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AASI = Ambulatory arterial stiffness index 

AP = Augmentation pressure 

AIx = Augmentation index 

AIx@75 = Augmentation index corrected to heart rate 75 

BP = Blood pressure 

PP = Pulse pressure. 

PWV = Pulse wave velocity  

NTS = Nucleus tractus solitarius 

SVR = Systemic vascular resistance 

SVRI = Systemic vascular resistance index  

LCW = Left cardiac work 

LCWI = Left cardiac work index 

LF/HF-ratio = low frequency to high frequency ratio. 



Abstract 

Essential hypertension is a major global health burden, but the primary reason why blood 

pressure changes in the course of the disease is still in many ways a mystery. Genome-

wide studies have not found alleles that would account for more than 1 mmHg change 

in systolic or diastolic blood pressure in primary hypertension. Hypertension studies 

typically measure only blood pressure and heart rate, but blood pressure is the product 

of cardiac output and systemic vascular resistance. Additionally, there are more than 

80 000 heart cycles in a single day, while hemodynamic variability is extensive during 

different physical provocations. Normally the measurements of blood pressure are 

performed in a seated position, which doesn’t reveal anything about the variability or 

adaptation to normal daily activities. Better characterization of cardiovascular 

phenotypes would help in both genome research and characterization of primary 

hypertension. 

Hypertension causes a decline of endothelial vasodilator function. Previously, 

inhalation of the β2-adrenoceptor agonist salbutamol has been reported to induce an 

endothelium dependent vasodilatation, while sublingual administration of the nitric 

oxide donor nitroglycerin induces an endothelium independent vasodilatation in the 

vasculature. Global endothelial function has been suggested to be quantifiable by 

comparing the effects of salbutamol and nitroglycerin on the augmentation index, a 

measure of wave reflection in the arterial tree. However, salbutamol has a definite 

positive chronotropic effect which causes a rise in heart rate, while a rise in heart rate 

influences the magnitude of the augmentation index. So, an increase in heart rate could 

at least partially explain the change in augmentation index after salbutamol inhalation. 

Therefore, changes in augmentation index may not unequivocally represent alterations 

in endothelium mediated control of arterial tone.   

Our aims were to examine whether subjects with primary hypertension have 

functional changes in cardiovascular regulation when compared with normotensive 

subjects. The response of the cardiovascular system to upright position was also 

examined to discover possible functional phenotypes which could be connected to 

known indicators of cardiovascular risk. Inhaled salbutamol was compared with 

sublingual nitroglycerin to examine their effects on hemodynamics during head-up tilt. 

In particular, we examined whether the effect of salbutamol on augmentation index was 

correlated with the chronotropic effect of β2-adrenoceptor stimulation.  



In study I, the hemodynamics of non-medicated normotensive and hypertensive 

subjects were studied. Hypertensive subjects had higher systemic vascular resistance and 

increased arterial stiffness, which correspond with the results from previous studies. 

Additionally, supine cardiac index was higher in hypertensives, so there was a measurable 

hyperdynamic component involved. Hypertensive subjects also had several rather small 

but measurable changes in cardiovascular adaptation to upright position. 

In study II, we discovered three new phenotypes, which could only be found by 

inspecting the changes in hemodynamic variables during passive head-up tilt. The 

subjects with the constrictor phenotype had the largest increase in systemic vascular 

resistance and largest decrease in cardiac output. The constrictors had a significantly 

lower pulse wave velocity, an established marker of arterial stiffness, when compared 

with subjects in the intermediate and sustainer phenotype.  

In studies III and IV, inhaled salbutamol was found to have a clearly smaller effect 

on cardiovascular regulation in the upright than in the supine position. In contrast, the 

hemodynamic effects of nitroglycerin were accentuated in the upright position. 

Additionally, the results in studies III and IV established that the change in augmentation 

index induced by salbutamol inhalation was predominantly correlated with the parallel 

changes in heart rate and ejection duration. This indicates that the observed 

simultaneous change in augmentation index does not reflect alterations in the 

endothelium mediated control of arterial tone.  

Our results indicate that the phenotype of primary hypertension is not quantifiable 

by the mere measurements of supine blood pressure and heart rate. Additionally, not 

only the level of blood pressure and arterial stiffness, but also the functional phenotype 

of the cardiovascular system may be associated with cardiovascular risk. A small dose of 

nitroglycerin has a profound vasodilatory effect that is aggravated in the upright position. 

In contrast, the moderate effect of salbutamol on hemodynamics is diminished in the 

upright position, and is tightly connected to the positive chronotropic effect of the 

compound. 



Tiivistelmä 

Primaari hypertensio on merkittävä verenkiertosairauksien päätetapahtumien riskitekijä. 

Hypoteeseja verenpaineen kohoamisen syiksi on useita, mutta perimmäinen syy edelleen 

on varmistamatta ja genetiikan tutkimuksissakin yksittäisten alleelien vaikutus 

verenpainetasoon on ollut minimaalinen.  Verenkiertoelimistön tilaa arvioidaan 

pääsääntöisesti mittaamalla verenpaine ja syketaso istuma- tai makuuasennossa. Tämä 

antaa suppean kuvan verenkiertoelimistöstä. Kattavampaan verenpaineen osatekijöiden 

arviointiin tarvitaan sykkeen ja verenpaineen mittauksen lisäksi sydämen 

minuuttitilavuuden ja ääreisverenkierron vastuksen mittaukset. Verenpaineen säätelyn 

mekanismit aktivoituvat ja kohonneen verenpaineen hoidon ongelmat korostuvat 

pystyasennossa. On hyvin todennäköistä, että mittaukset myös pystyasennossa antavat 

pelkkiä lepomittauksia paremman arvion poikkeamista verenkierron säätelyssä. 

Hypoteesimme oli, että kohonneen verenpaineen taustatekijöiden arviointia ja 

tutkimusmenetelmiä on mahdollista kehittää arvioimalla verenkierron säätelyä 

aikaisempaa kattavammin. Lisätavoitteena oli uusien kardiovaskulaaristen fenotyyppien 

löytäminen. Tutkimuksessa mitattiin verenkiertoelimistön toimintaa käyttäen hyväksi 

jatkuvaa verenpaineen mittausta, pulssiaallon analyysijärjestelmää ja 

impedanssikardiografiaa sekä levossa että kallistuskokeen aikana. Menetelmä 

mahdollistaa laaja-alaisen ja kajoamattoman hemodynaamisten muuttujien 

rekisteröinnin. 

Lääkitsemättömässä aineistossa (n=387) normotensiivisten ja hypertensiivisten 

koehenkilöiden lepohemodynaamikan tulokset vahvistivat vallitsevan käsityksen. 

Kohonnut ääreisverenkierron vastus ja lisääntynyt suurten verisuonten jäykkyys ovat 

merkittävimmät tekijät hypertension taustalla. Hypertensioon vaikutti kuitenkin myös 

hyperdynaaminen komponentti, koska sydämen minuuttitilavuus oli merkitsevästi 

korkeampi hypertensiivillä kuin normotensiivisillä koehenkilöillä. Lisäksi 

hypertensiivisten koehenkilöiden reagointi pystyasentoon erosi normotensiivisistä siten, 

että useissa muuttujissa voitiin todeta pieniä mutta merkitseviä toiminnallisia eroja 

kardiovaskulaarisessa säätelyssä.  

Koehenkilöt olivat pystyasennon hemodynamiikan säätelyn perusteella jaettavissa 

kolmeen eri fenotyyppiin. Yhteensä 470 koehenkilön otoksessa minuuttitilavuuden ja 

ääreisverenkierron vastuksen muutokset pystyasennossa olivat vähäisiä ”sustainer”-

fenotyypissä. ”Constrictor” fenotyypissä havaittiin pystyasennossa huomattava 

ääreisverenkierron vastuksen nousu ja minuuttitilavuuden lasku. Näiden ryhmien lisäksi 



havaitsimme "intermediate"-fenotyypin eli toiminnaltaan edellä mainittujen 

välimaastoon jääneen ryhmän. Havaitsimme muista riskitekijöistä riippumattoman 

merkitsevän yhteyden ”sustainer”-fenotyypin ja kardiovaskulaarista riskiä ennustavan 

lisääntyneen suurten suonten jäykkyyden välillä.  

Osatyössä III osoitettiin, että salbutamolin ja nitroglyseriinin aiheuttamat vaikutukset 

hemodynamiikkaan olivat mitattavissa useissa muuttujissa. Salbutamolin vaikutus oli 

selvempi makuuasennossa, kun taas nitroglyseriini aiheutti merkittävimmän muutoksen 

pystyasennon hemodynamiikassa.  

Salbutamoli-inhalaation on aiemmin väitetty aiheuttavan endoteelista riippuvan 

vasodilataation verenkiertoelimistössä ja tämän on ajateltu olevan kvantitoitavissa 

keskeisen verenkierron paineheijasteiden muutoksen avulla. Työn IV perusteella 

salbutamolin aiheuttamat hemodynaamiset muutokset johtuvat kuitenkin pääosin 

syketason noususta. Tämä löydös kumoaa aikaisemman käsityksen siitä, että 

salbutamolin aiheuttamaa keskeisen verenkierron paineheijasteiden muutosta voitaisiin 

käyttää kokonaisvaltaiseen endoteelin toiminnan arviointiin. 
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1 Introduction 

High blood pressure (BP) is the main risk factor for stroke and a significant risk factor 

for cardiovascular disease (Lopez et al., 2006). Many risk factors for the development of 

elevated BP have been recognized, but the fundamental hemodynamic changes and 

phenotypes behind primary hypertension remain unidentified. Additionally, 

hypertension is mainly diagnosed by solitary measurements of BP in the resting position 

and no continuous measurements are applied. These measurements give only restricted 

information about the hemodynamic status of the patients. As the change from supine 

to upright position causes major changes in autonomic tone and cardiovascular 

regulation (Avolio and Parati, 2011), measurements in the upright position would give 

additional information about hemodynamic changes during the active live.  

BP is defined by the product of cardiac output and systemic vascular resistance 

(SVR). According to the current view, essential hypertension is mainly related to high 

SVR (Lund-Johansen, 1989). Aging and hypertension can cause changes in the vascular 

structure and cardiovascular regulation. For example, aging is closely associated with 

increased large arterial stiffness. An old paradigm is that aging can cause the phenotype 

of hypertension to change from one caused by high cardiac output to one caused by 

high vascular resistance (Lund-Johansen, 1986). These different phenotypes cannot be 

investigated by mere measurements of heart rate and BP (Connors et al., 1990), but 

cardiac output and SVR should also be registered.  

Endothelial function is typically deteriorated in hypertension (Wilkinson et al., 2002). 

Endothelial function can be measured by various methods, but most of them are 

invasive or laborious. As such, they are not suited for clinical work. Pulse wave analysis 

has risen as a promising method to evaluate endothelial function non-invasively 

(Wilkinson et al., 2002). However, human hemodynamics comprise a complex system 

with numerous variables. Many hemodynamic variables change at the same time due to 

compensatory mechanisms. Often these effects are not adjusted for, and many of the 

studies have focused on a single variable of interest. The above-mentioned pulse wave 

analysis has not been validated in the evaluation of endothelium-mediated control of 

arterial tone in large populations, which would enable adjusting for these compensatory 

effects. For example, salbutamol has been used to evaluate endothelial function, but it 

has a positive chronotropic effect which raises heart rate (Hayward et al., 2002; Kallergis 

et al., 2005; Wong et al., 1990). A rise in heart rate causes compensatory changes in other 
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hemodynamic variables (Stefanadis et al., 1998), and this should be taken into account 

in the interpretation of the results.  

Our aim was to measure possible deviations in hemodynamic regulation in subjects 

with primary hypertension and search for novel cardiovascular phenotypes. Additionally, 

we registered the hemodynamic influences of two vasodilating agents, inhaled 

salbutamol and sublingual nitroglycerin. We applied measurements in supine and upright 

positions to gain insight about functional cardiovascular regulation.  
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2 Review of the literature 

2.1 Regulation and measurement of blood pressure 

2.1.1 Determinants of blood pressure 

BP is the product of cardiac output and SVR (Guyton et al., 1972). Cardiac output is the 

product of heart rate and stroke volume (Warner and Toronto, 1960). Stroke volume is 

affected by the amount of blood flowing into the left ventricle and the fraction of blood 

that is ejected forward to the aorta. The factors that affect stroke volume are preload, 

afterload, and size and contractility of the heart (Bugge-Asperheim and Kiil, 1973; 

Higginbotham et al., 1986; Jacob et al., 1992).  

The arterial system is historically modelled as a ‘Windkessel’, which means that 

arteries work as an elastic and capacitive reservoir against pumping of the heart (Patel et 

al., 1963). The refined theory takes into account the difference between peripheral 

arteries and aorta in their capacitive and resistive components (Westerhof et al., 1969; 

Westerhof and Stergiopulos, 2000). This model also accounts for the wave reflection, 

which is an important factor in the pulse wave analysis and modelling of the arterial 

system (Taylor, 1957). In a specific artery, the vascular resistance is determined by the 

length and radius of the arteries, viscosity of blood and elasticity of vessels (Nichols et 

al., 2011). Of these, the arterial radius is the key factor. Resistance is inversely 

proportional to the fourth power of the radius, and smaller vessels contribute the largest 

increase to the resistance.  

The aorta is an elastic artery, and its diameter is sensitive to pressure changes (Asmar 

et al., 2001; Hirata et al., 2005). Femoral, brachial and radial artery are muscular arteries 

which also distend if pressure rises, but less than the aorta, and are sensitive to 

vasodilatory drugs (Armentano et al., 1995; Safar et al., 1983). Most of the peripheral 

arterial resistance is attributed to small arteries that are less than 400 µm in diameter, and 

they are referred to as the resistance vessels (Mulvany, 1993; Schiffrin, 1992; Schiffrin 

and Hayoz, 1997; van Varik et al., 2012). The aggregate resistance of certain size vessels 

is inversely proportional to the number of their branches (Christensen and Mulvany, 

2001; Mulvany, 1993). Capillaries are the smallest vessels, but they do not participate in 

the regulation of vascular resistance. 



 

18 

2.1.2 Regulation of blood pressure at rest 

BP regulation is classically divided into short and long-term regulation. Short-term 

regulation of BP is mostly through the sympathetic nervous system, but it additionally 

participates in the long-term BP regulation (Izzo, 1989, 1984). Parasympathetic nervous 

system contributes to the short term regulation (Hall and Guyton, 2015). Baroreceptors 

in the wall of the carotid sinus and aortic arch primarily regulate short-term changes in 

BP and are connected to nucleus tractus solitarius (NTS) (Guyenet, 2006). Heart rate 

and to a smaller degree myocardial contractility are regulated by the sinoatrial node that 

is under the control of parasympathetic tone via the vagus nerve, which is connected to 

the NTS. Sympathetic signals to heart are transmitted directly through nerve-endings 

which secrete noradrenaline locally and indirectly via secretion of adrenaline to the blood 

from the adrenal gland (Saper, 2002). The sympathetic nervous system is directly 

connected to renal tubular segments and juxtaglomerular granular cells and can cause 

direct secretion of renin and influence renal tubular transport function (DiBona, 2005). 

Sympathetic regulation of vascular resistance is direct through innervation of small 

arteries and arterioles, and through secretion of adrenaline from the adrenal gland and 

secretion of renin as well (Hall and Guyton, 2015).  

Kidneys are the main players in the long-term regulation of BP, but sympathetic 

nervous system regulates the kidneys and also has a direct role in the long-term 

regulation (Guyton, 1991; Morimoto et al., 2001). If blood volume increases for example 

through ingestion of either water or sodium, BP increases if the vascular capacitance is 

not altered. Increased BP activates pressure diuresis and natriuresis. As a result, water 

and salt are expelled to the urine until the previous BP level has been reached again (Hall 

and Guyton, 2015). BP has a certain 24-hour set point, which can be altered in the short 

term by provocations such as eating or exercise, but it's under question what system is 

the main long-term regulator of that set point and why that set point rises in the 

hypertensive individuals  (Guyton, 1991; Osborn, 2005; Zanutto et al., 2010). The most 

popular hypothesis is that the kidney's pressure natriuresis states the BP set point, 

however recently it has been proposed that sympathetic nervous system can also be the 

main determinant (Guyenet, 2006; Guyton, 1991; Hall and Guyton, 2015; Osborn, 

2005).   
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Figure 1. A highly simplified illustration of the main pathways in BP regulation. The 

main vessels that participate in the regulation of BP are small arteries and arterioles. 

Short-term regulation is mainly through carotid and aortic baroreceptors, which sense 

changes in BP and are connected to nucleus tractus solitarius. Kidneys have a major role 

in the long-term regulation of BP through pressure diuresis and natriuresis, the 

mechanisms of which are regulated through hormonal and neural mechanisms. BP has 

a certain set point, which can change in response to provocations such as physical stress. 

NTS = nucleus tractus solitarius (Modified from Martin and Victor, 2011). 

 

In hormonal regulation, angiotensin II is a potent vasoconstrictor and the most 

vasoactive part of the renin-angiotensin II-aldosterone axis. When perfusion pressure in 

the kidney lowers, renin is secreted which breaks angiotensinogen into angiotensin I and 

this is converted to angiotensin II by the angiotensin converting enzyme (Riet et al., 

2015). Aldosterone and angiotensin II increase the reabsorption of salt and water by 

kidneys (Hall and Guyton, 2015).  Vasopressin is a hormone secreted by the central 

nervous system; it is secreted by the posterior pituitary. It has a major function in water 

reabsorption, but it is additionally a powerful vasoconstrictor (Hall and Guyton, 2015). 

Atrial myocytes lower the blood volume via the release of atrial natriuretic peptide which 

increases vascular permeability, increases renal excretion of salt and water and 

vasodilates resistance vessels (Curry, 2005). The heart secretes the atrial natriuretic 

peptide if the atriums are stretched due to a rise of central volume and pressure.  
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Local tissue blood flow regulation is mainly responsible for providing enough blood 

flow to tissues so that the metabolic needs are met (Hall and Guyton, 2015). Shear and 

circumferential stress on the vessel walls ensuing from blood flow and pressure, 

correspondingly cause biological responses, which control the smooth muscle tone and 

structural remodeling. In addition to the vasodilator transmitter nitric oxide, the 

endothelium releases prostacyclin, hydrogen sulphide, potassium, and hyperpolarizing 

factors that regulate the tone of the underlying smooth muscle (Daiber et al., 2017a; 

Galley and Webster, 2004). Prostaglandins and nitric oxide are potent vasodilators, and 

arterial tone is strongly locally regulated by the endothelial cell monolayer. The discovery 

on endothelium-dependent relaxation led gradually to the widely accepted concept that 

the arterial system is in a state of active vasodilatation mediated by the endothelium-

derived factors (Galley and Webster, 2004; Vallance et al., 1989). The endothelium also 

releases vasoconstrictor substances like endothelin-1 and superoxide anion (Daiber et 

al., 2017a; Galley and Webster, 2004).  

2.1.3 Hemodynamic changes in response to upright posture 

When body position is changed from supine to upright, either actively or passively, this 

causes major changes in blood distribution, autonomic tone and pressure dynamics 

(Avolio and Parati, 2011; Hall and Guyton, 2015; Olufsen et al., 2005). At the start of 

the upright position, right after posture change, gravity hinders the flow back from veins, 

venous pooling increases, and stroke volume is reduced (Hall and Guyton, 2015; Jardine, 

2013). This drop-in stroke volume lowers the cardiac output and BP. However, this is 

rapidly sensed by the baroreceptors in the carotid sinus, which stimulate the efferent 

output of the sympathetic nervous system. This restores the BP homeostasis by 

increasing heart rate and constricting resistance arteries, and this increases SVR (Smith 

et al., 1994; Tahvanainen et al., 2009a). Prolonged orthostasis activates the renin-

angiotensin-aldosterone system and the release of vasopressin (Egan et al., 1983; Jacob 

et al., 1998). These hormonal mechanisms are activated in a positive correlation with the 

extent of standing (Jacob et al., 1998).  

2.1.4 Non-invasive measurement of blood pressure and its limitations 

Hypertension is defined as mean systolic BP of 140 mmHg or higher or diastolic BP of 

90 mmHg or higher in office measurements. The corresponding limits for home 

measurements are 135 mmHg and 85 mmHg(Mancia et al., 2013; O’Brien et al., 2013). 

Additionally, the new American College of Cardiology and American Heart Association 
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recommendations define hypertension as BP over 130/80 mmHg (Whelton et al., 2017). 

In clinical studies and clinical work, these pressure measurements are most often 

performed with the subjects in the seated position after a period of at least 5 min of rest.  

Usually, the mean of two consecutive BP measurements are recorded. This gives a 

rather limited window into true BP level because there are over 80 000 heart cycles 

during a day if the heart rate is near normal. Not surprisingly, multiple home BP 

measurements do not replicate the variability observed during ambulatory BP 

monitoring (Juhanoja et al., 2016). Even in a 24-hour ambulatory BP measurement, the 

recorded cycles represent less than 0.1% of the daily total count of systolic and diastolic 

BPs.  

In the doctor’s office, patients are susceptible to a white-coat reaction, which can 

cause inappropriately high values (Pickering, 1996). Masked hypertension is also 

recognized, where the situation is reversed and hypertension is evident in home 

measurements, but not in the clinical environment (O’Brien et al., 2013; Schwartz et al., 

2016). There are also additional subject-related factors, which can cause inappropriate 

values such as anxiety, acute smoking, caffeine ingestion, hangover, distended bladder, 

physical exercise and recent meal (Dickinson et al., 2014; Ogedegbe et al., 2008; Schultz 

et al., 2013; Smith et al., 2003).  

Ambulatory BP measurement is a better predictor of mortality than office BP (Dolan 

et al., 2005; Hansen et al., 2007). Some guidelines regard ambulatory BP monitoring as 

the gold standard in BP monitoring (O’Brien et al., 2013). There is however some doubt 

regarding what is the correct threshold for ambulatory BP, because ambulatory 

measurement analysis methods are not meticulously standardized and office BP has been 

studied more extensively (Whelton et al., 2017).  

In the real life situation and even after training the office BP measurements by a 

health care professional have been shown to be inaccurate (Sebo et al., 2014). The 

exclusion of the effects mentioned above is encouraged in recommendations, but it is 

questionable how well these measurements then replicate normal daily BP level (Mancia 

et al., 2013; Whelton et al., 2017). Short, mid and long term BP variability have all been 

associated with cardiovascular outcomes (Stevens et al., 2016). Additionally, visit-to-visit 

BP variability has been associated with cardiovascular events (Mehlum et al., 2018). Since 

BP variability, recorded by the present BP means from infrequent intervals, is an inferior 

predictor of cardiovascular events when compared with the actual BP level, at least the 

measurement of the exact BP level should be the goal (Asayama et al., 2014; O’Brien et 

al., 2013; Schutte et al., 2012).  
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2.1.5 Non-invasive measurement of blood pressure components using bioimpedance 

Normal office or home measurements give only limited information about the control 

of cardiovascular homeostasis, as only BP and heart rate are measured. The evaluation 

of SVR and cardiac output would give us more insight about the cardiovascular status 

and also yield information about various cardiovascular phenotypes (Avolio and Parati, 

2011; Korner, 2010). Impedance cardiography can be used to measure stroke volume 

non-invasively (Kööbi et al., 1997a). Measured stroke volume, BP and heart rate are used 

to calculate cardiac output and SVR. Impedance cardiography is operator-independent 

and easily performed. It requires mathematical calculations and some methods use 

correction coefficients for sex, weight and hematocrit (Kööbi et al., 1997a). Use of 

mathematical calculations have raised criticism against impedance methods (Geerts et 

al., 2011). However, preliminary reports have suggested that adding impedance 

cardiography to standard BP treatment could aid with BP control (Krzesiński et al., 2016; 

Sharman et al., n.d.; Smith et al., 2006). 

2.2 Passive head-up tilt 

Head-up tilt causes significant changes in autonomic tone and induces numerous 

changes in hemodynamics (Avolio and Parati, 2011; Lu et al., 2014; Tahvanainen et al., 

2009a; van den Bogaard et al., 2011). Thus, head-up tilt can be regarded as a simple way 

to activate the cardiovascular system, much like in a stress test. Additionally, we spend a 

significant amount of our daily life in the upright position. Hence, head-up tilt can also 

be regarded as a test which simulates the conditions in our daily life. 

When used as a diagnostic tool, the head-up tilt is often performed by raising the 

individual from supine to a 60-70-degree angle. This position is kept for 30-40 min. 

Head-up tilt has been traditionally applied as a safe and non-invasive method to evaluate 

the underlying pathology after a syncope (Grubb and Kosinski, 1997). The tilt table test 

can diagnose vasovagal syncope with rather good certainty, and especially differentiate 

between cardioinhibitory, vasodepressor or mixed types of syncope (Brignole et al., 

2000). As a drawback the head-up tilt test can give false positive results, which are 

unwarranted because diagnoses of primary diseases that can be life-threatening should 

be avoided (Natale et al., 1995). 

The simple head-up tilt can reveal differences in BP regulation even in subjects with 

no history of syncope (Brignole et al., 2000). It has been hypothesized that the head-up 

tilt could be used in the research of previously unidentified cardiovascular phenotypes 

(Avolio and Parati, 2011; Plomin et al., 2009). 
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2.3 Hypertension 

Primary hypertension is the most prevalent form of hypertension. Increased vascular 

resistance and decreased vascular distensibility are the main pathophysiological changes 

in primary hypertension (Lund-Johansen, 1989; Simon, 2004). High SVR in primary 

hypertension has been demonstrated by invasive and non-invasive studies (Lund-

Johansen, 1989; Messerli et al., 1987). Usually cardiac output remains normal in primary 

hypertension (Izzard and Heagerty, 1995).  

Age greatly influences the hemodynamic profile of a hypertensive subject. Young and 

tall male subjects can be labeled as hypertensive from brachial artery measurements, but 

central BP can be normal because backward pressure wave augments the brachial 

pressure (amplification) (Agabiti-Rosei et al., 2007; McEniery et al., 2005a). Aging causes 

an increase in media-to-lumen ratio and vascular remodeling in arterioles (Kanbay et al., 

2011; Lakatta et al., 2009; Safar et al., 2011). Studies have suggested that aging decreases 

the total cross-section of arterioles, and causes capillary rarefaction  (Folkow and 

Svanborg, 1993; Hajdu et al., 1990; Kanbay et al., 2011; Safar et al., 2011). The 

aforementioned changes lead to an increase in SVR which causes an increase in BP. In 

aged normotensive individuals the SVR seems to be unaffected (Lakatta et al., 2009; 

Tahvanainen et al., 2009c). The aorta and central large arteries become stiffer and their 

diameter increases with aging. The above changes rise the systolic BP and lower the 

diastolic, so the mean pressure is often not affected (Lakatta and Levy, 2003).  

Many risk factors for increased vascular resistance and decreased arterial distensibility 

have been recognized. If hypertension is persistent, arterial degeneration is accelerated 

and pathophysiological changes characteristic of aging occur prematurely. Central 

arteries dilate and stiffen, while peripheral muscular arteries are characterized by 

impaired endothelial function (Lind, 2006; Nichols et al., 1992; Taddei et al., 1997). High 

BP in the kidney vasculature causes arteriolosclerosis, glomerulosclerosis and secondary 

changes which reduce renal blood flow (Kaplan, 1992), with subsequent activation of 

the renin-angiotensin-aldosterone system, with a further rise of BP. However, the 

underlying reason for primary hypertension remains unknown (Hall and Guyton, 2015; 

Oparil et al., 2003; Riet et al., 2015). Reasons such as renal microvascular disease, 

hyperuricemia, problems in baroreflex regulation and high salt intake have been 

proposed as the main reason (Carretero and Oparil, 2000; Korner, 2010; Oparil et al., 

2003). Because the primary reason for hypertension has been elusive, it has been 

proposed that further phenotypic patterns behind hypertension must be discovered in 

order to promote research of the underlying reasons and genetics (Korner, 2010). 
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2.4 Cardiovascular phenotypes 

Recent advances in genome wide association research have revealed that multiple genes 

with small effect sizes are accountable for multifactorial diseases such as hypertension 

(Plomin et al., 2009). Thus, the phenotype of diseases such as hypertension is the result 

of a large combination of different genes modified by environmental factors. It has been 

proposed that more detailed detection of phenotypes could give more power to the 

genome wide analyses and discovery of phenotypes could improve the interpretation of 

the results of the large-scale genomic studies. Additionally, new vascular phenotypes 

could become instruments for more precise cardiovascular risk evaluation (Olsen et al., 

2016).   

2.4.1 Known cardiovascular phenotypes 

2.4.1.1 Hyperdynamic circulation 

For a long time primary hypertension has been hypothesized to be partly caused by 

hyperdynamic circulation (Frohlich, 1972). Some studies have found that this can indeed 

be true. Primary hypertension is usually defined by high SVR (Lund-Johansen, 1989; 

Messerli et al., 1987). However, in young individuals hypertension can be caused by high 

cardiac output and it has been suggested that with aging the phenotype of primary 

hypertension changes from one with high cardiac output to one with high SVR (Lund-

Johansen, 1989).  

2.4.1.2 Different forms of hypertension: isolated systolic, isolated diastolic, and systolic and 
diastolic 

Hypertension is defined as either high systolic or diastolic BP, and thus both of the 

pressures can be high or only one of them (Chobanian et al., 2003; Hay, 1931; Whelton 

et al., 2017). In isolated systolic hypertension the systolic BP is over the chosen cut-off 

and diastolic BP is under the cut-off. In isolated diastolic hypertension the situation is 

reverse. Large studies have suggested that all these forms carry additional risk 

(Lewington et al., 2002; Rapsomaniki et al., 2014).  However, different cardiovascular 

end-points are connected to different forms of hypertension (Rapsomaniki et al., 2014). 

Recent reports suggest that isolated systolic hypertension, when compared with isolated 

diastolic hypertension, is a stronger predictor of future cardiovascular events  

(Strandberg et al., 2002; Sundström et al., 2011). Isolated systolic hypertension is most 
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prevalent in elderly subjects, but it is sometimes identified also in younger individuals 

(Franklin et al., 2001; McEniery et al., 2005b). There are differences in hemodynamics 

between the different forms of hypertension. For example in younger individuals, 

isolated systolic hypertension is connected to increased stroke volume and aortic 

stiffness (McEniery et al., 2005b). In a recent large study, isolated diastolic hypertension 

was related to female sex and high peripheral vascular resistance (McEniery et al., 2017). 

It has been suggested that the finding of new patterns in hemodynamics could lead to 

new insights in intervention and risk stratification (McEniery et al., 2017). 

2.4.1.3 Orthostatic hypotension and neurally mediate syncope 

Significant hypotension during standing is most often neurally mediated. Orthostatic 

hypotension is defined as a decrease of systolic BP exceeding 20 mmHg or diastolic BP 

exceeding 10 mmHg during the first 3 min of standing or head up tilt (Freeman et al., 

2011). The underlying pathophysiology is not well identified (Jardine, 2013; Tahvanainen 

et al., 2011). The decrease in BP is caused either by a fall in cardiac output, insufficient 

vascular resistance, or a combination of these factors. 

Neurally mediated syncope is a heterogenous group, where different mechanisms can 

account for the upright loss of consciousness (Brignole et al., 2000; Kurbaan et al., 2003). 

Different mechanisms are linked to putative explanations, such as vasovagal, cough or 

micturition initiated or carotid sinus derived syncope. These conditions are characterized 

by a reflex which affects afferent, central and efferent pathways, and result in a sudden 

change in autonomic nervous system activity, leading to a fall in BP, heart rate and 

cerebral perfusion (Freeman et al., 2011; Rogers and O’Flynn, 2011). These conditions 

are caused by different cardiovascular regulatory problems and their research can reveal 

phenotypic differences in regulation. For example in a recent study, higher supine wave 

reflections where associated with orthostatic hypotension in the upright position (Sung 

et al., 2014). In patients with neurodegenerative diseases that affect the autonomic 

nerves, inadequate release of norepinephrine from sympathetic vasomotor neurons leads 

to a depressed vasoconstrictor stimulus, impairment of the cardiac sympathetic 

innervations and to orthostatic hypotension (Freeman et al., 2011; Hanyu et al., 2006; 

Metzler et al., 2013). 
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2.5 Large arterial compliance and arterial stiffness 

In a classic windkessel model of arterial tree, smaller arteries work mainly as a 

‘cushioning’ system in the arterial tree and larger arteries as a ‘conduit’ system (Nichols 

et al., 2011). If smaller arteries contract and rise the peripheral resistance, this causes the 

systolic and diastolic BP to rise. If compliance of large arteries decreases, this causes the 

pulse pressure (PP) and pulse wave velocity (PWV) to rise. However, this division is 

somewhat oversimplified. There is marked heterogeneity between arteries of different 

sizes. It has been proposed that most accurate model of the arterial tree is a visco-elastic 

tube with branch points (Laurent et al., 2006).  

2.5.1 Measurement methods 

2.5.1.1 Pulse wave velocity 

PWV is the speed of the pressure wave travelling from the heart to the periphery. Usually 

PWV is calculated by measuring the pressure change in two arterial locations and using 

the time difference to calculate the velocity. Carotid-to-femoral PWV is the most 

commonly used and it is often referred as aortic PWV, because aorta mostly accounts 

for the calculated velocity (Laurent et al., 2006; Weber et al., 2015). In a study done in 

1999, it was first shown in end stage renal disease patients that PWV is an independent 

predictor for cardiovascular outcomes (Blacher et al., 1999). After that, multiple studies 

have proven this to be true in other patient groups as well, including elderly subjects, 

and those suffering from hypertension or acute coronary syndrome (Boutouyrie et al., 

2002; Meaume et al., 2001; Tomiyama et al., 2005). In a recent meta-analysis, adding 

PWV to standard risk factors reclassified the risk for cardiovascular events (Ben-Shlomo 

et al., 2014). Additionally, PWV increases in conjunction with aging (Vaitkevicius et al., 

1993). PWV has been proposed to be an indicator of aortic degeneration and stiffening 

(Hirata et al., 2006). 

2.5.1.2 Pulse wave analysis 

The pressure wave that starts from the heart is reflected back from arterial branches, 

while most of the reflection occurs in the high-resistance arterioles. The reflected waves 

can cause a difference between the systolic BP in the aorta and in the more distal arteries. 

High PWV (arterial stiffness) in large arteries causes the pressure difference between 
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central and peripheral sites to decline because the reflected wave returns earlier and 

augments the central systolic pressure (Figure 2). The reflected wave is most often 

measured from radial artery and mathematically transformed to depict the central wave. 

The rise in central BP due to increased wave reflection is called the augmentation 

pressure (AP). It is used to calculate the augmentation index (AIx), which is the pressure 

rise in proportion to PP. AIx is the most commonly used variable to express the wave 

reflection (Nichols et al., 2011).  

A change in heart rate also affects the AP and AIx (Wilkinson et al., 2000) (Figure 3). 

If heart rate is lower and R‒R-interval longer, the time of the reflected pressure wave 

stays the same and the backward pressure wave overlaps more with systolic pressure. 

Due to this, AIx is often corrected to heart rate 75/min (Wilkinson, 2002). However, 

this method does not consider variances in the correlations between heart rate and AIx 

in different study populations (Stoner et al., 2014). 
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Figure 2. In compliant arteries (A) the reflected pressure wave travels back slowly and 

comes back mostly in diastole. However, in stiff arteries (B) the pressure wave travels 

faster and returns mostly during systole rising the systolic pressure. The rise in systolic 

pressure is called augmentation pressure (AP).  AIx = Augmentation index, AP = 

Augmentation pressure. (Modified from Hirata et al., 2006). 
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Figure 3. During higher heart rate, ejection duration and RR-interval are shorter, and 

reflected wave comes back mostly during diastole, and AP and AIx are low (A). If heart 

rate is lower, the backward pressure wave overlaps more with central systolic pressure 

and rises AP and AIx (B). RR = R-R-interval, AP = Augmentation pressure, AIx = 

Augmentation index.  

2.5.1.3 Other stiffness evaluation methods: pulse pressure, ambulatory arterial stiffness index, 
forward wave amplitude and stroke volume to central pulse pressure ratio 

Because the above mentioned methods are known to have problems (Laurent et al., 

2006; Gary F. Mitchell et al., 2010), other means for arterial stiffness measurement have 

also been devised. PP is simple method which has been proposed to measure large 

arterial stiffness. However, in addition to arterial stiffness, PP is correlated to 

amplification due to backward pressure wave, mean BP, and pattern and duration of 

heart contractions (Laurent et al., 2006; O’Rourke et al., 2004). Thus, PP alone should 

probably be used with caution. Pressure wave can be separated into forward and 

backward travelling components (Nichols, 2005). Backward component is the more 
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commonly used component in arterial stiffness research. However, forward traveling 

pressure wave amplitude is generated by left ventricular contraction and has been 

suggested to be a main determinant of pressure augmentation and AIx (Torjesen et al., 

2014). Ambulatory arterial stiffness index (AASI) has been proposed to be a measure of 

global arterial stiffness (Li et al., 2006). In the calculation of AASI, the symmetric 

regression coefficient of diastolic on systolic pressure is obtained and it is subtracted 

from one. Typically, in stiff arteries diastolic pressure doesn’t rise with systolic pressure 

and AASI is higher. AASI has been shown to correlate with cardiovascular event 

(Aznaouridis et al., 2012; Kollias et al., 2012). However, there are conflicting reports 

about how well AASI correlates with established measures of arterial stiffness (Matsui 

et al., 2012; Schillaci et al., 2007). It has been hypothesized that forward pressure wave 

and stroke index measurement can be applied in the calculation of total arterial 

compliance (Chemla et al., 2008). This hypothesis relies on the notion that aortic 

stiffness increases impedance to the left ventricular pulsatile flow and increases forward 

pressure wave amplitude. The variable calculated as the inverse of total arterial 

compliance has been proposed to be a more sensitive method in measurement of total 

arterial stiffness than PWV (Chemla et al., 2008).  

2.6 Evaluation of autonomic tone 

2.6.1 Heart rate variability analysis 

The autonomic nervous system balances the sympathetic and parasympathetic signals to 

maintain a symmetry of vital hemodynamic functions. Heart rate is largely controlled by 

the nervous system. The balancing of the autonomic nervous system is a dynamic 

process and variations in the autonomic tone can be recorded from intervals of 

succeeding heart beats. When the intervals between heart beats are analyzed to evaluate 

the sympathetic and parasympathetic tone, the method is called the analysis of heart rate 

variability (HRV). There are, however, different methods to measure heart rate variability 

(Electrophysiology, 1996; Thayer et al., 2010). 

2.6.1.1 Time domain parameters 

The simplest heart rate variability analysis methods are time the domain methods. The 

time domain parameters are derived by determining the intervals between two normally 

conducted sinus heart beats. The most popular methods are standard deviation of 
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normal to normal intervals and the square root of the mean squared differences of 

normal to normal intervals. These values are estimates of overall HRV and short-term 

components, respectively (Electrophysiology, 1996). 

2.6.1.2 Frequency domain parameters 

Heart rate variability can be divided into its frequency components. The power of these 

frequencies can be calculated with various mathematical methods. This gives the power 

spectral density analysis. Four different frequency areas are computed for the analysis: 

ultra-low frequency (≤ 0.003 Hz), very low frequency (> 0.003 to ≤ 0.04 Hz), low 

frequency (> 0.04 to ≤ 0.15 Hz), and high frequency (> 0.15 to ≤ 0.4 Hz) 

(Electrophysiology, 1996). The frequency domain analysis gives an estimate of how 

much either sympathetic and parasympathetic pathways affect the heart rate (Pomeranz 

et al., 1985). Vagotomy and electrical vagal stimulation have been confirmed to eliminate 

the high frequency variability (Chess et al., 1975; Malliani et al., 1991). These results 

demonstrate that parasympathetic control is associated with high frequency variability. 

On the other hand, low frequency variability (Electrophysiology, 1996) has been mainly 

connected with the activity of the sympathetic nervous system, although it also contains 

a minor parasympathetic component (Akselrod et al., 1985; Malliani et al., 1991). 

2.6.1.3 Muscle sympathetic nerve activity 

The direct recording of nerve activity from postganglionic sympathetic efferent nerve 

fibers regulating skeletal muscle vasculature is the gold standard in the measurement of 

regional sympathetic activity (Delius et al., 1972). Initially, the nerve pathway is mapped 

subcutaneously. Then a microelectrode is positioned near the nerve fascicle and its 

activity can be recorded. This method has a good time resolution and thus it can detect 

fast changes which are typical for the sympathetic nervous system. This method is also 

highly reproducible (Fagius and Wallin, 1993). However, it can only measure nerve 

activity regionally from muscle or skin, and so it can’t directly measure global adrenergic 

activity (Lambert et al., 1997). 

2.6.1.4 Noradrenaline spillover technique 

The release of noradrenaline from sympathetic nerves can be measured from plasma 

with the so called “noradrenaline spillover”-technique (Esler et al., 1988, 1979). 

Noradrenaline spillover can be measured with radioenzymatic or radioisotope methods. 
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It is an invasive method and can be applied to measure sympathetic nerve activity either 

specifically in an organ or in the whole body (Esler et al., 1984). Organ specific methods 

have been applied to kidneys, heart, and the upper limbs (Esler et al., 1984, 1979; Sudhir 

et al., 1989). However, noradrenaline spillover has a low sensitivity in detecting increased 

sympathetic activity during various disease states (G. Grassi et al., 1995; Guido Grassi et 

al., 1995; Mancia and Grassi, 2014). Additionally, noradrenaline spillover technique has 

a suboptimal repeatability compared to muscle sympathetic nerve activity measurement 

(Grassi et al., 1997). 

2.7 Endothelium-dependent and endothelium-independent control of 
vascular tone 

Endothelial cells cover the inner lining of vasculature called intima from the luminal side 

in the entire vascular system. The endocrine function of the endothelial cells is 

influenced by neurotransmitters, different hormones and vasoactive factors, the level of 

BP, pulsatile flow, and the shear stress of streaming blood flow (Galley and Webster, 

2004). During disease states, several mechanisms can lead to endothelial dysfunction, 

including endothelial nitric oxide synthase uncoupling, activation of the endothelin-1 

system, direct inactivation of nitric oxide by superoxide, nitration and inactivation of 

prostacyclin synthase, and desensitization of soluble guanylate cyclase in smooth muscle 

(Bachschmid et al., 2005; Daiber et al., 2017a; Kähler et al., 2001). So, in brief, damaged 

endothelium leads to a distorted balance in the production of vasoactive factors which 

influence vasomotion, thrombosis, aggregation of platelets, and inflammation. These 

effects cause endothelial dysfunction, which has also been shown to be an early indicator 

of atherosclerosis (Lerman, 2005) and to correlate with prognosis (Schächinger et al., 

2000). It has additionally been linked to the classical cardiovascular risk factors such as 

hypertension and diabetes (Calver et al., 1992; Panza et al., 1990). 

2.7.1 Endothelium-derived regulators of arterial tone 

Several different vasoactive substances are released by endothelium. These are divided 

into vasodilatory factors and vasoconstrictive factors (Galley and Webster, 2004). The 

main vasodilatory substances are nitric oxide, prostacyclin and the endothelium derived 

hyperpolarizing factor. The vasoconstrictive factors include thromboxane-A2 and 

endothelin-1. The basal vasodilatory tone of blood vessels has been mainly attributed to 

the release of nitric oxide (Vallance et al., 1989). The endothelial nitric oxides synthase 
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converts amino acid L-arginine to L-citrulline in the process of nitric oxide synthesis in 

the vasculature (Palmer et al., 1988).  

2.7.2 Drug-induced vasodilatation  

The measurement of blood vessel dilatation in response to a stimulus is the basis of most 

methods to assess the function of the endothelium. Vasodilatation can be either 

endothelium-dependent or independent. Endothelium-independent dilatation is 

mediated by changes in the contractile function of arterial smooth muscle. Endothelium-

dependent dilatation is by definition mediated by the release of vasoactive substances 

from the endothelium. It is vital to distinguish between these two when assessing the 

function of the endothelium (Sandoo et al., 2010). 

2.7.2.1 Endothelium-dependent vasodilatation via activation of ß2-adrenoceptors 

It has been shown that the ß2-adrenoceptor agonist salbutamol can induce endothelium-

dependent vasodilatation of arteries (Chowienczyk et al., 1999; Dawes et al., 1997; 

Graves and Poston, 1993; Wang et al., 1993; Xu et al., 2000). This response can be 

blunted by removing the endothelium or by treating with NG-nitro-L-arginine methyl 

ester, which blocks the nitric oxide L-arginine pathway in the endothelium (Dawes et al., 

1997; Graves and Poston, 1993). These results show that salbutamol causes endothelium 

dependent vasodilatation. In addition, the β2-sympatomimetic influence of salbutamol 

induces a direct relaxing action in vascular smooth muscle via activation of the adenylate 

cyclase (Dawes et al., 1997; Xu et al., 2000). 

2.7.2.2 Endothelium-independent vasodilatation induced by nitroglycerin 

Exogenous nitric oxide donor such as sublingual nitroglycerin tablet is usually used to 

determine the magnitude of endothelium-independent vasodilatation. The endothelium-

independent vasodilatation reflects the vasodilatory function of vascular smooth muscle 

and the peak effect of sublingual nitroglycerin is measurable 3 to 4 min after its 

administration (Ducharme et al., 1999). It has been customary to compare the 

endothelium-independent vasodilatation to the endothelium-dependent vasodilatation 

when evaluating endothelial function (Duffy et al., 2011; Lind, 2005; Lind et al., 2011; 

McEniery et al., 2006; Rambaran et al., 2008; Wilkinson, 2002). New review by 

Maruhashi et al., has highlighted the evidence that endothelium-independent 
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vasodilatation alone is impaired in atherosclerosis and could be a risk factor for 

cardiovascular events (Adams et al., 1998; Maruhashi et al., 2018, 2013) 

2.7.3 Evaluation of endothelial dysfunction 

2.7.3.1 Venous occlusion plethysmography 

Widely regarded as the gold standard for measurement of endothelial function is the 

venous occlusion plethysmography (Daiber et al., 2017b; Schnabel et al., 2011; 

Wilkinson and Webb, 2001). In this technique the venous blood flow from the forearm 

is occluded while arterial blood flow is measured by means of the swelling of the forearm. 

After venous occlusion the swelling of the forearm is directly related to the magnitude 

of blood flow. The brachial artery is cannulated, and used to apply different test different 

drugs into the forearm vasculature (van de Ree et al., 2001; Wilkinson and Webb, 2001). 

For example, intra-arterial infusion of nitroprusside and acetylcholine can be used to 

evaluate endothelial function and dysfunction. These drugs cause endothelium-

independent and dependent vasodilatation, respectively. The drawbacks of this method 

are that it is invasive and only examines the forearm vasculature. 

2.7.3.2 Flow-mediated dilatation 

If blood flow is occluded into the upper arm by means of a cuff and the occlusion is 

subsequently relieved, the acceleration of flow increases shear stress on arteries. The 

increase in shear-stress causes local vasodilatation, which can be measured using 

ultrasound (Corretti et al., 2002). This phenomenon is applied in the recording of flow-

mediated vasodilatation (Corretti et al., 2002). The vasodilating effect of shear stress is 

usually compared to the effect of sublingual nitroglycerin, so that endothelial function 

can be quantified. This method is non-invasive, but can be painful due to ischemia and 

is highly operator-dependent (Corretti et al., 2002). However, decreased flow-mediated 

dilatation has been shown to correlate with numerous cardiovascular risk factors (Lind 

et al., 2011; Mitchell et al., 2004; Shechter et al., 2014). Nevertheless, the shear stress 

stimulus to the endothelium can also be reduced because of various risk factors and 

vascular pathologies, so the true magnitude of impaired endothelium-dependent 

vasodilatation can be hard to determine (Mitchell et al., 2004). 
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2.7.3.3 Global endothelial function using pulse wave analysis 

Flow-mediated dilatation and venous occlusion plethysmography both evaluate 

endothelial function locally. Global endothelial function has been proposed to be 

measurable by the use of pulse wave analysis (Hayward et al., 2002; Wilkinson, 2002). 

As the heart contracts, it releases a PP wave, which travels distally and reflects partially 

back from the periphery. The increase in systolic BP due to the reflected wave is 

characterized by the magnitude of the AIx, and it changes during vasodilatation because  

active relaxation reduces the resistance to flow and magnitude of reflection in the small 

arteries (Chowienczyk, 2011) (Figure 2).  

Both nitroglycerin and salbutamol have been used to induce endothelium-

independent and endothelium-dependent vasodilatation, respectively, in measurements 

that have applied the pulse wave analysis approach. Both drugs have been shown to 

induce measurable changes in the AIx, and the changes have been linked to the level of 

vasodilatation. Moreover, the difference in change between these variables has been 

proposed to be a marker of global endothelial function in vivo (Chowienczyk et al., 1999; 

Hayward et al., 2002; McEniery et al., 2006). Pulse wave analysis is safe, non-invasive 

and easy to perform. Although it has not been thoroughly compared with more robust 

methods, it has gained popularity in research due to the ease of use. 

2.7.3.4 Finger pulse amplitude tonometry 

New emerging method is the assessment of endothelial function from the output of 

finger pulse tonometers (Kuvin et al., 2003). This method has been shown to be 

reproducible and is not as operator-dependent as other methods (Aizer et al., 2009). 

Finger pulse amplitude tonometry is performed by simultaneously measuring the pulse 

amplitude from fingers of both hands with cuff tonometers. First the initial amplitude is 

measured and then blood flow is occluded in one arm by rising upper arm cuff pressure 

to a suprasystolic level. After 5 min occlusion, blood flow is restored and the post-

occlusion amplitude changes are measured. The normal reaction is a significant post-

ishaemic increase in the amplitude of the signal from the finger tonometer (Kuvin et al., 

2003). Finger pulse amplitude tonometry has been shown to correlate with 

cardiovascular risk factors (Hamburg et al., 2008; Kuvin et al., 2003).  
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2.7.3.5 Other methods 

The diameter of coronary arteries can be measured using angiography. Both 

acetylcholine and nitroglycerin have been infused locally into the coronary artery. The 

drug-induced effect on vessel diameter is quantified and the comparison between the 

dilatory responses induced by the above compounds is used as a measure of endothelial 

function (Ludmer et al., 1986). Acetylcholine, usually considered as an endothelium-

dependent vasodilator, can cause a paradoxical vasoconstriction in patients with 

coronary artery disease, probably due to the release of constrictor substances from the 

endothelium and a direct effect on smooth muscle (Ludmer et al., 1986).  

Laser-doppler flowmetry evaluates the blood-flow and function of skin 

microvasculature. Post-occlusive hyperemia and acetylcholine administered through 

iontophoresis have been used to induce vasodilatation in the skin microvasculature. 

However, this method is under criticism, as it is highly sensitive to the skin temperature 

and the results have a poor reproducibility (Cracowski et al., 2006).  
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3 Aims of the study  

Our aims were to characterize differences in hemodynamic regulation between 

normotensive and hypertensive subjects, search for novel cardiovascular phenotypes, 

and compare the hemodynamics influences of two vasodilating agents, inhaled 

salbutamol and sublingual nitroglycerin. The recordings were performed in supine and 

upright positions to gain insight about functional cardiovascular regulation. 

The detailed aims were: 

1. To investigate if primary hypertension is associated with functional changes in 

cardiovascular regulation during orthostatic challenge. 

2. To examine whether the hemodynamic response to upright posture can be 

divided into different functional phenotypes, and whether the observed phenotypes are 

associated with known determinants of cardiovascular risk. 

3. To examine the effects of nitroglycerin and salbutamol on hemodynamics in 

supine and upright positions. 

4. To study whether the positive chronotropic properties of salbutamol inhalation 

can explain the observed subsequent changes in AIx. 
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4 Subjects and methods 

4.1 Study Subjects 

The subjects to this study were selected from individuals enrolled to the DYNAMIC-

study (clinical trials registration NCT01742702). The primary aim of the DYNAMIC-

study is to examine hemodynamic changes during supine and upright position in primary 

and secondary hypertension by comparing them to normotensive subjects. The subjects 

were enrolled by announcements among the local occupational health care providers, at 

the start of long-distance running program for beginners at Varala Sports Institute in 

Tampere, Tampere University Hospital and University of Tampere. Additionally, two 

announcements were published in a local newspaper. The volunteers were recruited in 

the order they contacted the research nurse (recruitment years from 2006 to 2011). 

All subjects underwent physical examination by a medical doctor. Medication use was 

verified by the doctor, so that it could be precisely documented. Additionally, during the 

doctor’s examination lifestyle habits, weekly alcohol intake, family history of 

cardiovascular disease, smoking in pack-years, number of cigarettes per day and medical 

history were documented. Office BP measurements were recorded during the doctor’s 

visit. Patients with a history of coronary artery disease, chronic renal disease, diabetes, 

stroke, heart valve disease, chronic arrythmia or secondary hypertension were excluded 

in all of the present the studies. All subjects were over 18 years of age. In all the studies, 

patients with antihypertensive medication or any other medication directly influencing 

cardiovascular status were excluded. 

In the Study I, the hemodynamics of 387 (173 males and 214 females) subjects with 

either never-medicated primary hypertension or normotensive BP values were 

compared. Hypertension was defined as laboratory BP ≥135/85 mmHg in supine 

position. Laboratory BP was measured using Colin radial artery sensor (Colin Medical 

Instruments Corp., San Antonia, Texas, USA) from the left hand, which was calibrated 

periodically from oscillometric measurements in the right upper arm. The measured BP 

was most stable during the last three minutes of supine measurement and it was chosen 

as the cut-off BP. According to our analyses, this corresponds to a BP of 139/95 mmHg 

in our office measurements. Office measurements were done by measuring blood 

pressure twice in a seated position during the doctor examination. Of the 387 subjects, 

155 were classified as hypertensive, and they presented with male predominance, higher 

age and higher body mass index than normotensive subjects.  
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Altogether 470 subjects (230 males, 240 females) comprised the population in Study 

II, which examined the hemodynamic response to upright position (Figure 4). The study 

II population was divided into three clusters according to their hemodynamic responses 

to head-up tilt using hierarchical clustering. Ward’s method for squared Euclidean 

distances was chosen. Each subject served as a cluster, and at each step two clusters 

closest to each other were combined, until only one cluster remained. To consider the 

scaling effects, all differences were standardized. The three clusters were termed: the 

constrictors, the sustainers and the intermediate group. 

In the Study III, the population consisted of 35 (19 females and 16 males) healthy 

normotensive individuals. In these 35 subjects, the effects of sublingual nitroglycerin 

and inhaled salbutamol were examined in a placebo-controlled double-blinded 

randomized study setting.  

In the Study IV, a total of 335 subjects (161 males and 174 females) were included to 

compare the haemodynamic effects of salbutamol inhalation and sublingual nitroglycerin 

especially on the level of the AIx.  

 
Figure 4. Age and body mass index (BMI) distribution of the largest study (study II, 

n = 470). The distributions in studies I and IV were quite similar. 
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Table 1. Demographics of the study subjects. Data represented either as medians and 

quartiles in parenthesis or means ± standard deviation. 
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4.2 Laboratory values 

A rather large number of laboratory analyses was included in the examination to exclude 

pathological conditions such as secondary hypertension and to collect vital confounders 

for multivariate analyses. The included laboratory values were basic blood count, 

sodium, potassium, glucose, creatinine, triglyceride, and total and high-density 

lipoprotein cholesterol concentrations. Low density lipoprotein was in most subjects 

directly measured, while in less than 10% of the participants it was calculated using the 

Friedewald formula. Estimated creatinine-based glomerulus filtration rate was calculated 

using the RULE formula (Rule et al., 2004) or by the Modification of Diet in Renal 

Disease (MDRD) formula (Levey et al., 1999). Laboratory analyses were collected after 

a fast of ~12 hours. 

4.3 Measurement methods 

4.3.1 Whole body impedance cardiography 

Changes in body electrical impedance during cardiac cycles were recorded using whole-

body impedance cardiography (CircMon®, JR Medical Ltd., Tallinn, Estonia) to 

determine heart rate, stroke volume, and cardiac output, as previously described (Kööbi 

et al., 2003, 1997a, 1997b). SVR and left cardiac work (LCW) were calculated using the 

BP signal from the radial tonometric sensor and the cardiac index (CI) measured by the 

CircMon device (Figure 5). SVR was calculated by subtracting central venous pressure 

from mean arterial pressure and dividing it by cardiac output. LCW was calculated by 

subtracting pulmonary arterial occlusion pressure from mean arterial pressure and 

multiplying it by cardiac output. Mean normal values of central venous (3 mmHg) and 

pulmonary arterial occlusion (6 mmHg) pressures were used in calculations. Cardiac 

output, SVR and LCW were related to body surface area and presented as indexes. A 

detailed description of the method and electrode configuration has been previously 

reported (Kööbi et al., 2003, 1997a). The cardiac output values measured with CircMon 

whole-body impedance cardiography are in good agreement with the values measured 

by the thermodilution method, in both supine position and during head-up tilt (Kööbi 

et al., 1997a, 1997b). PWV was not assessed during the head-up tilt due to less accurate 

timing of left ventricular ejection during reduced stroke volume (Kööbi et al., 2003). 
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4.3.2 Pulse wave analysis 

Radial BP and pulse waveform were determined from the radial pulsation by an 

automatic tonometric sensor (Colin BP-508T, Colin Medical Instruments Corp., San 

Antonia, Texas, USA), calibrated approximately every 2.5 min by contralateral brachial 

systolic and diastolic BP measurements. Before the actual haemodynamic recordings, BP 

was measured manually 2 times using an ordinary sphygmomanometer to verify that the 

automated BP readings were correct. Continuous aortic BP and wave reflections were 

derived from the radial tonometric signal with the SphygmoCor pulse wave monitoring 

system (SphygmoCor PWMx, AtCor Medical, Australia) using the previously validated 

generalized transfer function (Chen et al., 1997) (Figure 5). Heart rate, aortic PP (aortic 

systolic pressure – aortic diastolic pressure), ejection duration, aortic AP and AIx (aortic 

AP/aortic PP x 100%) were determined. 

4.3.3 Heart rate variability 

HRV analysis from electrocardiograms was used to assess cardiac autonomic tone. The 

electrocardiograms were recorded by the CircMon device at 200 Hz sampling rate, and 

data analyzed using Matlab software (MathWorks Inc., Natick, Massachusetts, USA). 

Normal R-R intervals were recognized, and a beat was considered ectopic if the interval 

differed over 20% from the previous values. The artifacts were processed using the cubic 

spline interpolation method. Since the data were collected from short-term recordings, 

the frequency domain method was applied (Peltola, 2012). The following variables were 

calculated from the recordings in supine (0-5 min) and upright positions (5-10 min) using 

the Fast Fourier Transformation method: i) total power, ii) power in low frequency (LF) 

range (0.04-0.15 Hz), iii) power in high frequency (HF) range (0.15-0.40 Hz), and iv) 

LF/HF ratio. 
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Figure 5. Main measurement methods and measurement points. The left hand is 

extended to the side throughout the measurement, so that wrist is at the level of the 

heart in supine and upright positions. ECG = electrocardiography.  
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4.4 Hemodynamic measurement protocol 

4.4.1 Head-up tilt test and research drugs 

Hemodynamic measurements were performed in a quiet, temperature-controlled 

laboratory by a trained research nurse (Koskela et al., 2013; Tahvanainen et al., 2009b, 

2009a, 2012). Subjects were instructed to avoid caffeine containing products, smoking 

and heavy meal for at least 4 hours and alcohol for at least 24 hours prior to the 

measurements. The subjects were resting supine on the tilt-table and the left arm with 

the tonometric wrist sensor was abducted to 90 degrees in an arm support, which held 

the extended arm at the level of the heart in supine and upright positions (Koskela et al., 

2013; Tahvanainen et al., 2009b, 2009a, 2012). 

To accommodate the subject, an introductory head-up tilt was performed. The 

measurement contained three 5 min periods with continuous capture of data. First 5 min 

supine, then 5 min of head-up tilt at 60 degrees, and lastly 5 min supine (Figure 6). In 

study IV, nitroglycerin 0.25 mg (Nitro resoriblet; Orion Pharma, Espoo, Finland) was 

given sublingually and the 15 min protocol was repeated. After nitroglycerin recordings, 

the measurements were paused for at least an hour. Then the whole protocol was 

repeated using salbutamol 400 µg inhalation as the test drug (2 times 200 µg at 1-min 

intervals, VentolineR with VolumaticR spacer device, GlaxoSmithKline, Uxbridge, 

Middlesex, UK). The repeatability and reproducibility of these haemodynamic 

measurements is good, both supine and upright (Tahvanainen et al., 2009c). In study III, 

after the unmedicated 15 min period patients were given either the above-mentioned 

nitroglycerin or salbutamol, or placebo resoriblet (Pharmacy of University, Helsinki, 

Finland) or placebo inhalation (GlaxoSmithKline). The effect of nitroglycerin returns to 

baseline 20 min after drug administration, while plasma salbutamol concentration is 

stable 5 to 20 min after administration (Wilkinson, 2002). Both drugs retain their effect 

throughout the 15-min tilt-protocol. 
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Figure 6. Whole 30-minute hemodynamic measurement protocol. Studies I-II used data 

from the beginning of the measurement protocol (5 min supine, 5 min in upright 

position and 5 min supine). Studies III-IV used also the data after the drug 

administration when the 15-minute protocol was repeated. Salbutamol and nitroglycerin 

were given in separate 30-minute tests and a drug free 15-minute reference trial was 

performed before either drug. 

 

4.5 Statistical analyses 

In Study I data were analysed using SPSS version 17.0 (SPSS Inc., Chicago, Illinois, USA) 

and software package R version 2.15.1. Differences between the groups in either supine 

or upright position were examined using analysis of variance for repeated measures. 

One-minute means of minutes 1 to 5 in each phase were used in analysis of variance for 

repeated measures. The analyses were adjusted for age, BMI and sex. Backward linear 

regression was used to examine the changes in the hemodynamic variables in response 

to head up-tilt. The values in the analyses were adjusted for the supine value of each 

variable, sex, BMI, and age. The results were reported as constants and coefficients. 

Example of interpretation: mean change (constant) in heart rate during head-up tilt in 

normotensives was 13.4/min, and in hypertensives (13.4 - 3.4) = 10/min (mean - 

coefficient). The variables were centered on a chosen value in the multiple variables 

model to ease the interpretation of results. Variables with P values exceeding 0.1 were 

excluded when deciding which to keep in the linear regression model (so-called 

backward method of elimination).  

In study II, due to skewed distribution, PWV and HRV parameters were 

logarithmically transformed before statistical analyses. To evaluate the impact of the 

phenotype on PWV, a L1-regression was fitted using sex, categorized BMI, categorized 

age, categorized hypertension, phenotype, interaction between sex and phenotype 

(Model 1); and fasting plasma lipids and glucose, and haematocrit (Model 2, with 

variables of Model 1 included) as variables. In addition, Model 1 was used to evaluate 

the impact of phenotype on HRV parameters. BMI, age, and presence of hypertension 

were categorized due to lack of linearity in the data. We performed additional analyses 
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using continuous variables without categorization to examine the association of changes 

in SVR index (SVRI) and cardiac index with PWV. The same approach was applied 

previously, with testing of different cut-off levels. As summary statistics, median and 

25th to 75th percentile, or mean and standard deviation (SD) or 95 % confidence 

intervals (CI) were reported. Kruskal-Wallis rank sum test, Fisher’s exact test and 

Wilcoxon rank sum test were used to compare haemodynamics and demographics 

between the phenotypes. In regression analysis, average of 3 minutes of each phase was 

for calculated, because during that the period the values were most stable. All analyses 

were performed using R software version 2.14.1 (R Development Core Team, 2011). 

In study IV, the data were analyzed using R software version 2.14.1  (R Development 

Core Team, 2011). Differences between non-medicated and medicated phases were 

examined using t-test for independent samples and linear regression. Linear regression 

was also employed to examine the changes in the hemodynamic variables in response to 

salbutamol or nitroglycerin. Variables were included in multivariate regression analysis if 

there was a statistically significant change after either salbutamol or nitroglycerin 

administration in the variable in question. The variables included in the analyses were 

heart rate, stroke index, PWV, ejection duration, and SVR. In regression analysis the 

mean values of the last 3 supine min preceding the head-up tilt, the last 3 min during the 

head-up tilt and the last 3 supine min after the head-up tilt were calculated, i.e. during 

the period when the signal was most stable. The values recorded during the last two min 

at rest before test-drug administrations served as the reference values for the medication 

effects. P-values <0.05 were considered statistically significant. In some studies, AIx has 

been adjusted to heart rate 75 beats/min using previously measured gender- and age-

specific reference values (Wilkinson et al., 2002). However, this method does not take 

into account differences in interactions between heart rate and AIx in different 

populations (Stoner et al., 2014). Therefore, we used heart rate as an independent 

predictor in the statistical analyses rather than using the AIx values that were adjusted to 

heart rate 75 beats/min with the SphygmoCor software. 

In all the studies, P values less than 0.05 were considered statistically significant. 

There is no accepted cut-off level to define elevated BP (hypertension) during tilt-table 

measurements, while office BP is usually higher than home BP. As the supine BP during 

haemodynamic measurements was on average 8/12 mmHg (systolic/diastolic) lower 

than the seated office BP (n = 470), we applied the accepted cut-off level for home and 

ambulatory daytime measurements, i.e. values ≥135/85 mmHg, to define hypertension 

during the recordings. Also other cut-off values were tested, and they yielded 

corresponding results.  
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4.6 Ethical aspects 

All participants gave written informed consent and the study was approved by the ethics 

committee of Tampere University Hospital District (study number R06086M) and the 

Finnish Medicines Agency (Eudra-CT registration number 2006–002065–39). The 

investigation conforms to the principles outlined in the Declaration of Helsinki. The 

study was registered to an international database (clinicaltrials.gov NCT01742702). 
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5 Results 

5.1 Hemodynamic profile in primary hypertension versus normotension in 
supine and upright positions 

In study I, subjects were classified either as hypertensive or normotensive using the 

chosen cut-off values. The three 5-minute phases (supine, head-up tilt and supine) and 

the response to head-up tilt were compared between the groups. Before the 

hemodynamic measurements seated office BP was measured manually using a brachial 

cuff. During the hemodynamic measurements supine radial systolic BP was 4 mmHg 

lower and diastolic BP was 10 mmHg lower than that measured in office. To take this 

difference into account, we used the cut-off 135 mmHg for systolic pressure and 85 

mmHg for diastolic pressure for hypertension. This boundary was chosen, because it 

has been applied clinically in ambulatory measurements. The main analyses were 

additionally performed with the cut-off 140/90 mmHg from office BP and 136/80 

mmHg from supine laboratory BP, and the results did not practically change. 

When the above-mentioned 135/85 mmHg boundary was used in the classification 

of hypertension, the average supine radial BP was 148/88 mmHg and supine aortic BP 

was 136/89 mmHg in the hypertensive subjects, and the corresponding values were 

118/68 mmHg and 107/69 mmHg in the normotensive subjects. Mean systolic office 

BP was 149 ± 15 mmHg in hypertensive subjects and 125 ± 13 mmHg in normotensive 

subjects. Mean diastolic office BP was 93 ± 9 mmHg in hypertensive subjects and 82 ± 

10 mmHg in normotensive subjects. Additionally, heart rate was significantly lower 

during laboratory measurements than in the office (64 beats/min vs. 67 beats/min, 

p<0.05).  

Radial and aortic BP and PP values were higher both supine and upright in 

hypertensive subjects in multivariate analyses adjusted with age, sex and BMI (p < 0.001 

for all). Aortic AP, cardiac index, SVRI and LCW index (LCWI) were also higher in 

presence of hypertension (p ≤ 0.020 for all, SVRI shown in Figure 7A, Table 2). AIx 

adjusted to heart rate 75 was higher in hypertensive subjects in both positions (p < 0.05), 

but there was no significant difference in the unadjusted AIx values (p = 0.129-0.162, 

Table 2). Stroke index was lower and heart rate was higher in hypertensive subjects in 

the supine position (p ≤ 0.001 for both), however there were no statistical differences in 

the upright position (p = 0.069-0.236). In supine position, hypertensive subjects had a 

1.3 m/s higher PWV than normotensive subjects (Figure 7B) (p < 0.001 after 
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logarithmic correction in both unadjusted analysis and in analysis adjusted with age, BMI 

and sex). 

Table 2. Supine differences between variables in the presence of hypertension (backward 

regression analysis with gender, age and body mass index as covariates) reported as 

coefficients for hypertension and as their percentage of normotensive means. SVRI = 

systemic vascular resistance index, LCWI = left cardiac work index, AP = augmentation 

pressure, AIx@75 = augmentation index adjusted for heart rate 75/min. 

 

 Coefficient for 

hypertension 

Percentage of 

normotensive supine 

mean 

P-value 

SVRI (dyn*s/cm5*m2) 439.2 +19.1 % <0.001 

Cardiac index (l/min/m2) 0.141 +4.9 % 0.011 

Heart rate (1/min) 3.652 +5.9 % <0.001 

LCWI (kg*min/m2) 1.034 +31 % <0.001 

Aortic AP (mmHg) 2.907 +35.3 % <0.001 

AIx@75 (%) 3.237 +21.2 % <0.001 
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Figure 7. Supine systemic vascular resistance index (SVRI) (A) and pulse wave velocity 

(PWV) (B) in normotensive subjects and hypertensive subjects. Graph outlines illustrate 

the distribution. The horizontal line inside the box depicts median and the box outlines 

the quartiles from median. P < 0.001 for the comparisons between normotension and 

hypertension. 

During the head-up tilt aortic systolic BP, LCWI, aortic AP and AIx adjusted to heart 

rate 75 decreased and this decrease was larger in normotensive subjects in unadjusted 

analysis (P < 0.05). Additionally, aortic diastolic BP and heart rate increased in response 

to head-up tilt and this increase was larger in normotensive subjects in unadjusted 

analysis (P < 0.05). The decrease in radial systolic BP, radial PP, AIx and cardiac index, 

and increase in radial diastolic BP and SVR were not different between normotensive 

and hypertensive subjects. If the supine value of the variable in question, age, sex and 

body mass index were used as covariates, the decrease in normotensive subjects was still 

larger during the head-up tilt in aortic systolic BP, stroke index, LCWI and aortic PP 

than in hypertensive subjects (P < 0.05). Additionally, in analyses adjusted with the 

above-mentioned variables during head-up tilt heart rate increased less, while SVRI and 

aortic diastolic BP increased more in hypertensive than in normotensive subjects (P < 

0.05).  
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Table 3. Difference for change during head-up tilt between variables in the presence of 

hypertension (backward regression analysis with gender, age and body mass index as 

covariates) reported as coefficients for hypertension and as percentage of change in 

normotensive subjects. SVRI = systemic vascular resistance index, LCWI = left cardiac 

work index, PP = pulse pressure, AIx@75 = augmentation index adjusted for heart rate 

75/min.  

5.2 Hemodynamic phenotypes uncovered by the use of head-up tilt 

In study II, the subjects were classified into three different clusters by their 

hemodynamic response to head-up tilt. The responses in SVR and cardiac index were 

used in cluster classification. Because supine values of both variables differed between 

clusters, the cluster analysis was additionally performed using supine values and these 

clusters did not correlate with the clusters that were classified using response to head-

up tilt.  

The clusters were named as ‘constrictor’, ‘intermediate’ and ‘sustainer’. In the 

constrictor group, SVRI increase in response to head-up tilt was greatest, both relatively 

(+45 %) and absolutely (mean ± SD increase +944 ± 361 dyn*s/cm5*m2). Additionally, 

the cardiac index decrease was largest in the ‘constrictor’ group (-27 %, -0.89 ± 51 l 

/min/m2) (Figure 8). The group with the smallest changes was named as ‘sustainer. In 

the ‘sustainer’-group the increase in SVRI (+2 %, 60 ± 254 dyn*s/cm5*m2) and the 

decrease in cardiac index (-2 %, -0.06 ± 46 l /min/m2) were both almost non-existent 

when compared with the ‘constrictor’-group (Figure 8). The cluster analysis additionally 

exposed a third group, which was named as ‘intermediate’. In the ‘intermediate’-group, 

the increase in SVRI (+22 %, 554 ± 197 dyn*s/cm5*m2) and the decrease cardiac index 

(-13 %, -0.37 ± 29 l /min/m2) were between the ‘sustainers’ and ‘constrictors’ in 

 Coefficient for 

hypertension 

Percentage of 

normotensive upright 

change 

P-value 

SVRI (dyn*s/cm5*m2) 177.4 +30.1 % <0.001 

Heart rate (1/min) -2.660 -22.3 % <0.001 

LCWI (kg*min/m2) 0.144 -26.5 % 0.018 

Aortic PP (mmHg) 2.404 -30.8 % 0.002 

AIx@75 (%) -0.996 +29.2 % 0.099 
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magnitude (Figure 8). Systolic BP was highest in sustainers in supine position, but 

systolic BP in the head-up position did not differ between the groups (Figure 9). 

Diastolic BP was lowest in constrictors, both upright and supine (Figure 9). SVRI was 

lowest in the constrictors in the supine position and lowest in the sustainers in the head-

up position (Figure 8). The constrictors had the highest supine and lowest upright 

cardiac index and stroke index (Figure 8). Heart rate was different in sustainers when 

compared with constrictors and intermediates, both supine and upright.  

 
Figure 8. Hemodynamics in the three phenotypes in response to upright posture. 

Systemic vascular resistance index (A) and cardiac index (B) during the measurement 

protocol, respectively, in the constrictor (○), intermediate (▲), and sustainer phenotypes 

(●). Data represents one-minute means and confidence intervals. † if p-value < 0.05 for 

difference of last three-minute means in selected phase between constrictor and 

sustainer group, and * if p-value < 0.05 between constrictor and intermediate group. 

Of the subjects classified as sustainers a larger percentage had BP values over 135/85 

mmHg in the laboratory (both p < 0.010), and they were predominantly male (p < 0.001) 

and had higher median BMI (p < 0.001). However, age was not significantly different 

between groups (p = 0.216). Creatinine, hematocrit, LDL cholesterol and fasting glucose 

were lowest, and HDL cholesterol highest in the constrictors. After multivariate analysis, 

with the covariates gender, BMI and hypertension prevalence, only fasting glucose and 

creatinine remained significantly different in constrictors. Creatinine was used to 

estimate eGFR with the MDRD-formula and this was not different between groups. 

Less than half of the subjects used some medication (42 %) and no subjects used 

cardiovascular medication. The most common medication was female low-dose 

hormones (estrogen, progestin or their combination as contraception or as hormone 
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replacement therapy), which were used by 75 subjects (31% of females). The other 

medications were antidepressants (22 subjects), intranasal or inhaled corticosteroids (21), 

thyroxin (16), statins (12), proton pump inhibitors (11), antihistamines (11), non-

steroidal anti-inflammatory drugs (5) and glucosamine (5). However, inhaled or 

intranasal corticosteroids was the only medication, the use of which differed between 

the groups (2.3 % in sustainers versus 6.4-6.5 % in the two other groups, p = 0.038).  

In the sustainer subject group, supine median PWV (8.65 m/s) was markedly higher 

than in the subject groups classified as intermediate (8.00 m/s) or constrictor (7.35 m/s) 

(Figure 10). These analyses were adjusted with the confounding factors BMI (tertiles), 

age (tertiles), gender and hypertension. In adjusted analysis, classification into sustainer 

or intermediate phenotype remained as a statistically significant predictor of PWV. In 

this model, classification into the sustainer cluster predicted a rise of 0.62 m/s in median 

supine PWV when compared to the constrictor cluster with female sex predominance, 

and lowest age and BMI tertiles. Additionally, when the key laboratory values (plasma 

lipids, glucose and haematocrit) were included in the model, the intermediate and 

sustainer clusters remained as significant predictors of the supine level of PWV. In the 

multivariate model, the factors that explained supine PWV were intermediate and 

sustainer phenotypes, interaction between female sex and intermediate phenotype, BMI 

tertiles, age tertiles, hypertension and fasting triglycerides.  
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Figure 9. Hemodynamics in the three 

phenotypes in response to upright posture. 

Radial systolic pressure (A), radial diastolic 

pressure (B) and heart rate (C) during the 

measurement protocol, respectively, in the 

constrictor (○), intermediate (▲), and 

sustainer phenotypes (●). The data represents 

one-minute means and confidence intervals. † 

if p-value < 0.05 for difference of last three-

minute means in selected phase between 

constrictor and sustainer group, and * if p-

value < 0.05 between constrictor and 

intermediate group. 
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Figure 10. Pulse wave velocity in the three phenotypic clusters. Graph outlines illustrates 

the distribution. The horizontal line inside the box depicts median and the box outlines 

the quartiles from median. P < 0.05 between intermediate and sustainer, P < 0.01 

between constrictor and intermediate and P < 0.001 between constrictor and sustainer, 

In the supine position low frequency to high frequency ratio (LF/HFratio) of HRV was 

higher in sustainers than in constrictors, while in the upright position sustainers had a 

higher LF/HF-ratio than constrictors and intermediates. There were no significant 

differences in the LF power in supine and upright positions, and in the HF power in 

supine position. Upright HF power was lowest in sustainers and highest in constrictors. 

However, in adjusted analyses there were no significant differences in HRV between the 

groups (adjusted with gender, BMI and presence of hypertension).  

An important finding was that the clusters could not be found when using BP and 

heart rate values alone in the classification (Figure 9). Therefore, the measurement of 

cardiac output and SVR were absolute requirements for the classification. 
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5.3 Salbutamol and nitroglycerin effects on hemodynamics 

In study III, the effects of nitroglycerin resoriblet and salbutamol inhalation were 

compared in a placebo-controlled study. The three 5-minute medicated phases (supine, 

head-up tilt and supine) were compared to the unmedicated phases with both drugs 

separately. This effect of medication was compared to the effect of placebo in both 

drugs.  

After the placebo effect was accounted for, nitroglycerin caused a statistically 

significant decrease in finger, radial and aortic BPs. Additionally, SVRI, AIx and PWV 

decreased. Heart rate, cardiac index, stroke index and aortic reflection time increased 

after nitroglycerin administration. The effect of nitroglycerin on hemodynamic variables 

was different between supine and upright positions, and there was a significantly greater 

effect during the head-up tilt on finger BPs, radial and aortic diastolic BP, heart rate, 

SVRI, cardiac index and AIx. 

Salbutamol and placebo inhalation were compared in an analogous fashion as 

nitroglycerin and placebo resoriblet. Salbutamol inhalation caused a statistically 

significant decrease in radial and aortic BP, aortic PP, finger diastolic BP, AIx and SVRI. 

Salbutamol also caused an increase in heart rate and cardiac index. The hemodynamic 

effects were generally smaller after salbutamol than after nitroglycerin.  

In study IV, the salbutamol and nitroglycerin effects were examined in a much larger 

population, but without placebo. In this study, after salbutamol inhalation AIx decreased 

by 3 percentage points in supine position before and after head-up tilt when compared 

with the level before drug administration (p < 0.001) (Figure 11). Additionally, there was 

a statistically significant rise in heart rate (Figure 12) and cardiac index. SVRI decreased 

after the inhalation. The change in heart rate was strongly correlated with the change in 

AIx (r2= 0.225-0.389, p<0.001). Multivariate regression analysis was applied to correlate 

the change in AIx to the change in the other hemodynamic variables. In multivariate 

regression analysis in supine position the decrease in AIx after salbutamol inhalation was 

only correlated with the parallel increase in heart rate. During the head-up tilt the 

decrease in AIx was correlated with the increase heart rate and additionally with the 

decrease in ejection duration.  

After nitroglycerine resoriblet the AIx decreased by 15 percentage points when 

compared with the level before drug administration (p < 0.001) (Figure 11). Additionally, 

nitroglycerin increased heart rate (Figure 12), stroke index and cardiac index, and 

decreased ejection duration and SVRI. The decrease in AIx was correlated with the 

increase in heart rate after AIx, but this correlation was significantly less marked than 

with salbutamol (r2= 0.111-0.142, p<0.001). In multivariate regression analysis in both 

supine and upright positions the decrease in augmentation after nitroglycerin was 

correlated with heart rate, SVR and ejection duration. The changes in hemodynamic 
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variables during the head up-tilt were substantial after nitroglycerine, while salbutamol 

did not affect the hemodynamic response during the head-up tilt to the same extent and 

the effects were modest. 

 

Figure 11. Augmentation index during the whole 30-minute period in salbutamol (A) 

and nitroglycerin (B) measurements. Data is represented as mean and confidence 

intervals. p < 0.001 in all phases after both drugs. 
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Figure 12. Heart rate during the whole 30-minute period in salbutamol (A) and 

nitroglycerin (B) measurements. Data is represented as mean and confidence intervals. 

p < 0.001 in all phases after salbutamol and p < 0.01 in first supine phase and in head-

up tilt after nitroglycerin, and p = 0.116 in second supine phase after head-up tilt after 

nitroglycerin. 
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6 Discussion 

6.1 Methods: strengths and weaknesses 

Invasive measurement is the gold standard for the measurement of central BP. However, 

invasive methods carry a risk of complications and are not ethically suitable for a large 

group of healthy subjects (Tavakol et al., 2012). A generalized transfer function has been 

derived, which calculates the central BP from non-invasively measured radial BP 

waveform. This method has been shown to correlate well with invasive methods in key 

studies (Chen et al., 1997; Fetics et al., 1999; Karamanoglu et al., 1993), but at least three 

studies have also reported a substandard correlation and have suggested that diabetes or 

gender specific functions should be applied (Cloud et al., 2003; Hope et al., 2004, 2003). 

So, criticism has been raised against this mathematical derivation of central BP, but no 

other non-invasive methods have been validated. 

Whole body impedance cardiography was used to evaluate stroke volume and cardiac 

output non-invasively. The invasively measured cardiac output is the gold standard, and 

all non-invasive measurements results should be observed critically. For ethical reasons, 

a good clinical justification is needed for invasive measurements. However, whole body 

impedance cardiography measured cardiac output has been shown to agree well with the 

invasive thermodilution method (Kööbi et al., 1997b, 1997a; Paredes et al., 2006). For 

additional verification, we have validated the stroke volume measurements against 3-

dimensional ultrasound (Koskela et al., 2013).  

SVR is derived mathematically from cardiac output and BP. As a limitation, the 

central venous pressure is added into the equation of SVR as a constant and it is not 

estimated individually (Kööbi et al., 1997b). Venous system contains a marked part of 

blood volume, and venous pressure affects the return of blood into the right atrium 

(Gelman, 2008). Measurement of venous characteristics would give additional 

information about the vascular system and would help in the analysis of hemodynamic 

interactions. Possible venous measurement methods are for example ultrasound 

measurement of venous diameters and near-infrared spectroscopy (Stone et al., 2016). 

We also used impedance cardiography to measure PWV and it has been validated against 

doppler ultrasound (Kööbi et al., 2003) and the gold standard i.e. the tonometric method  

(Wilenius et al., 2016). Our measurement method of PWV is thus different from the 

gold standard. 
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Generally, in studies using the transfer function to calculate AIx, radial BP waveform 

is measured with a tonometric pen-shaped sensor. This recording is performed 

chronologically within varied time limits after non-invasive recording of BP, and the 

wave form is captured during 10-20 heart beats (Hayward et al., 2002). In most of the 

previous AIx measurement studies, BP and heart rate have been measured with the non-

continuous methods (Hayward et al., 2002; McEniery et al., 2006; Wilkinson, 2002). 

Additionally, most studies have only measured BP and heart rate in addition to AIx. This 

gives very limited information about the hemodynamical regulation. 

In most studies, the intervals between BP and other measurements like AIx have not 

been reported. In our studies, we measured all variables simultaneously and 

continuously. In addition, BP was measured continuously with two distinct methods: 

from the wrist (tonometer) and from the index finger (plethysmography). Heart rate was 

measured with a single channel recording of ECG. Cardiac output was measured 

continuously with impedance cardiography (Kööbi et al., 1997b; Tahvanainen et al., 

2009a). The continuous cardiac output and BP measurements enabled the continuous 

measurement of SVR. The time interval from the start of the measurement to the 

recordings was standardized in all subjects. Additionally, the laboratory conditions and 

time spent in the supine position did not vary between the subjects in our studies. These 

factors give additional strength to our study results. There are more than 80 000 heart 

cycles in a single day with a large amount of normal variation. Without continuous 

measurements and a standardized challenge that stimulates the hemodynamics, we can 

only get an incomplete assessment of normal physiology. 

Humans change positions repeatedly and do various activities during a single day. 

However, studies often measure BP only in supine or seated position. This gives only 

restrained information of normal hemodynamics because a large part of a day is spent 

in the upright position. The head-up tilt can be thought as a simple provocation trial 

mimicking normal daily routines (Avolio and Parati, 2011). We measured hemodynamics 

in the upright position because we hypothesized that the regulation of head-up tilt would 

reveal additional information which is not found in the supine recordings alone 

(Tahvanainen et al., 2009a).  

Upright position causes major changes in blood distribution and pressures, which 

affects venous and arterial tone, and stimulates the autonomic nervous system. As a 

limitation, head-up tilt causes fluctuations in hemodynamics and a longer supine 

measurement would give more stable measurements in same period length. However, 

we have previously shown that measurements in supine and upright position are 

reproducible and repeatable (Tahvanainen et al., 2009a). Additionally, a supine 5-minute 

period of continuous measurement alone is quite long when compared to several other 

studies (Hayward et al., 2002; McEniery et al., 2006; Waring et al., 2006; Wilkinson, 2002) 

and gives stable readings in all measured variables (Tahvanainen et al., 2009a).  
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6.2 Study subjects: strengths and weaknesses  

Study subjects represented different age and body mass index groups. We had a rigorous 

screening protocol, and all our subjects went through a thorough medical examination 

by a licensed physician. This confirmed that medications, background information, and 

diseases were correctly reported. Our studies excluded subjects with medications with 

direct cardiovascular influences. The fact that subjects with cardiovascular medications 

were excluded should be regarded as a major strength because such exclusion has not 

been the norm in hemodynamic research (Abdelhammed et al., 2005; Kovács et al., 2010; 

Smith et al., 2006). It is well known that various medications have marked effects on the 

measurements of hemodynamics and the responses to physiological stimuli (Lund-

Johansen, 1979; Roberts et al., 1987; Tapp et al., 2010; Zusman et al., 1992). During our 

study, the medical examination by a doctor also revealed several clinically significant 

diseases among the participants. This was beneficial to the individuals and the inclusion 

of such patients would have altered the results.  

Our subjects were recruited through various channels, and thus the sample was not 

randomly selected from a population. The goal was especially to recruit unmedicated 

subjects and the enrollment would have been more laborious from a population sample. 

The non-random selection method can be regarded as a limitation. The studies I and II 

were cross-sectional studies and the compared groups were not age, sex and BMI 

matched. The power was calculated to be sufficient for multivariate analysis and statistics 

were adjusted with demographical variables. However, the statistical adjustment is always 

secondary to well-matched groups, and lack of matching can be regarded as a limitation 

(Stuart, 2010). Cut-off BP for hypertension in the study I was ≥ 135/85 from the 

laboratory BP. The gold standard is 24-hour ambulatory blood pressure monitoring. The 

lack of ambulatory monitoring can be regarded as a limitation.  However, the main 

results of study I were additionally analyzed using cut-off levels ≥ 136/80 mmHg and ≥ 

140/90 mmHg, and the results remained comparable.  

6.3 Hemodynamics of hypertension 

Under 50 % of hypertensive patients achieve the accepted BP target (Messerli et al., 

2007). More detailed measurement of hemodynamics and hypertensive phenotypes have 

been shown to improve the treatment results of high BP (Smith et al., 2006; Taler et al., 

2002). Large genome-wide studies have tried to map the genes that are responsible for 

primary hypertension and some risk alleles have been found, but the effect of different 

alleles have been small, largest single contribution around 1 mmHg (Levy et al., 2009). 

Phenotype characterization has been proven to help with treatment and could also be 
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valuable in genome analyses. In study I, unmedicated hypertensive subjects had a higher 

SVRI than normotensive subjects, in line with previous studies (Galarza et al., 1997; 

Lund-Johansen, 1989; Gary F. Mitchell et al., 2010; Omvik et al., 2000). Despite SVRI 

being higher in the supine position, it also increased more in the hypertensive subjects 

in the upright position. This result confirms the hypothesis that the regulation of vascular 

resistance is altered in primary hypertension (Lund-Johansen, 1989; Messerli et al., 1987). 

Furthermore, hypertensive patients had a higher heart rate, and even though stroke index 

was lower, cardiac output remained higher than in normotensive subjects. This cardiac 

component in hypertension has been verified in a study in 175 individuals (Kovács et 

al., 2010). As the small cardiac component contributed to the high BP, hypertension is 

not merely mediated by high vascular resistance. During head-up tilt, in addition to the 

greater increase SVRI, the increase in heart rate and a decrease in stroke index were 

smaller in hypertensives. Thus, the differences in adaptation to upright position show 

that there are functional alterations in hypertensive individuals in the autonomic 

regulation of the cardiovascular system. 

Large arterial status measured using PWV has an independent prognostic impact on 

cardiovascular events in population samples and in specific groups such as elderly 

subjects, and patients with renal disease, diabetes or hypertension (Blacher et al., 1999; 

Boutouyrie et al., 2002; Cruickshank et al., 2002; G. F. Mitchell et al., 2010). Age and 

BMI correlate well with PWV (Bouthier et al., 1985; Wildman et al., 2003). In our study 

I, unmedicated hypertensive patients had a markedly higher PWV than normotensive 

patients, which is in line with previous studies (G. F. Mitchell et al., 2010; Wallace et al., 

2007).  

6.4 Cardiovascular phenotype of head-up tilt 

The discovery of cardiovascular phenotypes gives tools for genetic research to find genes 

that influence our cardiovascular disease risk (Plomin et al., 2009). It is additionally 

important to find new ways to chart independent risk factors for cardiovascular disease 

so that we can reveal subjects who are at increased risk without established risk factors 

or whose risk is augmented when compared with traditional measurements (Ezzati et al., 

2002). This has previously been proven possible: hemodynamic response to 

physiological stimuli such as cold pressor test or exercise test predicts cardiovascular risk 

(de Liefde et al., 2011; Leino et al., 2009).  

In study II, we showed that the hemodynamic response profile to head-up tilt 

correlates independently with large arterial status evaluated using measurements of 

PWV. In multivariate statistics of study II, the coefficients for increased PWV in the 

intermediate and sustainer phenotypes were of the same magnitude as those of two 
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established the risk factors BMI and elevated BP. There was no statistical difference in 

age between phenotypes. These results indicate that a simple head-up tilt could be used 

as a tool in when evaluating an individual's cardiovascular risk. Our study was cross-

sectional, so we did not have end-point data, and this can be considered as a limitation. 

However, due to its nature as the first report on this subject, our study should be 

regarded as “hypothesis generating” and as thus should be credited for the introduction 

of a novel idea. 

Arterial stiffness has been associated with changes in markers of autonomic tone in 

type 1 diabetics and prehypertensive subjects (Jaiswal et al., 2013; Pal et al., 2013). 

However, in a recent study Mäki-Petäjä et al. showed that in normotensive healthy 

individuals the acute PWV changes are mediated by BP and there is no pressure 

independent effect on arterial stiffness by the autonomic nervous system (Mäki-Petäjä 

et al., 2016). The authors pointed out that the results may not apply to patients with 

increased sympathetic tone or hypertension.  

In study II, the differences in HF power and LF/HF ratio were not different between 

the three clusters after adjustment with demographic differences. This suggests that the 

observed differences were indeed explained by the demographic deviations between the 

clusters. We, however, did not measure baroreflex sensitivity. The measurement of 

baroreflex sensitivity could give further insight for the underlying reasons for the 

differences in arterial stiffness that were characteristic for the different functional 

phenotype categories.  

The autonomic regulation of BP could still be a key factor in the pathogenesis of 

primary hypertension (Guyenet, 2006; Hall and Guyton, 2015). Thus, an interesting 

subject for future studies would be to measure both autonomic nervous tone and 

baroreflex sensitivity when comparing the hemodynamics between normotensive and 

hypertensive subjects. These examinations could reveal further different phenotypes in 

the regulation of hemodynamics. 

6.5 Hemodynamical changes after salbutamol or nitroglycerin 
administration 

In study III we found that nitroglycerin’s effect on hemodynamics was most evident 

during head-up-tilt. It is known that nitroglycerin causes an endothelium independent 

vasodilatation and lowers the SVR (Mason and Braunwald, 1965; Oliver et al., 2005; 

Tahvanainen et al., 2011). However, the main hemodynamic changes induced by small 

doses of nitroglycerin were suggested to be mediated through venodilatation, which 

causes the blood to pool into veins. This subsequently lowers the preload in the left 

ventricle (Mason and Braunwald, 1965; Raviele et al., 1994). In contrast, the arterial 
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vasodilatory effect was thought to be of lesser significance. However, our study showed 

that a marked vasodilatation was evident even with the small 0.25 mg nitroglycerin dose 

that induced a striking decrease in SVR. Simultaneously, cardiac output increased, which 

additionally suggests that vasodilatation was the major contributor to the nitroglycerin 

induced hemodynamic changes. In the future, measurement of leg blood volume with 

near infrared spectroscopy along with recording of SVR could help when comparing the 

venous and arterial changes in hemodynamics induced by nitroglycerin (Stone et al., 

2016).  

Study III was a methodological study to see if salbutamol and nitroglycerin cause 

quantifiable effects in hemodynamics. The effect of salbutamol on the hemodynamic 

variables was clearly smaller than that of nitroglycerin. The salbutamol effect on heart 

rate and cardiac index was smaller in the upright than in the supine position. In the case 

of nitroglycerin the differences were accentuated in the upright when compared with the 

supine position. The salbutamol effect was nevertheless quantifiable. As a result, we 

hypothesized that the comparison of nitroglycerin and salbutamol effects on AIx could 

be indeed used in quantification of global endothelial function, as suggested previously 

(McEniery et al., 2006).  

However, the beta-2-adrenergic effect of salbutamol raises heart rate (Kallergis et al., 

2005; Wong et al., 1990), and AIx is known to be markedly heart rate dependent 

(Stefanadis et al., 1998; Wilkinson et al., 2000). Correspondingly, in our study IV 

salbutamol caused a significant increase in heart rate and we even found a very good 

correlation between the salbutamol-induced decrease in AIx and the rise in heart rate. 

In multivariate analysis, heart rate and ejection duration were the only significant 

predictors of the salbutamol-elicited change in AIx. There was no independent effect on 

AIx with salbutamol. In comparison, nitroglycerin had a marked heart-rate independent 

effect on AIx.  

Our study IV results differ from previous studies. It has been proven that salbutamol 

causes an endothelium dependent vasodilatation (Chowienczyk et al., 1999; Gray and 

Marshall, 1992; Xu et al., 2000). Removal of endothelium abolishes this vasodilatation 

in a vascular bed, which validates that the effect is endothelium dependent (Dawes et al., 

1997; Graves and Poston, 1993). Salbutamol’s effect on AIx has been predominantly 

associated with endothelium dependent vasodilatation and the correlation of heart rate 

to AIx has been non-existent (Hayward et al., 2002; McEniery et al., 2006; Wilkinson, 

2002). Subsequently owing to these results, the comparison of salbutamol and 

nitroglycerin effects on AIx was recognized as a practical means to evaluate endothelial 

function in vivo.  

In the primary study by Chowienczyk et al. salbutamol caused a 26 % decrease in 

wave reflection measured from finger and a simultaneous increase of 18 % in heart rate 

(Chowienczyk et al., 1999). If the NO-synthase inhibitor NG-monomethyl-L-arginine 
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was administered before salbutamol, the mean changes in both AIx and heart rate were 

markedly smaller (5 % and 7 % respectively). Similarly, terbutaline has also been used to 

measure AIx indirectly by measuring radial reflectance index (Lind, 2005; Lind et al., 

2011, 2003). In the first study, Lind et al. showed that terbutaline caused a decrease in 

radial reflectance index, but heart rate rose simultaneously. The correlation between the 

increase in heart rate and the reduction in reflectance index was actually quite good 

(r~0.5). As in the above study by Chowienczyk et al., the increase in heart rate and the 

decrease in AIx was reduced by concomitant NO-synthase inhibition with NG-

monomethyl-L-arginine. The NO-synthase inhibitor effect can, however, be due to the 

increase in BP, which causes a decrease in heart rate due to a reduction in sympathetic 

tone by baroreflex activation. Thus, the reduction in heart rate causes a parallel increase 

in AIx (Bernardi et al., 2011). As a strength of our study, we measured both heart rate 

and AIx continuously when compared to the sequential measurements in previous 

studies (Hayward et al., 2002; McEniery et al., 2006; Wilkinson, 2002).  

The terbutaline induced change in radial reflectance index was not correlated with 

stroke, myocardial infarct or 5-year risk of composite death (Lind et al., 2011). On the 

other hand, acetylcholine-induced vasodilatation, an established method in the 

evaluation of endothelial function, was correlated with end-points mentioned above 

(Lind et al., 2011). This additionally suggests that the beta-2-agonist effect on AIx was 

not mainly endothelium dependent.  

As a limitation, we did not evaluate endothelium mediated vascular tone with more 

established methods such as flow-mediated or acetylcholine-induced vasodilatation 

(Lind, 2005). Such a comparison could reveal if there is any residual endothelium 

dependent effect induced on AIx with salbutamol. However, our results suggest that this 

comparison should be performed with a large group of subjects to have sufficient power 

because the absolute change in AIx with salbutamol is small. In a recent study it was 

proposed that the effect of nitroglycerin on backward pressure wave was secondary to 

changes in the forward pressure wave, and that ventricular contraction plays a role in 

changes observed in AP (Fok et al., 2014). In the future, quantification of backward and 

forward pressure wave components could reveal whether salbutamol causes changes in 

the contractile properties of the heart that could additionally affect AP.  
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7 Summary and conclusions 

I. Hypertensive and normotensive patients show clear differences in the 

hemodynamic reactions during passive head-up tilt. Supine SVR and arterial 

stiffness are higher in hypertensive patients, as suggested by previous 

studies. However, a distinct hyperdynamic component also contributed to 

hypertension. In addition, hypertensive subjects were characterized higher 

upright cardiac index, lower increase in heart rate, lower decrease in stroke 

index and LCW, and higher increase in SVRI. These results emphasize that 

the measurement of mere supine BP and heart rate gives a very limited view 

of the hemodynamics of primary hypertension.  

II. The phenotype of the hemodynamic response to upright posture is 

independently related to arterial stiffness, a widely acknowledged indicator 

of cardiovascular risk. In particular, the functional phenotype with low 

upright vasoconstriction and sustained upright cardiac output is related to 

stiff large arteries, as evaluated from recordings of PWV. Importantly, such 

phenotypes cannot be discovered by mere measurements of BP and heart 

rate, or by the recordings of supine hemodynamics, but require assessments 

of cardiac output and SVR in the upright posture. 

III. Salbutamol administration by inhalation elicits moderate but statistically 

significant changes in several hemodynamic variables. A small dose of 

nitroglycerin causes remarkable hemodynamic changes that are clearly larger 

than those following salbutamol inhalation. Both drugs reduce BP, AIx, and 

peripheral arterial resistance, and increase cardiac output. However, the 

salbutamol induced changes are more apparent in the supine position, 

whereas the nitroglycerin induced changes in hemodynamics are highlighted 

in the upright position. 

IV. The measurement of global endothelial function has been proposed to be 

achievable by comparing the effects of inhaled salbutamol and sublingual 

nitroglycerin on AIx. However, salbutamol causes a significant parallel rise 

in heart rate and a decrease in AIx, indicating that the change is heart rate 

dependent. Indeed, the decrease in AIx after salbutamol administration is 
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strongly correlated with the simultaneous rise in heart rate with no 

observable independent effect. Therefore, the change in AIx mainly reflects 

the beta-2-agonist chronotropic effect of salbutamol on heart rate and does 

not reflect endothelium dependent vasodilatation in the vasculature. 
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Abstract

Background: In a cross-sectional study we examined whether the haemodynamic response to upright posture
could be divided into different functional phenotypes, and whether the observed phenotypes were associated with
known determinants of cardiovascular risk.

Methods: Volunteers (n = 470) without medication with cardiovascular effects were examined using radial pulse
wave analysis, whole-body impedance cardiography, and heart rate variability analysis. Based on the passive
head-up tilt induced changes in systemic vascular resistance and cardiac output, the principal determinants of
blood pressure, a cluster analysis was performed.

Results: The haemodynamic response could be clustered into 3 categories: upright increase in vascular resistance
and decrease in cardiac output were greatest in the first (+45 % and -27 %, respectively), smallest in the second
(+2 % and -2 %, respectively), and intermediate (+22 % and -13 %, respectively) in the third group. These groups
were named as ‘constrictor’ (n = 109), ‘sustainer’ (n = 222), and ‘intermediate’ (n = 139) phenotypes, respectively. The
sustainers were characterized by male predominance, higher body mass index, blood pressure, and also by higher
pulse wave velocity, an index of large arterial stiffness, than the other groups (p < 0.01 for all). Heart rate variability
analysis showed higher supine and upright low frequency/high frequency (LF/HF) ratio in the sustainers than
constrictors, indicating increased sympathovagal balance. Upright LF/HF ratio was also higher in the sustainer than
intermediate group. In multivariate analysis, independent explanatory factors for higher pulse wave velocity were
the sustainer (p < 0.022) and intermediate phenotypes (p < 0.046), age (p < 0.001), body mass index (p < 0.001), and
hypertension (p < 0.001).

Conclusions: The response to upright posture could be clustered to 3 functional phenotypes. The sustainer
phenotype, with smallest upright decrease in cardiac output and highest sympathovagal balance, was
independently associated with increased large arterial stiffness. These results indicate an association of the
functional haemodynamic phenotype with an acknowledged marker of cardiovascular risk.
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Background
Elevated blood pressure (BP) and related cardiovascular
(CV) complications are leading causes of morbidity and
mortality, and early recognition of individuals with in-
creased CV risk is of foremost importance [1]. All new
cases of CV disease cannot be predicted using classical
risk factors like family history, obesity, smoking, hyper-
tension, diabetes, or dyslipidaemias. Therefore, studies
aiming at the discovery of novel risk factors are still
needed [2, 3]. Furthermore, also psychosocial factors,
like hostility and anger, have been linked with worse car-
diovascular outcome [4].
The CV phenotype in clinical practice has mainly been

determined by measuring brachial BP and HR, even
though the value of repeated single BP measurements in
the diagnosis of hypertension has been questioned [5, 6].
The haemodynamic changes causing similar elevations
of BP may differ between patients and disorders. For ex-
ample, systemic vascular resistance is typically elevated
in essential hypertension [7], while changes in fluid and
electrolyte balance are characteristic causes of elevated
BP during chronic kidney disease [8].
The age-related decrease in large arterial compliance

is accelerated in various CV disorders [9, 10]. Increased
large arterial stiffness is an acknowledged CV risk factor
in both general populations and subjects with medical
disorders [9, 11]. Increased arterial stiffness also predis-
poses to exaggerated upright decrease in central BP and
orthostatic hypotension [12, 13]. The determination of
pulse wave velocity (PWV) is the gold standard when
evaluating large arterial stiffness [10].
The assessment of CV status is usually performed at

rest, but several studies have shown that haemodynamic
reactivity to physical stimuli provides further informa-
tion about CV risk. Enhanced BP response to cold
pressor test, or to 4-min 2-step exercise test, predicted
the development of hypertension in Japanese popula-
tions [14, 15]. Reduced heart rate (HR) recovery after bi-
cycle ergometer testing predicted mortality in a Finnish
study [6]. As the change in body posture from supine to
upright induces changes in autonomic tone and arterial
resistance, orthostatic challenge can also be regarded as
a stress test addressing CV reactivity [16, 17].
In the course of our studies on haemodynamics, we

have observed that there are reproducible individual var-
iations in the changes in cardiac output and systemic
vascular resistance in response to upright posture [17–
19]. The objective of the present study was to examine
the hypothesis whether functional differences exist in
CV responses to upright posture, and whether these dif-
ferences are associated with known determinants of car-
diovascular risk. The results show that not only age,
body mass index (BMI), and the presence of hyperten-
sion, but also the phenotype of the haemodynamic

response to upright posture is associated with arterial
stiffness.

Methods
Study subjects
All subjects participated in an ongoing study on haemo-
dynamics (clinical trials registration NCT01742702). An
announcement for recruitment was distributed at the
Tampere University Hospital, University of Tampere,
local occupational health care providers, Varala Sports
Institute, and two announcements were published in a
newspaper. By the time of the present analysis, 694 sub-
jects had been recruited. The participants were inter-
viewed and examined by a physician. Subjects with
diabetes, coronary artery disease, cardiac insufficiency,
atherosclerotic vascular disease, cerebrovascular disease,
renal disease, or medication influencing CV status were
excluded.

Ethics, consent and permissions
All participants gave written informed consent and the
study was approved by the ethics committee of Tampere
University Hospital District (study number R06086M).
The investigation conforms to the principles outlined in
the Declaration of Helsinki.

Laboratory analyses
Blood and urine samples were obtained after about 12 h
of fasting. Plasma sodium, potassium, calcium, glucose,
creatinine, triglyceride, and total, high-density and low-
density lipoprotein cholesterol concentrations were de-
termined using Cobas Integra 700/800 or Cobas 6000,
module c501 (F. Hoffmann-LaRoche Ltd, Basel,
Switzerland), and blood cell count by ADVIA 120 or
2120 (Siemens Healthcare GmbH, Erlangen, Germany).
Estimated glomerulus filtration rate (eGFR) was calcu-
lated using the Modification of Diet in Renal Disease
(MDRD) formula [20].

Pulse wave recording
An automatic tonometric sensor on the left wrist was used
to continuously capture radial BP and pulse wave form
(Colin BP-508 T, Colin Medical Instruments Corp., USA).
The radial BP signal was calibrated every 2–4 min by
contralateral brachial BP measurements [12, 17, 21, 22].

Whole-body impedance cardiography
Changes in body electrical impedance during cardiac cy-
cles were recorded using whole-body impedance cardi-
ography (CircMonR, JR Medical Ltd., Tallinn, Estonia) to
determine HR, stroke volume, and cardiac output, as
previously described [23–25]. Cardiac output and stroke
volume were related to estimated body surface area to
derive cardiac index (l/min/m2) and stroke index (ml/
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m2). Systemic vascular resistance index (SVRI, dyn*s/
cm5*m2) was calculated from tonometric BP signal and
cardiac index. In supine position and during head-up tilt,
the cardiac output values of CircMonR are in good
agreement with values measured using thermodilution
[23, 24].
PWV was determined using whole-body impedance

cardiography [25, 26]. As the impedance-based method
slightly overestimates PWV when compared with Dop-
pler ultrasound method, a validated equation was ap-
plied to calculate values that correspond to the
ultrasound method (PWV = (PWVimpedance *0.696) +
0.864) [25].
The method for PWV measurement using whole body

ICG has been described previously [25, 26]. Briefly, the
distal impedance is recorded from popliteal artery at
knee joint level, and the active electrode is placed on the
lateral side of the knee and the reference electrode on
the calf below knee. When the pulse pressure wave en-
ters the aortic arch and the diameter of the aorta
changes, the whole-body impedance decreases, and this
is measured by the voltage electrodes. To calculate the
PWV value, the CircMon software measures the time
difference between onset of the decrease in impedance
in the whole-body impedance signal and the popliteal ar-
tery signal (aortic-popliteal PWV). The aortic-popliteal
impedance cardiography measurement of PWV has been
validated against aortic-popliteal PWV measurements
using Doppler ultrasound [25]. The PWV results ob-
tained using CircMon show good repeatability, and nor-
mal values for PWV in 799 individuals (age 25–76 years)
have been published [26]. We have also shown that the
determination of stroke volume using impedance cardi-
ography versus 3-dimensional echocardiography show
good correlation [19]. In addition, we have performed
carotid-femoral PWV measurements using applanation
tonometry and compared them with ICG measurements
of aortic-popliteal PWV, and the correlation between
these methods was excellent (r = 0.82).

Frequency domain analysis of heart rate variability (HRV)
HRV analysis was used to assess cardiac autonomic tone.
The electrocardiograms were recorded by the CircMonR

device at 200 Hz sampling rate, and data analyzed using
Matlab software (MathWorks Inc., Natick, Massachu-
setts, USA). Normal R-R intervals were recognized, and
a beat was considered ectopic if the interval differed
more than 20 % from the previous values. The artifacts
were processed using the cubic spine interpolation
method [27]. The following frequency domain variables
were calculated using the Fast Fourier Transformation
method: i) power in low frequency (LF) range (0.04–
0.15 Hz), ii) power in high frequency (HF) range (0.15–
0.40 Hz), and iii) LF/HF ratio [28].

Experimental protocol
Caffeine containing products, smoking and a heavy meal
for at least 4 h, and alcohol for at least 24 h prior to the
investigation were to be avoided. Data was captured in a
temperature-controlled laboratory by research nurses
[12, 17, 22]. The left arm with the tonometric sensor
was abducted 90 degrees in an arm support, which held
it at the level of the heart in supine and upright posi-
tions. The recording comprised continuous capture of
data during three consecutive 5-min periods (total
15 min): 5 min supine, 5 min of head-up tilt to 60 de-
grees, 5 min supine. The repeatability and reproducibil-
ity of the supine and upright measurements are good
[22].

Classification into phenotypes by means of clustering
SVRI and cardiac index were chosen for the phenotypic
classification, since peripheral arterial resistance and cardiac
output are the principal determinants of BP [17, 23, 29]. To
characterize the reaction to upright posture, the differences
in SVRI and cardiac index between supine values (5th mi-
nute average) and upright values (8th and 10th minute av-
erages) were examined. Two values during the head-up tilt
(8th and 10th minute) were chosen to take into account
possible changes during upright posture. To avoid scaling
effects, all differences were standardized to have a mean
value of 0 and a variance of 1. Hierarchical clustering was
performed using Ward’s criterion for squared Euclidean
distances: at first each subject served as a cluster, and at
each step two clusters closest to each other were combined,
until only one cluster remained (R software version 2.14.1
[30]). Based on the dendrogram, the 3 main clusters were
analysed (Fig. 1; classification to clusters I, II and III). We
also formed a practical rule for clustering, which was tested
in a small validation population (Additional file 1).

Statistical analyses
Due to skewed distribution, PWV and HRV parameters
were logarithmically transformed before statistical ana-
lyses. To evaluate the impact of phenotype on PWV, a
L1-regression was fitted using sex, categorized BMI, cat-
egorized age, categorized hypertension, phenotype, inter-
action between sex and phenotype (Model 1); and
fasting plasma lipids and glucose, and haematocrit
(Model 2, with variables of Model 1 included) as vari-
ables. In addition, Model 1 was used to evaluate the im-
pact of phenotype on HRV parameters. BMI, age, and
presence of hypertension were categorized due to lack of
linearity in the data. We performed additional analyses
using continuous variables without categorization to
examine the association of changes in SVRI and cardiac
index with PWV.
There is no accepted cut-off level to define elevated

BP during tilt-table measurements, while office BP is
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usually higher than home BP [5, 31]. As the supine BP
during haemodynamic measurements was on average 8/
12 mmHg (systolic/diastolic) lower than the seated office
BP (n = 470), we applied the accepted cut-off level for
home and ambulatory daytime measurements, i.e. values
≥135/85 mmHg [31], to define hypertension during the
recordings. The same approach was applied previously,
with testing of different cut-off levels [17].
As summary statistics, median and 25th to 75th per-

centile, or mean and standard deviation (SD) or 95 %
confidence intervals (CI) were reported. Kruskal-Wallis
rank sum test, Fisher’s exact test and Wilcoxon rank
sum test were used to compare haemodynamics and
demographics between the phenotypes. All analyses were
performed using R software version 2.14.1 [30].

Results
Study population and average haemodynamic responses
to head-up tilt
The study population consisted of 470 (240 female and
230 male) individuals aged 20–72 years (average
46 years). Average systolic and diastolic BP, SVRI and
cardiac index in all subjects during the 15-min measure-
ment protocol are shown in Fig. 2. In response to up-
right posture, systolic BP slightly decreased and diastolic
BP increased, while SVRI increased by about 15 %, and
cardiac index decreased by about 15 %. Both SVRI and
cardiac index were stabilized during the time-points
chosen for clustering into phenotypes (at 5 min of re-
cording while supine, and at 8 and 10 min of recording
while upright) (Fig. 2).

Classification into phenotypes
The classification to phenotypes was based on the changes
in systemic vascular resistance and cardiac output in re-
sponse to passive head-up tilt. The cluster that was char-
acterised by the greatest increases in SVRI (+45 %) and
the greatest decreases in cardiac index (−27 %) in response
to upright posture was named ‘constrictor’ (Fig. 3a, d).
The cluster characterised by the smallest changes in SVRI
(+2 %) and cardiac index (−2 %), so that these variables
were sustained on corresponding levels in supine and up-
right positions, was named ‘sustainer’ (Fig. 3c, f ). The
cluster with the intermediary changes (+22 %, -13 %, re-
spectively) was named ‘intermediate’ (Fig. 3b, e). The
mean (±SD) head-up tilt -induced changes in SVRI were
+944 (±361), +554 (±197) and +60 (±254) dyn*s/cm5*m2

in the constrictor, intermediate and sustainer phenotypes,
respectively (Additional file 2). The mean changes in car-
diac index were -0.89 (±0.51), -0.37 (±0.29) and -0.06
(±0.46) l/min/m2, respectively (Additional file 2).
Since supine SVRI and cardiac index differed between

the clusters, we performed additional analyses in which
the subjects were classified to three new clusters merely
on the basis of supine levels of SVRI and cardiac index.
These new clusters did not systematically or significantly
correspond to the constrictor, intermediate and sustainer
clusters (data not shown). This indicates that the above
phenotypes were not discovered because of differences
in the resting levels of SVRI and cardiac index between
the groups.
The characteristics and laboratory values of the pheno-

types are shown in Table 1. Age did not differ between

Fig. 1 Clustering to phenotypes. Cluster dendrogram according to hierarchical clustering using Ward’s criterion for the squared Euclidean
distances. Dashed line indicates the cut-off point for the three phenotypic clusters (I, II and III). The classification was based on the changes in
systemic vascular resistance index and cardiac index in response to passive head-up tilt (n = 470)
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the groups (p = 0.216). The gender distribution (p <
0.001), prevalence of laboratory BP ≥135 and/or
≥85 mmHg (p = 0.009), BMI (p < 0.001), and office BP
values (p < 0.008) were different in the phenotypes, i.e.
the sustainers were more likely to be males with elevated
BP and higher BMI than in the other phenotypes
(Table 1). In addition, total and LDL cholesterol and tri-
glycerides were lowest, and HDL cholesterol highest in
the constrictors (Table 1). Fasting plasma glucose values
were lowest in the constrictors, but the mean values
were within the normal range in all groups. Haematocrit
and creatinine concentrations were lowest in the con-
strictors, probably due to the female predominance, but
the eGFR (MDRD-formula) values did not differ be-
tween the phenotypes (Table 1). In analyses adjusted for
differences in gender distribution, prevalence of labora-
tory BP ≥135/85, and BMI, the above differences in total,

LDL, and HDL cholesterol, triglycerides, and haemato-
crit were no more significant between the phenotypes
(p-values for all >0.12).

Detailed haemodynamics and arterial stiffness
The sustainers showed highest supine systolic BP, while
upright systolic BP did not differ between the pheno-
types (Additional files 3 and 4). Constrictors showed nu-
merically lowest supine and upright diastolic BP. Supine
heart rate was lowest and upright heart rate highest in
sustainers, while supine stroke index was numerically
highest and upright stroke index lowest in the constric-
tors (Additional file 3). Subsequently, supine cardiac
index was highest but upright cardiac index was lowest
in the constrictors. Supine SVRI was lowest in the con-
strictors, while upright SVRI was lowest in the sustainers
(Additional file 3, Fig. 3).

Fig. 2 Average haemodynamics during the head-up tilt protocol. Average radial systolic (a) and diastolic (b) blood pressure, systemic vascular
resistance index (c), and cardiac index (d) during the 15-min measurement protocol (5 min supine – 5 min upright – 5 min supine) in all subjects
(n = 470). Mean ± 95 % confidence interval
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Median PWV was different between the phenotypes,
sustainers showing the highest values (7.35, 8.00 and
8.65 m/s in the constrictor, intermediate and sustainer
phenotypes, respectively) (Fig. 4). In multivariate analysis,
sustainer and intermediate phenotypes, high and middle
BMI tertiles, high and middle age tertiles, BP ≥135/
85 mmHg, and interaction between female sex and inter-
mediate phenotype were significant explanatory factors
for supine PWV (Table 2, Model 1). If the laboratory vari-
ables that were different between the phenotypes (plasma
lipids and glucose, haematocrit) were included in the
multivariate model, the outcome was that sustainer and
intermediate phenotype, high and middle BMI tertiles,
high and middle age tertiles, BP ≥135/85 mmHg, inter-
action between female sex and intermediate phenotype,
and plasma triglyceride level were significant explanatory
factors for supine PWV (Table 2, Model 2). In additional
analyses using continuous variables without
categorization, the supine to upright change in cardiac
index was still independently associated with PWV, while
the association between the change in SVRI and PWV
was not significant (Additional file 5).

Heart rate variability in the phenotypes
The HRV variables in supine and upright position
are depicted in Fig. 5. No significant differences were
found between the phenotypes in supine or upright
power in LF range, a variable predominantly reflect-
ing cardiac sympathetic tone [28, 32]. Supine power
in HF range did not differ between the phenotypes,
either. However, upright HF power was highest in
the constrictors, followed by the intermediate pheno-
type, while the sustainer phenotype showed lowest
level, suggesting reduced cardiac parasympathetic
tone [28, 32]. The sympathovagal balance, as
reflected by LF/HF ratio, was higher in supine pos-
ition in the sustainers than in the constrictors, while
upright LF/HF ratio was higher in the sustainers
than in the two other phenotypes (Fig. 5). In all phe-
notypes, LF/HF ratio clearly increased in the upright
position (p < 0.001). When the analyses were adjusted
for differences in sex, BMI, and presence of hyper-
tension, there were no statistically significant differ-
ences in the HRV variables between the phenotypes
(Additional file 6).

Fig. 3 Haemodynamics in the 3 phenotypes in response to upright posture. Systemic vascular resistance index and cardiac index during the
measurement protocol, respectively, in the constrictor (a, d), intermediate (b, e), and sustainer phenotypes (c, f). Mean (bold line) and individual
curves (grey lines)
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Medications used by the subjects
The majority (58 %) of subjects were without any medi-
cations, and none had medication for cardiovascular dis-
orders or diabetes. The established medications used by
the participants were: 75 female subjects on low-dose
hormones (oestrogen, progestin or combination) for
contraception or hormone replacement therapy, 22
treated with antidepressants, 16 with thyroxin, 21 with
intranasal or inhaled corticosteroids, 12 with statins, 11
with proton pump inhibitors, 11 with antihistamines, 5
with non-steroidal anti-inflammatory drugs, and 5 with
glucosamine. Female hormone regimens were used by
31 % of the female subjects, but the proportions of low-
dose hormone users did not differ between the pheno-
types. Only the use of inhaled or intranasal corticoste-
roids (p = 0.038) differed between the groups so that
these compounds were used by 6.4 %, 6.5 % and 2.3 % of
the subjects in the constrictor, intermediate, and sus-
tainer groups, respectively.

Discussion
The evaluation of the CV status only in the supine or
seated position gives rather limited information about
haemodynamics [16, 17, 22]. Although head-up tilt for
5 min is a short period of observation, we found that
haemodynamic adaptation differed between individuals
of similar age who only showed small differences in BP

Table 1 Demographics and laboratory values in the three phenotypes

Variable Constrictor Intermediate Sustainer p-value

Number of subjects 109 139 222

Age (years) 46 (37–53) 46 (38–57) 47 (38–55) 0.216

Female (%) 80 58* 32*† <0.001

BP ≥ 135/85 mmHg (%) in the laboratory 34 42* 51*† 0.009

Body mass index (kg/m2) 23.1 (21.6–25.6) 26.5 (24.1–29.3)* 27.4 (24.8–30.6)* <0.001

Waist circumference (cm)

Female 79 (73–87) 86 (79–97)* 88 (82–99)* <0.001

Male 85 (80–92) 98 (91–99)* 100 (94–107)* <0.001

Smoking (no/present/previous) 66/16/27 90/14/35 121/23/78 0.090

Office systolic BP (mmHg) 134 (119–148) 139 (123–152) 141 (123–157)* 0.007

Office diastolic BP (mmHg) 84 (75–91) 90 (81–98)* 91 (82–99)* <0.001

Haematocrit 0.40 (0.39–0.42) 0.42 (0.39–0.44)* 0.43 (0.41–0.45)*† <0.001

Creatinine (μmol/l) 66 (59–74) 70 (64–80)* 76 (69–84)*† <0.001

eGFR (ml/min/1.73 m2) 89 (80–97) 88 (79–97) 89 (78–99) 0.631

Total Cholesterol (mmol/l) 4.80 (4.20–5.50) 5.20 (4.60–5.80)* 5.20 (4.4–5.8)* 0.018

LDL Cholesterol (mmol/l) 2.45 (2.10–3.18) 3.00 (2.40–3.60)* 3.10 (2.30–3.70)* <0.001

HDL cholesterol (mmol/l 1.78 (1.49–2.13) 1.54 (1.23–1.84)* 1.43 (1.17–1.71)* <0.001

Triglycerides (mmol/l) 0.92 (0.61–1.16) 1.08 (0.82–1.43)* 1.11 (0.76–1.67)*† <0.001

Fasting plasma glucose (mmol/l) 5.2 (4.9–5.4) 5.4 (5.1–5.7)* 5.5 (5.1–5.8)* <0.001

Values are median (25th-75th percentile); BP, blood pressure; eGFR, estimated creatinine-based glomerulus filtration rate using the MDRD formula;23 *p < 0.05
when compared with constrictor phenotype; †p < 0.05 when compared with intermediate phenotype

Fig. 4 Arterial stiffness in the 3 phenotypes. Boxplots depicting
supine pulse wave velocity in the constrictor, intermediate and
sustainer phenotypes. Median (line inside box), 25th to 75th
percentile (box), range (+), and outliers (open circles); *p < 0.05,
**p < 0.01, ***p < 0.001
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(Additional files 2 and 3). The type of haemodynamic re-
action to upright posture was also related to PWV, an
acknowledged measure of large arterial stiffness [9–11].
Previously, the majority of studies utilizing head-up tilt
have been performed to examine the mechanisms of
syncope [33, 34], and differences in upright haemo-
dynamics have not been systematically investigated in
non-syncopal subjects.
Subjects with increased CV risk should be identified

before the manifestations of a clinical disease [1]. In
addition to the classical risk factors, efforts have been
made to identify novel risk factors to increase the sensi-
tivity of risk evaluation. For example, haemodynamic re-
sponses to physical challenge (bicycle exercise test, step
exercise test, cold pressor test) can predict CV outcome
[6, 15, 35]. As change in posture from supine to upright
activates sensory and neurogenic responses in the body,
with subsequent changes in autonomic tone, cardiac
function, and peripheral arterial resistance, passive head-
up tilt can be regarded as a clinical haemodynamic stress
test [12, 16, 17].
Here we used systemic vascular resistance and cardiac

index, the principal determinants of BP [17, 23, 29], in
the classification of haemodynamic response to upright
posture into three phenotypes. The constrictor pheno-
type showed highest increase in SVRI, greatest decrease
in cardiac output, and highest upright HF power as an
indicator of parasympathetic cardiac autonomic tone
[28, 32]. The sustainers showed lowest increase in vascu-
lar resistance and smallest decrease in cardiac output,

and greatest upright LF/HF ratio indicating highest sym-
pathovagal balance [28, 32]. The constrictors were also
characterised by a more favourable CV risk profile than
the sustainers, with lower total and LDL cholesterol, tri-
glycerides and glucose (Table 1). However, in analyses
adjusted for the differences in gender distribution, BMI
and BP, the differences in the lipid and glucose values
were no more significant.
In multivariate analysis including BMI, age, BP, gender,

haematocrit, plasma glucose and lipid profile, the sus-
tainer and intermediate phenotypes were associated with
higher PWV, i.e. increased large arterial stiffness, than
constrictors. Of note, the statistical coefficients relating
the intermediate and sustainer phenotypes to higher
PWV corresponded to those of increased BMI and ele-
vated BP (Table 2). Higher PWV has been recognised as
an independent CV risk factor in hypertensive subjects,
elderly subjects, diabetics, and even in the general popu-
lation [9, 36, 37]. The close relation between PWV and
the well-known CV risk factors, increased BMI and BP,
has been repeatedly shown [17, 38, 39]. As ageing is a
strong determinant of PWV [37, 40], it is important to
note that the average age did not differ between the
three phenotypes in the present study.
In supine position, HRV analysis showed a higher LF/

HF ratio (increased symphatovagal balance) in the sus-
tainers than in the constrictors [28, 32]. Supine SVRI
was also highest in the sustainers, who were charac-
terised by male predominance, and highest BMI and BP,
all factors associated with increased sympathetic tone

Table 2 Analysis of determinants of arterial stiffness

Model 1: Constant 1.83258 Model 2: Constant 1.74717

Variable Coefficient p-value Coefficient p-value

Phenotype: intermediate 0.09103 0.046 0.12729 0.005

Phenotype: sustainer 0.09103 0.022 0.11514 0.005

BMI: middle tertile 0.07742 <0.001 0.07209 0.002

BMI: high tertile 0.12824 <0.001 0.11146 <0.001

Age: middle tertile 0.09143 <0.001 0.08398 <0.001

Age: high tertile 0.23804 <0.001 0.23729 <0.001

Blood pressure ≥135/85 mmHg 0.10273 <0.001 0.08734 <0.001

Female sex 0.03609 0.377 0.08017 0.065

Interaction: female sex and intermediate phenotype −0.11124 0.043 −0.14789 0.007

Interaction: female sex and sustainer phenotype −0.07442 0.143 −0.09407 0.071

Fasting plasma triglycerides - - 0.05707 0.004

Analysis of explanatory factors for supine pulse wave velocity (after logarithmic transformation) in multivariate analysis. The male sex, constrictor phenotype,
lowest BMI tertile, lowest age tertile, and BP < 135/85 mmHg served as reference categories in both models, i.e. for these variables the numeric value of the
coefficient is 0
Model 1 was based on phenotype, BMI-category, age-category, BP-category, and sex. Model 1 formula
for log(PWV) ~ Constant + phenotype + BMI-category + AGE-category + BP-category + sex + phenotype*sex
Example of interpretation: median log(PWV) for a woman with the sustainer phenotype with BMI and age in the highest tertile and BP ≥ 135/85 mmHg: 1.83258 +
0.09103 + 0.12824 + 0.23804 + 0.10273+ 0.03609 + (-0.07442) = 2.35429; median PWV = exp(2.35429) = 10.53 m/s
Model 2 was based on Model 1 and fasting plasma total, LDL, and HDL cholesterol, triglycerides, glucose, and haematocrit
Model 2 formula for log(PWV) ~ Constant + phenotype + BMI-category + AGE-category + BP-category + sex + phenotype *sex + 0.05707*plasma
triglyceride concentration
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[41–43]. The head-up tilt uncovered differences in car-
diac autonomic tone that largely resulted from the sup-
pression of cardiac parasympathetic tone (decrease in
HF power) in response to upright posture in the

intermediate and sustainer phenotypes (Fig. 4b). Subse-
quently, the sustainers showed the highest upright LF/
HF ratio, which corresponds to the smallest upright de-
crease in cardiac output in this phenotype. Previously,
sympathovagal imbalance in young prehypertensive sub-
jects has been attributed to increased sympathetic and
decreased parasympathetic tone [44].
Increased arterial stiffness is known to influence the

control of autonomic tone. Higher arterial stiffness has
been associated with reduced heart rate variability
(HRV) [45–47]. As baroreceptors are located in the ar-
terial wall, arterial stiffening attenuates baroreceptor re-
sponses to changes in BP [48]. Increased large arterial
stiffness and impaired cardiac baroreflex control are also
typical features of hypertension, and haemodynamic
changes in hypertensive subjects have been attributed to
reduced vagal inhibitory influence and overdrive of the
sympathetic nervous system (for a review, see [49]). Yet,
reduced baroreflex sensitivity in the elderly can persist
during methodological elimination of the influence of
the stiffness of the vessel wall [50]. Therefore, increased
arterial stiffness is not the sole explanation for baroreflex
changes, and these may also result from changes in the
control of neural baroreflex pathways [50].
In the present study, a putative explanation for the asso-

ciation between the sustainer phenotype and increased ar-
terial stiffness would be alterations in baroreflexes, and
this topic is a subject for further studies. However, it
should be noted that the differences in HF power and LF/
HF ratio were no more significant in adjusted analyses.
This indicates that the demographic differences (sex distri-
bution, BMI, and presence of hypertension) between the
phenotypes largely explained the observed deviations in
cardiac autonomic tone. Importantly, the differences in
PWV between the phenotypes persisted after the adjust-
ments, indicating that the deviations in autonomic tone
did not explain the differences in arterial stiffness. The
cross-sectional design of our study does not allow conclu-
sions about causality, and an unanswered question is
whether modifications in the associating risk profiles (like
weight reduction) would result in changes of the func-
tional cardiovascular phenotype.
Gender distribution was different between the pheno-

types, with male predominance in the sustainers. Previ-
ously, haemodynamic differences between men and
women have been observed in central wave reflections
[51], but the functional CV differences have been less
thoroughly characterized. In women, autonomic responses
to orthostasis may be attenuated due to lower barorecep-
tor sensitivity [52]. Smaller body size and lower centre of
gravity have been suggested to increase venous pooling of
blood to lower extremities in women during orthostatic
challenge [53]. In the present study, the decrease in car-
diac index during upright posture was greatest in the

Fig. 5 Heart rate variability in the 3 phenotypes. Boxplots depicting
low frequency (LF) power (a), high frequency (HF) power (b), and
LF/HF ratio (c) of heart rate variability in supine and upright
positions. Median (line inside box), 25th to 75th percentile (box), and
range (whiskers); *p < 0.05, **p < 0.01, ***p < 0.001
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constrictors with female predominance, which could
imply an increase in venous pooling of blood during head-
up tilt. However, BP was well maintained in the constric-
tors, probably due to the pronounced increase in vascular
resistance. Despite the differences in gender distribution
between the groups, PWV was significantly associated
with the functional phenotype, while the association of
PWV with sex was only found as an interaction in the
intermediate phenotype.
The present non-invasive methods have been validated

against invasive methods [23, 29, 54], and the repeatabil-
ity and reproducibility of the measurements are good
[22]. The non-invasive nature of the recordings is a limi-
tation, as the calculation of cardiac output from the
bioimpedance signal requires mathematical equations
and simplification of physiology [24]. Invasive haemo-
dynamic measurements, however, are not justified in
humans without a clinical reason. The tonometric meas-
urement of carotid-femoral PWV is considered as the
gold standard for the assessment of arterial stiffness
[55], and the lack of this method in our study can be
considered as a limitation. The impedance cardiography-
derived PWV shows good correlation with PWV mea-
sured with Doppler ultrasound [25], and the method has
also been found to be a practical approach for the evalu-
ation of arterial stiffness in 799 individuals aged 25–76
years [26]. The median BMI in the study population was
26.3 kg/m2, which corresponds to the average BMI in
Finnish men (27.4 kg/m2) and women (26.9 kg/m2) in a
large Finriski 2007 survey [56]. The present median of-
fice BP (138/89 mmHg) was slightly lower than the re-
ported average BP in the Finnish population (145-148/
85-90 mmHg) [57]. Importantly, subjects taking medica-
tions with known influences on haemodynamics were
excluded from the present study.

Conclusions
We found that subjects could be classified to 3 pheno-
types according to the head-up tilt –induced changes in
CV function. Independently of other risk factors, the
sustainer and the intermediate phenotypes were associ-
ated with increased large arterial stiffness. Evaluation of
cardiac autonomic tone showed increased supine and
upright sympathovagal balance in the sustainer pheno-
type. The present results suggest that the functional
phenotype of the haemodynamic response to upright
posture is associated with arterial stiffness and thus also
with the level of CV risk. Future follow-up studies with
CV end-points are needed to demonstrate the clinical
relevance of the present phenotypic information.
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