evaluation of the CBV shows a correlation with the volume defi cit 

during hemorrhage and following reperfusion in the pig that approaches 1.0 (130), and allows 

for prediction of hypotension when the CBV is reduced, e.g. during HUT (206), lower body 

negative pressure (41), syncope (189), and hemodialysis (42).

Analysis

Pressure waveforms were recorded on a polygraph (Graphtec WR7700, Japan), A/D converted 

at 100 Hz by a PC and stored for off-line analysis. The stability of the signals was verifi ed 

by examining heart rate (HR), systolic, mean and diastolic arterial pressures, MPAP and 

CVP before and after each thermodilution estimate of CO. If any variable differed more than 

10% from the mean of the series, the series was rejected (115). After data reduction, beat-to-

beat mean values for all pressures were derived as the integral over one beat divided by the 

corresponding beat interval. Values for TA, MAP, HR, CVP and MPAP were averaged over 

10 seconds for each minute. The end-expiratory PAWP was taken as an index of left 

ventricular end-diastolic pressure and HR was derived from the arterial pulse pressure 
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interval. SV was the ratio of CO and HR, and both CO and SV represent the average of 

the four determinations made every 10 min. In addition, CVP was taken as an estimate of 

pericardial surface pressure, while PAWP-CVP expressed the left ventricular transmural end-

diastolic pressure (279).

SV and CO were related to the grouped means of CVP, MPAP, PAWP, (PAWP-CVP) and 

TA, respectively. Relationships between SV and central pressures as well as between SV 

and changes in TA were evaluated by linear and non-linear least-square regression to predict 

a curve of "best fi t" to each set of data and they are presented as means ± SD. Changes 

related to posture were compared by using repeated measurements ANOVA on ranks, with 

Dunnett post hoc test for multiple comparisons, and a P value < 0.05 was taken to indicate a 

statistically signifi cant difference.

Results

HR, MAP, CVP, TA, SV and CO did not change signifi cantly from the supine position to 20° 

HDT, whereas PAWP and MPAP increased (Table 1). During 20 min of HUT, MAP remained 

stable, whereas HR increased and CVP, MPAP, PAWP, SV, CO and TA decreased. However, 

from 20 to 50 min of HUT, the central vascular pressures did not change signifi cantly, 

whereas both SV and CO decreased further. When the tilt was discontinued, all variables 

returned to the baseline levels, except for TA, which remained lower than that prior to the tilt.

The relationships between SV and CO versus central pressures and PAWP-CVP were non-

linear (Figure 1). In contrast, the relationships between SV and CO versus TA were linear: SV 

= - 572 + 23501 × TA (Standard error (SE) 7.3; R2 = 0.93) and CO = - 7.3 + 454 × TA (SE 

0.31; R2 = 0.89) (Figure 2).
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Table 1

Hemodynamic variables during posture changes

Supine start HDT HUT  20 min HUT  50 min Supine end

HR (bpm) 53 ± 10 53 ± 10 86 ± 18 ‡ 92 ± 12 ‡ 62 ± 17

MAP (mmHg) 93 ± 9 90 ± 9 93 ± 10 91 ± 19 92 ± 17

CVP (mmHg) 3.6 ± 0.9 4.7 ± 1.6 0.9 ± 1.4 ‡ 0.9 ± 1.7 ‡ 3.9 ± 1.4

MPAP (mmHg) 13.9 ± 2.7 16.1 ± 2.5 * 9.3 ± 3.8 † 9 ± 3 † 14.3 ± 2.8

PAWP (mmHg) 8.8 ± 3.4 11.3 ± 2.5 * 0.7 ± 3.3 ‡ 0.8 ± 2.8 ‡ 9.6 ± 3.3

SV (ml) 112 ± 18 118 ± 15 65 ± 25 † 48 ± 22 † 113 ± 22

CO (l min-1) 6.4 ± 1.3 6.4 ± 1.0 4.9 ± 0.6 * 4.4 ± 1.0 * 6.4 ± 1.0

TA  (S·10-3) 30.8 ± 7.1 30.5 ± 6.9 26.7 ± 6.8 * 26.4 ± 6.7 * 28.7 ± 7.2 *

HR: heart rate; MAP: mean arterial pressure; CVP: right atrial pressure; MPAP: mean pulmonary artery pressure; PAWP: pulmonary artery wedge 

pressure; SV: stroke volume; CO: cardiac output; TA: thoracic admittance.

Values expressed as mean ± S.D.  vs. supine: * P<0.05,  † P<0.01,  ‡ P<0.001

Discussion

This investigation evaluated the relationship between SV of the heart and thoracic fl uid 

content versus central vascular pressures for fi lling of the heart. The assumption was that, 

even with an intact autonomic system, changes in SV induced by manipulation of the CBV 

relate more clearly to those in thoracic fl uid content than to the concomitant changes in central 

vascular pressures. There was a linear relationship between SV and the thoracic fl uid content, 

as also established for the CBV (62). In contrast, HDT was associated with an increase 

in MPAP and PAWP, although the thoracic fl uid content did not change signifi cantly and, 

equally, SV remained stable. Conversely, during sustained HUT, SV decreased together with 

the thoracic fl uid content, although the central pressures stabilised.

In an isolated heart, the larger the diastolic volume of the heart (within physiological limits), 

the greater the energy of its contraction (261). For larger volumes, the SV-diastolic volume 

relationship, in parallel with the length-tension diagram for skeletal muscle, reaches a 

saturation point, i.e. a larger cardiac volume is not associated with an increase in SV. Equally, 

during supine rest, the CBV is large enough to establish a maximal SV (88). However, the 

relationship between SV and TA was affected by prolonged tilting, in that TA did not 
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re-establish the resting value when the subjects were tilted down, i.e. it takes some time before 

the oedema developed in the legs is recruited to the central circulation (167). On the other 

hand, SV was re-established immediately in the supine position. The implication is that, in the 

supine position, a saturation point for the fi lling of the heart is reached and that, after about 

1 hour of supine rest, the CBV is somewhat larger than needed for maintaining a maximal SV 

at rest.

Figure 1.

Stroke volume and central vascular pressures. HDT: 20º head down tilt; HUT: 70º head-up tilt (in minutes); SUPstart: prior to HUT; SUPend: supine after tilt 

back; SV: stroke volume; CVP: central venous pressure; MPAP: mean pulmonary arterial pressure; PAWP: pulmonary artery capillary pressure. Values are 

mean ± SE.
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Study limitations

There are potential limitations to the present study. The mechanisms responsible for the 

compensation of intravascular fl uid shifts in humans remain speculative because little 

information is available regarding the amount of fl uid shifted and the hemodynamics of 

the venous and pulmonary parts of the circulation (255). A limitation of central pressures 

recording during transition to the upright posture is that the position of the transducers may 

change relative to that of the heart that in itself moves caudally. However, during sustained 

HUT, when there was a reduction in SV and thereby CO for a given central pressure, the 

position of the transducers relative to the heart is maintained. Equally, evaluations during 

supine rest before and after the tilt are not biased. 

Figure 2.

Stroke volume, cardiac output and thoracic electrical admittance. HDT: 20º head down tilt; HUT: head-up tilt (in minutes); Supine start: prior to HUT; Supine 

end: supine after tilt back; SV: stroke volume; CO: cardiac output; TA: thoracic electrical admittance. Values are mean ± SE.

During HDT, the moderate rise in intracardiac pressures was not followed by an increase 

in SV or TA. We consider it unlikely that this would be due to insuffi cient time allowed for 

transfer of the HDT related augmentation in venous return to an increase in SV for the HDT 

position. We recognise that the fi lling of the heart by the augmentation in venous return during 

acute HDT may have been antagonised by pericardial constraint. In dogs, the pericardium 

modulates biventricular compensatory responses to acute atrial volume changes (136) and, 

in healthy humans, pericardial constraint may be important for determining the maximal 

dilatation in response to volume infusion (156, 204). However, acute hypovolemia induced 

by furosemide does not alter the slope or zero intercept of the curve relating PAWP to left 

ventricular diastolic volume determined by echocardiography, rendering a short-term change 

in pericardial distensibility less likely (204). In this study the relationship between SV and 

PAWP-CVP, as an expression of LV transmural end-diastolic pressure (279) did not support a 

role for pericardial constraint during HDT (Figure 1).
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W
During HUT, HR increased considerably while SV became reduced, indicating carotid 

baroreceptor unloading (56). The increase in HR did not balance the decrease in SV and 

there was a substantial reduction in CO. The maintenance of MAP indicated appropriate 

enhancement of vasomotor tone related to increased carotid barorefl ex responsiveness in 

response to the HUT-induced central hypovolemia (191). Excitation of the sympathetic 

nervous system during HUT (16, 168), as exemplifi ed by the increase in HR (202), would 

be assumed to increase SV for a given central pressure (233). However, the reverse was 

established with a decrease in SV for a given central vascular pressure during sustained HUT. 

The relationship between SV and TA was maintained and sympatho-excitation during HUT 

may affect the relationship between pressure and volume within the central vessels (151), i.e. 

a given pressure gradually corresponded to a smaller volume.

We did not control for either contractility or afterload, and the SV-TA curve represents only an 

approximation to the Frank-Starling relationship of the heart (72). Rather, the data correspond 

to the integrated response with intact autonomic cardiovascular control.

Conclusions

During both HUT and HDT, SV of the heart changed more clearly with the thoracic fl uid 

content than with the concomitant changes in central vascular pressures. Thus with maximal 

resting values for SV and CO established in the supine position, HDT was associated with 

an increase in central fi lling pressures, while, during sustained hypovolemia, SV decreased 

although central pressures remained stable. These fi ndings confi rm that the function of the 

heart relates to its volume rather than to its so-called fi lling pressures. The implication is 

that, for the assessment of pre-load to the heart, central vascular pressures can be substituted 

by an evaluation of the CBV by electrical admittance, or ideally, of the heart, e.g. by 

echocardiography.
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Chapter 4.1

Cerebrovascular and cardiovascular responses associated 
with orthostatic intolerance and tachycardia

M.P.M. Harms, J.J. van Lieshout

Clinical Autonomic Research 2001; 11: 35-38

Introduction

The postural tachycardia syndrome (POTS) (238) (also known as orthostatic tachycardia 

syndrome (109); or orthostatic intolerance (251)) is characterised by symptoms, including 

fatigue, light-headedness or dizziness, that occur when the patient (free of orthostatic 

hypotension or evidence of cardiac or metabolic disease) assumes the standing position (31, 

152, 251). POTS has replaced previous labels, such as DaCosta's syndrome, soldier's heart, 

and neurocirculatory asthenia (317). Symptoms of orthostatic intolerance are often found in 

patients who have chronic fatigue syndrome (237, 251); however, an overt relationship of 

idiopathic orthostatic intolerance to chronic fatigue syndrome has not been shown (59, 260).

Postural tachycardia, an increase in heart rate by >30 beats/min (238), is a typical fi nding in 

POTS and is attributed to a compensatory hyperadrenergic orthostatic response to a variety 

of conditions. Central hypovolemia by excessive gravitational blood pooling, possibly related 

to or aggravated by selective impairment of sympathetic venomotor function, has been 

proposed to explain the tachycardia (109, 153, 264). The associated tachycardia may also be 

a manifestation of a mild form of acute autonomic neuropathy with decreased norepinephrine 

clearance during standing and increased sensitivity to adrenergic agonists (110, 127); in 

a patient with a hyperadrenergic state associated with orthostatic intolerance, an exon 9 

mutation of the norepinephrine-transporter gene, with impaired synaptic norepinephrine 

clearance was identifi ed (251).

In a patient who had orthostatic intolerance, we report the systemic cardiovascular and 

cerebral hemodynamic changes associated with the patient’s postural symptoms and recovery. 

A 33-year-old woman with an 8-months history of orthostatic dizziness, fatigue, exertional 

dyspnea, and palpitations was diagnosed elsewhere as having sympathetic failure and referred 

for evaluation of this orthostatic disorder. Miction, bowel movements, and sweating were 

reported to be normal. The patient was examined at admission and after 6 months, when she 

had regained normal orthostatic tolerance. 
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Methods

Measurements and Analysis

Transcranial Doppler ultrasound (TCD) determined right middle cerebral artery mean blood 

fl ow velocity (MCA V
mean

) was measured (Multidop X2, DWL, Sipplingen, Germany) through 

the posterior temporal “window” (2). After the optimal signal-to-noise ratio was obtained, the 

probe was covered with an adhesive ultrasonic gel (Tensive, Parker Laboratories Inc., Orange, 

NJ, USA) and secured with a head band. The end-tidal carbon dioxide (CO
2
) tension (P

ET
CO

2
) 

was recorded (at the patient’s second examination) as a refl ection of the arterial CO
2
 tension 

(319) and measured by an infrared CO
2 
analyser (Hewlett Packard 78345A, Roeblingen, 

Germany).

Blood pressure was determined at the middle fi nger of the patient’s non-dominant arm a 

Finapres™ model 5 (Netherlands Organisation for Applied Scientifi c Research, Biomedical 

Instrumentation, TNO-BMI, Amsterdam) (60, 118). The cuffed fi nger was placed in the 

anterior axillary line at the level of the heart.  The signals of arterial pressure, the spectral 

envelope of the MCA velocity, P
ET

CO
2
 and marker were A/D converted at 100 Hz and stored 

on hard disk for off-line analysis. Variables were also recorded on a thermo-writer (Graphtec 

WR7700 ™, Western Graphtec Inc., Irvine, CA) for on-line inspection.

Heart rate (HR) was obtained from the pulse pressure interval. Beat-by-beat changes in stroke 

volume (SV) were computed by modelling fl ow from the arterial pressure simulating a non-

linear, time-varying model of the aortic input impedance (303). The fl ow waveform was 

integrated during the arterial systole to derive SV (90, 119, 303). The V
mean

 and mean arterial 

pressure (MAP) were computed as, respectively, the integral of the maximal frequency shifts 

and of the arterial pressure wave over one beat divided by the corresponding beat interval. 

Cerebrovascular resistance (CVR) was defi ned as the ratio of MAP to MCA V
mean

. Cardiac 

output (CO) was defi ned as the product of SV and HR, and total peripheral vascular resistance 

(TPR) was MAP divided by CO. MAP, HR, V
mean

, and P
ET

CO
2
 were expressed in absolute 

values. The average of the supine resting values for SV, CO and TPR at the fi rst examination 

were set at 100% (control) and changes from control were expressed in percentages.

At 09.00 hours, after the patient had a light meal without caffeine-containing beverages, the 

instruments were attached to the patient in a room with an ambient temperature of 

22° C. After a test run and ten minutes of rest in the supine position, the patient stood up and 

remained in that position without leg movements until orthostatic symptoms developed.

proefschrift helene final.indd   78proefschrift helene final.indd   78 4-3-2008   16:22:094-3-2008   16:22:09



79

Results

A normal HR response to forced breathing indicated intact afferent, central and vagal efferent 

barorefl ex pathways; a normal blood pressure response to standing up indicated preservation 

of sympathetic arteriolar function (308). Barorefl ex sensitivity (as gauged from the initial 

blood pressure overshoot on standing) was 10.2 ms·mmHg-1. After two minutes of unaided 

standing, the patient reported dizziness. HR had increased from 66 to 91 beats.min-1 and MAP 

from 70 to 79 mmHg (+13%) with a large reduction in SV (-59%) and CO (-44%) 

(Figure 1, left panel). After eight minutes in standing position, the patient became pale 

with profuse sweating and presyncopal complaints. At that instant, MAP (74 mmHg) was 

not different from the supine value but HR had increased further to 107 beats.min-1 and the 

reductions in SV (-69%) and CO (-50%) were larger. The MCA V
mean

 decreased from 57 to 

41 cm·s-1 after two minutes of standing and further to 31 cm·s-1 after eight minutes standing. 

All values returned to control levels after the patient was in the supine position for one min.

A diagnosis of idiopathic orthostatic intolerance was made. The patient was instructed to 

increase salt intake in her diet and to avoid supine resting during the daytime, and she began 

a reconditioning program that included leg muscle strengthening exercise. By following 

these instructions, she regained orthostatic tolerance, with an unrestricted standing time; after 

six months, she was able to resume her former daily activities, with no further orthostatic 

symptoms.

At the six-month examination, the supine MCA V
mean

 was larger (79 cm·s-1), as were MAP 

(76 mmHg) and CO (+15%) (Figure 1, right panel). The HR increase after eight minutes of 

standing was normal, (+5 versus +41 beats.min-1) with an increase in MAP (to 93 mmHg; 

+22%) and a larger pulse pressure (54 versus 35 mmHg). The supine P
ET

CO
2
 decreased but 

did not change during standing (29 versus 28 mmHg). The orthostatic reductions in MCA 

V
mean

 (-13 versus –26 cm·s-1), SV (-39%) and CO (-33%) were small and the upright CVR was 

low (1.41 versus 2.39 mmHg·cm·s-1).

Discussion

Orthostatic intolerance is recognised as a disorder of blood pressure regulation with 

a heterogeneous outcome (127, 222). This report documents the postural systemic 

cardiovascular and cerebral blood velocity responses in a patient with reversible orthostatic 

intolerance.

A disproportionately greater effect of postural stress on HR than on blood pressure is the 

common fi nding in orthostatic intolerance (31, 152, 251). This greater effect may be an 

expression of an abnormal functional distribution of central sympathetic tone to the heart and 

vasculature (63), but, in the current case, the recovery of the patient renders this interpretation
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Figure 1.

Postural changes in middle cerebral artery blood velocity and systemic hemodynamics in a patient with orthostatic intolerance

Left panel: Note the excessive reduction in CBFV during the initial examination. 

Right panel: Normal orthostatic tolerance six months after initial examination. Broken lines: supine reference values at initial examination.

Rectangle indicate the duration of standing. BP: Blood pressure; CBFV: cerebral artery blood velocity; HR: Heart rate; SV: Stroke volume; CO: Cardiac output; 

TPR: total peripheral vascular resistance

unlikely. Changes in plasma volume are correlated with orthostatic intolerance (84) and the 

patient history of physical inactivity and the exaggerated postural decrease in SV suggest 

hypovolemia as a result of prolonged inactivity, aggravated by loss of lower-extremity muscle 

tone. Reduced skeletal muscle tone favours orthostatic venous pooling (169) and moderate 

endurance training improves orthostatic tolerance in deconditioned persons and increases 

their plasma volume (49, 75, 236). The improvement in this patient supports the idea of a 

therapeutic role for reconditioning measures in orthostatic intolerance.

Standing induces a sympathetically mediated increase in HR and systemic vasoconstriction 

with a reduction in MCA V
mean

 (22, 89, 150, 213). A reduced MCA V
mean

 can be interpreted 

either as a decrease in cerebral blood fl ow or as an increase in the diameter of the MCA. 

The MCA diameter is reported stable over a range of arterial pressures by orthostatic stress, 

as simulated by lower body negative pressure, suggesting that the MCA is not involved in 

regulation of CVR (250). We therefore consider that. in the conditions of this study, the 
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changes in MCA V
mean

 may be interpreted to refl ect changes in cerebral blood fl ow.

The postural reduction in MCA V
mean

 is larger in the young than noted for elderly subjects 

(150), with cerebral oxygenation following this pattern, suggesting that the postural reduction 

in cerebral perfusion in young persons is not negligible (89). Orthostatic dizziness was 

associated with trivial changes in blood pressure but with a large reduction in CO (50%) and 

a 46% reduction in MCA V
mean

, compatible with an increase in CVR. An increased CVR 

associated with syncope may occur in the absence of overt hypotension (79). In contrast, 

functional derangement in vasovagal syncope is a withdrawal of muscle sympathetic nerve 

activity (297) with a decrease in blood pressure and followed by a decrease in cerebral blood 

fl ow at a reduced CVR (239). In subjects with orthostatic intolerance a postural increase in 

CVR is a consistent fi nding (80, 152, 185, 239). Expression of CVR as the ratio of MAP to 

MCA V
mean

 assumes that the cerebral blood velocity refl ects changes in the smaller cerebral 

vessels rather than in the MCA, implying cerebral arteriolar vasoconstriction (79) with a 

reduction in cerebral perfusion. This assumption is supported by observation of healthy 

subjects during orthostatic stress, in which it is found that cerebral oxygenation is related 

to cerebral perfusion (as determined by transcranial Doppler), also with an insignifi cant 

reduction in blood pressure (89, 162).

A slight decrease in P
ET

CO
2 
during orthostatic stress is common (171). The reduction in 

supine P
ET

CO
2
 in this patient may account for approximately 15% of the reduction in MCA 

V
mean

 (221). Although at the second examination P
ET

CO
2
 did not change when the patient 

stood, we cannot exclude the possibility that at the fi rst examination a postural reduction in 

P
ET

CO
2
 may have contributed in compromising cerebral perfusion.

In orthostatic intolerance, the symptoms of dizziness and light-headedness are indicative of 

cerebral hypoperfusion (185). The greater postural increase in CVR and HR in orthostatic 

intolerance was proposed to refl ect an increased sympathetic tone (63) with impaired 

cerebrovascular autoregulation or triggering of abnormal baroreceptor responses during 

orthostatic stress (80, 108, 152). The reduction in MCA V
mean

, together with the patient’s 

complaints and symptoms indicated a compromised cerebral perfusion, and although MAP 

was within the range associated with cerebral autoregulation, the lower MAP at the fi rst 

examination may have contributed to the lower MCA V
mean

 (93). Cerebral blood fl ow may also 

be affected when CO decreases to less than half the supine value when there is competition 

for perfusion between different organs (94). The effect of a limitation of the ability to increase 

CO on MCA V
mean

 was demonstrated in patients with atrial fi brillation (101) and in healthy 

persons with cardio-selective β-adrenergic blockade (102). Also, when healthy persons stand, 

CO decreases approximately 20%, and cerebral blood velocity and oxygenation decrease 

even though the changes in MAP, even at the level of the brain, are trivial (89). Therefore, 

cerebral blood fl ow is controlled by autoregulation, partial pressure of arterial CO
2
 tension and 

local metabolic activity (142); but CO seems to be equally important. In this patient who had 

intact barorefl ex control and no postural decrease in blood pressure, the low MCA V
mean

 at the 
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fi rst examination seemed to be related to excessive postural reduction in CO rather than to a 

lower MAP. This suggests that the symptomatic reduction in cerebrovascular conductance is 

to be interpreted as being an adaptive response to a critical limitation of systemic blood fl ow, 

rather than to a derangement of cerebral autoregulation. These changes may be reversed by 

reconditioning measures.
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Chapter 4.2

Orthostatic tolerance, cerebral oxygenation and blood 
velocity in humans with sympathetic failure

M.P.M. Harms, W.N.J.M. Colier, W. Wieling, J.W.M. Lenders, N.H. Secher, J.J. van Lieshout

Stroke 2000; 31: 1608-1614

Introduction

When standing, humans adjust the cardiovascular system to the gravitational displacement 

of blood to the lower part of the body by increasing systemic vascular resistance through 

autonomic refl ex activity, but patients with sympathetic failure lack this ability to modulate 

vascular tone in the upright body position (14, 30, 164). Although their capability to 

maintain cerebral blood fl ow in response to a reduction in arterial pressure is reported as to 

be preserved (25, 32, 35, 274), patients with sympathetic failure often develop symptoms as 

light-headedness and blurred vision when upright.

We hypothesised that in patients with sympathetic failure, orthostatic symptoms refl ect a 

reduced cerebral perfusion with an insuffi ciency of cerebral oxygen supply. Changes in 

cerebral tissue oxygenation can be assessed continuously and non-invasively by near-infrared 

spectroscopy (NIRS) (66, 70, 71). This study addressed the relationship between orthostatic 

tolerance and estimates of cerebral perfusion in patients with sympathetic failure and healthy 

controls during orthostatic stress. The effect of standing on cerebral perfusion was evaluated 

by transcranial Doppler ultrasound (TCD) determined middle cerebral artery (MCA) mean 

blood velocity (V
mean

) and by NIRS determined cerebral oxygenation. Arterial pressure, 

central blood volume and beat-to-beat cardiac output (CO) were measured to follow systemic 

circulatory responses.

Methods

Subjects

In 9 patients (age range, 37 to 70 years; 4 women) orthostatic hypotension was manifest as a 

fall > 20 mmHg in systolic arterial pressure and > 5 mmHg in diastolic pressure after 

1 minute of standing (271). Orthostatic hypotension was related to pure autonomic failure in 

8 patients, while in 1 patient orthostatic intolerance was subsequent to multiple system 

atrophy. No patient had symptoms or signs of organic heart disease (Table 1). Nine sex- 

(5 men) and age-matched (32 to 71 years) subjects with no orthostatic intolerance formed a 
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control group. The protocol was approved by the Ethics Committee of the Academic Medical 

Centre and informed consent was obtained.

Table 1. 
Patient characteristics

Patients Gender Disease Treatment BPsup

(mmHg)

BPstd

(mmHg)

age

(yr)

weight

(kg)

height

(cm)

S1 M PAF none 156/68 97/51 65 78 172

S2 M PAF HUT 175/101 76/47 51 83 176

S3 F PAF none 175/99 85/48 40 65 176

S4 F PAF NaCl/Flu 112/71 73/49 37 56 164

S5 F PAF NaCl/Flu 163/98 75/55 61 54 154

S6 M PAF Flu 159/81 60/42 65 80 175

S7 F PAF NaCl/Flu 145/92 74/51 70 65 160

S8 M MSA Flu/HUT 135/84 76/45 54 96 196

S9 M PAF NaCl/Flu/HUT 192/102 68/47 67 98 189

Pure autonomic failure (PAF), multiple system atrophy (MSA), blood pressure supine (BPsup), blood pressure standing (BPstd), sleeping 12º head-up-tilt 

(HUT), dietary salt supplementation (NaCl) and Fludrocortisone (Flu).

Protocol

At least 2 hours after a light breakfast without caffeine-containing beverages, the subjects 

were instrumented at 09.00 hours in a room with an ambient temperature of 22° C. A test run 

was performed to familiarize the subjects to the protocol. After 10 minutes of supine rest, the 

subjects were asked to stand in a relaxed position for 5 minutes. Standing was terminated if 

the subject developed symptoms of orthostatic intolerance as blurred vision, dizziness or non-

responsiveness.

Measurements 

Cerebral oxygenation was monitored using NIRS. NIRS is based on the transparency of 

tissue to light in the near-infrared region and the O
2
 status dependent changes in absorption 

in cerebral tissue caused by chromophores, i.e. mainly oxyhemoglobin and deoxyhemoglobin 

(O
2
Hb and HHb, respectively) (47, 161). With the use of a modifi ed Lambert-Beer law 

changes, in light absorption at different wavelengths are measured, and tissue oxygenation is 

monitored (52). To estimate the concentration changes in O
2
Hb and HHb, a differential path 

length factor of 6.0 was applied to account for the scattering of light in the tissue (284, 318). 

A continuous-wave NIRS instrument (Oxymon) with three wavelengths (901, 848 and 

770 nm) and 10-Hz sampling time was used. The NIRS optodes were attached on the right 

side of the forehead, with the transmitting and receiving optodes placed 5.5 cm apart. 
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Since there is no standard for cerebral oximetry, calibration is not possible. However NIRS 

determined oxygenation changes in parallel with cerebral blood fl ow as determined by 133Xe 

clearance (37) and estimated cerebral O
2 
saturation in humans during carotid clamping and 

declamping compares satisfactory with jugular bulb venous O
2 
saturation (316). We therefore 

describe changes in O
2
Hb and HHb concentration (µmol.l-1), with supine control values as 

reference set at 0 µmol.l-1.

Right MCA V
mean

 was measured (Multidop X2, DWL) through the posterior temporal 

“window” (2). Once the optimal signal-to-noise ratio was obtained, the probe was covered 

with an adhesive ultrasonic gel (Tensive, Parker Laboratories Inc.) and secured with a head 

band. The V
mean

 was obtained from the maximal TCD frequency shifts over 1 beat divided by 

the corresponding beat interval. As a refl ection of partial arterial CO
2
,
 
end-tidal CO

2
 (P

ET
CO

2
) 

(319) was measured by an infrared CO
2 
analyzer (Hewlett Packard 78345A).

Arterial pressure was measured from the middle fi nger of the non-dominant arm with 

a Finapres model 5 (Netherlands Organisation for Applied Scientifi c Research, TNO-

Biomedical Instrumentation). Finapres is based on the volume clamp method of Peñáz and 

the Physiocal criteria of Wesseling (301) and refl ects blood pressure changes also under 

conditions of orthostatic stress and arterial hypotension (60, 118, 209). The cuffed fi nger was 

fi xed in the anterior axillary line at heart level, maintaining a fi xed distance to the TCD probe. 

Beat-to-beat changes in stroke volume were estimated by modelling fl ow from arterial 

pressure (Modelfl ow, TNO-Biomedical Instrumentation). This method computes an aortic 

fl ow waveform from a peripheral arterial pressure signal using a non-linear three-element 

model of the aortic input impedance. Peripheral arterial pressure appears suffi ciently close 

to the aortic pressure to be applied in the model and to allow for reliable estimations of 

stroke volume (SV) from an arterial pressure signal (119, 303). Thus, SV is tracked from 

peripheral arterial pressure in patients with cardiovascular disease (303), septic shock (119) 

and under conditions of orthostatic stress with a limited offset of 3 ± 9 ml in comparison to a 

thermodilution based estimate (90, 117).

As an index of the central blood volume, thoracic electrical impedance (TI) (121), was 

measured by an impedance cardiograph (Kardio-Dynagraph, Diefenbach GmbH). An event 

marker identifi ed changes in posture.

Data Acquisition and Analysis

The signals of arterial pressure, the spectral envelope of MCA velocity, TI, P
ET

CO
2
 and 

marker were A/D converted at 100 Hz and stored on hard disk for off-line analysis. NIRS data 

were sampled at 10 Hz. Signals were routed through an interface providing electrical isolation 

with offset and sensitivity adjustments when appropriate. Variables were also recorded on 

a polygraph on a thermo-writer (Graphtec WR7700 ™, Western Graphtec Inc) for on-line 

inspection.
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The V
mean

 was computed as the integral of the maximal frequency shifts over one beat divided 

by the corresponding beat interval. Mean arterial pressure (MAP) was the true integral of 

the arterial pressure wave over one beat divided by the beat interval. Mean arterial blood 

pressure at MCA level (MAP
mca

) was calculated from MAP measured at heart level and the 

vertical fi nger-to-TCD probe distance (19). Heart rate (HR) was computed as the inverse of 

the interbeat pressure interval and expressed in beats per minute (bpm). CO was the product 

of SV and HR, and total peripheral resistance (TPR) was MAP at heart level divided by CO. 

To allow for comparisons, beat-to-beat data were transformed to equidistantly re-sampled 

data at 2 Hz by polynomial interpolation (15). Blood pressures, HR, V
mean

, P
ET

CO
2
 and TI are 

expressed in absolute values. Resting supine values for SV, CO and TPR were set at 100% 

(control), and changes were expressed in percentages from control. Control values were 

the average of 60-second supine rest prior to standing. In the standing position, 20-second 

averages were calculated. 

Variables were tested for normality and are expressed as mean and SD or median with range. 

Responses to standing were examined by Friedman's repeated measures analysis of variance 

on ranks. Signifi cant F ratios were subjected to Dunn’s test to locate signifi cant differences. 

Differences between patients and controls and between symptomatic and non-symptomatic 

patients were analysed by parametric or non-parametric tests where appropriate. A P value 

<0.05 was considered to indicate a statistically signifi cant difference.

Results

Patients versus Controls 

The control subjects tolerated standing without complaints. Orthostatic tolerance varied 

considerably between patients; 5 patients tolerated 5 min standing without symptoms 

(asymptomatic), but four patients developed orthostatic complaints after 1 to 3½ min standing 

(symptomatic). In the supine position, blood pressure was higher in the patients but dropped 

during standing. The orthostatic fall in CO and MAP
mca

 was larger in the patients because 

of absence of an increase in TPR. Resting HR did not differ between the two groups, and 

on standing HR increased to a comparable magnitude. Additionally, the resting TI and its 

orthostatic changes were similar in the 2 groups of subjects. Resting P
ET

CO
2
 was comparable 

for patients and control subjects but became lower in the patients during standing. Supine 

V
mean

 was higher in the patients and decreased on standing but not in the controls. At the end 

of standing, the fall in O
2
Hb was larger in the patients. HHb increased in both groups with the 

larger increase in the patients (Figure 1 and Table 2).
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Figure 1.

Cardiovascular and cerebral perfusion and oxygenation responses to standing in patients with sympathetic failure vs. control subjects. The supine resting 

values (from -60 to 0 s) and the first (from 0 to -60 s) and the last minute of standing (from -60 to 0 s) are shown. Boxes indicate standing. 

Bold lines: patients, Thin lines: controls. Mean cerebral blood velocity (V
mean

), mean blood pressure at brain level (MAP
mca

), changes in oxyhemoglobin 

(∆O
2
Hb), stroke volume (SV) cardiac output (CO) and total peripheral resistance (TPR).
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Table 2. 

Cardiovascular and cerebral perfusion and oxygenation responses in patients vs. controls

Supine     Stand 60 s End of standing

Vmean (cm.s-1)
Patients 84 ± 21 † 56 ± 13 * 51 ± 8 *†

Controls 62 ± 13 59 ± 11 59 ± 9
MAPmca (mmHg)

Patients 108 ± 14† 31 ± 11 *† 31 ± 14 *†
Controls 86 ± 14 67 ± 17 * 72 ± 14 *‡

MAPheart (mmHg)
Patients 108 ± 14 † 52 ± 12 *† 52 ± 13 *†

Controls 86 ± 14 87 ± 19 92 ± 16 *‡
O2Hb (μmol.l-1)

Patients 0 -9.6 ± 4.1 * -11.6 ± 4.0 *†‡
Controls 0 -6.3 ± 4.4 * -6.7 ± 4.5 *

HHb (μmol.l-1)
Patients 0 5.0 ± 2.4 *† 7.4 ± 2.3 *†‡

Controls 0 2.2 ± 1.3 * 3.4 ± 2.4 *
PETCO2 (mmHg)

Patients 37 ± 6 34 ± 7 * 33 ± 6 *
Controls 37 ± 3 33 ± 3 * 35 ± 4

HR (beats/min)
Patients 66  (49-79) 79  (63-105) * 81  (69-103) *

Controls 60  (46-70) 75  (61-86) * 81  (68-93) *‡
SV (%)

Patients 100 66  (36-98) * 52  (41-66) *†‡
Controls 100 68  (57-80) * 66  (46-80) *

CO (%)
Patients 100 75  (57-89) * 65  (46-84) *†

Controls 100 86  (73-90) * 90  (73-104) ‡
TPR (%)

Patients 100 69  (48-88) *† 76  (48-101) *†‡
Controls 100 118  (105-133) * 122  (99-142) *

TI (Ohm)
Patients 60 ± 12 64 ± 10 * 64 ± 10 *

Controls 61 ± 13 65 ± 11 * 65 ± 12 *

Cerebral mean blood velocity (V
mean

). Mean blood pressure at brain level (MAP
mca

) and heart level (MAP
heart

). Changes in oxy and deoxyhemoglobin 

(∆O
2
Hb, ∆HHb). End-tidal CO

2
 (P

ET
CO

2
); Heart rate (HR); Stroke volume (SV); Cardiac output (CO); Total peripheral resistance (TPR); Thoracic impedance (TI). 

* p< 0.05 in comparison to supine. † p<0.05 patients vs. controls. ‡ p<0.05 end stand vs. stand 60s.

In the patients the correlation coeffi cient for MAP
mca

 and V
mean

 was 0.68 and for CO and V
mean

 

0.48 (P < 0.05). The correlation coeffi cients for MAP
mca 

and O
2
Hb was 0.41 and for CO and 

O
2
Hb 0.36 (P < 0.05). In the control subjects these values for MAP

mca
 and V

mean
 were 0.18, for 

CO and V
mean

 0.25, for MAP
mca 

and O
2
Hb 0.06, and for CO and HbO

2
 0.39 (Figure 2).
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Figure 2.

Relationship between mean arterial pressure, cardiac output and cerebrovascular variables during standing in patients vs. Controls. The postural 

reduction during 2 minutes of standing in mean cerebral blood velocity (∆V
mean

) and oxyhemoglobin (∆O
2
Hb) and their relation to changes in mean 

arterial pressure at brain level (∆MAP
mca

) and cardiac output (∆CO) in patients and their controls are shown. Closed circles: patients, Open circles: 

controls. Closed line: regression patients; Dashed line: regression controls.

Asymptomatic versus Symptomatic Patients

In symptomatic patients supine blood pressure was higher, but V
mean

 did not differ. In 

symptomatic patients the reduction in MAP
mca 

was greater after 10 and 30 seconds of 

standing. After 1 min of standing the reduction in MAP
mca 

was 94 ± 14 vs. 59 ± 15 mmHg 

in asymptomatic patients, and was accompanied with a slightly lower CO. In symptomatic 

patients the orthostatic fall in V
mean

 was larger, with a tendency for a larger postural reduction 

in O
2
Hb and a lower P

ET
CO

2
. There was a tendency towards a larger TI in symptomatic 

patients (Figure 3, Tables 3 and 4). Figure 4 shows representative examples of the reduction 

in V
mean

 and O
2
Hb during standing in a control subject and in an asymptomatic versus a 

symptomatic patient.
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Figure 3.

Cerebral perfusion during standing in symptomatic vs. asymptomatic patients. The supine resting values (from -60 to 0 s) and the first (from 0 to -

60 s) and the last minute of standing (from -60 to 0 s) are shown. Boxes indicate standing. Bold lines: symptomatic patients. Thin lines: 

asymptomatic patients. Mean cerebral blood velocity (V
mean

), mean blood pressure at brain level (MAP
mca

) and changes in oxyhemoglobin (∆O
2
Hb).

Discussion

This study demonstrates that during orthostatic stress, the reduction in cerebral blood velocity 

and oxygenation in patients with sympathetic failure is larger than in healthy subjects. Patients 

who develop serious orthostatic complaints within 5 minutes of standing are characterised by 

a more pronounced orthostatic fall in blood pressure, cerebral blood velocity and oxygenation 

manifest within 10 seconds of standing.

This report quantifi es the postural changes in cerebral artery blood velocity and oxygenation, 

as measured by TCD and NIRS in patients with sympathetic failure. TCD is used to evaluate 

cerebrovascular dynamics including its autoregulation (81, 147) in patients with sympathetic 

failure as well (25, 184). The diameter of the MCA remains constant over a ~30 mmHg range 
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of blood pressure, with V
mean

 refl ecting changes in cerebral blood fl ow (67). This requirement 

is considered to be fulfi lled in upright healthy subjects given the relatively small changes in 

arterial pressure at brain level. It is, however, uncertain if the MCA diameter remains stable 

at the low blood pressure levels developed in patients with sympathetic failure. Cerebral 

perfusion pressure decreases from supine to the upright position (224). In this study the 

reduction in cerebral blood velocity was accompanied by a fall in cerebral oxygenation under 

circumstances of considerable orthostatic hypotension. We consider that the fall in cerebral 

blood velocity and oxygenation was accompanied by complaints of cerebral hypoperfusion 

in the symptomatic patients at a reduced arterial pressure and CO. We may speculate that 

under those circumstances the excessive fall in blood pressure might reduce the diameter of 

the MCA cerebral velocity and overestimate cerebral blood fl ow, (275) but the data regard 

changes in blood velocity, not fl ow, and cannot be said to refl ect a decrease in fl ow, however 

suggestive.

Table 3. 

Cardiovascular and cerebral perfusion and oxygenation responses in sympathetic failure

Supine Stand 60 s End Stand

mean ± SD range mean ± SD Range mean ± SD range
MAPmca (mmHg)

Symptomatic 119 ± 11 * (110-134) 25 ± 8 * (14-33) 19 ± 4 * (14-23)
Asymptomatc 99 ± 9 (85-108) 40 ± 6 (34-47) 38 ± 12 (27-56)

Vmean (cm.s-1)
Symptomatic 83 ± 27 (64-123) 45 ± 6 * (39-53) 44 ± 2 * (42-47)

Asymptomatc 85 ± 18 (68-114) 64 ± 10 (53-77) 56 ± 7 (49-62)
O2Hb (μmol.l-1)

Symptomatic 0 -12.0 ± 3.3 (-15.6 to -7.8) -13.2 ± 3.2 (-16.9 to -9.1)
Asymptomatc 0 -7.6 ± 3.9 (-12.1 to –4.4) -10.4 ± 4.5 (-14.7 to -4.2)

HHb (μmol.l-1)
Symptomatic 0 6.5 ± 1.9 (4.7-8.2) 8.1 ± 2.9 (5.1-10.9)

Asymptomatc 0 3.9 ± 2.3 (1.1-6.9) 6.9 ± 2.8 (3.7-9.9)
PETCO2 (mmHg)

Symptomatic 36 ± 2 (32-38) 31 ± 4 (25-35) 31 ± 5 (25-35)
Asymptomatc 38 ± 8 (26-46) 36 ± 8 (22-44) 35 ± 6 (27-42)

HR (bpm)
Symptomatic 70 ± 5 (62-74) 76 ± 6 (73-83) 76 ± 6 (71-83)

Asymptomatc 63 ± 12 (49-79) 81 ± 16 (63-105) 84 ± 14 (69-103)
CO (%)

Symptomatic 100 68 ± 13 (57-82) 60 ± 12 (46-67)
Asymptomatc 100 77 ± 11 (65-89) 68 ± 11 (57-84)

TI (Ohm)
Symptomatic 65 ± 16 (56-89) 67 ± 15 (58-89) 68 ± 14 (60-89)

Asymptomatc 55 ± 7 (47-66) 61 ± 4 (57-67) 62 ± 5 (55-67)

Mean blood pressure at brain level (MAP
mca

). Cerebral mean blood velocity (
 
V

mean
). Changes in oxy and deoxyhemoglobin (∆O

2
Hb, ∆HHb). End-tidal CO

2
 

(P
ET
CO

2
). Heart rate (HR). Cardiac output (CO) and Thoracic impedance (TI). * p<0.05 symptomatic vs. asymptomatic patients.
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Given a constant arterial O
2
 content, the cerebral tissue O

2
 supply is predominantly a function 

of cerebral arterial blood fl ow. NIRS follows changes in cerebral oxygenation in parallel 

with cerebral blood fl ow as determined by 133Xe clearance (37), and estimated cerebral O
2 

saturation in humans during carotid clamping and declamping compares satisfactory with 

jugular bulb venous O
2 
saturation (316). The determination of cerebral tissue oxygenation by 

NIRS refl ects the locally monitored cerebral cortex. Within the sampled volume, hemoglobin 

Table 4. 

Cerebral perfusion and oxygenation responses to orthostatic stress (first 30 s) in sympathetic failure

10 s 20 s 30 s

Mean ± SD range mean ± SD range mean ± SD range
MAPmca (mmHg)

Symptomatic -60 ± 13 * (-69 to -40) -78 ± 12 (-88 to -61) -86 ± 10 * (-97 to -73)
Asymptomatc -33 ± 13 (-45 to -12) -58 ± 12 (-73 to -42) -63 ± 10 (-80 to -42)

Vmean (cm.s-1)
Symptomatic -17 ± 13 (-34 to -5) -22 ± 23 (-56 to -4) -31 ± 26 (-70 to -13)

Asymptomatc -10 ± 10 (-22 to 3.9) -16 ± 16 (-34 to 9) -21 ± 14 (-42 to -4)
O2Hb (μmol.l-1)

Symptomatic -4.2 ± 2.5 (-7.0 to -1.7) -6.5 ± 4.2 (-12.5 to -2.7) -8.2 ± 2.8 (-10.5 to -4.7)
Asymptomatc -1.8 ± 2.2 (-4.0 to -1.4) -5.1 ± 5.0 (-12.8 to -0.2) -5.9 ± 4.9 (-12.4 to -1.1)

Changes in mean blood pressure at brain level (∆MAP
mca

), cerebral mean blood velocity (∆V
mean

) and changes in oxyhemoglobin (∆O
2
Hb) at 10 , 20 and 30 

seconds after standing up. Changes in comparison to supine baseline values. * p<0.05 symptomatic vs. asymptomatic patients.

is contained in arterioles, capillaries, and venules, and the relative position of pigments 

determined by NIRS is unknown. From anatomic studies of brains, the ratio of venule to total 

vessel volume ranges from 2/3 to 4/5 (13). Only ~5 % of the blood is situated in the capillaries 

and ~20 % in the arterioles, and it may be argued that NIRS determines local SvO
2
 rather 

than a tissue O
2
 content. Yet, rest values of O

2
Hb are higher than internal jugular SvO

2
 (161). 

Thus, the O
2
Hb of the cerebral tissue measured by NIRS is not necessarily equal to the region 

perfused by the MCA, and it may be questioned whether the fall in the NIRS O
2
Hb signal 

can be taken to refl ect a fall in MCA territory perfusion. In this study the reduction in MCA 

blood velocity was accompanied by a fall in cerebral oxygenation under circumstances of 

considerable orthostatic hypotension. We consider that during head-up tilt in healthy subjects, 

even when the reduction in mean arterial pressure is limited, cerebrovascular oxygenation 

is related to cerebral perfusion, as determined by TCD (161, 162), and that NIRS properly 

refl ects the reduction in O
2
Hb associated with fainting (47). Comparable results have been 

obtained during lower body negative pressure (71, 192) and centrifuge studies (69).

At rest, blood pressure was elevated in the patients, but fell considerably upon standing 

because of a large reduction in SV and CO unopposed by an increase in TPR (Table 2 and 

Figure 1). The large reduction in V
mean

 and O
2
Hb indicates that with a fall in arterial pressure 
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of this magnitude, autoregulatory mechanisms are not capable of preventing a symptomatic 

decrease in cerebral perfusion, as refl ected by TCD and NIRS. Apart from the considerable 

fall in blood pressure and CO (Figure 2), the reduction in P
ET

CO
2 
may also have contributed to 

the reduction in MCA V
mean

 (221). On standing in healthy subjects a slight decrease in P
ET

CO
2 

is common (171) and can be explained by an increase in breathing rate in the upright position 

and changes of the ventilation-perfusion relationship (43).

Figure 4.

Magnitude and time course of the orthostatic reduction in cerebral blood velocity and oxygenation. Original tracings of arterial blood pressure (BP), 

cerebral blood velocity (CBV) and changes in oxyhemoglobin (∆O
2
Hb) in a control subject (left panel), an asymptomatic patient (middle panel) 

and a symptomatic patient (right panel). On standing BP drops considerably; the decrease in V
mean 

and ∆O
2
Hb tends to be larger for patients during 

an equivalent period of standing. In symptomatic patients the rapidity of the reduction in cerebral blood velocity and oxygenation seems to be already 

larger during the first 30 s of standing.

In subjects with orthostatic hypotension due to sympathetic failure, orthostatic tolerance 

varies considerably, but the underlying mechanism is not well understood (308). In 

symptomatic recumbent patients, blood pressure but not V
mean

 was higher, suggesting a shift in 

the relationship between cerebral perfusion pressure and blood velocity comparable to chronic 

hypertensive patients (201). The differences in V
mean

 between symptomatic and asymptomatic 

patients were relatively small (Table 3), but the effects on orthostatic tolerance dramatic. 

We believe that when these patients are upright, cerebral blood fl ow is close to the critical 

lower level of cerebral perfusion, and that an additional small reduction elicits symptoms 
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of cerebral hypoperfusion. This is supported by a recognisably larger fall to lower values in 

blood pressure and V
mean

 in symptomatic patients, with cerebral oxygenation following this 

pattern. In patients with sympathetic failure, the postural fall in arterial pressure is amplifi ed 

by the larger orthostatic fall in CO (Figure 1 and Table 2) because of enhanced venous pooling 

of blood, with an excessive reduction of venous return (292, 313). This is compatible with 

the tendency for higher values for thoracic electrical impedance in symptomatic patients 

suggesting a smaller central blood volume (Table 3) (121). In addition, the decrease in P
ET

CO
2 

on standing may have contributed to the cerebral hypoperfusion in symptomatic patients. The 

fall in blood pressure, cerebral blood velocity and oxygenation in symptomatic patients was 

larger in the fi rst 10 seconds of standing (Table 4, and Figures 3 and 4), suggesting that the 

rapidity of the reduction also contributes to trigger orthostatic symptoms.

The anomaly in dynamic plasma volume regulation in patients with autonomic failure is as yet 

not well understood (53, 290). The level of upright arterial pressure is closely related to the 

magnitude of the blood volume, (100) presumably because in this group of patients CO has 

become strictly dependent on venous return and the effective blood volume (313, 315). There 

is no specifi c treatment for sympathetic vasomotor failure, and therapy should be focused on 

alleviating patient's orthostatic tolerance and reducing the orthostatic fall in CO by increasing 

the circulating volume (223, 292).
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Chapter 4.3

Cerebrovascular effects of leg crossing in humans with 
sympathetic failure

M.P.M. Harms, W. Wieling, W.N.J.M. Colier, J.W.M. Lenders, N.H. Secher, J.J. van Lieshout

Submitted

Introduction

Assumption of the upright position challenges the cardiovascular system by the gravitational 

displacement of blood to the lower part of the body with a decline in venous return and 

cardiac output. In the upright body position, the brain is positioned some 30 cm above 

heart level and the cerebral perfusion pressure is reduced accordingly (224). The normal 

adjustment to a postural fall in central blood volume is an increase in systemic vascular 

resistance through autonomic refl ex activity. Subjects with sympathetic dysfunction lack the 

ability to increase vasomotor tone in the upright body position resulting in a fall of arterial 

blood pressure upon standing (14, 256). Patients with sympathetic dysfunction (267, 291, 

309) and subjects with recurrent vasovagal syncope (132, 135) may combat symptomatic 

orthostatic hypotension by tensing leg muscles as a result of leg crossing. The benefi cial 

effects of leg crossing on orthostatic tolerance have been attributed to a mechanical 

augmentation of venous return to the heart by translocation of blood from the legs to the 

chest resulting in an increase in arterial pressure (269, 291). The cerebrovascular effects of 

leg crossing in normal subjects have been reported (287), but the effects in patients with 

sympathetic failure have not been evaluated. The purpose of the present study is to compare 

the acute cerebrovascular effects of leg crossing in patients with sympathetic failure and 

symptomatic orthostatic hypotension with those in age and sex matched controls.

Methods

Subjects

Eight patients (age range 37-67 years, 3 females) with severe orthostatic hypotension (271) 

related to sympathetic failure, classifi ed as pure autonomic failure (PAF; n=7) and multiple 

system atrophy (MSA; n=1) participated in the study (Table 1). Oral and written informed 

consent was obtained and the study was approved by Ethics Committee of the Academic 

Medical Center. No patient had symptoms or signs of heart disease. Eight age and sex 

matched healthy subjects with intact autonomic circulatory control and normal orthostatic 

tolerance served as controls.
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Table 1. 

Patient characteristics

Patients Gender Disease Treatment BPsup

(mmHg)

BPstd

(mmHg)

age

(yr)

weight

(kg)

height

(cm)

S1 m PAF none 156/68 97/51 65 78 172

S2 m PAF HUT 175/101 76/47 51 83 176

S3 f PAF none 175/99 85/48 40 65 176

S4 f PAF NaCl/Flu 112/71 73/49 37 56 164

S5 m PAF Flu 159/81 60/42 65 80 175

S6 f PAF NaCl/Flu 163/98 75/55 61 65 160

S7 m MSA Flu/HUT 135/84 76/45 54 96 196

S8 m PAF NaCl/Flu/HUT 192/102 68/47 67 98 189

Pure autonomic failure (PAF), multiple system atrophy (MSA), blood pressure supine (BPsup), blood pressure standing (BPstd), sleeping 12º head-up-tilt 

(HUT), dietary salt supplementation (NaCl), and Fludrocortisone (Flu) 

Protocol

Systemic hemodynamic and cerebrovascular measurements were obtained at least 2 hours 

after a light breakfast without caffeine containing beverages. The subjects reported to the 

laboratory at 8:00 AM after an overnight fast and were studied in a room at 22° C. Subjects 

were placed in the supine position and instrumented. A test run was performed to familiarize 

the subjects to the protocol. After 10 min of supine rest, the subjects were asked to stand up. 

After 2 min in the standing position, they crossed the legs while maintaining that position. 

This was repeated twice, interspaced by one min of rest. The leg crossing manoeuvre was 

carried out by crossing one leg in direct contact with the other while actively standing on both 

legs (Figure 1). Standing was terminated if the subject developed symptoms of orthostatic 

intolerance as blurred vision, light-headedness or non-responsiveness.

Measurements

Arterial pressure was measured with a Finapres™ model 5 (Netherlands Organization for 

Applied Scientifi c Research, Biomedical Instrumentation, TNO-BMI, Amsterdam) from the 

middle fi nger of the non-dominant arm fi xed in the anterior axillary line at heart level. Finger 

arterial pressure is a reliable method for the assessment of beat-to-beat changes in arterial 

pressure even under circumstances of hypotension (105). Cerebral oxygenation was monitored 

using near-infrared spectroscopy (NIRS) as based on the transparency of tissue to light in 

the near-infrared region, and the O
2
 status dependent changes in absorption in cerebral tissue 

caused by chromophores, i.e. mainly oxy- and deoxyhemoglobin (O
2
Hb and HHb) (4, 47, 161, 

170). To estimate the concentration changes in O
2
Hb and HHb a differential path length factor 

of 6.0 was applied to account for the scattering of light in the tissue (284). A continuous wave
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Figure 1.
Leg crossing in standing position in a 51-year old male patient with pure autonomic failure. Written informed consent of the patient was obtained. Solid 

box, leg crossing and open boxes, standing uncrossed. Note the instantaneous increase in arterial blood pressure (BP), cerebral blood velocity (CBV), 

cerebral oxygenation (O
2
Hb), end-tidal CO

2
 (P

ET
CO

2
) together with a reduction in thoracic electrical impedance (TI) indicating an acute increase in thoracic 

blood volume.

NIRS instrument (Oxymon, Artinis Medical Systems, Zetten, The Netherlands) with three 

wavelengths (at 901, 848 and 770 nm) and 10 Hz sampling time was used. The NIRS optodes 

were attached high on the forehead to avoid the temporalis muscle and suffi ciently lateral to 

avoid the superior sagittal sinus with the transmitting and receiving optodes placed 5.5 cm 

apart (4). Changes in O
2
Hb and HHb concentration (µmol.l-1) were reported with steady state 

standing values as reference set at 0 µmol.l-1. The NIRS determined oxygenation changes in 

parallel with cerebral blood fl ow as determined by 133Xe clearance (37) and estimated cerebral 

O
2 
saturation in humans during carotid clamping and declamping compares satisfactory with 

jugular bulb venous O
2 
saturation (316). Frontal lobe oxygenation by NIRS correlates well 

with brain capillary oxygenation saturation as calculated from the O
2 
content of brachial 

arterial and right internal jugular venous blood (218).

The transcranial Doppler derived blood velocity (V) in the right middle cerebral artery 

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

and insonated (DWL Multidop X4, Sipplingen, Germany) through the posterior temporal 

“window”. Once the optimal signal-to-noise ratio was obtained, the probe was secured with 

a head band. Both at rest and during exercise, determination of fl ow velocity in the MCA has 
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a coeffi cient of variation of ~5% (215). The mean V (V
mean

) was obtained from the maximal 

TCD frequency shifts over one beat divided by the corresponding beat interval. The MCA 

V
mean

 is used for evaluation of cerebral perfusion in patients with sympathetic failure assuming 

that changes in MCA V
mean

 are representative of changes in cerebral blood fl ow (25, 184, 

250). The diameter of the large cerebral vessels did not change with large changes in arterial 

pressure during craniotomy and during orthostatic stress the MCA diameter did not alter as 

determined with MRI (67, 250). This supports that under the conditions of this study, the 

changes in MCA V
mean

 represent changes in cerebral blood fl ow. End-tidal CO
2
 (P

ET
CO

2
) was 

measured by an infrared CO
2
 analyzer (Hewlett Packard 78345A, Roeblingen, Germany) as 

a refl ection of partial arterial CO
2
 pressure (106, 319). Thoracic electrical impedance (TI) 

(121) was measured as an index of the central blood volume by an impedance cardiograph 

(Kardio-Dynagraph, Diefenbach GmbH, Frankfurt/Main, Germany). Stroke volume (SV) was 

calculated from the blood pressure waveform using the Modelfl ow method incorporating age, 

sex, height, and weight (BeatScope 1.0 software, FMS, Amsterdam, The Netherlands) (90, 

119). This technique tracks fast changes in SV during posture changes, and dynamic and static 

exercise (leg tensing) (102, 188, 265, 285).

Data Acquisition and Analysis.

The signals of arterial pressure, the spectral envelope of the middle cerebral artery velocity, 

TI, P
ET

CO
2
 and a marker signal were A/D converted at 100 Hz. NIRS data were sampled at 

10 Hz. Signals were routed through an interface providing electrical isolation with offset and 

sensitivity adjustments when appropriate. Variables were also recorded on a thermo-writer 

(Graphtec WR7700 ™, Western Graphtec Inc., Irvine, CA) for on-line inspection. The V
mean

 

was computed as the integral of the maximal frequency shifts over one beat divided by the 

corresponding beat interval. Mean arterial pressure (MAP) was the integral of pressure over 

one beat divided by the beat interval. MAP at the MCA level (MAP
mca

) was calculated from 

MAP measured at heart level and the vertical fi nger-to-TCD probe distance (19). HR was the 

inverse of the inter-beat pressure interval in beats per minute (bpm). Cardiac output (CO) was 

the product of SV and HR, and total peripheral resistance (TPR) was the ratio of MAP and 

CO. 

Beat-to-beat data were transformed to equidistantly re-sampled data at 2 Hz by polynomial 

interpolation for comparison (15). Blood pressure, HR, V
mean

, P
ET

CO
2
 and TI were expressed 

in absolute values. Resting supine values for SV, CO and TPR were set at 100% (control) and 

changes were expressed in percentages. Leg crossing values were calculated from the average 

of the three runs performed. Within each subject, the average of the 30 s quiet standing before 

leg crossing was used as baseline values and compared with the average of the last 

10 s of leg crossing. Variables are expressed as median and range. The effect of leg crossing 

on cerebral and systemic circulatory variables were evaluated by the Wilcoxon signed rank 
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test. Differences between patients and controls were analyzed by the Mann-Whitney rank sum 

test. Correlation between variables were evaluated by a nonlinear regression analysis. 

A P value <0.05 was considered to indicate a statistically signifi cant difference. 

Results

In one patient (S2) the quality of the Doppler velocity spectrum in the upright posture was 

insuffi cient. In standing position one patient (S5) developed serious orthostatic complaints 

and could not complete three runs of leg crossing. Therefore these data were excluded from 

analysis. Six patients and their six matched controls were studied. Of the six patients studied, 

two patients (S7 and S8) had orthostatic complaints during standing which disappeared with 

leg crossing.

Table 2. 

Postural cardiovascular and cerebral blood velocity responses 

Supine Standing

MAPmca (mmHg)
Controls 84 (65-94) 62 (56-73)*

Patients 106 (85-134)† 36 (19-58)*†

MCA Vmean (cm.s-1)
Controls 58 (47-83) 56 (46-77)
Patients 77 (64-123)† 55 (38-77)*

PETCO2 (mmHg)
Controls 38 (30-40) 35 (31-38)
Patients 37 (26-46) 36 (28-39)

HR (beats.min-1)
Controls 58 (46-68) 74 (72-86)*

Patients 66 (49-78) 75 (64-97)*

SV (%)
Controls 100 68 (54-85)*

Patients 100 54 (45-59)*†

CO (%)
Controls 100 93 (75-109)
Patients 100 66 (58-79)*†

TPR (%)
Controls 100 113 (93-126)
Patients 100 84 (58-115)†

TI (Ohm)
Controls 57 (47-80) 60 (54-80)
Patients 56 (47-66) 60 (55-64)

Mean arterial blood pressure at MCA level (MAP
mca

), mean blood velocity (MCA V
mean

), end-tidal CO
2
 (P

ET
CO

2
), heart rate (HR), stroke volume (SV), cardiac 

output (CO), total peripheral resistance (TPR) and thoracic electrical impedance (TI). Data are given as median and range. * P<0.05 in comparison to 

supine, † P<0.05 patients vs. controls.
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Posture

In the supine position MAP
mca

 and MCA V
mean

 were higher in the patients (Table 2). Standing 

induced a larger fall in MAP
mca

 in patients (67 (27-101) mmHg vs. 17 (9-27) mmHg; P<0.05) 

which resulted in lower upright values for MAP
mca

. This fall in MAP
mca

 was accompanied by a 

larger fall in SV (46 (41-55) % vs. 32 (15-46) % (P<0.05)) and CO (34 (21-42) % vs. 

7 (-9-25) %; P<0.05) without a refl ex increase in TPR as observed in the controls. Resting HR 

did not differ between the two groups. Upon standing, HR increased to a comparable level. 

Upon standing MCA V
mean

 decreased signifi cantly in the patients (from 77 (64-123) cm.s-1 

to 55 (38-77) cm.s-1) resulting in comparable MCA V
mean

 values for patients and controls in 

upright posture. From supine to standing prior to leg crossing, the fall in O
2
Hb was larger in 

the patients (-13.1 (-16.9--4.0) μmol.l-1 vs. -4.9 (-14.6--2.8) μmol.l-1; P<0.05). HHb increased 

in both groups with the larger increase in the patients (7.5 (3.7-10.9) μmol.l-1 vs. 2.2 (1.7-

9.1) μmol.l-1; P<0.05). P
ET

CO
2
 was comparable for patients and control subjects in both body 

positions. Resting TI and its orthostatic changes were similar in the two groups of subjects 

with a tendency for higher values (decrease in central blood volume) upon standing in both 

groups.

Cardiovascular effects of leg crossing 

Figures 2 and 3 show a representative example of the excellent reproducibility of the leg 

crossing manoeuvre. This reproducibility was present in all patients. Leg crossing was 

accompanied by a marked instantaneous drop in TI (increase in central blood volume). This 

transient decrease was observed in 13 out of 18 recordings in both the six patients and six 

healthy subjects. A typical initial transient hemodynamic change was observed both in the 

healthy subjects and the patients. CO and MAP
mca

 increased whereas the TPR decreased, and 

this pattern was observed in 15 out of 18 recordings in the patients and 14 out of 18 in the 

healthy subjects. After the initial drop, TI increased. On average, no signifi cant change in TI 

values during 1 min leg crossing was observed, although a trend towards a decrease in TI was 

present (Figures 2-4). In controls, leg crossing was accompanied by an increase in SV (16%) 

and CO (10%) and lower values for HR and TPR resulting in no signifi cant change in MAP
mca

 

(Table3). Pulse pressure increased from 48 (38-55) mmHg to 55( 50-58) mmHg (P<0.05) 

during leg crossing. In the patients, in contrast to the controls, standing leg crossing induced 

a signifi cant increase in MAP
mca

 (Figure 4) and also an increase in pulse pressure (from 33 

(23-48) mmHg to 40(28-55) mmHg (P<0.05)). The underlying hemodynamic change was an 

increase in SV (8%), CO (6%) and TPR (11%) while HR did not change.
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Figure 2.

Three leg crossing manoeuvres in the standing body position were performed each for one minute and were interspaced with periods of one minute of 

quite standing. Original tracings in a 65–year old male patient with pure autonomic failure. Solid box, leg crossing and open boxes, standing uncrossed. 

The effects on arterial blood pressure (BP), cerebral blood velocity (V
mean

), oxyhemoglobin (O
2
Hb), thoracic electrical impedance (TI) and end-tidal CO

2
 

(P
ET
CO

2
) are shown. Note marked initial changes.
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Figure 3.

Reproducibility of systemic hemodynamic and cerebral responses to leg crossing in a 65–year old male patient with pure autonomic failure. The physical 

counter-manoeuvre was performed three times in the standing position. Values in each body position were calculated from the average of the three runs. 

Solid box, leg crossing and open boxes, standing uncrossed. Effects on mean arterial blood pressure at MCA level (MAP
mca

), mean blood velocity (V
mean

), 

oxyhemoglobin (O
2
Hb), thoracic electrical impedance (TI), heart rate (HR), stroke volume (SV), cardiac output (CO), total peripheral resistance (TPR) and 

end-tidal CO
2
 (P

ET
CO

2
) are shown.
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Figure 4.

Cardiovascular and cerebral perfusion and oxygenation responses to leg crossing in the standing position in patients vs. controls. Averages are shown. Solid 

box, leg crossing and open boxes, standing uncrossed. Bold lines, patients and thin lines, controls. Effects on mean arterial blood pressure at MCA level 

(MAP
mca

), mean blood velocity (V
mean

), oxyhemoglobin (O
2
Hb), thoracic electrical impedance (TI), heart rate (HR), stroke volume (SV), cardiac output (CO), 

total peripheral resistance (TPR) and end-tidal CO
2
 (P

ET
CO

2
) are shown.

Cerebrovascular effects of leg crossing

In both groups leg crossing induced a similar increase in MCA V
mean

 with a concomitant 

rise in O
2
Hb for the patients and a trend for lower values for HHb. P

ET
CO

2 
was comparable 

for patients and controls and did not change during leg crossing. Within one minute after 

uncrossing the legs all values returned to baseline. The relationship between MCA V
mean

 

and MAP
mca

 and CO during standing before and after leg crossing and during leg crossing 

is shown in Figure 5. In the patients the regression coeffi cient for MAP
mca 

and MCA V
mean

 

was 0.61, for CO and MCA V
mean

 was 0.52 (P<0.05). In the control subjects these values for 

MAP
mca 

and MCA V
mean

 were 0.34 (NS), for CO and MCA V
mean

 0.71 (P<0.05).
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Table 3..

Cardiovascular and cerebral responses to leg crossing in standing position

Standing Leg cross Standing

MAPmca (mmHg)
Controls 62 (56-73) 71 (59-72) 64 (55-72)
Patients 36 (19-58)† 50 (28-73)* 39 (17-62)†

MCA Vmean (cm.s-1)
Controls 56 (46-77) 64 (46-80)* 57 (47-72)
Patients 55 (38-77) 63 (45-80)* 57 (38-78)

O2Hb (μmol.l-1)
Controls 0 0.83 (-0.11-2.04) 0.69 (-0.11-0.93)
Patients 0 1.12 (0.52-3.27)* 0.46 (-0.12-0.89)

HHb (μmol.l-1)
Controls 0 -0.33 (-0.92- 0.01) -0.05 (-0.80- 0.45)
Patients 0 -0.53 (-2.33- 0.16) 0.07 (-0.23- 0.66)

PETCO2 (mmHg)
Controls 35 (31-38) 35 (34-42) 35 (33-40)
Patients 36 (28-39) 36 (29-40) 35 (29-39)

HR (beats.min-1)
Controls 74 (72-86) 71 (58-79)† 73 (65-83)
Patients 75 (64-97) 75 (59-92) 74 (63-95)

SV (%)
Controls 68 (54-85) 84 (73-102)* 69 (61-92)
Patients 54 (45-59)† 62 (56-69)*† 53 (43-61)†

CO (%)
Controls 93 (75-109) 103 (91-119)* 88 (82-114)
Patients 66 (58-79)† 72 (66-95)*† 67 (51-83)†

TPR (%)
Controls 113 (93-126) 105 (82-117) 112 (81-124)
Patients 84 (58-115)† 95 (68-118)* 89 (65-113)

TI (Ohm)
Controls 60 (54-80) 60 (54-78) 61 (54-80)
Patients 60 (55-64) 60 (55-64) 60 (55-64)

Mean arterial blood pressure at MCA level (MAP
mca

), mean blood velocity (MCA V
mean

), oxy- and deoxyhemoglobin (O
2
Hb and HHb) end-tidal CO

2
 (P

ET
CO

2
), 

heart rate (HR), stroke volume (SV), cardiac output (CO), total peripheral resistance (TPR) and thoracic electrical impedance (TI). Data are given as 

median and range. * P<0.05 in comparison to standing before leg cross, † P<0.05 patients vs. controls.

Discussion

The main fi nding of this study is that leg crossing improves cerebral blood velocity and 

oxygenation in patients with sympathetic failure. The underlying mechanism is a rise of 

both cardiac output and total peripheral resistance resulting in an increase in arterial blood 

pressure. The effects of leg crossing on systemic vascular hemodynamics and cerebral 

perfusion were highly reproducible.
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Posture

Upon the change from supine to the erect posture rapid circulatory adjustments are necessary 

to maintain suffi cient blood pressure and adequate cerebral perfusion, despite the large 

gravitational shift of 300-800 ml of blood from the thorax to the regions below the diaphragm 

(254, 308). The tendency for higher values for thoracic electric impedance upon standing, 

documents a reduction of the central blood volume (Table 2) (89). As a consequence of this 

pooling of blood, the return of venous blood to the heart is reduced, resulting in a reduction 

in SV by 30-40% in healthy subjects (78, 89). The fall in CO is much smaller than the 

decrease in SV due to refl ex parasympathetic withdrawal and sympathetic activation of the 

heart resulting in an increased inotropic and chronotropic state (225, 308). In healthy subjects 

the compensatory adjustments result in an increase in mean and diastolic arterial pressure 

in upright posture with little change in systolic arterial pressure at heart level (308). The 

arterial pressure at brain level in upright posture is about 20mmHg lower than at heart level, 

since the brain is positioned approximately 30 cm above heart level (293). In the patients 

with sympathetic failure, the postural fall in MAP
mca

 was larger than in the controls. The 

underlying mechanism was a larger fall in SV and CO without a refl ex increase in TPR (Table 

2) (89). In healthy subjects the adaptive vasoconstriction in the upright position results from 

cardiopulmonary and arterial barorefl ex-mediated sympathoexcitation in addition to local 

myogenic responses and veno-arteriolar axon refl exes (58, 256, 295, 308). Patients with 

sympathetic failure lack this ability to modulate vascular tone in the upright position and 

this is the primary cause of orthostatic hypotension responses (14, 100, 256). An additional 

important factor is the excessive fall in SV and CO in patients with sympathetic failure. It is 

attributed to both increased pooling of venous blood and impaired inotropic and chronotropic 

cardiac responses (14, 100, 256, 292, 313). In the patients the fall in MCA V
mean

 and 

O
2
Hb was less compared to the excessive reduction in MAP

mca
 indicating functional static 

autoregulation. Upon standing only two patients had minor orthostatic complaints in this 

study despite the considerable fall in MAP
mca

. Previous studies have shown that those patients 

who become severely symptomatic are characterized by a very pronounced orthostatic fall in 

blood pressure, cerebral blood velocity and oxygenation manifest within the fi rst ten seconds 

of standing (89). In addition to the considerable decrease in MAP
mca

 and CO, a decrease in 

P
ET

CO
2
 may have contributed to this reduction in MCA V

mean
 (89, 106, 293), but this reduction 

was small in the present study.
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Figure 5.

Relationship between mean arterial blood pressure at MCA level (MAP
mca

), cardiac output (CO) and mean blood velocity (V
mean

) leg crossing. 

Closed circles indicate patients. Open circles, controls. Values are calculated from the average of three runs: standing-leg crossing-standing and three 

data points are plotted for each subject.

Leg crossing

In the healthy subjects leg crossing induced an initial transient increase in central blood 

volume (decrease in TI), CO and MAP
mca

 accompanied by a transient fall in TPR (Figure 4) 

(312). The increase in central blood volume is almost instantaneously and can be attributed 

to the mechanical effects of leg muscle and abdominal contraction at the onset of leg 

crossing (131, 309, 312). The infl ux of blood in the thorax is accompanied by characteristic 

hemodynamic events, i.e. a transient increase in CO and decrease in TPR (311). After the 

initial transient response of about 20 seconds, the steady state during leg crossing was 

characterised by an elevated CO and pulse pressure and a reduced HR and TPR, which 

resulted in no signifi cant effect on MAP
mca

 (Table 3 and Figure 4) (287). These adjustments 

indicate that they are mediated by the arterial barorefl ex (51, 269). After the onset of leg 

crossing the immediate drop in TI (increase in central blood volume) leveled of. Average 

TI was unchanged during crossing (Table 3) but there was a trend toward lower values 

(Figures 2,3 and 4). We suggest that most of the blood, that was translocated to the chest 

by the effect of the abdominal and leg muscle pump at the onset of leg crossing, returned to 

the venous vessels below the diaphragm, but that pooling was less due to sustained muscle 

tensing during leg crossing in the standing position. In addition, to an increase in CO (269), 
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an increase in TPR contributed importantly to the increase in MAP
mca

 during leg crossing in 

the patients. This increase in TPR in the patients is hard to explain. Against a background of 

defect vasomotor control with an inability to increase TPR by modulating sympathetic tone 

we consider the increase in TPR in the patients of mechanical origin related to compression of 

venous and arterial vascular bed by leg crossing/tensing. 

With leg crossing MCA V
mean

 increased in healthy subjects and the increase was related to 

an increase in CO confi rming earlier fi ndings (Table 3 and Figure 4) (287). Also, in healthy 

subjects, both at rest and during exercise, increases or decreases in CO with volume expansion 

or application of lower body negative pressure alter MCA V
mean

 in a linear fashion when mean 

arterial pressure and arterial CO
2
 were kept constant (190). In addition both the MCA V

mean
 

and O
2
Hb decrease in association with the postural reduction in CO (245). These observations 

indicate that there is evidence for a relationship between CO and MCA V
mean

 that cannot 

be explained by the changes in mean arterial blood pressure (190, 245). Further studies are 

needed to explore whether changes in pulse pressure play a role. An improvement in cerebral 

perfusion comparable to healthy controls was documented in the patients by the rise in MCA 

V
mean

 and O
2
Hb (Table 3 and Figure 4). In contrast to the healthy controls the increase in 

MCA V
mean

 was related to changes in MAP
mca

 (Figure 5). The explanation for this difference 

is that, in healthy controls the arterial barorefl ex buffers changes in preload instantaneously 

maintaining blood pressure. Patients with sympathetic failure lack the buffering capacity 

and blood pressure becomes importantly dependent on cardiac preload (294). Partial arterial 

CO
2
 pressure is an important determinant for cerebral perfusion. Leg crossing did not change 

P
ET

CO
2
 supporting that partial arterial CO

2
 pressure does not contribute to the increase in 

cerebral perfusion during leg crossing.

In conclusion, leg crossing is a highly reproducible manoeuvre that improves cerebral 

perfusion as refl ected in a rise of cerebral blood velocity and oxygenation in patients with 

sympathetic failure associated with a relieve of symptoms. The underlying mechanism is a 

rise in cardiac output, total peripheral resistance and arterial blood pressure. Patients with 

orthostatic intolerance should therefore be advised, besides increasing their salt intake, to 

sleep head-up tilted and take their medication (165), also to apply leg crossing when they 

stand up.
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Summary

In this thesis several methodological, (patho)physiological and therapeutical aspects of the 

cardio- and cerebrovascular system during orthostatic stress are addressed. We performed 

studies in healthy subjects and in patients with sympathetic failure. 

Chapter 2: Methods 

Chapter 2.1 describes the methodology used in this thesis for the non-invasive assessment of 

cerebral perfusion. Transcranial Doppler ultrasound was used to determine middle cerebral artery 

mean blood velocity. Cerebral oxygenation was monitored using near-infrared spectroscopy. 

For better understanding of the cardiovascular dynamics during orthostatic stress in humans a 

continuous recording of blood pressure, stroke volume and changes in central blood volume is 

required because events proceed rapidly. Preferably this is recorded non-invasively because 

invasive procedures themselves can induce a neurally mediated syncope. In Chapter 2.2 we 

describe how thoracic impedance can be used as a non-invasive index of changes in central 

blood volume. Blood pressure can be measured non-invasively by a continuous recording of 

fi nger blood pressure. The principle, its ability and limitations to track intra-arterial pressure is 

described. Application of pulse wave analysis to the arterial fi nger pressure offers a non-invasive 

and continuous recording of stroke volume. The Modelfl ow method computes a fl ow wave from 

the arterial pressure wave that delivers cardiac stroke volume. We describe in this chapter the 

theoretical and physiological background of the Modelfl ow method. The Modelfl ow computation 

of stroke volume is based on a supine model of the arterial hemodynamic characteristics and it 

was uncertain whether under the condition of orthostatic stress, stroke volume could be derived 

from the arterial pressure wave. Chapter 2.3 addresses both the non-invasive and invasive 

applicability of this model approach during orthostatic stress. In ten awake healthy subjects the 

modelled cardiac stroke volume was computed from the intra-arterial and non-invasive fi nger 

pressure measurements. For comparison, a computer-controlled series of four thermodilution 

determined stroke volumes were averaged during supine, standing, head-down tilt at 20º and 

head-up tilt at 30º and 70º. The results of this study indicate that orthostasis may lead to an 

offset in stroke volume derived by Modelfl ow from intra-arterial pressure. It was demonstrated 

that stroke volume as obtained by Modelfl ow from the non-invasively determined fi nger 

pressure refl ects thermodilution determined stroke volume, with a non-signifi cant offset over the 

full range of stroke volume changes observed during postural changes and orthostasis.

Chapter 3: Central blood volume, normovolemia and orthostatic stress

In chapter 3.1 a defi nition of normovolemia in healthy humans is considered when evaluating 

the body position that provides the heart with enough volume to establish a maximal cardiac 

output at rest. Activation of cardiovascular refl exes for postural adaptation questions whether, 
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in healthy humans, the central blood volume is optimised to support the upright position. A 

functional defi nition of normovolemia, or an “optimal circulating volume”, that provides the 

heart with enough central blood volume to establish a maximal cardiac output and mixed 

venous oxygen saturation at rest was evaluated in nine healthy subjects. Preload to the heart 

was varied by passively changing the body position from head-up tilt at 70° to head-down 

tilt at 20° and mixed venous oxygen saturation was compared with simultaneously measured 

computer controlled thermodilution cardiac output estimates. With varying tilt angle, changes 

in cardiac output were paralleled by concordant changes in mixed venous oxygen saturation. 

Cardiac output, and in turn mixed venous oxygen saturation, do not increase from supine rest 

to head-down tilt, a condition in which central blood volume was assumed to be expanded. 

Conversely, both cardiac output and mixed venous oxygen saturation decreased during head-

up tilt and were lower by 1.3 l·min-1 and 10%, respectively, when fainting was imminent. 

Thus, in healthy humans normovolemia may be defi ned as the central blood volume provided 

with during supine rest, since maximal values for cardiac output and mixed venous oxygen 

saturation are reached in the horizontal position.

In chapter 3.2 the hypothesis was studied that, even with an intact autonomic nervous system 

in healthy subjects, changes in stroke volume relate to those in thoracic fl uid content rather than 

to the concomitant changes in central vascular pressures during manipulation of the central 

blood volume. As an index of central blood volume, central venous pressure, together with 

pulmonary artery wedge pressure are commonly used. Most often stroke volume or cardiac 

output is related to central venous pressure, mean pulmonary or pulmonary artery wedge 

pressures. The implicit assumption is that pressure changes in parallel with the central 

blood volume but, in some cases, the reverse may be true. Recent studies have questioned 

the correlation between these estimates of ventricular fi lling pressures and ventricular end-

diastolic volumes/cardiac performance variables. These fi ndings question if central pressures 

are useful predictors of ventricular pre-load and supports the idea that the function of the 

heart relates to its volume rather than to its so-called fi lling pressures. In nine healthy humans 

we evaluated the interdependence of stroke volume and electrical admittance of thoracic 

fl uid content versus central venous, mean pulmonary artery and wedge pressures. During 

both head-up tilt at 70º and head-down tilt at 20º, stroke volume of the heart changed with 

the thoracic fl uid content rather than with the central vascular pressures, confi rming that the 

function of the heart relates to its volume rather than to its so-called fi lling pressures. The 

implication is that, for the assessment of pre-load to the heart, central vascular pressures 

can be substituted by an evaluation of the central blood volume by electrical admittance, or 

ideally, cardiac volume measurement of the heart, e.g. by echocardiography.

Chapter 4: Orthostatic systemic cardiovascular and cerebrovascular control in 

healthy subjects and patients with sympathetic failure

The postural tachycardia syndrome is characterised by an increase in heart rate by >30 

beats/min and symptoms related to the assumption of the upright position including fatigue, 
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and symptoms indicative for cerebral hypoperfusion as light-headedness or dizziness in 

the absence of orthostatic hypotension. Chapter 4.1 reports on the cerebrovascular and 

cardiovascular responses associated with orthostatic intolerance and tachycardia in a 33-year-

old woman presenting with an 8-months history of orthostatic dizziness, fatigue, exertional 

dyspnea and palpitations related to inactivity. The patient was instructed to raise dietary salt 

intake and to avoid supine resting at daytime, and she engaged in a reconditioning program 

with leg muscle strengthening exercise. By doing so she regained orthostatic tolerance with 

standing time unrestricted and after six months she had returned to her former daily-life 

activities without orthostatic complaints. At re-examination the postural heart rate increase 

and the reduction in cardiac output and middle cerebral artery mean blood fl ow velocity had 

normalized. The symptomatically low middle cerebral artery mean blood fl ow velocity, she 

initially presented with, seemed to be related to an excessive postural reduction in cardiac 

output rather than to a low mean arterial pressure. This suggests that the symptomatic and 

reversible reduction in cerebrovascular conductance is to be interpreted as being an adaptive 

response to a critical limitation of systemic blood fl ow, rather than to a derangement of 

cerebral autoregulation.

When standing up humans adjust the cardiovascular system to the gravitational displacement 

of blood to the lower part of the body by increasing systemic vascular resistance through 

autonomic refl ex activity, but patients with sympathetic failure lack this ability to modulate 

vascular tone in the upright position. Although their capability to maintain cerebral blood 

fl ow in response to a reduction in arterial pressure is reported to be preserved, patients with 

sympathetic failure often develop symptoms such as light-headedness and blurred vision 

when upright. In chapter 4.2 the hypothesis is tested that in patients with sympathetic failure 

orthostatic symptoms refl ect a reduced cerebral perfusion with an insuffi ciency of cerebral 

oxygen supply. We found that the orthostatic reduction in cerebral blood fl ow velocity and 

oxygenation is larger in nine patients with sympathetic failure compared to healthy reference 

subjects. Patients with sympathetic failure who become symptomatic within 5 minutes 

standing are characterized by a pronounced orthostatic fall in blood pressure, cerebral blood 

fl ow velocity and oxygenation manifest within the fi rst 10 s of standing, suggesting that the 

rapidity of the reduction also contributes to trigger orthostatic symptoms. 

Patients with sympathetic failure may combat symptomatic orthostatic hypotension by 

tensing leg muscles as a result of leg crossing. The purpose of the study in chapter 4.3, was to 

evaluate how orthostatic manoeuvres, like leg crossing, in patients with orthostatic hypotension 

due to sympathetic failure improve cerebral perfusion. In six patients with sympathetic failure 

and their age and sex matched controls the acute cerebrovascular effects of leg crossing were 

studied. Leg crossing appeared a highly reproducible manoeuvre that improved cerebral 

perfusion and oxygenation in patients with sympathetic failure associated with a relieve of 

symptoms. The underlying mechanism is a rise in cardiac output, total peripheral resistance 

and mean arterial pressure. Patients with orthostatic intolerance should therefore be advised to 

apply leg crossing when they stand up.
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“…It certainly was a bold enterprise of nature to create quadrupeds like 

man or the giraffe with a predominantly vertical extension, who carry 

their heads and hearts at a considerable distance above the center of 

gravity of the body…” (Gauer and Thron, 1965)

Men weet sinds de oudheid al, dat langdurig staan kan leiden tot bewustzijnsverlies. 
De lokatie van de hersenen ten opzichte van het hart maken de hersenen, in de staande 
lichaamshouding, kwetsbaar voor de invloed van de zwaartekracht. Daarnaast zijn de 
hersenen zeer gevoelig voor een tekort aan zuurstof. Dientengevolge is het menselijk 
lichaam voorzien van een aantal opvallende mechanismen, die er voor zorgen dat de 
hersendoorstroming en daarmee de zuurstofvoorziening van de hersenen verzekerd zijn 
tijdens staan.
Wanneer mensen vanuit liggende houding gaan staan vindt er onder invloed van de 
zwaartekracht een verplaatsing van ongeveer 0.5 liter bloed plaats vanuit de borstholte 
naar de onderste lichaamshelft. Als gevolg van deze verplaatsing van bloed, zal de veneuze 
terugvloed van bloed naar het hart afnemen. Dit resulteert in een verminderde vulling 
van het hart met als gevolg dat er een afname plaatsvindt van het slagvolume en het 
hartminuutvolume. Ondanks deze daling van het hartminuutvolume zal er geen daling van 
de bloeddruk plaatsvinden vanwege een compensatoire toename van de vaatweerstand. Deze 
snelle compensatie wordt gereguleerd via de zenuwbanen van het autonome zenuwstelsel naar 
hart en bloedvaten. Tijdens langer staan worden ook andere, met name hormonale systemen 
geactiveerd. Een essentieel mechanisme tegen een grote afname van de hoeveelheid bloed in 
de borstholte (centraal bloedvolume) tijdens staan, is de spieractiviteit van de beenspieren, 
de zogenaamde “spierpomp”. Het onderhouden van voldoende veneuze terugvloed van bloed 
naar het hart wordt in belangrijke mate ondersteund door de mechanische effecten van de 
pompende actie van de spiercontracties van beenspieren op de bloedsomloop. Daarnaast zal 
de statische toename van spiertonus van beenspieren het “wegzakken” (pooling) van bloed 
in de beenvaten tegenwerken. De “adempomp” is een ander mechanisme die de veneuze 
terugvloed van bloed naar het hart ondersteunt. Tijdens inademing zal de druk in de borstholte 
dalen en de druk in de buik toenemen waardoor de veneuze terugvloed van bloed naar het 
hart zal toenemen. Uit het bovenstaande blijkt hoe belangrijk de veranderingen in centraal 
bloedvolume zijn voor de staande lichaamshouding. Het lijkt daarom van belang te zijn, om te 
weten wat nu het optimaal centraal bloedvolume is tijdens staan en hoe we dit kunnen meten.
Patiënten met een falen van het autonome zenuwstelsel (autonoom falen) ontberen het 
vermogen om tijdens het staan de bloeddruk op peil te houden. Dit resulteert in een sterke 
daling van de bloeddruk bij staan (orthostatische hypotensie). De primaire afwijking bij 
patiënten met autonoom falen is het onvermogen om de arteriële vaatweerstand te verhogen 
als gevolg van afwijkingen in de sympathische zenuwbanen van het autonome zenuwstelsel. 
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Daarnaast is er sprake van een grotere daling van het hartminuutvolume bij patiënten met 
autonoom falen in vergelijking met gezonden. Dit wordt toegeschreven aan een toegenomen 
veneuze pooling in de aderen van de benen en buikholte. De daling van de bloeddruk leidt 
tot symptomen als een licht gevoel in het hoofd, duizeligheid en fl auwvallen tijdens staan. 
Maaltijden, warmte en inspanning doen de klachten verergeren waardoor patiënten met 
orthostatische hypotensie ten gevolge van autonoom falen ernstig beperkt kunnen zijn in hun 
dagelijkse activiteiten. De behandeling van deze patiënten is met name gericht op bestrijding 
van de symptomen van de orthostatische hypotensie. Hierbij wordt onder andere gebruik 
gemaakt van vergroting van het circulerend bloedvolume en van spierspanningmanoeuvres.
Zoals eerder al aangegeven is de bloeddoorstroming van de hersenen in de staande 
lichaamshouding kwetsbaar ten gevolge van de lokatie van de hersenen ten opzichte van 
het hart. Naast de compensatie mechanismen om de systemische bloeddruk op peil te 
houden tijdens staan, hebben de bloedvaten van de hersenen ook zelf het vermogen om de 
doorstroming te reguleren. Dit is een zeer complex regulatiesysteem. Een karakteristiek 
kenmerk van de hersencirculatie is de cerebrale autoregulatie. Hierdoor wordt de 
bloeddoorstroming van de hersenen relatief constant gehouden ondanks grote variaties in 
systemische bloeddruk. Tijdens het staan zal de afname van de bloeddoorstroming van de 
hersenen daardoor beperkt blijven.

In dit proefschrift worden een aantal methodologische, fysiologische en pathofysiologische 
aspecten van de bloeddrukregulatie en hersendoorstroming beschreven met name tijdens de 
staande lichaamshouding. De studies zijn uitgevoerd in gezonde proefpersonen en patiënten 
met orthostatische hypotensie ten gevolge van autonoom falen.

Hoofdstuk 2: Methoden 

Hoofdstuk 2.1 beschrijft de methodologie die wij in dit proefschrift hebben gebruikt om op non-
invasieve wijze de bloeddoorstroming van de hersenen te meten. Met gebruik van transcraniële 
Doppler (TCD) ultrasonografi e kan de bloedstroomsnelheid in de middelste hersenslagader 
worden gemeten. De hoeveelheid zuurstof in de hersenen kan gemeten worden met gebruik 
van near-infrared spectroscopie. Voor een beter begrip van de veranderingen in bloeddruk 
en systemische hemodynamiek tijdens staan is slag-op-slag meting van de bloeddruk, 
slagvolume van het hart en veranderingen in centraal bloedvolume noodzakelijk, omdat de 
gebeurtenissen snel plaatsvinden. Bij voorkeur moet dit non-invasief plaatsvinden, omdat 
invasieve metingen op zich zelf een fl auwvalreactie kunnen veroorzaken. In hoofdstuk 2.2 
beschrijven we hoe thoracale impedantie gebruikt kan worden als een maat voor veranderingen 
in centraal bloedvolume. Bloeddruk kan non-invasief en continu gemeten worden met gebruik 
van registratie van het bloeddruksignaal aan de vingers. Het principe en de mogelijkheid om 
hiermee de intra-arteriële druk te volgen wordt beschreven. Toepassing van polsgolf analyse op 
de arteriële vingerbloeddruk geeft de mogelijkheid om non-invasief en continu het slagvolume 
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van het hart te bepalen. De Modelfl ow methode berekent het slagvolume van het hart uit de 
arteriële drukgolf. In dit hoofdstuk wordt ook de theoretische en fysiologische achtergrond van 
de Modelfl ow methode beschreven. De Modelfl ow berekening van het slagvolume is gebaseerd 
op het liggende model van de arteriële hemodynamische karakteristieken. Het is onduidelijk of 
tijdens de staande lichaamshouding, slagvolume verkregen kan worden uit de arteriële drukgolf. 
Hoofdstuk 2.3 beschrijft daarom zowel de non-invasieve als de invasieve toepasbaarheid van de 
Modelfl ow methode tijdens verschillende lichaamshoudingen. In tien gezonde proefpersonen 
werd het Modelfl ow bepaalde slagvolume berekend uit zowel de intra-arteriële als uit de non-
invasieve vingerbloeddruk. Deze waarden werden vergeleken, met het gemiddelde van een 
computer gestuurde serie van vier thermodilutie slag volumina tijdens liggen, actief staan, 
20º head-down tilt en 30º en 70º head-up tilt. De resultaten van deze studie laten zien dat de 
staande lichaamshouding kan leiden tot een fout in Modelfl ow slagvolume verkregen uit de 
intra-arteriële bloeddruk. Daarentegen was aantoonbaar dat het slagvolume, verkregen met 
Modelfl ow uit de non-invasieve vingerbloeddruk, een niet-signifi cante fout opleverde tijdens 
verschillende lichaamshoudingen inclusief het staan.

Hoofdstuk 3: Centraal bloedvolume, normovolemie en orthostatische stress

In hoofdstuk 3.1 werd een defi nitie voor normovolemie, in gezonde proefpersonen, onderzocht 
waarbij die lichaamshouding werd bepaald, die het hart genoeg volume geeft om in rust 
een maximaal hartminuutvolume te geven. Men kan zich afvragen, vanwege activatie van 
de cardiovasculaire refl exen tijdens het staan, of in gezonde proefpersonen het centraal 
bloedvolume geoptimaliseerd is voor de staande lichaamshouding. In negen gezonde 
proefpersonen werd de preload naar het hart gevarieerd door passieve veranderingen 
in lichaamshouding van 70° head-up tilt tot 20° head-down tilt. Gemengd veneuze 
zuurstofsaturatie werd vergeleken met thermodilutie hartminuutvolume. Veranderingen 
in hartminuutvolume werden gevolgd door gelijktijdige veranderingen in gemengd 
veneuze zuurstofsaturatie van 70° head-up tilt tot 20° head-down tilt. Hartminuutvolume 
en gemengd veneuze zuurstofsaturatie namen niet toe van liggen naar head-down tilt. 
Een lichaamshouding waarbij wij aangenomen hadden dat het centraal bloedvolume zou 
toenemen. Daarentegen, zowel hartminuutvolume als gemengd veneuze zuurstofsaturatie 
daalden tijdens head-up tilt, en waren respectievelijk 1.3 l·min-1 en 10% lager. Dus, in 
gezonde proefpersonen kan normovolemie wellicht worden gedefi nieerd als de hoeveelheid 
centraal bloedvolume voorzien in de liggende lichaamshouding, daar de maximale waarden voor 
hartminuutvolume en gemengd veneuze zuurstofsaturatie al bereikt zijn tijdens het liggen.
In hoofdstuk 3.2 was de hypothese dat in gezonde proefpersonen, tijdens manipulatie van het 
centraal bloedvolume, veranderingen in slagvolume van het hart zijn gerelateerd aan verandering 
aan thoracaal bloedvolume, dit in tegenstelling tot de veranderingen in centraal veneuze 
drukken. De centraal veneuze druk wordt samen met de arteriële pulmonale wiggedruk vaak 
gebruikt als een maat voor centraal bloedvolume. Vaak zijn slagvolume en hartminuutvolume 
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gerelateerd aan de centraal veneuze druk, de gemiddelde arteriële pulmonale druk en de 
arteriële pulmonale wiggedruk. De onvoorwaardelijke aanname is, dat de gemeten druk 
verandert met veranderingen in centraal bloedvolume, maar in sommige gevallen is het 
tegendeel wellicht waar. Recente studies hebben de correlatie tussen de bepalingen van de 
ventriculaire vullingsdrukken en variabelen voor ventriculair einddiastolisch volume in twijfel 
getrokken. Bij deze bevindingen kan men zich afvragen of de centrale drukken bruikbare 
voorspellers zijn voor de ventriculaire pre-load. De functie van het hart lijkt eerder gerelateerd 
aan het centraal bloedvolume dan aan de zogenaamde cardiale vullingdrukken. In negen 
gezonde proefpersonen onderzochten we de relatie tussen slagvolume van het hart en thoracaal 
bloedvolume versus centraal veneuze, de gemiddelde arteriële pulmonale druk en de arteriële 
pulmonale wiggedruk. Tijdens zowel 70º head-up tilt als 20º head-down tilt, veranderde het 
slagvolume van het hart meer met het thoracaal bloedvolume dan met de centrale drukken. Dit 
suggereert dat de functie van het hart meer is gerelateerd aan het volume dan aan de cardiale 
vullingsdrukken. Dit betekent dat voor bepaling van de pre-load van het hart, centraal veneuze 
drukken vervangen kunnen worden door bepaling van het centraal bloedvolume met thoracale 
impedantie of, idealiter, van het hart zelf door echocardiografi e.

Hoofdstuk 4: Regulatie van de bloeddruk en hersendoorstroming tijdens staan in 

gezonde proefpersonen en patiënten met autonoom falen 

Het posturaal tachycardie syndroom wordt gekenmerkt door een toename van de 
hartfrequentie van >30 slagen/min en symptomen die kenmerkend zijn voor verminderde 
bloeddoorstroming van de hersenen, zoals een licht gevoel in het hoofd en duizeligheid in 
de afwezigheid van een lage bloeddruk en gerelateerd aan staan. Hoofdstuk 4.1 beschrijft 
zowel de veranderingen in bloeddoorstroming van de hersenen als bloeddruk in associatie met 
orthostatische intolerantie en tachycardie bij een 33-jarige vrouw, die zich presenteert met 
klachten van duizeligheid bij staan, moeheid, kortademigheid en hartkloppingen gerelateerd 
aan een periode van bedlegerigheid. De patiënte werd geïnstrueerd om de zout inname te 
verhogen en om overdag niet te gaan liggen. Daarnaast kreeg ze een trainingsprogramma 
met onder ander spierversterkende oefeningen. Hierop verdwenen geleidelijk haar klachten. 
Na een half jaar had zij al haar dagelijkse activiteiten weer hervat zonder klachten tijdens 
het staan. De hartfrequentie stijging tijdens het staan, en de afname in hartminuutvolume 
en gemiddelde cerebrale bloedstroomsnelheid waren genormaliseerd. De symptomatisch 
lage gemiddelde cerebrale bloedstroomsnelheid, waarmee zij zich initieel presenteerde, leek 
eerder gerelateerd te zijn aan de grote reductie in hartminuutvolume tijdens het staan dan 
aan een lage gemiddelde bloeddruk. Dit suggereert dat de symptomatische en reversibele 
reductie in bloeddoorstroming van de hersenen een respons is op een kritische afname van de 
systemische bloeddoorstroming en niet zozeer een verstoring van de cerebrale autoregulatie.
Tijdens staan wordt bij de mens de bloeddruk op niveau gehouden, door een toename 
van de vaatweerstand via refl exactiviteit van het autonome zenuwstelsel. Patiënten met 
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autonoom falen hebben deze mogelijkheid niet om de vaatweerstand te verhogen tijdens 
staan. Ondanks het feit, dat het vermogen om de bloeddoorstroming van de hersenen te 
waarborgen tijdens afname in bloeddruk is behouden, klagen patiënten met autonoom falen 
vaak over duizeligheid en wazig zien tijdens staan. In hoofdstuk 4.2 werd onderzocht of de 
klachten bij patiënten met autonoom falen een weerspiegeling zijn van een verminderde 
bloeddoorstroming van de hersenen en met een insuffi ciënte toevoer van zuurstof naar de 
hersenen. Het blijkt dat tijdens staan de afname in cerebrale bloedstroomsnelheid en toevoer 
van zuurstof groter is in negen patiënten met autonoom falen in vergelijking met de gezonde 
proefpersonen. Patiënten met autonoom falen, die binnen 5 minuten na het staan klachten 
ontwikkelen worden gekarakteriseerd door: een grotere daling van bloeddruk, cerebrale 
bloedstroomsnelheid en zuurstof toevoer, die reeds manifest zijn binnen de eerste 10 seconden 
na het staan. Dit suggereert dat de snelheid van de afname ook bijdraagt aan het ontstaan van 
de klachten.
Patiënten met autonoom falen kunnen hun klachten van een lage bloeddruk tijdens staan 
bestrijden door gebruik te maken van spierspanningmanoeuvres als benen kruisen. In 
hoofdstuk 4.3 werd onderzocht hoe manoeuvres, als benen kruisen, de bloeddoorstroming 
van de hersenen kunnen verbeteren bij patiënten met autonoom falen die een lage bloeddruk 
hebben tijdens staan. Bij zes patiënten met autonoom falen en zes gezonde proefpersonen 
werden de effecten van benen kruisen op de bloeddoorstroming van de hersenen bestudeerd. 
Benen kruisen is een zeer eenvoudige en sterk reproduceerbare manoeuvre, die de 
bloeddoorstroming van de hersenen en toevoer van zuurstof verbetert en gepaard gaat met een 
verlichting van symptomen bij patiënten met autonoom falen. Het onderliggende mechanisme 
is een stijging van hartminuutvolume, vaatweerstand en gemiddelde bloeddruk. Aan patiënten 
met symptomen, op basis van een lage bloeddruk bij staan, moet geadviseerd worden om 
benen kruisen toe te passen.
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Dankwoord

Dit proefschrift is tot stand gekomen na onderzoek wat heeft plaatsgevonden in de werkgroep 

voor Fysiologie en Pathofysiologie van de Circulatie van de afdeling Inwendige Geneeskunde 

van het AMC in Amsterdam en de afdeling Anesthesiologie van het Rigshospitalet in 

Kopenhagen (Denemarken). Ten eerste wil ik alle patiënten en proefpersonen bedanken. 

Zonder hun medewerking zou dit proefschrift nooit tot stand gekomen zijn en is daarom 

van onschatbare waarden. Daarnaast wil ik iedereen bedanken die op andere wijze heeft 

bijgedragen aan de totstandkoming van dit proefschrift. Dit zijn niet alleen mijn collega’s 

maar ook vrienden en familie, die lang hebben moeten wachten op het eindresultaat. Een 

aantal mensen wil ik graag persoonlijk bedanken.

Allereerst mijn co-promotoren Han van Lieshout en Wouter Wieling. Beste Han, ik dank je 

voor de vele avonturen die we samen hebben beleefd. Ik denk aan de reis met een bestelbus 

door Europa volgeladen met computers en meetapparatuur om metingen te verrichten bij 

Niels in Kopenhagen met een slapende professor op de achterbank. Daarnaast de talloze uren 

die we samen hebben besteed om van de cardiovasculaire en cerebrale circulatie betrouwbare 

signalen te krijgen bij de verschillende vormen van orthostatische stress. Ik heb van jouw de 

“fi jne kneepjes van het vak” geleerd met name hoe je metingen moet verrichten in het kader 

van klinisch fysiologisch onderzoek. Ik bewonder je enorme kennis van de literatuur, je nooit 

afl atende doorzettingsvermogen en geduld. Ik heb goede herinneringen aan onze discussies 

met het rauwe geluid van “Cuby” op de achtergrond. Beste Wouter, zonder jouw bijdrage zou 

dit proefschrift niet tot stand gekomen zijn. Als stimulator, reviewer van de manuscripten en 

connaisseur van de fysiologie en pathofysiologie van de circulatie ben je onnavolgbaar. Ik wil 

je met name danken voor je onvoorwaardelijk en persoonlijke steun met name de afgelopen 

twee jaar. 

Professor M.M. Levi, beste Marcel. Ik voel mij vereerd dat jij promotor bent van dit 

proefschrift. Hartelijk dank voor je betrokkenheid en je opbouwende commentaar bij het 

schrijven van het manuscript.

De overige leden van de promotiecommissie, Professor R.O.B. Gans, Professor J.G. van 

Dijk, Professor J.B.L. Hoekstra, Doctor J.M. Karemaker, Professor R.J.G. Peters en Professor 

M. Vermeulen, dank ik voor hun inspanningen ten behoeve van de beoordeling van mijn 

proefschrift. Rijk Gans dank ik voor de mogelijkheid en het vertrouwen, die hij mij heeft 

geboden om opgeleid te worden tot internist. John Karemaker wil ik graag ook danken 

voor de persoonlijke ontvangen lessen in de fysiologie en de discussies over een aantal 

manuscripten waarbij het schoolbord op zijn kamer een belangrijke rol heeft gespeeld.

Professor K.H. Wesseling, beste Karel. Ik heb grote bewondering voor jouw kennis en zal 

mij daarom altijd een simpele dokter voelen. Zonder de ontwikkeling van de Finapres en 

Modelfl ow was dit proefschrift niet mogelijk geweest. De kopjes koffi e aangereikt vanaf de 

achterbank tijdens onze reis naar Kopenhagen staat nog steeds in mijn geheugen gegrift.
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I have had the pleasure of doing research with Professor Niels Secher of the department of 

Anaesthesia of the Rigshospitalet, Copenhagen, Denmark. It was an unforgettable experience 

to work in his department. I want to thank him for this opportunity and for the quick responses 

and helpfull comments on the papers especially concerning the cerebralvascular dynamics. 

I want to thank also Frank Pott, Morten Jenstrup, Heidi Hansen, Anne Katherine Secher and 

Annette Uhlmann.

Een speciaal woord van dank voor Professor Jacques Lenders en Doctor Willy Colier. Zij 

hebben beide een belangrijke bijdrage geleverd tot de totstandkoming van dit proefschrift. Ik 

heb onderzoek mogen doen met een aantal patiënten uit het UMC St Radboud in Nijmegen en 

kreeg scholing ten aanzien van het gebruik van near-infrared spectroscopy.

De leden van de werkgroep “Fysiologie en Pathofysiologie van de Circulatie” wil ik hierbij 

ook bedanken: Wilbert Jellema, Rogier Immink, Arthur Smit, Gert van Montfrans, Bart 

Voogel, Derk-Jan ten Harkel, Teau de Jong-de Vos van Steenwijk, Wim Stok, Jasper Truijer 

en Yu-Sok Kim. Met name Nynke van Dijk ben ik zeer erkentelijk voor haar hulp bij het 

afronden van dit proefschrift. De medewerkers van BMYE-TNO en met name Jos Settels, 

Jeroen van Goudoever en Berend Westerhof ben ik veel dank verschuldigd. 

Mijn paranimfen Miranda Luikinga en Bienze Vogel wil ik bedanken voor hun hulp en 

ondersteuning rond mijn promotie en Helene Wecke voor de vormgeving van het proefschrift.

Mijn vader en moeder wil ik bedanken, omdat zij mij de mogelijk hebben gegeven dit te 

bereiken. In een groot gezin hebben zij mij een mooie jeugd gegeven en mij altijd gesteund. Ik 

hoop dat jullie van deze dag zullen genieten.

En laatst, maar zeker het liefst en mij het meest dierbaar, Elza en Ids. Lieve Elza, door jouw 

liefde, steun, organisatietalent en geduld heb ik dit proefschrift af kunnen maken. Je hulp 

is niet in woorden uit te drukken. Lieve Ids, jij bent het meest onverwachte en mooie wat 

ons is overkomen. Jouw bestaan, vrolijkheid, energie en lach relativeren de betekenis van 

dit proefschrift. Ik kijk uit naar het eerste moment dat we samen tegen een balletje kunnen 

trappen. 
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